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Abstract 

Water Purification and Monitoring 

By 

Samuel J. Maguire-Boyle 

The purification of water for the next century is paramount. As global demand for energy 

increases new ways of generating energy have been discovered and exploited. However, 

with the diversification of energy sources one thing remains constant, the water energy 

nexus. The water energy nexus is the intimate connection of water generation to energy 

generation and visa-versa. In other words, to have energy clean water is needed and to 

have clean water energy is needed. Because of this, new methods of water purification 

and monitoring have been investigated and developed. Herein the author describes new 

water purification methods using zwitterionic surfaces which have been used to purify 

various types of water including to date the most difficult waters such as ‘oilfield brines’. 

The author also describes techniques developed to monitor the chemical content of the 

oilfield brine which may be adapted for use at on-site wells as well as techniques which 

may be utilized to monitor for aquifer contamination by oilfield operations via 

nanoparticle sensors. 
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Introduction 

 

The fastest growing trend for US domestic energy generation over the past decade 

is natural gas.
1
  The conversion of coal to gas for primary energy generation is projected 

to occur sometime over the next thirty years.
2,3

  The environmental benefits of energy 

generation from gas compared to the more established sources such as coal or nuclear are 

numerous. For example gas emissions compared to oil or coal are far lower with 

reductions seen of 30 – 40% for CO2, 80% for NO, and ~100% for SO2 and mercury.
4-7

  

Also often over looked benefit for coal to gas conversion is high-efficiency water usage. 

Macknick et al.,
8
   has shown that gas plants are far more efficient with regards to water 

consumption. In some instance this can be up to 50% more efficient than coal power 

plants and 33% more than nuclear energy when utilizing the same cooling technology. 

This can be a massive benefit for energy generation in arid regions where the ability to 

lower water usage for energy generation is of greater importance than the ability to lower 

carbon emissions as a local loss of water can have severe consequences for communities 

in the short term. Nationally or indeed globally the ability to generate energy with 

minimal water usage is paramount. Water and energy resources are fundamentally 

connected through what is called the water-energy nexus. The water-nexus is the intimate 

relationship between water and energy where the ability to generate energy requires clean 

water and the ability to generate clean water requires energy. To convert hydrocarbons to 

energy clean water is needed,
9-11

 to clean water energy is needed. A common goal of 

national water and energy management is to maximize the supply of one while 

minimizing the use of the other.
12

 As the global population grows over the next decade 

and third world countries, many of which are located in arid regions, begin to demand 

greater energy the benefit of energy generation through natural gas will be seen.  

The vast amount of potentially available natural gas in the continental United 

States is in the form of shale gas. An estimated 482 trillion cubic feet (Tcf) of potential 
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recoverable hydrocarbon has been estimated to come from this source.
3
 With such vast 

reserves in the US, shale gas has the potential to be the primary energy source for power 

generation in the US for the coming decades. A projected increase from 23% of US 

natural gas production in 2009 to 47% by 2035 has been estimated.   Shale gas is set to 

contribute 28% of this total in the US by 2040 and with an annual production rate of 

approx. 19.3 Tcf from shale plays natural gas is projected to supply the US for the next 

90 years with some estimates extending this to 116 years.
14

 The development and 

production of shale gas in the US by multi-national corporations has been driven in part 

by the added benefit of energy independence. The need for energy independence has 

allowed for the proliferation of fracking and has been encouraged by the federal 

government through legislation acts such as the Energy Independence and Security Act 

2007.
15

  

In addition to primary energy needs petrochemical feedstock is also essential for 

global manufacturing purposes. Historically this feedstock has been supplied via 

conventional oil. However, the development of a gas to liquids (GTL) catalytic process 

such as the Pearl GTL plant (Doha Qatar) in the continental US could potentially provide 

a secure source of petrochemical feedstock directly from shale gas to the manufacturing 

and transport industries as future conventional oil production declines domestically.
16

   

For example the American Chemical Council estimates that $132 billion in new U.S. 

economic output would be obtained through a 25% increase in ethane supply from shale 

gas activities.
17

  For these reasons the rapid rise in shale-gas production can be seen in the 

development of many shale plays all across the continental US a few examples are listed 

here such as the Marcellus, Haynesville, Fayetteville, Barnett, Eagle Ford, Bakken, 

Antrim, Utica, Niobara, New Albany, Woodford and Bossier shale plays.
18

   Over the 

past decade and a half unconventional natural gas production from these shale plays has 

increased with the production increasing ten-fold between 2001 and 2011.
19,20
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Fracking. Due to the energy and feedstock needs described above, the ability to 

extract shale gas in an economic and timely manner has been achieved by the 

development of hydraulic fracturing and horizontal drilling techniques. This technique 

involves vertically drilling down to a depth of between 1800 and 3,000 meters. Once the 

source rock depth is achieved the angle of drilling changes from a vertical to horizontal 

orientation, this section may be drilled for a further 3,000 meters.
21

 In addition, from a 

single vertical well-head multiple horizontal wells can be drilled in a radial pattern from 

the central well head point. The horizontal drilling technique allows access to a much 

larger volume of source rock from one well head than would not be achievable through 

solely vertical drilling. This engineering technique drastically reduces the well-head 

operational footprint which reduces surface ecological impacts and the inherit costs that 

would be incurred from multiple horizontal well operations.  

The first ~1,000 feet of the vertical well will pass through the water table 

containing fresh water aquifers, as such the well casing is protected with a thick layer of 

concrete to avoid aquifer contamination. Within the shale source rock the well is lined 

with metal casing. During a frac stage the casing and surrounding source rock is 

perforated with an explosive.  Subsequently water, proppant and chemicals are pumped at 

high pressures (480-680 bar)
22

 into the well bore which creates an overburden and 

induces fracturing of the shale source rock at the casing perforation. As the fractures 

widen from the well-bore outwards the water which contains proppants flows into the 

fissures. Proppant which is usually sand or ceramic beads maintains the open fissure thus 

“propping” it open.   

After the hydraulic fracture the overburden pressure is released and the frac fluid 

is allowed to return to the surface. The chemically engineered water that returns to the 

surface is called “flowback water”. This water is also mixed with water that is already in 

the source rock. Generally the initial flow rate of the returning water is very high with 

very little hydrocarbon in it. However, once this water has returned to the surface and the 
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well begins to produce hydrocarbons the subsequent water which comes up in tandem 

with the hydrocarbons is called “production water”. A typical horizontal drilled well, 

using multistage fracturing techniques, costs roughly $3 - 5 million to complete.
16

  

The frac job is done to induce flow of the hydrocarbons from the rock as the pore 

spaces containing the hydrocarbon very small, very poorly connected and have very 

limited permeability on the order of 10
-2

 – 10
-5

 mdarcies (1 darcey = 0.987 x 10
-

12
m

2
).

16,23,24
 For comparison, the permeability of shale rock for hydrocarbons is less than 

that of concrete.
25

  The fracturing of the rock creates large pore size fissures radiating 

from the well-bore which gives the hydrocarbons a high permeability migration pathway 

towards well-bore and to the surface. The fracturing fluid chemistry is tailored on a case 

by case basis for each geographical area and sometimes even on a well by well basis. The 

fluid can contain all or some of the following classes of chemicals and materials, 

proppants, salts, friction reducers, scale inhibitors, biocides, gelling agents, gel breakers 

and organic and inorganic acids.
26

   

The dominant factor for successful operation of shale wells is not the volume of 

hydrocarbon produced but the ratio of hydrocarbon to water volumes. The volumes of 

produced water generated over the lifetime of a well are often enormous and far exceed 

the volume of hydrocarbon recovered from that well.
27,28

  This is true for all types of 

wells but especially so for shale wells. For example it is estimated that shale gas 

consumes more water over its life cycle (13-37 L/GJ) than conventional natural gas 

consumes (9.3-9.6 L/GJ).
29,30,31

 Because of the costs of managing vast volumes of 

produced water close monitoring of the water to hydrocarbon ratios are needed. In 

general the ratio of water to hydrocarbon will increase when a well is nearing the end of 

its productive life, and at some point the cost of managing the water becomes so high that 

the well is no longer profitable.
32
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Fresh water aquifer contamination from fracking operations. Responsible 

management of flowback and production water is required by operating companies if 

aquifer contamination is to be avoided, possible routes to aquifer contamination are 

shown in Figure I.1. Thermogenic methane has been observed in aquifers near fracked 

shale gas wells.
33-35

 Thermogenic gas could reach fresh water aquifers by vertical seepage  

from the source rock or by migration through a combination of anthropogenic and natural 

geologic fractures (Figure I.1a). Thermogenic Gas in aquifer wells found near geological 

fracture zones,
36-38

  infer that fractures could be pathways for gas migration. A pathway 

for gas could also be a pathway for fluids and contaminants to transport from the shale 

source rock to the surface and frac fluid chemical additives have been found in aquifers.
39

 

As the fracking process creates fracture pathways with up to 30 million square feet of 

surface area in the in the source rock
40,41

 the chances of connecting to natural fractures in 

obvious.
42 

  Fracking operations specifically target shale formations. The horizontal section of 

an ideal well will run only through this geological formation. Unfortunately shale 

formations depths vary over short ranges
43

 this leaves open the possibility of fracking a 

non-shale source rock. Some horizontal well bores have been fracked in the Marcellus as 

far as half a kilometer above the shale formation.
44

 The anthropogenic fractures from the 

frac job could possibly contact higher conductivity sandstone and/or natural fractures. 

Frac fluids could reach surrounding formations just because of the volume injected into 

the shale, which must displace natural fluid, such as the existing brine in the shale. 

Fracking could cause contaminants to reach overlying formations either by fracking out 

of the source rock formation, creating or expanding fractures in the shale to overlying 

bedrock, or by simple displacement of fluids from the shale into the over-burden.
45

 Many 

shale wells are drilled through freshwater aquifers and all are drilled through the water 

table which is located at shallower depths than the source rock. Protective concrete casing 

is nearly always constructed to prevent such contamination, however structural failure 
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can occur and if this does occur it offers an accessible route to aquifer contamination 

(Figure I.1b).
46

 Historically  production and flowback water has proven to be difficult 

 

 

Figure I.1. Schematic representation of a hydraulically fractured horizontally drilled 

shale well. Adapted from A. Yethiraj, and A. Stiolo, J. Phys. Chem. Let., 2013, 4, 687. 

Red arrows indicate possible routes for migration of frac water towards fresh water 

aquifers from source rock and well-bore(a), well casing failure (b), water recovery tanks 

failure (c) and surface impoundment seepage (d). 

 

to treat with conventional water purification technology.
47

  Because of this, production 

and flowback water has been stored in surface impoundments and water recovery tanks, 

the potential for groundwater contamination through equipment failure and seepage has 

occured
48

  (Figure 1.1c and d). The contamination of the environment by frac fluid 
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flowback or produced water will have adverse toxicological effects to flora and fauna
49-51

 

Therefore the need to monitor for this contamination and to treat frac water for discharge 

for reuse is now needed.
52-54

  

 

Produced water treatment. To reduce contamination of frac water to the 

environment different technologies have been used.. For example a common disposal 

practice in the Barnett Shale involves re-injecting the frac water back into the ground.
55,56

 

However the transport of large volumes of wastewater to re-injection sites can be very 

cost prohibitive and therefore a search for cost effective on-site recycling technology is 

currently being undertaken by many interest groups. The intent of the recycling 

technology is to either meet fracking production demands for water especially in arid 

regions where water availability is low. In addition treatment processes are now being 

developed to allow water to be cleaned to a level where surface discharge is possible. 

This strategy would overcome the ongoing management costs of impoundments or the 

prohibitive costs of re-injection disposal and reduce environmental contamination.  

Recycling flowback and production water for reuse for hydraulic fracturing is an 

option chosen by an increasing number of oil and gas companies as it reduces water 

requirements for production and wastewater management costs. To date, fresh water 

(total dissolved solids <1000 mg/L) has been used for fracking. This water has been 

sourced from surface water or groundwater, depending on local availability. As with the 

disposal of production water the sourcing of fresh water for fracking is a difficult 

management issue with regards to cost and environmental impact. The massive 

transportation costs of transporting water over long distances is generally cost prohibitive 

for production and as such fracking operators prefer to extract on-site water. This water is 

therefore sourced from nearby streams or aquifers. The ecological and municipal impacts 

to aquatic resources resulting from water withdrawals have been observed even in non-

arid regions such as the Delaware River Basin. The impact of withdrawals are felt even 
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more severely in regions of high shale-gas production and low precipitation such as the 

Eagelford in west Texas.
57-60

  As fracking is beginning to expand globally the issue of 

water conflict may also expand as many of the expected shale reserves are in areas of 

extreme water scarcity such as northwest China, Mexico, South Africa and Australia.
61,62

 

Therefore the development of cheap treatment methods for productions water is 

paramount if fracking is set to expand globally. 

One common treatment method is processing the produced and flowback waters 

in wastewater treatment plants before discharge.  A significant challenge to this method is 

the observation that both added and formation chemicals from the fracking process and 

the total dissolved solids (TDS) in the water may complicate wastewater treatment.
65

  For 

example, the discharge of inadequately treated natural gas drilling wastewater with high 

TDS and anthropogenic chemicals was suspected to be a source for the elevated TDS in 

Monongahela River.
64

 Although frac fluid is 90 - 95% water, the TDS in the wastewaters 

can rise to over 200,000 mg/L, which precludes many standard water treatment 

technologies from processing and cleaning this type of water. The development of 

adequate treatment infrastructure currently lags far behind the fast-paced exploration and 

extraction of shale gas activities. On-site treatment technologies such as sequential 

precipitation processes have been attempted for the treatment of produced and flowback 

water.
65

 There is however no documented case of the use of this technology in field 

applications. Other possible technologies such as distillation-crystallization have been 

proposed, for example GE’s Thermal Evaporation process. However, the large scale 

utilization of this technology has not been proven viable.
66,67

  

Technologies currently in use for the removal and concentration of dissolved 

solids vary and depend on the concentration of the TDS. For example, ion exchange is 

used in low-TDS waters and for the removal of sodium (Na
+
) in high 

bicarbonate/carbonate (HCO
3

-
/CO

3

2 -
)  water. For TDS concentrations of up to 20,000 

mg/L reverse osmosis has been the preferred method. However cost-effective 
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technologies that rapidly treat heavy brines with TDS exceeding 200,000 mg/L and that 

do not require a large industrial footprint are still needed. Also the above technologies 

have been proven to be adequate in the removal of inorganic ions especially from brines 

which have little or no other contamination. However, both the flowback and produced 

waters contain other contaminates apart from ions such as oils and grease from source 

rock, biological matter and anthropogenic chemicals. These contaminants hinder the 

application of TDS removal technologies for recycling due to blockage of ion-exchange 

resin surfaces, bio-fouling of reverse osmosis membranes or competitive inhibition of 

seed crystallization for heavy brines. The removal of these chemicals has proven to be the 

bottleneck in the industrial treatment of flowback and production wastewaters. However 

some recent advances in treatment technologies are being utilized successfully in the field 

to remove these contaminants.
68

  

 

Produced water monitoring. The chemical and physical characteristics of 

produced water from conventional and unconventional oil and gas reservoirs worldwide 

(including shale gas, conventional natural gas, conventional oil, coal-bed methane, and 

tight gas sands) have been extensively analyzed.
69-74

 However the proprietary nature of 

the engineered frac water designed by various companies as well as the geological 

nuances that each well presents means that the chemical composition of this water is of a 

dynamic nature and as such needs to be regularly analyzed if treatment processes for 

recycling are to be effective.  

The composition of flowback and production water consists of three classes of 

solutes, salt and radionuclei; biological and chemical (both anthropogenic and naturally 

occurring). Over the course of a wells lifetime the concentration of salts per unit volume 

increases. Salts generally also come out of the formation in different amounts over the 

course of a wells lifetime.
75

  These salts and metals include barium, calcium, iron, 

magnesium, manganese, and strontium (Ba, Ca, Fe, Mg, Mn and Sr) which can all exceed 
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200,000 mg/L and can potentially cause scaling of treatment hardware.
76-78

 In addition if 

the water is to be recycled for fracking then scaling or precipitates could block fractures 

in gas bearing formations. Another issue is that radioactive material is present in 

production water in concentrations which far exceed ground water levels. The ability to 

remove naturally occurring radioactive material (NORM) such as uranium (U), thorium 

(Th), and radium (Ra) from production water is essential if discharge to waterways is to 

be undertaken. As well as salts and metals, biological material can also be found in 

produced water.
79

  Bacteria populations in flowback and produced water may serve as a 

seed for the rapid development of microbial communities in wells. These microbial 

communities could potentially accelerate sour-gas production, biofouling, and scale 

formation.
80,81

 Microbial growth and activity in oil and gas environments is commonly 

controlled through the use of commercial biocides.  The bacteria or the biocides used to 

treat them can be problematic to future treatment processes.  
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Chapter 1 

Automated method for determining the flow of surface functionalized nanoparticles 

through a hydraulically fractured mineral formation using plasmonic silver 

nanoparticles 

 

Portions of this Chapter are published in S. J. Maguire-Boyle, D. J. Garner, J. E. 

Heimann, L. Gao, A. W. Orbaek, and A. R. Barron, Environ. Sci.: Processes Impacts, 

2014, 15, in press.  

 

Introduction 

 In order to maximize the recovery of oil and gas from subterranean formations it 

is important to obtain information on the flow characteristics or porosity of the rock 

within the hydraulically fractured reservoir.
1
 Characterization has traditionally been 

accomplished using techniques such as seismic measurements and NMR well logging; 

however, these methods have limitations and new methods are being sought. Shale gas is 

one of a number of “unconventional” sources of natural gas that is being increasingly 

exploited around the world. Shale has low matrix permeability, so gas production in 

commercial quantities requires fractures to provide permeability. Information of the 

permeability of a reservoir can be used to determine whether hydraulic fracturing is 

required or if it has been successfully implemented. Proposed methods for characterizing 

the fractured formation properties include, conductive polymers,
2
 active or passive 

devices,
3
 or proppant tracking materials.

4
  

 The low porosity and permeability of many oil and gas reservoirs even after 

hydraulic fracturing, means that any sensor or tracer material must have a size 

sufficiently small to allow for its transport through the fractured rock formation. As such 

nanoparticles (NPs) represent a potential sensor/tracer material. The special electrical and 

magnetic properties of nanomaterials make them well suited for use as injected sensors 
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and contrast agents. It is desirable that any sensor placement be accomplished without 

harming the reservoir or requiring significant alteration of present processes. A number 

of mechanisms have been suggested for detection including: the use of highly magnetic 

“tags” as contrast agents for detection of changes in the magnetic field of the reservoir.
5
 

However, irrespective of the method of detection a consistent issue is with regard to the 

mobility of a nanoparticle within the reservoir fractures and/or the proppant pack. The 

future use of nanomaterials as sensors/tracers in these environmental formations rests 

with the ability to accurately predict a nanoparticle’s mobility through these formations 

and as such the ability to monitor minute differences in mobility breakthrough curves will 

allow this technology to be utilized. Of particular interest to our research is the use of 

nanoparticle tracers to determine if contamination of ground or reservoir water by frac 

fluids has occurred.  

 The relative mobility of a particle passing through a porous medium is linked to 

its tendency to deposit on immobile surfaces also known as collectors. Particles are 

transported to the surface of a collector when its encompassing solvent, as described, 

passes sufficiently close to the collector surface such that particles make contact with the 

surface.
6
 Particles may also contact collectors due to the effects of gravity or Brownian 

diffusion, which is the dominant mode for nanoparticles. Forces such as the London-van 

der Waals and double-layer forces, e.g., the classic Derjaguin, Landau, Verwey, and 

Overbeek or DLVO theory,
7
 are typically considered as influencing particle attachment 

rather than transport.  

 Generally, they are the overriding force for particle-particle attachment in 

aqueous environments in the oil and gas industry as these environments typically involve 

very briny waters with between 50,000 – 150,000 ppm of NaCl.
8
 With natural organic 

matter (NOM) also contributing to deposition of particles.
9
 This concentration of salt is 

far beyond the critical coagulation concentration (CCC) for many particles as charge 

screening occurs and van der Waal forces begin to dominate.
10

 The dominant factor in 
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van der Waal forces is the Hamaker constant which describes the generally attractive 

force between two surfaces in a media.
11,12

 This attractive force is thus the largest driving 

force behind particle-particle attachment (i.e., aggregation) and particle-surface 

attachment (i.e., collector deposition),
12

 in the aqueous fraction of hydrocarbon source 

rock. However, it has been observed that in some cases particle transport can be 

influenced positively in certain situations where the Hamaker constant for the particle 

collector and solvent is dispersive for a particle, collector and media and/or for a particle-

particle and media.
11

 In this situation there is no particle-particle aggregation or 

deposition occurring and particle migration can then be solely attributed to source rock 

parameters.  

 Particle trajectory calculations have been combined with the analytical solution 

for Brownian transport to yield closed-form solutions for the transport of particles to the 

surface of spherical collectors
13

 expressed as the theoretical single collector efficiency η
o
. 

This factor is multiplied by the attachment efficiency (α), Eq. 1.1.
14

 A mass balance of 

particles over a differential volume of porous medium can be integrated over distance 

within a homogenous medium to yield an expression for the attachment efficiency factor, 

α, as a function of the observed removals, the characteristics of the porous medium, and 

the flow, in Eq. 1.1 where d
c
 is the radius of a collector (assumed to be spherical) in the 

porous medium, ϵ is the porosity of the porous medium, L is the length of the porous 

medium, and C and C
0
 are the particle concentrations in the column effluent at distance L 

and the influent at L = 0, respectively. The single-collector efficiency, η
0
, is calculated as 

a function of the Darcy velocity, porous medium grain size, porosity, and temperature 

among other variables.
15

 With the experimental C/C
0
 values (fraction of influent particles 

remaining following passage through the porous medium) obtained from the 

breakthrough curves and theoretical η
0
 values.  

 

   
   

          
      ⁄       (1.1) 
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 Data for the deposition of particles varying in size over several orders of 

magnitude (including particles dominated by Brownian transport) has been found to be 

adequately represented by this model for particle transport when conditions favor particle 

attachment.
16

 However, when particle attachment is not favorable, only a fraction of the 

collisions with the collector surface will result in particle deposition and the single 

collector efficiency must be modified.  

The surface of nanoparticles is generally functionalized in order to ensure their 

solubility or miscibility in various solvents. The ability to tailor the choice of functional 

group in order to ensure the desired solubility is well known.
17

 For example, we have 

shown that water solubility can be attained through the use of substituents that promote 

hydrogen bonding or with the use of charged substituents.
18,19

 On the other hand the use 

of hydrophobic substituents allows for solubility within organic solvents.
20

 Thus, the 

solubility of a particular nanoparticle can be readily controlled through the choice of 

surface functional groups. The main goal of this type of research to date has been with 

regard to applications in biological systems such as drug delivery and MRI contrast 

agents.
21

 Further research has also aimed towards the environmental fate of 

nanoparticles.
22

 However, there has been much less studied on how nanoparticles 

suspended or dissolved in a solvent interact with various mineral surfaces. Furthermore, 

the majority of attempts to create water soluble nanoparticles have centered on polymeric 

substituents, in particular polyethylene glycol (PEG);
23

 however, for oilfield applications 

(in particular in shale reservoirs) these are likely to cause blockage of the fine pore 

structure in addition to inducing complications with regard to chemical engineering of a 

frac job for instance.  

 Based upon our prior results
18

 with alumina nanoparticles and carbon nanotubes 

we proposed that short chain substituents should suffice in providing aqueous solubility. 

There have been several studies on the mobility of nanoparticles through porous 
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supports;
24

 however, in each case individual samples were collected at specific times for 

analysis. In order to determine the suitable choice with regard to the particle transport, we 

were interested in the rapid automated collection of data that would allow for multiple 

runs to be investigated with suitable statistics.  

 In addition to this we are interested in a methodology to rapidly screen potential 

surface engineered nanoparticles. The screening of a library of potential nanoparticle 

surfaces poses a significant burden if current methodologies are utilized. For this reason 

we also seek to develop an automated method so as to efficiently screen these libraries. 

Finally, we are interested in the effects on mobility of low concentrations of nanoparticles 

with contact efficiencies (α) close to 1 over large distances. In this regard prior methods 

are limited in determining if significant adsorption occurs of a particular functionalized 

NP over a limited column distance (i.e., support surface area) by comparing the 

maximum concentration plateau of a solution, which has passed through a mineral 

formation (C) with its initial concentration (C
0
) at stated intervals. Using this 

methodology, clearly, a negligible adsorption of plateau maximum concentration over 

even a 30 cm column could translate into significant adsorption over a kilometer and as 

such would be useless, as the observed nanoparticle would be considered useless as a 

potential sensor. Thus, we are interested in the development of a method that allows for 

the simulation of adsorption effects of a dilute nanoparticle solution and how that affects 

the ability for a nanoparticle to be present in a frac matrix over large distances. In relation 

to this, we are also interested in measuring not the maximum particle concentration over 

such a short distance as is used in a laboratory setup but instead the rate of particle 

breakthrough per unit time, in contrast to other investigations where maximum plateau 

breakthrough as a function of pore volume is favored. A further disadvantage of previous 

methods is that changes in particle size or aggregation during the transportation process 

cannot be simultaneously determined.  
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 We have therefore investigated the development of an automated method and 

methodology for measuring the transport efficiency of nanoparticles through a porous 

medium. The results of this study are presented herein. 

  

Results and Discussion 

 The basic concept of an experiment for determining mobility of a NP within a 

fractured matrix is simple. A suitable solution of nanoparticles is passed through a 

column containing the solid phase and the concentration of the outgoing solution is 

determined as a function of time. In previously reported methods the concentration is 

ordinarily determined by taking aliquots of the solutions and subjecting to a technique 

such as atomic adsorption or atomic emission spectroscopy.
24

 The disadvantage of this 

approach is that this is not a continuous process and the resolution of the data is 

dependent on the concentrations within the aliquots being within the range of the analysis 

method. Some researchers have enabled a continuous process by the use of radioactive 

components detected by a suitable scintillation counter or methods.
25,26

 Again the 

disadvantage of this method is that the materials under study must be radioactive: 

severely limiting the ability of the process to be used for routine analysis.  

 Our initial efforts to understand nanoparticle mobility on a solid support typical of 

a proppant pack or reservoir matrix were based on a previously described system,
24

 that 

used UV-visible spectroscopy for data collection. The NPs we initially employed were of 

the iron oxide (magnetite) type that exhibit a peak absorbance typically around 370 nm 

which is very close to the cut off frequency of a UV-visible spectrometer, meaning their 

surface absorbance peak is often not fully present in the spectra and some of the leading 

edge of the spectra is missing from the spectra. Further to this the absorbance peak for 

iron oxide is very weak and in order to emulate a real world system where a small 

quantity of NPs will be dispersed over a large volume of reservoir, and hence a large 

surface area,
5
 the UV-visible absorbance is insufficient at these concentrations to detect 
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in a continuous process. Thus, in order for the NPs to be detected a large concentration 

must be employed (>15 x 10-5 mol/dm
3
), which is not only unrealistic for real 

applications, but as may be seen from Figure 1.1, does not allow for analysis of the C/C
0
 

and thus the attachment efficiency factor (α). As may be seen from Figure 1.1 the 

absorbance does not reach a plateau and instead can continue to increase or decrease 

sporadically even under controlled conditions. Additionally, repetition of a particular NP 

also gave variable results. As the intensity is not stable under controlled conditions 

further analysis using this material is not possible because changes in the absorbance are 

shown to occur even before testing in various materials. 

 

 

 

Figure 1.1. Examples of mobility plots of (a) glutamic acid functionalized magnetite 

NPs, (b) lysine functionalized magnetite NPs and (c) cysteic acid functionalized 

magnetite NPs. Data collected at 378 nm with a 10 mm path length, and sampling at 5 s 

intervals.  
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 Poor data acquisition using iron oxide NPs leads to spurious results thus 

preventing the system from reaching a stable and continuous plateau as is required to 

determine a baseline value. Based upon these results we concluded that in order to study 

mobility at concentrations appropriate to field-use better detection is required. However, 

we questioned whether, changing the core of a nanoparticle have a significant effect on 

its surface physical properties (i.e., solubility, mobility, surface adhesion) or can the 

results from one type of nanoparticle be used as a guide for others with the same surface 

functionality?   

 In this regard, it has been reported for a wide range of nanoparticle systems that 

the transport properties of the NP are less dependent on the identity of the core and more 

dependent on the identity of the surrounding ligands (or corona), the charge (also a 

property of the ligands), i.e., the surface physicochemical properties, as well as the size, 

and shape of the NP.
27

 Thus, any system that allows for the study of a wide range of 

nanoparticle ligands, as well as nanoparticle size and shape, can be used as a scaffold for 

the rapid screening of the possible ligands that are required for mobility within particular 

solvent and solid combinations. In other words, the choice of the nanoparticle core can be 

made to optimize detection (i.e., enhanced detection) as long as the core meets the 

following requirements: 1) it may be functionalized by the typical groups associated with 

making NP soluble/miscible, 2) it is stable over a range of condition (solvent, pH, etc.), 

3) it may be prepared with a range of sizes, and 4) it may be prepared with different 

shapes (spheres, rods, triangles, etc.). With these requirements in mind we investigated 

the use of silver NP. What is needed for ease of detection at low concentrations is a 

nanoparticle with a large plasmon resonance
28

 that can be prepared with a wide range of 

sizes, shapes, and surface functionality.  

 Silver nanoparticles have been shown to display a very stable and consistent UV-

visible absorbance
29

 and the peak absorbance is known to occur within a range of values 

well within the optical detection limits of UV-visible spectrometers thus ensuring both  
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Figure 1.2. (a) UV-visible spectrum of MSA functionalized Ag NPs (MSA-AgNp). (b) 

UV-visible spectrum of CYS functionalized Ag NPs (CYS-AgNp).  

 

the leading and the trailing edge of the peak are visible. When both the leading and 

trailing edges are present then it is possible to make a calculation of the full width at half-

maximum (FWHM) with a high degree of success. This allows for determination of any 

changes in particle size that occur during transport through the stationary phase.  

 Further to this the silver nanoparticles have a strong peak absorbance that can be 

detected at much lower concentrations than that of the iron oxide nanoparticles Figure 

1.2. The silver nanoparticles offer greater consistency in peak absorbance leading to a 

higher degree of success to acquire reliable data, they have a larger peak absorbance 

leading to the possibility to measure nanoparticles at much lower concentrations than iron 

oxide nanoparticles, and as such they can be used to give a much stronger indication as to 
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the system that is occurring down hole. Further to this the silver nanoparticle surface 

plasmon resonance can be tuned according to the size of the nanoparticle, and the size 

can be determined by calculation using the FWHM.
30

 The surface functional groups can 

also be changed to tailor the stickiness or solubility of the silver nanoparticles in a range 

of solvents and under a variety of physical and chemical conditions which exhibit core 

stability (i.e. no ionic degradation) in various solvents, brines and pH.
10

 Our system as 

described in the Experimental was intended to allow for continuous monitoring and 

simulation of large volumes. With the initial stability method used to monitor deposition 

due to nanoparticle aggregation by monitoring of the plasmon resonance that has been 

utilized in previous studies.
31 

 

   
 

Figure 1.3. Mercaptosuccinic acid (MSA) (a), schematic representation of 

mercaptosuccinic acid functionalized silver nanoparticle (MSA-AgNp) (b), cysteamine 

(CYS) (c), and schematic representation of cysteamine functionalized silver nanoparticle 

(CYS-AgNp) (d). 
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Figure 1.4. (a) TEM image of cysteamine functionalized silver nanoparticle (CYS-

AgNp). Scale bar 100 nm. (b) TEM image of mercaptosuccinic acid functionalized silver 

nanoparticle (MSA-AgNp). Scale bar 50 nm. 

 

 Functionalization and pH stability of Ag NPs. Silver NPs suitable for 

measuring mobility can be made with a variety of sizes and surface functional (capping) 

groups (Figure 1.3). In the present study NPs of mean diameter 20 nm was chosen as 

shown in Figure 1.4, with either mercaptosuccinic acid (MSA) or cysteamine (CYS) as 

the surface groups. These were chosen to allow for the demonstration that both anionic 

and cationic NPs can be studied using this continuous process. The carboxylate and 

amine functionalities are common for water solubilisation of NPs,
17,32

 further suggesting 

that the diffusion is dependent on surface groups, size and shape of a NP and not on its 

core chemistry.  
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 The silver nanoparticles of mean diameter 20 nm have a well pronounced 

absorbance peak at λ
abs

 = 400 nm Figure 1.2.
29

 The invariance of the absorbance as a 

function of pH is shown in Table 1.1, confirming that the NPs are stable across the pH 

range, and that any variation will not be due to agglomeration or dissolution over the pH 

range studied.  

Table 1.1. Summary of MSA capped silver nanoparticle UV-visible spectra.  

pH Maximum absorbance (nm) 

4 399 

5 400 

6 399 

7 399 

8 399 

9 402 

10 402 

 

 Steady state stability measurements. In any protocol it is important to determine 

that any observed variation is not a function of the instability of the NPs within the 

apparatus, i.e., any change observed is due to the NP passing through the static phase. We 

observe the stability of the nanoparticles in this fashion because the factors affecting 

particle deposition in fractured porous media tend to parallel those controlling particle 

aggregation and has been observed so by O’Meila et al.
9,33

 The experimental set-up for 

this measurement is detailed in the Experimental section.  

 The stock NP solution is recycled through the UV-visible spectrometer without 

passing through an immobile phase. This is done to ascertain if the NPs are stable for 

prolonged times during pumping and transport through the apparatus. Examples of the 

stability plots for cysteic acid functionalized Ag NPs at different pH values that may be 
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encountered during a frac job are given in Figure 1.5. As may be seen there is a slight 

decrease in intensity during the first hour, which we believe is due the dilution of 

nanoparticles throughout the solution volume and possible deposition onto the 

experimental apparatus internal surface; however, the Ag NP solution appears 

remarkably stable for >22 h. 

 We have performed the steady state measurements altering the location of the 

return line into the stock solution (see Experimental) in order to promote or inhibit 

mixing. Neither made any difference in the results, indicating that the Ag NPs are not 

settling out of solution during the duration of the experiment. The steady state results 

indicate that the process may be used for mobility studies through an immobile phase 

without issues associated with the rest of the apparatus.  

 

 Mobility measurements. The technique used for this measurement involves a 

premixed stock solution, which can be any solution desired containing aqueous or 

organic solvent, salts, carbonates acids or bases, or other particles or compound which 

may be encountered or of interest when studying nanoparticle mobility through 

subterranean environments which is soluble (or in suspension) with the plasmonic 

nanoparticles under investigation. For this experiment, the stock solution is the mobile 

phase. It is used in two ways: firstly as a starting baseline and secondly to solvate or 

suspend the plasmonic nanoparticle.  

 The baseline of UV absorbance is determined to be the stock solution with no 

plasmonic nanoparticle present. Calibration of this baseline is determined by pumping the 

stock solution through the immobile phase that will be discussed below for a period of 

time that maybe specific for each immobile phase under investigation until a stable 

concentration of out flow is achieved from the immobile phase. This stable concentration 

of flow from the immobile phase is determined to be the blank or baseline for the later 

kinetic UV experiments, see below. The UV-visible spectrophotometer is then calibrated 
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to read this concentration as the baseline. The stock solution is also used to flush the 

plasmonic nanoparticle solution/suspension. 

 The stock solution/suspension is pumped at a constant stable flow rate through the 

immobile phase, the plasmonic nanoparticle is then pumped through the immobile phase 

at the same flow rate for a period of time until a stable plateau of absorbance is measured 

via the UV kinetics program. The stock solution/suspension is again pumped through the 

immobile phase until the absorbance returns to its original value. This process can be 

repeated multiple times.  

 Generally the stock solution and the plasmonic nanoparticle solution 

(suspensions) are injected into the immobile phase then into the UV-visible 

spectrophotometer or directly into UV-visible spectrophotometer at chosen ratios. These 

are usually not mixed but are injected sequentially at timed intervals at 100% 

concentration of either stock solution and plasmonic nanoparticle solution/suspension as 

outlined in the Experimental section. The time of injection for either solution/suspension 

is programmed into the gear pump. The gear pump maintains constant flow rate through 

the immobile phase column through the UV flow through cell, and into the waste 

collector. The immobile phase can be any mineral formation or rock for investigation, but 

it is generally of uniform size porosity and of known volume. It is contained within a 

column, which can be made of plastic, glass, or metal. The outlet of the column leads to 

the UV detector flow through cell (see Experimental). Using a kinetic program the 

increase in UV absorbance at a specific wavelength from baseline, plateau and decrease 

to baseline again of the plasmonic nanoparticle is measured over time. The outlet of the 

UV flow cell is connected to a waste collector. The contents of which may be used post 

experiment for analysis.  

 In our initial studies we employed Ottawa sand (30-50 mesh) as the immobile 

phase since this is typical of frac sand. It is high purity quartz sand with round grains that 

is produced from sandstone. As such this choice represents a suitable material to  
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Figure 1.5. Examples of stability plots of cysteic acid functionalized Ag NPs at pH = 4 

(a), 7 (b), and 10 (c). Data collected at 378 nm with a 10 mm path length, and sampling at 

5 s intervals. 
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investigate NP mobility. Ottawa sand comprises of smooth particles between 300 and 600 

μm in size Figure 1.6, with a sphericity of 0.6,
34

 surface area of 1.17 m
2
/g and a porosity 

of 0.37. 

  

 

Figure 1.6. SEM image of Ottawa sand used as immobile phase. 

 

 As described in the Experimental section, two breakthrough curves are measured 

per sample at a particular condition. These involve the NP solution passing through the 

immobile phase (C) or bypassing the immobile phase (C
0
). Figure 1.7 shows a typical 

pair of as measured breakthrough curves for MSA-functionalized Ag NPs at pH 7. For 

such a breakthrough there are two parameters that can be investigated: the absorption 

plateau and the breakthrough rate.  

phase (e.g., sticking to the sand), are not passing through due to pore size 

restrictions, the interaction between the immobile phase and the NPs is causing the latter 

to undergo decomposition (e.g., by oxidation, dissolution, etc.), or a physical change is 
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occurring (e.g., aggregation). As may be seen from Figure 1.7, the maximum absorption 

of the C and C
0
 curves is the same indicating that the MSA-Ag NPs are passing through 

the Ottawa sand without significant alteration or retention.  

 

 

Figure 1.7. Typical measured breakthrough curves for MSA-Ag NPs at pH = 7 for C (red 

curve) and C
0
 (blue curve) normalized to 1. 

 

 The second parameter that may be obtained from the breakthrough curves is the 

rate of change of UV absorbance as a function of time. However, it should be noted that 

in the present case the resultant rate of breakthrough is very fast, which under normal 

breakthrough curve analysis methods of maximum plateau concentration conditions such 

as between pore volume aliquot analysis
9
 makes it very difficult to directly determine the 

difference in rates between C and C
0
. As may be seen from Figure 1.7 it is difficult to 

easily differentiate between the two curves. In order to overcome this problem we have 

found that the data may be fitted using a modified Gaussian (Eq. 1.2)
35

 with very good R
2
 

fitting. The fitting is given in Table 1.2 and Figure 1.8 shows the fitting of the C curve 

from Figure 1.7.  
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Table 1.2. R
2
 fit of C and C0 curves for MSA and CYS breakthrough curves.  

Coating C-C0 pH Inj. # r
2
 Coef Def DF Adj r

2
 Fit Std Err 

MSA C0 4 1 0.99880888 0.99880696 0.016584072 

MSA C0 4 2 0.99902229 0.99902127 0.015160952 

MSA C0 4 3 0.998292835 0.998288945 0.01790507 

MSA C0 4 4 0.999100081 0.999098534 0.014570405 

MSA C0 4 5 0.998948498 0.998947183 0.01548416 

MSA C 4 1 0.998494474 0.998491957 0.018468699 

MSA C 4 2 0.998609596 0.998607275 0.017855019 

MSA C 4 3 0.998635101 0.998632823 0.017796933 

MSA C 4 4 0.998720006 0.99871787 0.017321025 

MSA C 4 5 0.998771487 0.998769436 0.01696923 

MSA C0 5 1 0.999765886 0.999765551 0.007046293 

MSA C0 5 2 0.999782709 0.999782346 0.005906669 

MSA C0 5 3 0.999775926 0.999775552 0.00620088 

MSA C0 5 4 0.999764154 0.99976376 0.006502118 

MSA C0 5 5 0.999753419 0.999753007 0.006808512 

MSA C 5 1 0.999837405 0.999837052 0.005288079 

MSA C 5 2 0.999883851 0.999883698 0.005049199 

MSA C 5 3 0.999851056 0.999850848 0.005627056 

MSA C 5 4 0.999836956 0.999836729 0.005955891 

MSA C 5 5 0.999861487 0.999861294 0.005548456 

MSA C0 6 1 0.999543913 0.999543201 0.009955607 

MSA C0 6 2 0.999815311 0.999815065 0.006443004 
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MSA C0 6 3 0.999254049 0.99253053 0.013341836 

MSA C0 6 4 0.999885641 0.99988549 0.005230504 

MSA C0 6 5 0.999861051 0.999860873 0.005754804 

MSA C 6 1 0.999687227 0.999686751 0.008438551 

MSA C 6 2 0.999711127 0.999710645 0.006953341 

MSA C 6 3 0.999764921 0.999764528 0.00676033 

MSA C 6 4 0.999806964 0.999806668 0.006353999 

MSA C 6 5 0.999714204 0.999713673 0.007051212 

MSA C0 7 1 0.999679186 0.999678739 0.008539687 

MSA C0 7 2 0.998323805 0.999832171 0.006211193 

MSA C0 7 3 0.999909652 0.999909539 0.004641733 

MSA C0 7 4 0.999860311 0.999860078 0.005350806 

MSA C0 7 5 0.99988371 0.999883515 0.005103004 

MSA C 7 1 0.999645701 0.999645258 0.00898931 

MSA C 7 2 0.999530177 0.999529523 0.010203421 

MSA C 7 3 0.999663053 0.999662638 0.008694023 

MSA C 7 4 0.999668681 0.999668163 0.008429278 

MSA C 7 5 0.999562649 0.999562005 0.009834522 

MSA C0 8 1 0.999550075 0.999549324 0.009712841 

MSA C0 8 2 0.999498121 0.999497283 0.010662214 

MSA C0 8 3 0.999285113 0.999283919 0.012972827 

MSA C0 8 4 0.999146679 .99914561-5 0.013964312 

MSA C0 8 5 0.998755702 0.998753622 0.014788138 

MSA C 8 1 0.999728535 0.999728195 0.007281952 

MSA C 8 2 0.999866076 0.999865908 0.005640721 

MSA C 8 3 0.999828086 0.999827799 0.005884639 

MSA C 8 4 0.999859229 0.999858994 0.005565852 
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MSA C 8 5 0.999040083 0.999038263 0.014408548 

MSA C0 9 1 0.999550075 0.999549324 0.009712841 

MSA C0 9 2 0.999348684 0.999347671 0.011542776 

MSA C0 9 3 0.998962265 0.998960566 0.014454752 

MSA C0 9 4 0.99814131 0.998138207 0.016071763 

MSA C0 9 5 0.998762351 0.998760283 0.014663732 

MSA C 9 1 0.999327682 0.999326756 0.01198495 

MSA C 9 2 0.999487233 0.99948652 0.010656729 

MSA C 9 3 0.999215811 0.999214502 0.012401117 

MSA C 9 4 0.999270463 0.999269328 0.012381254 

MSA C 9 5 0.999224268 0.999223123 0.012951622 

MSA C0 10 1 0.999536093 0.999535329 0.009664638 

MSA C0 10 2 0.999770029 0.999769723 0.007189345 

MSA C0 10 3 0.999694962 0.999694453 0.007571351 

MSA C0 10 4 0.999671422 0.999670913 0.008193537 

MSA C0 10 5 0.999677536 0.999677039 0.008237736 

MSA C 10 1 0.999140779 0.999139196 0.009055162 

MSA C 10 2 0.998463484 0.998460369 0.008844072 

MSA C 10 3 0.999534141 0.999533429 0.009570277 

MSA C 10 4 0.999127479 0.999125968 0.011275774 

MSA C 10 5 0.99931948 0.999318373 0.011836407 

CYS C0 4 1 0.999241097 0.999240069 0.013276995 

CYS C0 4 2 0.998270371 0.998268181 0.019884914 

CYS C0 4 3 0.998120418 0.99811728 0.01888599 

CYS C0 4 4 0.991494907 0.991486241 0.035609105 

CYS C 4 1 0.97265894 0.972593904 0.068057642 

CYS C 4 2 0.989504506 0.989486303 0.033990979 
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CYS C 4 3 0.983913806 0.983886951 0.054725114 

CYS C 4 4 0.978632504 0.978611115 0.058203943 

CYS C0 5 1 0.998860675 0.998859089 0.015723762 

CYS C0 5 2 0.999441321 0.999440533 0.011157616 

CYS C0 5 3 0.999988915 0.999988901 0.001617771 

CYS C0 5 4 0.999975797 0.999975767 0.002415395 

CYS C0 5 5 0.999969839 0.999969802 0.002698677 

CYS C 5 1 0.988887015 0.988870806 0.036293952 

CYS C 5 2 0.997749929 0.997746932 0.022383278 

CYS C 5 3 0.999959081 0.999959028 0.003086189 

CYS C 5 4 0.99988582 0.999885667 0.005155349 

CYS C 5 5 0.999367858 0.999366782 0.010717383 

CYS C0 6 1 0.999658285 0.999657857 0.008774634 

CYS C0 6 2 0.999975982 0.999975952 0.002365834 

CYS C0 6 3 0.999984532 0.999845121 0.00191588 

CYS C0 6 4 0.999965249 0.999965204 0.002874776 

CYS C0 6 5 0.999980754 0.999980728 0.002133996 

CYS C 6 1 0.994691344 0.994684264 0.024301426 

CYS C 6 2 0.995406814 0.995401066 0.027177669 

CYS C 6 3 0.999325385 0.999324471 0.012352162 

CYS C 6 4 0.999881333 0.999881163 0.005223335 

CYS C 6 5 0.999907055 0.999906923 0.004581453 

CYS C0 7 1 0.99988582 0.999885667 0.005155349 

CYS C0 7 2 0.99814131 0.998138207 0.016071763 

CYS C0 7 3 0.997592587 0.997590441 0.02158284 

CYS C0 7 4 0.998635101 0.998632823 0.017796933 

CYS C0 7 5 0.998292835 0.998288945 0.01790507 
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CYS C 7 1 0.998380938 0.998378833 0.013416139 

CYS C 7 2 0.999724913 0.999724466 0.006701057 

CYS C 7 3 0.998893249 0.998891649 0.015939323 

CYS C 7 4 0.999273458 0.999272352 0.012917356 

CYS C 7 5 0.999355425 0.999354443 0.012292403 

CYS C0 8 1 0.999591529 0.9995909 0.009415365 

CYS C0 8 2 0.999950577 0.999950515 0.003377736 

CYS C0 8 3 0.999974737 0.999974705 0.002448228 

CYS C0 8 4 0.999980075 0.999980048 0.002149929 

CYS C0 8 5 0.9999785 0.999978468 0.002154903 

CYS C 8 1 0.995613121 0.995607023 0.02056231 

CYS C 8 2 0.999695912 0.999695484 0.00744217 

CYS C 8 3 0.99968388 0.999683435 0.008370181 

CYS C 8 4 0.999858668 0.999858451 0.005464446 

CYS C 8 5 0.99988441 0.999884241 0.005056576 

CYS C0 9 1 0.999771059 0.99977064 0.005993299 

CYS C0 9 2 0.999911075 0.999910957 0.004533929 

CYS C0 9 3 0.999927685 0.999927586 0.004039897 

CYS C0 9 4 0.999955661 0.999955602 0.00321032 

CYS C0 9 5 0.999956306 0.999956242 0.003124059 

CYS C 9 1 0.976630657 0.976596521 0.044981389 

CYS C 9 2 0.979370201 0.979341013 0.059282808 

CYS C 9 3 0.993279555 0.993268961 0.035968173 

CYS C 9 4 0.999051588 0.999049691 0.008990642 

CYS C 9 5 0.999827308 0.999827052 0.00614062 

CYS C0 10 1 0.997529316 0.999752588 0.007509989 

CYS C0 10 2 0.999966491 0.999966447 0.002760994 
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CYS C0 10 3 0.999965135 0.999965087 0.00278435 

CYS C0 10 4 0.999976437 0.999976405 0.002322738 

CYS C0 10 5 0.999963707 0.999963655 0.002843777 

CYS C 10 1 0.996497056 0.99649189 0.027871565 

CYS C 10 2 0.998633025 0.998631095 0.017504554 

CYS C 10 3 0.997592587 0.997590441 0.02158284 

CYS C 10 4 0.998464622 0.998463341 0.017161703 

 

 

 

Figure 1.8. Typical fitting (red line, R
2
 = 0.999) of the measured breakthrough curve 

normalized to 1 (blue line) for MSA-functionalized Ag NPs at pH = 7 through Ottawa 

sand immobile phase (i.e., C). Normalized to 1. 

  

 Once the breakthrough curves are fitted it is much easier to compare the data for 

C and C
0
. For example, Figure 1.9 shows the overlaid fitted breakthrough curve for 

MSA-functionalized Ag NPs (pH = 7). To facilitate comparison the curves have been 

normalized. These curves should be compared with a raw data shown in Figure 1.7. From  
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Figure 1.9. Typical fitted breakthrough curves for MSA-Ag NPs at pH = 7 for C (red 

curve) and C
0
 (blue curve) normalized to 1. 

 

Figure 1.9 it is clear that the breakthrough curve is retarded by the immobile phase. Using 

the fitted curves for the breakthrough data it is possible to obtain a rate of maximum 

change for each of the breakthrough curves. This provides a single number for each curve 

that allows for rapid comparison between multiple experiments, i.e., a comparison of C 

versus C
0
 for multiple experiments. 

 Figure 1.10 shows a typical example of the raw data for five sequences 

comprising: flow of blank matrix solution, switching to the Ag NP solution, and back to 

the blank matrix solution (see Experimental). For such an injection sequence there are 

two parameters that can be investigated irrespective of the comparison of C and C
0
. First 

is the absorption maximum for each pulse constant or varying, and second does the rate 

of each breakthrough remain constant? If the NP is adsorbing onto the immobile phase 

then the maximum absorption will increases with each pulse until the surface of the 

immobile phase is saturated and the NPs will pass through. Alternatively, if the 

maximum absorption decreases then decomposition or a change in the surface of the 

immobile phase may have occurred.
10

 As may be seen from Figure 1.10, in this case there 
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is no major change in the absorption maximum for each subsequent injection. Thus, there 

is no significant surface change to the immobile phase. 

  

 

Figure 1.10. Example of the breakthrough curves for an injection sequence of MSA-

functionalized Ag NPs at pH = 7 through Ottawa sand immobile phase (i.e., C). 

  

 Using the Gaussian fitting, the rate of change for each pulse for the C and C
0
 

breakthrough curves may be determined. Figure 1.11 provides a summary of the rate of 

change for each injection. As may be seen the rate of the first injection is slower than that 

of the subsequent pulses. This is true for both C and C
0
. We propose that this effect is 

associated with the initial injection and is possibly due to the solution and/or solvent 

pump pressure lag in the mobility setup. We have found this effect for all the NPs tested 

irrespective of the immobile phase or the surface functionality of the NP. Subsequent 

injection pulses Figure 1.11 show a consistent value with no trend. We propose that this 

variation in value may be used as the experimental error in the rate (and subsequent C/C
0
 

values, see below). Therefore, conducting multiple (automated) injections allows for 

statistics on the breakthrough to be obtained.  
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Figure 1.11. Example of the rate of change of absorption for the breakthrough curves for 

an injection sequence of MSA-functionalized Ag NPs at pH = 7 through Ottawa sand 

immobile phase (C
0
 = blue; C = red). 

 

The stickiness α of the NP to the immobile phase can be calculated from the C/C
0
 ratio, 

porosity, immobile phase length, and the theoretical value η
0
, which is derived from the 

factors outlined in Table 1.3. The closer to 1 the less the NP interacts with the immobile 

phase and the greater the transport of the NP will be. Conversely, a low value of C/C
0
 

indicates that the NP will have little or no mobility through the stationary phase. Figure 

1.12 shows the C/C
0
 values (with errors) for MSA-functionalized Ag NPs transporting 

through an Ottawa sand immobile phase as a function of solution pH. The MSA-Ag NPs 

generally show good mobility, with a slight decrease around neutral pH. The low 

stickiness would be expected for a negatively charged NP and a similarly charged silica 

surface and has been observed in previous studies by Ramanan et al.
17

 The variation with 

pH is most probably associated with the change in surface charge for the hydroxyl-

terminated sand and the carboxylic acid functionalized NPs.  
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Table 1.3. Physical and chemical parameters held constant in experiments and used to 

calculated η
0
. 

Parameters Values 

Filter media length, L 7 cm 

Column inner diameter, D 15 mm 

Collector diameter, dc 450 μm 

Total porosity, ε 0.37 

Flow rate 10 mL/min 

Temperature 298 K 

Darcy velocity, V 101 x 10
-6

 m
3
/s 

Viscosity of Fluid, μ 0.982 kg/s.m 

Radius of Particle, ap 1.00 x10
-8

 m 

Density of Particle, ρp 10490 kg/m
3
 

Density of Fluid, ρf 1000 kg/m
3 

Hamaker constant, A 3.7 x 10
-20

J 

Single-collector contact efficiency, η0 329.56 x 10
-6 

 

 In contrast with the defined change observed with the MSA-Ag NPs the pH 

dependence for the amine terminated cysteamine-functionalized Ag NPs (CYS-Ag NPs) 

shows an almost sinusoidal variation Figure 1.13. These results suggest that there is 

either adsorption of silver onto the sand surface or some physical change of the NPs is 

occurring. Given that the size of the CYS-Ag NPs are the same as the MSA-Ag NPs it is 

unlikely that the difference between the functional groups is due to the former not passing 

through due to pore size restrictions. Analysis of the surface of the immobile phase by 

ICP-OES after data collection shows that there is significant surface adsorption Figure 

1.14 except for pH 9 which does not follow the trend but may be due to the smaller  
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Figure 1.12. Comparison of average C/C
0
 for MSA-functionalized Ag NPs through 

Ottawa sand immobile phase as a function of pH. 

 

sample volume of sand analyzed for that particular sample measurement. However, the 

pH dependence of each does not appear to mimic the other c.f., Figure 1.13 and 14, 

suggesting that other factors may apply. 

  

 

Figure 1.13. Comparison of average C/C
0
 for CYS-functionalized Ag NPs through 

Ottawa sand immobile phase as a function of pH. 
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Figure 1.14. ICP analysis of the concentration of Ag adsorbed onto Ottawa sand for 

CYS-functionalized Ag NPs, normalized via weight of sand analyzed. 

  

 Mobility of NPs. As was mentioned in the introduction, our original goal in 

developing this methodology was to allow for the rapid investigation of various 

substituent groups (i.e., amine versus carboxylic acid) as surface functionalization of NPs 

in order to determine the potential mobility down-hole. Our studies indicate that this 

automated system provides a simple method to accomplish this goal, but also due to the 

ability to rapidly cycle injections and closely monitor small differences in rate of change 

it is possible to obtain statistics on C/C
0
, which have similar rates of change and hence 

we can determine the attachment efficiency factor (α) far more precisely, allowing us to 

more accurately model how very dilute solutions of nanoparticles will move over large 

distances. In other words this method is better suited to screen libraries of potential 

nanoparticle for tracer application.  Table 1.4 summarizes the calculated values for C/C
0
 

and α for MSA- and CYS-functionalized Ag NPs. In addition, these data allow for the 

calculation of the distance (m) through the immobile phase for the concentration of the 

NPs to reach a specific level based upon the value for α.  
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Table 1.4. Summary of particle mobility data. 

Particle surface 
functionalisation 

pH C/C0
a
 α Distance to 

reduce C/C0 to 
0.1% (m) 

MSA 4 0.90 ±0.02 2.1 ±0.5 4.9 

MSA 5 0.87 ±0.01 2.9 ±0.2 3.5 

MSA 6 0.82 ±0.04 3.6 ±0.9 2.8 

MSA 7 0.82 ±0.02 4.2 ±0.4 2.5  

MSA 8 0.83 ±0.02 3.9 ±0.4 2.6  

MSA 9 0.85 ±0.02 3.3 ±0.5 3.1  

MSA 10 0.89 ±0.09 2.2 ±2 4.5 

CYS 4 0.37 ±0.05 20 ±8 0.56 

CYS 5 0.78 ±0.2 5 ±4 1.9 

CYS 6 0.59 ±0.2 11 ±7 0.97 

CYS 8 0.58 ±0.2 11 ±7 0.96 

CYS 9 0.48 ±0.2 15 ±8 0.73 

CYS 10 0.88 ±0.03 2.7 ±0.6 3.8 

 

 Environmental implications. During a typical frac process, the frac fluid 

contains water-soluble gelling agents (such as guar gum), which increase viscosity and 

efficiently deliver the proppant into the formation.
34

 These gels are cross-linked to give a 

high viscosity at pH 8.5-9. After the fracturing job the pH is reduced to 3-4 so that the 

cross-links are broken and the gel is less viscous and can be pumped out. The use of a 

carboxylic acid functionalized NP (e.g., MSA-NP) would result in a NP that has 

consistent mobility throughout the process. In contrast, a cationic NP (e.g., CYS-NP) 

would show low mobility (high stickiness to the proppant) during the fracturing process 

as well as the un-crosslinking process, i.e., the NP would remain bound to the proppant. 
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However, after un-cross-linking the reservoir fluid would return to near neutral and as it 

does the NPs would be released from the proppant surface. We propose therefore, that the 

present automated system allows for rapid screening of a wide range of functional groups 

over a range of pH conditions making it ideal for determining suitable surface 

functionalization for a wide range of NP cores.  

 The current process has the ability to precisely determine the maximum rate of 

change of breakthrough curves so as to accurately determine nanoparticle movement 

through a formation. The ability to obtain a more accurate determination of α for 

nanoparticles of different chemical surface functionality will allow for a far more 

accurate modelling of the mobility of dilute nanomaterials over large surface areas and 

this will make future use of nanoparticles in down-well sensing and tracing applications 

viable.  

 

Conclusions 

 One of the advantages of our method is that the mobility of a nanoparticle through 

a mineral stationary phase can be determined under conditions of concentration, and pH 

that are found in the down-hole environment. Although not demonstrated here, 

temperature may also be added as a variable which is important given the average down-

hole temperature for a shale-style reservoir can be ca. 60 °C.  

 A further advantage of the present method is that the enhanced detection of the 

plasmonic NPs over the types of nanoparticles intended for down-hole use allows for the 

measurement of the fine structure of the flow characteristics. In this regard, a traditional 

pore volume measurement has low resolution, while the method described herein is able 

to provide higher resolution. This can provide a better assessment of small changes in 

mobility with different functional groups, which is very important when considering the 

potential transport of a nanoparticle through large distances of an oil or gas reservoir: 

small changes in mobility would result in very large effects over the hundreds of meters 
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associated with a hydraulic fracture process, let alone the mile between the reservoir and 

the surface. This resolution is further enhanced by the ability to create statistics through 

multiple runs quickly and therefore acquire valuable data for NP mobility modelling.  

 The static transport measurements may be used to determine NP stability within 

stationary media and solution matrices, in the present area of interest various frac fluid 

additives, e.g., guar gum and related thickening agents. Static transport measurements 

also allow for the determination of the stability over a range of pH conditions. Important 

in the present area of interest because of the differences in pH between cross-linked frac 

fluid (e.g., pH 8.5-9), un-cross-linked (or broken) frac fluid (e.g., pH = 3-4), or produced 

water (e.g., pH 6-7).  

 The mobility of a nanoparticle within a particular rock formation (i.e., shale 

versus sandstone versus limestone) will be dependent on the interaction of the NP with 

the rock fractured surface, as will the mobility across proppant packs (i.e., sand versus 

sintered Bauxite versus OxProp). Both of these can be readily measured using the present 

system with a high level of resolution.  

 The only disadvantage to the present method is the issue of the present process is 

that the NP in question (silver) reacts with halide salts however recent studies by 

Espinoza et al. have shown this not to affect nanoparticle mobility significantly.
36

 This 

can be overcome by the use of alternative plasmonic nanoparticles such as gold. 

Alternatively, coated particles can be employed. 

 

Experimental 

 All chemicals and solvents were purchased from Sigma-Aldrich unless otherwise 

stated. De-ionized water (DI) was Chromosolve grade unless otherwise stated. For 

experimental setup all tubing and tubing fittings were Teflon coated PEEK grade.  
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 Nanoparticle synthesis. The following describes the synthesis of Ag-NP capped 

with mercaptosuccinic acid (MSA, I); however, it may be adapted to any thiol-substituted 

ligand. In the present study Ag-NPs have also been made using cysteamine (CYS, II). 

AgNO
3
 (203.8 mg) and MSA (450.15 mg, 3 mmol) dissolved in H

2
O (100 mL) are added 

to an H
2
O/MeOH mixture (7.5 mL MeOH in 100 mL DI water), which had been cooled 

to 0 °C with vigorous stirring. NaBH
4
 (378.3 mg) dissolved in H

2
O (25 mL) cooled to 0 

°C was added to the stirring mixture. The reaction was stirred for 105 min at 0 °C then 

allowed to warm to room temperature and stirred for an additional 15 min. The reaction 

was then centrifuged at 4500 rpm for 15 min. The resulting pellet was washed with the 

H
2
O/MeOH mixture then centrifuged again at 4500 rpm. The final pellet was sonicated in 

DI H
2
O, yielding the pure nanoparticles. The particles were characterized by a 

combination of atomic force microscopy (AFM), transmission electron microscopy 

(TEM), small angle X-ray scattering (SAXS) and UV-visible spectroscopy.  

 

 Preparation of nanoparticle solutions. From the prepared nanoparticle 

concentrate solution, aliquots were taken and diluted with DI water. This dilution ratio 

was monitored via UV absorbance according to the peak height arising from the Plasmon 

resonance, MSA-AgNp concentration was adjusted to give arbitrary absorbance of 1 @ 

400 nm Table 1.5. For each pH condition measured, a blank matrix without the silver 

nanoparticles and a sample solution with the nanoparticles were prepared. A Fisher 

Scientific Accumet
®
 AP 115 portable pH/ORP meter carefully monitored the pH of the 

solutions. Glacial acetic acid ACS grade, and NaOH aqueous solution EMD SX0607H-6 

were used to adjust the pH of both the blank and sample solutions to the desired value.  

 

 Static nanoparticle analysis. An UV-visible Agilent 4853 spectrometer, 

equipped with a PC work station with Agilent ChemStation and a quartz cuvette with a 

path length 10 mm were used to determine the wavelength of the maximum UV 
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absorbance peak (λ
max

) for each pH environment Table 1.5. The absorbance was 

measured from 190 nm to 1100 nm.  

Table 1.5. Summary of nanoparticle solutions. 

pH Solution volume (L) Volume of NP concentrate (mL) 

6 3 40 

7 3 60 

8 3 60 

9 3 60 

10 3.5 70 

 

 Steady state analysis. A schematic of the steady state experiment setup is shown 

in Figure 1.15. A UV-visible Agilent
®

 4853 spectrometer Figure 1.15b-d was attached to 

a UV-Vis workstation Figure 1.15a with Agilent
®

 ChemStation software in kinetic mode. 

The spectrometer was equipped with a UV-Vis quartz flow through cell (Figure 1.15c) 

(Hellma, QS 1.000, 1 mm path, 62 µL 35 mm x12.5 mm x12.5 mm, rectangular aperture 

15 mm) that was attached to a conical flask with Teflon stirrer bar, stirrer hot plate, and 

rubber stopper containing nanoparticle solution analyte (Figure 1.15f), via PEEK tubing 

(Figure 1.15g) on the in-flow to the UV cell, the outflow of the cell is attached via PEEK 

tubing (Figure 1.15h) to a Cole Palmer
®
 Variable-Flow peristaltic pump model 73160-20 

(Figure 1.15e), the out-flow from the peristaltic pump returns to the conical flask via 

PEEK tubing (Figure 1.15i).  

The interior surfaces (Figure 1.15c, and e-i) were cleaned between measurements 

sequentially with dilute 5% aqueous HCl solution using ACS grade 37% HCl in DI, a 1 

M aqueous solution of sodium thiosulfate in DI and finally by DI only. This sequence 

was achieved by recycling through the experimental setup using the peristaltic pump 

(Figure 1.15e). The cleaning solutions were flushed from the experimental setup by 
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directing the return flow to waste until the experimental setup is empty of cleaning fluid. 

Measurements were carried out using both the tungsten and deuterium lamps with the 

 

 

Figure 1.15. Schematic representation of steady state analysis experimental setup: PC 

workstation containing UV-visible kinetic analysis program (a); UV-visible detector (b); 

UV-visible cuvette holder and UV-visible flow through cell (c), UV-visible light source 

(d), peristaltic pump (e), nanoparticle solution analyte contained within a conical flask 

equipped with a Teflon stirrer bar and hot plate (f), UV-visible in-flow tubing (g), UV-

visible out-flow tubing (h), and UV-visible return tubing (i). 

  

software set to kinetic mode, and experimental values of a) time: 86400, b) trace: 400, c) 

display spectrum: 190 to 1100, and d) cycle interval: 300, were fixed using the Agilent
®
 

UV-Vis ChemStation online program.  

The blank matrix is then cycled through the system prior to experimentation. 

After which a “Time based measurement” is begun by injecting an aliquot of MSA-Ag 

NPs into the conical flask. The aliquot per pH is shown in Table 1.5.  

 

 Kinetic mobility analysis. A schematic of the kinetic mobility experimental 

setup is shown in Figure 1.16. The UV-Vis Agilent
®
 4853 spectrometer (Figure 1.16b-d) 

was equipped with a PC workstation and operated by Agilent
®
 ChemStation in Kinetic  
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Figure 1.16. Schematic of the mobility experimental setup. UV-visible workstation (a), 

UV-visible detector (b), UV-visible cuvette holder and UV-visible flow through cell (c), 

UV-visible light source (d), gear pump work station (e), gear pump (f), blank matrix 

solution, or solvent A (g), nanoparticle matrix solution, or solvent B (h), solid phase 

column (i), waste sampler (j), pump/mixer top access port (k), C
0
 flow line (l), C flow 

line (m), waste line (n), pump/mixer bottom out-flow access port (o), in-flow line to flow 

through UV cell (p), and in-flow lines to gear pump, solvent A and B lines (q). 

 

mode (Figure 1.16a). A quartz flow-through cell (Hellma, QS 1.000, 1 mm path, 62 µL 

35 mm x12.5 mm x 12 mm, rectangular aperture 15 mm, Figure 1.16c) was equipped 

with a PEEK in-flow line (Figure 1.16p) and waste line (Figure 1.16n) via Teflon PEEK 

fittings. The waste line (Figure 1.16n) led to a waste sampler (Figure 1.16j), the waste 

line can be used to take physical samples if necessary. The UV-visible in-flow line 

(Figure 1.16p) was attached to the out-flow access port (Figure 1.16o) of the Combiflash 
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gear pump (Figure 1.16f), which in turn was attached to either flow line (Figure 1.16l) or 

a Redisep Teflon column 2 cm in diameter and 6.5 cm in length Figure 1.16i containing a 

solid phase and flow line (Figure 1.16m), either Figure 1.16l or i or m were attached to 

gear pump top access port (Figure 1.16r). The gear pump (Figure 1.16f) is a Combiflash 

Companion altered by removing the electronic three-way flow switch and replacing it 

with a union PEEK 1/8” thus by-passing the waste outlet. The dispenser outlet of the gear 

pump (Figure 1.16f) was also disconnected from the dispenser arm and attached to a 

PEEK tube (Figure 1.16p) and then connected to the UV flow through cell (Figure 

1.16c). The gear pump (Figure 1.16f) was controlled via a laptop workstation with 

Combiflash Companion software (Figure 1.16e). Two in-flow tubes (Figure 1.16q) 

displayed as solvent A and B on the Combiflash gear pump led to either a matrix solution 

container (Figure 1.16g), which is called solvent A in Combiflash software or 

nanoparticle/matrix solution container (Figure 1.16h), called solvent B in Combiflash 

software. Both containers for solvent A and B were equipped with a Teflon stirrer bar, 

and stirrer hot plate. Two different injection methodologies were used, either long curve 

or multi-curve. The analysis steps were setup in the Combiflash Companion software 

(Figure 1.16a). To setup a method, open Companion software, click Method editor, select 

“Run Units” option as Time. Select Redisep 12 g column, Enter run length as 225 mins 

for multi-curve and 73 min for long-curve analysis. Enter 10 for flow rate mL/min. Select 

equilibration volume as 150. Enter 0 for initial waste volume. Enter 0 for % B. Enter Max 

% B as 100. For Long curve Insert 6 rows, in duration column enter 0, 5, 0, 53, 0, and 15. 

In Solvent % B enter 0, 0, 100, 100, 0 and 0. For Multicurve Insert 22 rows, in duration 

column, enter 0, 10, 0, 20, 0, and 20. Repeat the last four digits of this sequence four 

more times and insert 30 in the last row. In solvent % B insert 0, 0, 100, 100, insert this 

sequence five times with 0, 0 entered in last two rows. Save both methods. 

The internal surfaces (Figure 1.16c, f-i, and k-p) were cleaned sequentially with 

dilute 5% aqueous HCl solution using ACS grade 37% HCl in DI, a 1 M aqueous 
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solution of sodium thiosulfate in DI and finally by DI by flushing through the 

experimental setup from both Figure 1.16g and Figure 1.16h using the gear pump (Figure 

1.16f). The cleaning solutions were flushed from the experimental setup by selecting air 

purge on the Companion software. To begin a measurement go to the UV-visible 

workstation open the Agilent
®
 ChemStation online program, turn on tungsten and 

deuterium lamps, select kinetics mode. Make the kinetic settings as follows: 

a) Time: 4000 s (for Long curve analysis), 14000 (for Multicurve analysis), b) 

Trace: 400 enter this in WL1 box this number should be the maximum absorbance 

recorded for a particular nanoparticle/matrix solution, c) Display Spectrum: 190 to 1100, 

d) Cycle Interval: 0.5 seconds, e) Start time: 1. Press “Ok”. For each experimental 

analysis either Long curve or Multicurve curves, two measurements must be taken C and 

C
0
. Both require a slightly different experimental setup. C requires solid phase column 

(Figure 1.16i) and the flow line (Figure 1.16m) to be attached to the pump/mixer top 

access port (Figure 1.16k) and pump/mixer bottom out-flow access port (Figure 1.16o), 

C
0
 requires the flow line (Figure 1.16o) to be attached to Figure 1.16p. 

When a measurement is to be taken go to gear pump workstation (Figure 1.16a), 

open program interface Companion. Do not choose the default column option. In the 

program interface open a directory folder, which will have the Long Curve and 

Multicurve methodologies saved in the Companion program. Once the method is 

selected, select no to default column size. Press the play button. Select “Bottles” for 

“Rack” from the drop down window, click “Start” position 1, press “Ok”, the experiment 

will begin to equilibrate for the amount of time that was entered into the method usually 

10 mins. The equilibration solution is the blank matrix taken from Figure 1.16f. 

Equilibration forces out all air from the experimental setup. It also allows the background 

matrix to wash out on soluble particles contained on the solid phase in Figure 1.16i as 

well as setup a thermodynamic equilibrium across the solid phase surface for that 

particular environment. After equilibration is complete on the pump workstation (Figure 
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1.16e) click “Start” when the window appears prompting you to inject samples. After this 

directly go to UV-visible workstation (Figure 1.16a) press “Blank”, Press “Time based 

measurement” at the bottom of the screen, type in the name to save the spectrum under 

and press “Start”. 
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Chapter 2 

Tuneable magnetic nanoparticle sensors for down-well engineering and ground 

water contamination monitoring 

 

Introduction 

The demands for greater supply within the oil and gas industry, has led to the 

development of fracing to allow for the development of unconventional oil and gas 

sources to meet demand.
1,2

 The rapid increase in fracing operations in the continental 

USA has led to many concerns over how fracing operations may impact resources close 

to a frac job. This may be in the form of increased road traffic and local air pollution. 

However the single largest concern for many is the potential contamination of local fresh 

water aquifers by frac operations.
3,4

 This contamination may be by intrusion of flow-back 

or produced water through a well casing fissure and/or seepage from frac tanks or holding 

ponds into ground water sources.
3
 The ability to monitor aquifer and ground water 

resources for potential contamination by tagged flow-back or produced water now is 

needed. 

Additionally, for current frac operators the success or lack there-of, of a frac job is 

determined currently by surface empirical data and is mainly justified upon hydrocarbon 

release from the source rock.  The ability to sense a frac job, its direction, and change in 

porosity and distance traveled using a probe would be of great benefit as soon in Figure 

2.1. In addition, the ability to maintain the probe but vary its signal is needed if 

differentiation between multiple operating companies in an area will be required to 

determine possible polluters. 

As such, we propose the use of magnetic contrast agents as a method to sense a 

frac job as well as sense possible aquifer contamination by fracing operations.
5
  Current 

uses of magnetic contrast agents are viewed on their ability to maintain a large magnetic 

moment to differentiate from the background noise of source rock or the use of expensive 
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and hard to engineer high field magnetic probes.  Unfortunately these techniques 

currently have many flaws.  These include limited detection, limited and enlarged size of 

contrast agents to maintain a distinct magnetic domain at source rock temperatures thus 

negating full source rock impregnation.  This limits the use of contrast agents and 

incumbent methodologies to expensive and exotic materials with limited real world 

application. 

 

 

Figure 2.1. Schematic of a Frac job utilizing a sensor methodology to probe fracturing 

extent. 

  

Currently there is no method for the delivery of a nanosensor to a specific point in 

a hydrocarbon reservoir.  Also, it is desirable that any sensor placement be accomplished 

without harming the reservoir or requiring significant alteration of present oil well 

standard operations. Working within these limits we have developed a methodology 
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which utilizes a direct current/low field (DC/LF) magnetic susceptibility sensor coupled 

with super-paramagnetic nanoparticle (NP) probe with tuneable magnetic susceptibility 

and variable Curie temperature (Tc). 

Magnetic iron oxide NPs although cheap to synthesize do not have significant 

magnetic susceptibility at the temperatures of operation required during a frac job to offer 

an enhanced signal over background minerals as iron oxide NP’s may be components (as 

nanocrystals) of many reservoir rock and oil well casing cement. However doped spinel 

ferrites may be induced to overcome background noise from magnetic source rock.   As a 

consequence of their potential applications as contrast agents, tracers, energetic materials, 

and catalysts, there here has been extensive research towards the synthesis of nearly 

monodisperse metallic and metal oxide nanoparticles (NPs).
6
 In the majority of 

applications control over the size and size distribution are important considerations; 

however, where mixed metal oxides are desired then control over the atomic composition 

is also a factor. This is particularly true in the area of catalysis where small changes in 

composition can have large effects on the catalytic activity.
7-12

  

Common synthetic routes for the preparation of narrowly disperse metallic and 

metal oxide NPs include co-precipitation of metals salts, hydrolysis of metal salts (e.g., 

sol-gel), thermal decomposition of organometallic precursors, or the polyol process.
13-16

 

Of these methods the thermal decomposition of organometallic precursors in non-

coordinating, high boiling organic solvents in the presence of templating/surface capping 

ligands has proven to be a flexible method for polymetallic nanoparticles with decent 

control over size and distributions.
17

  

Nanoparticle synthesis in non-coordinating solvents was originally developed for 

the synthesis of semiconductor nanocrystals,
18

 based on the concept of providing reactive 

substituents to both components of the system;
19,20

 however, recently it has become an 

attractive method for producing metallic and metal oxide NPs. For example the one-pot 
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synthesis of bimetallic oxide NPs by the thermal decomposition of metal acetylacetonate 

(acac) precursors in high boiling ethers.
21,22

  

Previous work from the Barron Group reported that for the composition of cobalt-

iron-oxide (Co-Fe-O) nanoparticles (i.e., Co:Fe ratio), as synthesized from the 

appropriate metal acac precursors, the Co concentration increase linearly with increasing 

Co(acac)2 precursor concentration, and only a very small percentage of Co(acac)2 was not 

directly incorporated into the NPs.
23

 This suggested that the kinetics of the decomposition 

of each precursor [Fe(acac)3 and Co(acac)2] is near identical and that the composition of 

the NPs is statistically a function of the starting precursor mixture. In the course of our 

studies we have become interested in whether compositional control can be extended to 

ternary Mn1-xZnxFe2O4 systems for use as super-paramagnetic nanoparticle probes for 

fracing operations.
24

  

 

Results and Discussion 

 As noted in the introduction, we have previously reported that the composition of 

cobalt-iron-oxide (Co-Fe-O) nanoparticles (i.e., Fe:Co ratio) prepared by the thermal 

decomposition in benzyl ether of Fe(acac)3 and Co(acac)2, in the presence of a mixture of 

oleic acid and oleylamine surface capping ligands, and 1,2-hexadecanediol (HDD) as an 

accelerating agent, is directly related to the composition of the metals in the precursor 

solution. However, the size and size distribution of the NPs was found to depend on the 

relative concentration of oleic acid, oleylamine, HDD, and the metal precursor. In order 

to investigate the effect of reactant composition (i.e., Mn:Zn) we have maintained the 

relative concentration of each reactant, including the total concentration of the metal 

precursors.  

 For ternary oxide mixtures the issue of compositional control is further 

complicated compared to binary mixtures. Mixed ferrites have been previously reported 

with using MnCl2, ZnSO4 and FeCl3 as the precursors.
25

 As with this prior work the iron 
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precursor concentration was maintained constant, while the relative amounts of the Mn 

and Zn precursors [Mn(acac)2 and Zn(acac)2, respectively] were varied, see Table 2.1.
24

  

  

Table 2.1. Summary of metal precursor composition for ternary oxide nanoparticles.  

Fe(acac)3  

(mmol) 

Mn(acac)2  

(mmol) 

Zn(acac)2  

 (mmol) 

Ref. 

2.00 0.65 0.35 This work 

2.00 0.35 0.65 This work 

2.00 0.70 0.30 This work 

1.33 0.066 0.594 This work 

1.33 0.132 0.528 19 

1.33 0.198 0.462 This work 

1.33 0.264 0.396 This work 

1.33 0.330 0.330 This work 

1.33 0.396 0.264 This work 

1.33 0.462 0.198 This work 

1.33 0.528 0.132 This work  

1.33 0.594 0.066 This work 

 

 As may be seen from the data in Figure 2.2 the composition of the resulting 

nanoparticles, as measured by the Mn:Zn ratio, closely follows the ratio of the precursors. 

Thus, allowing for the reproducible synthesis of NPs with desired composition. 

Furthermore, this suggest that the relative reaction rates of Mn(acac)2 and Zn(acac)2 are 

similar despite differences in thermal stability (248 °C versus 135-138 °C, respectively). 

Zn(acac)2 is only a monomer in the vapour phase, and is a trimer in the solid state, i.e., 

Zn3(acac)6, in which each Zn ion is coordinated by five oxygen atoms in a distorted 
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trigonal bipyramid structure.
26,27

 It is therefore interesting that despite different thermal 

stability and differences in structure that would be expected to alter the relative reactivity, 

the incorporation of Mn and Zn is predictable.  

 

 

Figure 2.2. The ratio of Mn:Zn incorporated into Fe-Mn-Zn-O NPs as determined by 

ICP-AES versus the ratio of Mn(acac)2:Zn(acac)2 used in the reaction (R2 = 0.964). Ideal 

ratio shown as dashed line.  

 

The size and size distribution of the Fe-Mn-Zn-O NPs were determined by SAXS 

for all the compositions prepared. As may be seen from Figure 2.3, the average size 

ranges from 6 to 8 nm; however, the variation is within the size distribution. Thus, the 

size of the nanoparticle shows no significant dependence on the relative ratio of 

manganese and zinc. This is further supported by TEM analysis of the NPs as shown in 

Figure 2.4. While the size and size distribution appear unaffected by the composition, the 

shape of the NPs appears less regular the higher the Mn content. This result is distinct 

from previous work by Arulmurugan et al. that showed for that the particle size decreased 

with increased Zn content.
25
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Figure 2.3. Dependence of Fe-Mn-Zn-O nanoparticle size as a function of the ratio of 

Mn(acac)2:Zn(acac)2 used in the reaction.  

 

  

Figure 2.4. Examples of typical TEM images of Fe-Mn-Zn-O nanoparticle prepared 

using (a) Mn:Zn 0.9:0.1 and (b) Mn:Zn 0.2:0.8.  

 

 Compositional control over NP magnetic susceptibility. The low porosity and 

permeability of many oil and gas reservoirs even after hydraulic fracturing, means that any 

sensor or tracer material must either be in the proppant itself or have a size sufficiently 

small to allow for its transport through the rock formation. As such nanoparticles 

represent a potential sensor material. The special electrical and magnetic properties of 
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nanomaterials make them well suited for use as injected sensors and contrast agents. The 

simplest example of a nano sensor for imaging a reservoir feature is not a self-powered 

autonomous sensor, but a contrast agent that will enhance detection using presently 

available means. A number of mechanisms have been suggested for detection including: 

the use of highly magnetic “tags” can be used as contrast agents for detection of changes 

in the magnetic field of the reservoir.
28

  

 Proposals that rely on the detection of the magnetic field of magnetic 

nanoparticles are compromised by the background magnetism of the reservoir rock, as 

well as metal impurities potentially present in oil. For example, ferromagnetic oxides (such 

as magnetite) are strongly magnetic. Even some paramagnetic reservoir minerals 

(siderite, ilmenite, chamosite, leppidocrocite, and chlorite) are significantly magnetic. 

Thus detecting changes in the magnetic field due to super-paramagnetic nanoparticles can 

be extremely difficult due to background magnetic interference and the random 

orientation of the nanoparticles especially at reservoir temperatures. In order for detection 

to be successful (i.e., to obtain a suitable signal-to-noise) very high concentrations of 

magnetic nanoparticles would be required which from an engineering aspect may be cost 

prohibitive for implementation on a large scale. As an alternative approach it has previously 

been shown that magnetic susceptibility measurements provide a better means of imaging 

a hydrocarbon reservoir as you are measuring how a material magnetization per unit 

weight changes as a function of magnetic field strength instead on just measuring a 

materials magnetic field.
29

 Furthermore it has been reported that a method of measuring 

the magnetic susceptibility of reservoir samples and determining the permeability of the 

rock can be achieved by using low applied fields and a range of low applied field.
30,31

 

Using low applied fields allows practical application in the field as superconducting 

magnets are not then required to make measurement and as such down-hole 

measurements are possible. While this work was aimed at measuring the magnetic 

susceptibility of the reservoir rock itself rather than an added sensor, the use of low 
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field/direct current (LF/DC) magnetic fields has enabled the sensing of NP probes against 

a background signal of reservoir rock work which has been carried out in part at the 

Barron group.  

 Low field magnetic susceptibility measurements have previously been made using 

standard magnetic susceptibility bridges on the nanophase particles, and also on typical 

reservoir rocks and fluids (Figure 2.5).
29

 The results from the rocks showed two 

interesting results. First, that potential reservoir rocks are magnetic, and second, that the 

magnetic susceptibility decreases dramatically at high temperatures such as found down-

hole (ca. 60 °C). Thus, we are interested in NP compositions for which the room 

temperature magnetic susceptibility is significantly higher than the surrounding minerals 

(e.g., magnetite), but also show a higher magnetic susceptibility at down-hole 

temperatures.  

 

 

Figure 2.5. Low field magnetic susceptibility of typical reservoir minerals and fluids. 

Adapted from D. K. Potter, Petrophysics, 2007, 48, 191.  

 

 Magnetic susceptibility curves were obtained for the nanoparticles using a 

variable field translation balance (VFTB) Figure 2.6 that was constructed at the 
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University of Alberta (see Experimental). The VFTB provides a means of estimating the 

magnetic susceptibility at a range of low and high fields (up to about 1 Tesla). The slope 

of the susceptibility curve at any point (magnetization/applied field) is the magnetic 

susceptibility at that point. The magnetic hysteresis curves were determined for each 

selected samples of the ternary Fe-Mn-Zn-O NPs (Table 2.2). In all cases the Fe-Mn-Zn-

O NPs show significantly higher low field magnetic susceptibility than typical reservoir 

minerals. In fact, the lowest observed (16,440 10
-8

 m
3
kg

-1
) is two orders of magnitude 

greater than the mineral with the highest magnetic susceptibility: siderite (ca. 110 10
-8

 

m
3
kg

-1
). This means that the signal/noise ratio for our Fe-Mn-O NPs will be at least 100x 

that of typical magnetite NPs. It is interesting that the magnetic susceptibility is highly 

dependant on the composition, making our studies of synthesis control over composition 

(see above) very important. However, it is important to note that it is dangerous to choose 

the composition for down-hole applications based upon room temperature measurements.  

 

 

Figure 2.6 Variable field translation balance (VFTB) for determining magnetic hysteresis 

curves at room temperature and reservoir temperatures in the Potter laboratory at 

University of Alberta. 
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Table 2.2. Summary of room temperature magnetic susceptibility measurements.  

Sample  Composition Low field mass magnetic susceptibility (10
-8

 m
3
kg

-1
) 

I Fe2Mn0.35Zn0.65O4 40,700 

II Fe2Mn0.65Zn0.35O4 36,580 

III Fe2Mn0.7Zn0.3O4 16,440 

 

 The magnetic hysteresis curves were determined not only at room temperature, 

but also at higher temperatures in order to simulate down-hole reservoir temperatures. As 

may be seen from Figures 2.7 – 2.9 while sample I has the highest magnetic 

susceptibility at room temperature (Table 2.2) it actually changed dramatically upon 

heating to reservoir temperature. In contrast, sample III shows little change with  

 

 

Figure 2.7. Nanoparticle spinel ferrite I: magnetic hysteresis measurements at room (20 

°C) and reservoir temperatures (89 and 125 °C).  
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Figure 2.8. Nanoparticle spinel ferrite II: magnetic hysteresis measurements at room (20 

°C) and reservoir temperatures (89 and 125 °C). 

 

 

Figure 2.9. Nanoparticle spinel ferrite III: magnetic hysteresis measurements at room 

(20 °C) and reservoir temperatures (89 and 125 °C). 
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temperature. The potential suitability of NPs for down-hole (reservoir temperature) 

applications is likely to depend on the Curie point of the particles. The higher the Curie 

point the more suitable the sample, since the magnetization and the magnetic 

susceptibility is not likely to decrease as much under reservoir conditions. Therefore 

mass magnetization versus temperature determinations (which can also be done on the 

VFTB) will be an important aspect of future experimental work.  

 

 As mentioned above, room temperature measurements showed that I had the 

highest mass magnetization of all the samples. However upon heating the magnetization 

fell off rapidly. Room temperature measurements for II and III showed that the mass 

magnetization decreased, but upon heating the mass magnetization did not fall off rapidly 

but remained stable. This behaviour may be explained by the fact that zinc ions are 

diamagnetic, which creates magnetic fields in opposition to the externally applied 

magnetic field, while also increasing the mass magnetization. However the higher ratio of 

diamagnetic to paramagnetic ions in the crystal lattice means that the Tc of the material is 

lowered as there are less dipole moments per unit area.
6,32

 

  

Conclusions 

 We have investigated the ability to control the composition (and compositional 

uniformity) of mixed metal oxide nanoparticles through the ratio of reagents in the 

reaction mixture and thus tailor the nanoparticle magnetic signal. As may be seen from 

Table 2.3 there is compositional control for many NP compositions; however, the 

predictability is not necessarily a direct correlation (ratio of reagents = ratio in NP), 

instead once a calibration curve is obtained a specific desired composition can be 

attained. It appears that where the kinetics of decomposition of the various metal 

precursors is similar then a direct correlation is obtained (e.g., Co-Fe-O
18

 and Fe-Mn-Zn-

O), however, where the reactivity is slightly different a deviation, albeit predictable) from 
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ideal is observed.
24

 It is also important to note that since the particle size and shape may 

remain unchanged over a wide composition range, this cannot be used solely along with 

bulk analysis to ensure that the desired composition has been obtained across all the 

nanoparticles in the sample, i.e., homogeneity is not guaranteed because the overall 

composition is that desired. As such researchers should be cautioned in assuming uniform 

composition.  

 

Table 2.3. Summary of compositional control for Fe-M-O and Fe-M-M’-O nanoparticle 

synthesis using Fe(acac)3 as the iron precursor.  

Desired nanoparticle Metal precursor Compositional control Ref. 

Fe-Mn-O Mn(acac)2  Yes  19 

Co-Fe-O Co(acac)2 Yes  18 

Fe-Pd-O Pd(acac)2  Yes  19 

Cu-Fe-O Cu(acac)2  Yes  19 

Al-Fe-O Al(acac)3  No  19 

Al-Fe-O Al(O
i
Pr)3  Yes  19 

Fe-Gd-O Gd(acac)3  No 19 

Fe-Mn-Zn Mn(acac)2, Zn(acac)2 Yes This work 

Fe-Al-Gd Al(acac)3, Gd(acac)3 No  19 

 

 If magnetite or derivative paramagnetic NPs are to be used as down-hole sensors 

or frac tracers it is both important that their magnetic susceptibility is greater than the 

reservoir rock components and that the low field magnetic susceptibility be determined 

under conditions that will most closely mimic those of a reservoir. Herein we have shown 

that temperature is an important factor in changing the magnetic signal of the as 

synthesized magnetic nanoparticle probes. Essentially the Tc dictates in what areas of a 
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fracing operation the ternary magnetic nanoparticles of certain composition could be 

used. If a high Tc is observed the nanoparticle may then be used both down hole and also 

as a ground water and aquifer probe for monitoring possible contamination. However if 

the Tc is observed to be low then the nanoparticle may only be used as an environmental 

monitor.  

 

Experimental 

Materials. Fe(acac)3 [97%] and Zn(acac)2.x(H2O) were obtained from Sigma 

Aldrich and used without further purification. Mn(acac)2 were obtained from Alfa Aeser 

and used as received. Oleic acid [CH3(CH2)7CH=CH(CH2)7CO2H, 90%], oleylamine 

([CH3(CH2)7CH=CH(CH2)8NH2,>70%],1,2-hexadecanediol[CH3(CH2)13C H(OHCH2OH,   

HDD], benzyl ether (98%), and hexanes (mixture of isomers) were all purchased from 

Aldrich and used as received. Ethanol (200 proof) from Decon Laboratories Inc. was 

used as received. 

 

 Characterization. Size determination of the nanoparticles was achieved by small 

angle X-ray scattering (SAXS) using a Rigaku SmartLab X-Ray diffractometer using a 

Cu-Kα radiation source. Samples were prepared by sealing a concentrated nanoparticle 

solution in hexanes into a 1 mm “Glass Number 50 Capillary” tube (Hampton Research 

Inc) and the data was resolved using Rigaku’s NANO-solver. Inductively coupled 

plasma-atomic emission spectroscopy (ICP-AES) measurements were obtained on a 

Perkin Elmer Optima 4300DV. Samples were prepared by digesting 0.5 mL of 

concentrated nanoparticle solution in 9.5 mL of concentrated HNO3. 0.5 mL of the 

digested solution was diluted into 9.5 mL of nanopure water. ICP standards were 

obtained from inorganic adventures and diluted using nanopure water. The iron content 

was accumulated first for each set of particles, then the additional metal concentration 

was determined after, to avoid complications arising from emission wavelength overlap 
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between the Fe and the additional metals.  

 

 Nanoparticle synthesis. The synthesis is carried out in an oxygen-free three-

necked round bottom flask. The overall ratio of metal (2 mmol) to surfactant was kept 

constant. The amount of iron was kept constant, while manganese and zinc amounts were 

varied. In a general synthesis, 1,2-hexadecanediol (2.5844 g, 10 mmol), oleic acid (1.902 

mL, 6 mmol), and oleylamine (1.974 mL, 6 mmol) in benzyl ether (20 mL, 103.2 mmol) 

was used for each run. When all chemicals were added argon was flushed through the 

system to remove any oxygen. The system was then heated to 200 °C at a rate of 10 

°C/min. Once at 200 °C, heating was held constant for two hours. After two hours, 

heating was increased to reflux at the same rate of 10 °C/min. Once refluxing, heating 

was held constant for one hour. After one hour, heating was turned off and entire system 

was let cool to room temperature. Ethanol (40 mL) was added to the solution to 

precipitate out the nanoparticles. The solution was then split into 50 mL centrifuge tubes 

and centrifuged. The supernatant was discarded and ethanol (15 mL) was added to each 

tube to wash the nanoparticles. The samples were centrifuged and washed twice more, 

discarding the supernatant each time. After washing, the nanoparticles were allowed to 

air-dry overnight and then suspended in hexanes.  

 

 Magnetic susceptibility measurements. Magnetic hysteresis curves were 

obtained for the nanoparticles using a variable field translation balance (VFTB) that was 

constructed at the University of Alberta. This type of VFTB used an electromagnet 

(rather than a solenoid) in order to generate higher fields. The nanophase particles were 

mixed with calcium fluoride powder and this mixture was then poured into the sample 

containers in order to obtain the measurements. The calcium fluoride powder provides a 

good medium in which to disperse the particles to minimize interactions between the 

nanophase particles, and also provides an inert matrix for the temperature measurements.  
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Chapter 3 

Organic compounds in produced waters from shale gas wells: composition, identity, 

and concentration 

 

Introduction 

The fastest growing trend for US domestic energy generation is overwhelmingly 

un-conventional shale gas. The industrial need for gas to supplant coal is projected to 

occur over the coming thirty years.
1 

The environmental benefits of energy generation 

from gas compared to the more established sources is obvious.
2,3

 The vast amount of 

hydrocarbons potentially available in the continental United States is in the form of shale 

gas as seen from the development of many shale plays currently under way across the 

US, including: the Marcellus, Haynesville, Fayetteville, Barnett, Eagle Ford, Bakken, 

Antrim, Utica, Niobara, New Albany, Woodford, and Bossier plays. Unconventional 

natural gas production has increased 10-fold between 2001 and 2011,
4,5

 and shale gas is 

projected to increase from 23% of US natural gas production in 2009 to 47% by 2035, 

offsetting declining production from conventional sources. 
 

The ability to extract shale gas in an economic and timely manner has been 

achieved by the development and use of hydraulic fracturing and horizontal drilling 

techniques. Hydraulic fracturing (also known as “fracing” or “fracking”) uses water, 

proppant and chemicals, pumped at high pressures into the well bore, to induce fracturing 

of the shale source rock and thus create greater permeability so the gas can migrate into 

the well bore and to the surface. The fracturing fluid chemistry is tailored on a case-by-

case basis for each geographical area and sometimes even on a well-by-well basis. 

Although typical fracturing fluid contains predominantly water (ca. 90%) as well as sand 

or a ceramic proppant (8-9%), the fluid also contains all or some of the following classes 

of chemicals: salts, friction reducers, scale inhibitors, biocides, gelling agents, gel 

breakers, and organic and inorganic acids.
6,7

 There have been wide-spread concerns over 
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the use of these additives; however, the large volumes of water used during hydraulic 

fracturing is also of a concern. In Texas estimates of water use for hydraulic fracturing 

vary with median values of 10600 m
3
 (2.8 million gallons) for the Eagle Ford play to 

21500 m
3
 (5.6 million gallons) for the Texas portion of the Haynesville play.

8
 
 

After the hydraulic fracture the overburden pressure is released and the frac fluid 

is allowed to return to the surface. The chemically engineered water that returns to the 

surface is called “flowback water”, and is mixed with water that is already in the source 

rock. Generally the flowrate of the returning water is very high with very little 

hydrocarbon. However once this water has returned to the surface and the well begins to 

produce hydrocarbons the water that may still come to the surface is now called 

“production water”. Generally this water has far lower or no amounts of the engineered 

components that were added to the frac water initially. However, the chemical make-up 

of the “production water” may still include large quantities of chemicals and materials, 

such as inorganic salts, bacteria and organic molecules, with the organic molecules being 

either naturally occurring or a residue from the added components. Volumes of produced 

water generated over the lifetime of a well are often enormous and far exceed amounts of 

petroleum recovered.
9
 Given that projections of cumulative net water used in all shale 

plays during the next 50 years totals 4350 Mm
3
 (over 1 trillion gallons), there is an 

incentive to reuse produced water for hydraulic fracturing. Unfortunately, produced water 

is often unsuitable for reuse in frac fluids due to high dissolved salts and high organic 

content, including: hydrocarbons, greases, and biological matter. Furthermore, produced 

water discharges have been shown to be toxic to marine organisms.
10,11

 To reduce 

exposure of waste produced water to the environment, enclosed fluid capture systems 

have been used by some companies. One common disposal practice in the Barnett Shale 

production area of Texas involves re-injecting the wastewater fluids back into the ground 

at a shallower depth. Unfortunately, this is not a long-term solution, and it will be 
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necessary to purify produced water for reuse in hydraulic fracturing, and potentially for 

returning to the environment. 
 

The chemical and physical characteristics of produced water from conventional 

and unconventional oil and gas reservoirs worldwide and the potential treatment options 

for the waters have been reported.
12,13,14

 However, in most cases the organic content has 

been described by the total organic content (TOC) rather than the individual species 

present. A detailed study by Orem et al. has investigated the identity of organic 

compounds in produced water for coalbed gas wells;
15

 but this source offer different 

issues to those of shale reservoirs. As part of our studies into the purification and 

treatment of oil/water mixtures,
16

 we are interested in the composition and compositional 

variation between various produced waters. Such information will assist in understanding 

of whether a particular treatment process can be used generally or which treatment 

processes should be applied to different produced waters. Witter and Jones have 

previously reported that dichloromethane extraction of acidified oil field wastewater 

facilitates analysis by gas chromatography/mass spectrometry (GC/MS).
17

 We have 

adapted this methodology for produced waters using both neutral and acid extraction to 

differentiate high from low polarity organic compounds. The results of our study are 

presented herein.  

 

Results and Discussion 

Conductivity, pH and salt content. Before considering the organic content, we 

wanted to determine the inorganic content of the produced waters under study. As 

previously discussed, the salt content of produced waters have already been extensively 

reported,
8
 as well as potential environmental effects.

17
 Table 3.1 shows the conductivity 

and pH of the as-collected water. There is no direct relationship between the conductivity 

and pH for the samples indicating that the conductivity is a function of salt content (and 

identity) rather than acidity, see below.  
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Table 3.1. Conductivity and pH of as collected produced water samples.  

Water Conductivity (mS) pH 

Marcellus (PA)  28.5 6.85 

Eagle Ford (TX)  31.1 5.95 

Barnett (NM)  52.8 7.43 

 

The ion content for each of the produced water samples was determined by ICP-

OES. The results are summarized in Table 3.2. The presence of common mineral 

elements (such as Na, K, Li, Ca, Si, and Fe) are expected depending on the reservoir 

geology; however, some of the levels of the transition metals and heavier main group 

elements are more surprising. For example the nickel content of the Eagle Ford and 

Barnett waters (36.5 and 12.0 mg/L, respectively) are comparable to that observed in 

typical acid mining discharge (AMD) waters from coal production (ca. 1-10 mg/L). 

While the zinc content of the Barnett water (684.9 mg/L) is significantly higher than the 

typical <100 mg/L observed in AMD water.
18

 It should also be noted that Cr, Hg, and As 

are above the levels prescribed by the US EPA the maximum contamination levels 

(MCLs) for drinking water.  

 

Table 3.2. Chemical analysis (mg/L) of the produced water samples.
a
  

Element Marcellus (PA) Eagle Ford (TX)  Barnett (NM) 

Na 523.6 45.9 5548.9 

K 2605.8 17043.3 4566.5 

Li 0.0 1200.6 84407.4 

Rb 47.0 0.0 0.0 

Mg 289.7 28.2 5747.2 
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Ca 1387.5 111.2 33971.8 

Sr 92.9 34.5 2461.8 

Ba 0.0 4.7 17.2 

Ti 0.0 16.2 15.1 

V 4.2 16.2 14.6 

Cr 11.0 13.6 11.5 

Mn 0.0 11.5 9.4 

Fe 8.4 1246.5 75.7 

Ni 0.0 36.5 12.0 

Cu 2.6 0.0 0.0 

Zn 65.8 0.0 684.9 

Hg 14.6 0.0 0.0 

B 0.0 40.2 70.5 

Si 727.1 4416.6 0.0 

Sn 206.2 3.1 124.2 

P 0.0 29.2 1177.1 

As 26.1 0.0 2.1 

Sb 0.5 2.1 9.9 

Bi 36.5 50.1 161.3 

S 189.0 413.9 290.8 

a
 Cs, Sc, Y, La, and Cd measured but not detected. 

 

followed by Eagle Ford (RW) and then Marcellus (PS). This follows to the trend 

observed in the conductivity of the water. In fact, a plot of the total cation content versus 

conductivity (Table 3.1) shows a linear correlation (Figure 3.2).  
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Figure 3.1. Plot of the concentration of the 10 most abundant elements found in the 

produced water samples.  

 

 

Figure 3.2. Plot of total cation content as a function of produced water conductivity (R
2
 = 

1.00).  

 

Consideration of the 10 most abundant elements measured for each water sample 

provides useful information (Figure 3.3). With regard to alkali (Group 1) metals the 

Eagle Ford and Barnett samples are potassium rich (Figure 3.3a and b); while the Barnett 
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produced water is lithium rich (Figure 3.3c). Associated with the potassium appears to be 

silicon, since the relative ratios are close between the two water samples: 3.5:1 

(Marcellus) and 3.8:1 (Eagle Ford). Generally, these high alkali metal levels are not an 

issue with regard to the re-use of the produced water in subsequent hydraulic fracturing. 

In contrast to the alkali metals, alkaline earth (Group 2) metals are associated with scale 

formation.
19,20

 In particular, when calcium and barium levels are above ca. 20,000 mg/L 

scale inhibitors must be employed and or the salt content lowered before the water can be 

re-used down hole.
21

  

 

 

 

Figure 3.3. Plots of concentration of the ten most abundant elementals found in (a) 

Marcellus (PA), (b) Eagle Ford (TX), and (c) Barnett (NM) produced waters.  

 

It is interesting to note that the samples with the highest calcium content are 

closest to neutral pH. Given that CaCO3 is used as a neutralizing agent for AMD and 
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other acidic waters the acidity of produced water in the absence of calcium (i.e., the Eagle 

Ford sample) is expected. Although, total dissolved solids (TDS), measured from 

conductivity,
22

 is ordinarily considered when thinking of scaling, the calcium content is 

more a causative factor. Based upon these waters, the pH of the water appears to be a 

better predictor of scaling potential than conductivity (Figure 3.4). Finally, the presence 

of strontium (and due to their lower radioactive isotope percentage, to a lesser extent 

barium and calcium) may also be associated with naturally occurring radioactive 

materials (NORM).  

 

 

Figure 3.4. Plot of pH of produced water as a function of the calcium concentration (R
2
 = 

0.964).  

 

Carbon Content. The total carbon (TC), non-purgeable organic carbon (NPOC) 

also known as total organic content (TOC), and total inorganic carbon (TIC) for each 

produced water sample was measured (Table 3.3) and the results are shown in Figure 3.5.  

For all of the produced water samples the NPOC is significantly higher than the TIC. 

However, the ratio of TIC:NPOC range from 0.62 for the Marcellus produced water to 
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0.34 for the Barnett produced water. Thus, not only does the Barnett sample contain 

significantly more carbon than the other samples but also the percentage of the carbon 

that is due to organic compounds is higher.  

 

Table 3.3. Total carbon (TC), non-purgeable organic carbon (NPOC), and total inorganic 

carbon (TIC) for produced water samples.
a
  

Produced water TC (mg/L) NPOC (mg/L) TIC (mg/L) 

Marcellus (PA) 3808 (82) 2348 (22) 1460 (82) 

Eagle Ford  9285 (100) 6095 (300) 3190 (200) 

Barnett 58550 (995) 43550 (730) 15000 (862) 

a
 Esd’s in parenthesis.  

 

 

Figure 3.5. Plot of carbon content measurements for each produced water sample.  

 

Identification of Organic Compounds. Using GC/MS analysis of the 

chloroform extracts of the produced water samples. Figure 3.6 shows a representative GC 

for produced water found at Barnett (NM): additional plots are given in Appendix A. The 

peak assignment is provided based upon the fitting of the integrated mass spectrum for  
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Figure 3.6 Representative GC trace for Barnett (NM) produced water after neutral 

extraction.  

 

each peak. While all the peaks could be assigned a suitable compound, there is a quality 

parameter (Q) that provides a goodness of fit of the data, i.e., a confidence level in the 

assignment. Figure 3.6 shows the percentage of peaks in the GC of the produced 

waterswithin a particular quality range of the assignment by mass spectrometry. The data  

 

 

Figure 3.7 Plot of the percentage of peaks in the GC/MS of the produced waters with a 

quality range based upon the peak number and peak area.  

 

is shown as a function of the total number of peaks (i.e., fraction of the different 

compounds) and also the peak area (i.e., the molar fraction of the sample). It should be 
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noted that a low Q is not an indication that the peak is incorrectly assigned per se, but the 

integrated MS peak is compared to the National Institute of Standards and Technology 

mass spectrum library (NIST 08 MS Library) and a best fit is found. The full analyses for 

each water sample, using both as-received and acid extraction, are given in Tables A.1., 

A2., and A.3. We note that in the work of Orem et al. less than 20% of potential organic 

compounds were actually identified.
15

  

For simplicity in giving a representative example of the types of organic 

compound found in each water sample, we have limited the contents of Table 3.4 to those 

compounds that are assigned with confidence in more than one well sample. The contents 

of Table 3.4 are sub-divided into saturate, aromatic, resin and asphaltene (SARA) 

groupings. SARA is a traditional analysis method that divides crude oil components 

according to their polarizability and polarity.
23

 The saturate fraction consists of nonpolar 

material including linear, branched, and cyclic saturated hydrocarbons: although in our 

present discussion we have included unsaturated aliphatic compounds in the general class 

of “saturated” compounds. Aromatics are defined as molecules containing one or more 

aromatic rings, and are slightly more polarizable. Resins and asphaltenes have polar 

(heteroatom) substituents. The distinction between the two is that asphaltenes are 

insoluble in heptane whereas resins are miscible with heptane. As such the resins should 

be observed by as-received (neutral) extraction, while any asphaltenes are more likely to 

be extracted from acid solution.  

 

Table 3.4. Selected compounds (present in at least two well samples) identified in the 

CHCl3 extraction of produced water.  

Class Formula Compound name Produced water source 

Saturated 

(Aliphatic) 
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 C5H10 2-methyl-1-butene Marcellus, Eagle Ford 

  2-methyl-2-butene Marcellus, Eagle Ford 

  1,1-dimethylcyclopropane Marcellus, Barnett 

 C6H14 Hexane Marcellus, Barnett 

 C7H14 Methylcyclohexane Marcellus, Barnett 

  1,3-dimethylcyclopentane Marcellus, Barnett 

  (E)-3-heptene Marcellus, Barnett 

 C8H16 2-octene Marcellus, Barnett 

  1,3-dimethylcyclohexane Marcellus, Barnett 

  Ethylcyclohexane Marcellus, Barnett 

  Propylcyclopentane Marcellus, Barnett 

  1,2,4-trimethylcyclopentane Marcellus, Barnett 

  1,1,3-trimethylcyclopentane Marcellus, Barnett 

  3-methyl-1-heptene Marcellus, Barnett 

 C8H18 2-methylheptane Marcellus, Barnett 

 C9H18 Propylcyclohexane Marcellus, Barnett 

  1,1,3-trimethylcyclohexane Marcellus, Barnett 

  1-ethyl-4-methylcyclohexane Marcellus, Barnett 

  1,2,4-trimethylcyclohexane Marcellus, Barnett 

 C9H20 2-methyloctane Marcellus, Barnett 

  Nonane Marcellus, Barnett 

  2,6-dimethylheptane Marcellus, Eagle Ford 

 C10H20 4-propyl-3-heptene Marcellus, Barnett 

 C10H22 Decane Marcellus, Barnett 

  2,6-dimethyloctane Marcellus, Barnett 

  2,2,3,3-tetramethylhexane Eagle Ford, Barnett 
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  4-methylnonane Marcellus, Barnett 

 C11H22 2-ethyl-1,1,3-trimethylcyclohexane Marcellus, Barnett 

  Pentylcyclohexane Marcellus, Barnett 

 C11H24  Undecane Marcellus, Barnett 

  4-methyldecane Marcellus, Barnett 

  2-methyldecane Marcellus, Barnett 

  3-methyldecane Marcellus, Barnett 

 C12H26 Dodecane Marcellus, Eagle Ford, 

Barnett 

  4-methylundecane Marcellus, Barnett 

 C13H26 1-pentyl-2-propylcyclopentane Marcellus, Barnett 

 C13H28 Tridecane Marcellus, Eagle Ford, 

Barnett 

  2,6-dimethylundecane Marcellus, Barnett 

  2,4-dimethylundecane Marcellus, Eagle Ford 

 C14H28 Cyclotetradecane Marcellus, Eagle Ford 

 C14H30 Tetradecane Marcellus, Eagle Ford, 

Barnett 

  2-methyltridecane Marcellus, Eagle Ford 

  7-methyltridecane Marcellus, Barnett 

  4-methyltridecane Marcellus, Eagle Ford 

 C15H32 Pentadecane Marcellus, Eagle Ford, 

Barnett 

  2,6,10-trimethyldodecane Marcellus, Eagle Ford, 

Barnett 

  2,6,11-trimethyldodecane Marcellus, Barnett 
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  5-Methyltetradecane Eagle Ford, Barnett 

 C16H32 1-hexadecene Marcellus, Barnett 

 C16H34 Hexadecane Marcellus, Eagle Ford, 

Barnett 

 C17H36 Heptadecane Marcellus, Eagle Ford, 

Barnett 

 C18H36 1-octadecene Marcellus, Barnett 

 C18H38 Octadecane Marcellus, Eagle Ford, 

Barnett 

  2,6,10-trimethylpentadecane Marcellus, Barnett 

 C19H40 Nonadecane Marcellus, Eagle Ford, 

Barnett 

  2,6,10,14-tetramethylpentadecane Marcellus, Barnett 

 C20H40 1,7,11-trimethyl-4-(1-methylethyl)-

cyclotetradecane 

Marcellus, Barnett 

 C20H42 Eicosane Marcellus, Eagle Ford, 

Barnett 

  2,6,10,14-tetramethylhexadecane 

(phytane) 

Marcellus, Barnett 

  10-methylnonadecane Marcellus, Eagle Ford 

 C21H44 Heneicosane Marcellus, Eagle Ford, 

Barnett 

 C22H46 Docosane Marcellus, Eagle Ford, 

Barnett 

 C23H46 9-tricosene Marcellus, Barnett 

 C23H48 Tricosane Marcellus, Eagle Ford, 
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Barnett 

 C24H50 Tetracosane Marcellus, Barnett 

 C25H52 Pentacosane Marcellus, Eagle Ford, 

Barnett 

 C26H54 Hexacosane Marcellus, Barnett 

  11-(1-ethylpropyl)-heneicosane Eagle Ford, Barnett 

 C27H56 Heptacosane Marcellus, Barnett 

 C28H58 Octacosane Marcellus, Eagle Ford, 

Barnett 

 C29H60 Nonacosane Eagle Ford, Barnett 

 C30H62 Triacontane Eagle Ford, Barnett 

 C32H66 Dotriacontane Eagle Ford, Barnett 

 C35H70 17-pentatriacontene Marcellus, Eagle Ford, 

Barnett 

 C35H72 Pentatriacontane Marcellus, Eagle Ford, 

Barnett 

 C36H74 Hexatriacontane Marcellus, Eagle Ford, 

Barnett 

 C43H88 Tritetracontane Marcellus, Eagle Ford, 

Barnett 

 C44H90 Tetratetracontane Eagle Ford, Barnett 

    

Aromatic    

 C7H8 Toluene Marcellus, Barnett 

 C8H10 Ethylbenzene Marcellus, Barnett 

 C8H18 2-methyl-heptane Marcellus, Barnett 



94 

 

  

 C9H12 1,2,3-trimethylbenzene Marcellus, Barnett 

  1,2,4-trimethylbenzene Marcellus, Barnett 

  1-ethyl-3-methylbenzene Marcellus, Barnett 

 C10H14 1,2,4,5-tetramethylbenzene Marcellus, Barnett 

  1-methyl-3-propylbenzene Marcellus, Barnett 

 C11H20 decahydro-2-methylnaphthalene Marcellus, Barnett 

 C12H12 1,5-dimethylnaphthalene Marcellus, Barnett 

  2,7-dimethylnaphthalene Marcellus, Barnett 

 C13H14 1,6,7-trimethylnaphthalene Marcellus, Barnett 

  2,3,6-trimethylnaphthalene Marcellus, Barnett 

 C14H18 1,2,3,4-tetramethylnaphthalene Marcellus, Barnett 

    

Resin and 

asphaltine 

   

 C10H18O 3,7-dimethyl-7-octenal Marcellus, Barnett 

 C15H14O 10,11-dihydro-5H-

dibenzo[a,d]cyclohepten-5-ol 

Marcellus, Barnett 

 C16H30O2 13-tetradecen-1-ol acetate Marcellus, Barnett 

 C16H32O 2-tetradecyloxirane Marcellus, Barnett 

 C16H33Cl 1-chlorohexadecane Marcellus, Eagle Ford 

 C18H37Cl 1-chlorooctadecane Marcellus, Barnett 

 C18H38S 1-octadecanethiol Marcellus, Barnett 

 C22H34O4 1,2-benzenedicarboxylic acid, 1-

butyl 2-(8-methylnonyl) ester 

Marcellus, Barnett 

 C24H18O8 1',4-Dihydroxy-7'-methoxy-2,3'-

dimethyl-,(-)-[1,2'-binaphthalene]-

Marcellus, Barnett 



95 

 

  

5,5',8,8'-tetrone 

 C24H38O4 1,2-benzenedicarboxylic acid, 1,2-

bis(2-ethylhexyl) ester 

Marcellus, Barnett 

 C27H55Cl 1-chloro-heptacosane Eagle Ford, Barnett 

 C28H46O4 1,2-benzenedicarboxylic acid, 1,2-

didecyl ester 

Marcellus, Barnett 

  1,2-benzenedicarboxylic acid, 1,2-

bis(8-methylnonyl) ester 

Marcellus, Barnett 

 C32H66O 1-dotriacontanol Eagle Ford, Barnett 

 C54H108Br2 1,54-dibromotetrapentacontane Marcellus, Eagle Ford, 

Barnett 

 

It is interesting to note that the greater overlap is between the Marcellus and the 

other two produced water samples independently, rather than all three or the Eagle Ford 

and Barnett. This is despite the Marcellus produced water showing the lowest NPOC (see 

Figure 3.6). We note that the Eagle Ford is potassium rich (Figure 3.3b), while the 

Barnett is lithium and calcium rich (Figure 3.3a). In contrast, the Marcellus has both 

potassium and calcium. It would be interesting to determine with further analysis as to 

whether there is a relationship between the salt content and the particular organic 

compounds found in the produced water.  

 

Hetero compound: natural versus additives. The presence in each of the 

produced water samples of a wide range of saturated and aromatic compounds is 

expected given the nature and composition of oil. In addition, it is expected that 

substituted compounds such as carboxylic acids and other oxidation products be observed 

given their relationship to materials such as humic and fulvic acids that is produced by 



96 

 

  

biodegradation of dead organic matter.
24

 In particular, the observation of 1',4-Dihydroxy-

7'-methoxy-2,3'-dimethyl-,(-)-[1,2'-binaphthalene]-5,5',8,8'-tetrone (I) in both the 

Marcellus and Barnett produced water is related to the types of structures proposed to 

humic acids.
24

 However, some of the compounds observed are undoubtedly man-made in 

origin and are related to drilling fluids, frac fluids, or tracers. 

 

(I) 

 

The presence of various fatty acid phthalate esters (II) in the Barnett and 

Marcellus produced waters can be related to their use in drilling fluids and breaker 

additives,
27

 while the dioctadecyl ester of phosphate phosphoric acid (III) found in the 

Marcellus produced water is a common lubricant. Thus, these chemicals are most likely 

residues from the well drilling and hydraulic fracturing operations, and would be 

expected to be present in frac flow back or in the earlier stages of production. The lack of 

such chemicals in the Eagle Ford sample is either due to the relative age of the well or the 

use of other chemicals by the driller. We note that the presence of the fluorinated 

compounds 2,2,3,3,4,4,4-heptafluorobutyl undecylate (butanoic acid, 2,2,3,3,4,4,4-

heptafluoro-, undecylate ester, IV) in the Marcellus and Eagle Ford, cis-4-ethyl-5-octyl-

2,2-bis(trifluoromethyl)-1,3-dioxolane (V) in the Barnett, and trifluoromethy 
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tetradecylate (trifluoroacetic acid, tetradecyl ester, VI) in the Eagle Ford, are most 

probably sourced as flow tracers. 

 

  

              

 

 (II)  (III) 

 

                            

 

 (IV)  (V) 

 

(VI) 

Relative distribution of organic compounds. Neutral versus acid extraction 

should provide an indication of the relative polarity of the hydrocarbons. That is,  

javascript:openWindow('/ImageView.aspx?id=455382',%20'zoom',%20500,%20550,%20'toolbar=no,menubar=no,resizable=no');%20void%200;
javascript:openWindow('/ImageView.aspx?id=455382',%20'zoom',%20500,%20550,%20'toolbar=no,menubar=no,resizable=no');%20void%200;
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Figure 3.8. Plots of the relative saturate, aromatic, resin and asphaltene (SARA) 

composition for produced water: (a) neutral and (b) acid extraction.  

 

extraction from neutral water should advantage non-polar hydrocarbons since they have 

the lowest solubility in water. Acid extraction should enhance the removal (and therefore 

analysis) of polar hydrocarbons with higher solubility in non-acidic water. Generally this 

latter category will include, carboxylic acid, amine, and nitrate functionality. Figure 3.8 

shows the normalized saturate, aromatic, resin and asphaltene (SARA) composition for 

each of the produced waters. In each case the majority of organics are saturated, and only 

a small fraction come under the other three categories. This is in contrast to the prior 

analysis of coalbed produced water,
15

 which showed significant concentrations of 
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Figure 3.9. Plots of the relative composition of organic molecules identified in produced 

water as a function of carbon content: (a) neutral and (b) acid extraction.  

 

polyaromatic hydrocarbons (PAH). Given that the source of PAHs in coalbed methane 

produced water is thought to be due to their leaching from the coal, it is unsurprising that 

low levels should be seen in shale derived produced water. The low levels of resins and 

asphaltenes are also consistent with the “mature” nature of a gas reservoir as compared to 

coal (and to a lesser extent oil) formations since condensates are virtually devoid of 

asphaltenes.  

An alternative differentiation of the organic compounds identified is by carbon 

content (i.e., Cn). Figure 3.9. shows the normalized composition for each of the produced 
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waters grouped into four categories of carbon content: C1-C5, C6-C10, C11-C16, and C17-

C30. An observation of higher Cn is consistent with lower volatility of higher molecular 

weight hydrocarbons.  

As may be seen from Figure 3.9a, the as-received (“neutral”) extraction from 

Marcellus and Barnett produced waters contain predominantly C6-C16 hydrocarbons, 

while the Eagle Ford produced water shows the highest concentration in the C17-C30 

range. This is consistent with the greater resin/asphaltene content for the Eagle Ford 

produced water (see Figure 3.8).  

Acid extraction shows increased fraction with increased Cn for all the water 

samples, suggesting that there is a higher percentage of high molecular weight polar 

molecules. This suggests that the non-acidified results for the Eagle Ford may be partially 

as a consequence of the higher acidity (lower pH). Furthermore the lack of difference 

between as-received and acidified extraction suggest that organic species are weakly 

acidic since they are almost all protonated at pH = 5.95. This is consistent with the 

identification of the heteronuclear organic compounds in the Eagle Ford produced water 

(see above), which shows them to consist of mainly fatty alcohols and ethers (and 

halocarbons) with no carboxylic acids identified see Appendix A.  

As is discussed above the major category of organic compounds identified is the 

saturate group. In order to understand the composition of this group they can be further 

subdivided into linear, branched, and cyclic structures (see Figure 3.10). The cyclic 

compounds in this group do not include aromatic compounds such as benzene or toluene; 

however, alkenes and alkynes are included in this grouping. It is interesting to note that 

the relative order follows linear > branched > cyclic, except in the case of the Eagle Ford 

and Marcellus water under acidic extraction conditions (Figure 3.10b). It is interesting 

that the presence of cyclic aliphatic hydrocarbons in the Eagle Ford produced water is 

coincidental with the lack of aromatic hydrocarbons (unsaturated cyclic compounds) (see 

Figure 3.8b).  
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Figure 3.10. Plots of the relative composition of aliphatic compounds identified in 

produced water as a function of structure: linear, branched, and cyclic: (a) neutral and (b) 

acid extraction.  

 

As noted above the resin and asphaltene components contain polar (heteroatom) 

substituents; however, NSOs (N-, S-, and O-containing heterocyclic compounds) can 

account for other derivatives identified. Figure 3.11. shows the normalized composition 

for each of the produced waters grouped into categories of heteroatom containing 

compounds.  
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Figure 3.11. Plots of the relative composition of heteroatom compounds identified in 

produced water as a function of the heteroatom: (a) neutral and (b) acid extraction.  

 

The as-received extraction shows that most of the heteroatom-substituted 

hydrocarbons contain oxygen (Figure 3.11a). Chemical characterization (Table 3.4) 

shows that these are predominantly fatty alcohols, esters, and ethers. As discussed above 

these are all associated with the biodegradation of dead organic matter, and as such it is 

reasonable to expect that they be the major heteronuclear organic components.
24

 The 

presence of fluorinated organic molecules for the Eagle Ford water is consistent that the 

produced water contains perfluorocarbon tracers (PFTs) that are commonly used for oil 

reservoirs mapping (see above).
25
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Acid extraction (Figure 3.11b) enhances the detection of the other halogenated 

(chloro and bromo) organics. The presence of chlorocarbons such as (see above) could 

cause a potential issue since chlororcarbons are considered an environmental pollutant. 

Chlorocarbon compounds such as 1-chloro-octadecane were observed in coalbed gas 

wells (ca. 2 μg/L), while organobromides derivatives (7-bromomethyl-pentadec-7-ene) 

were observed at higher concentrations (up to 18 μg/L).
15

 The difference between the 

oxygen containing compound content of the Eagle Ford sample compared to either the 

Barnett or Marcellus samples is highlighted with the acid extraction. This is consistent 

with the high percentage of phthalate esters in the Barnett and Marcellus samples (see 

above). 

It is interesting to note that the Eagle Ford sourced water is low calcium and high 

in organobromides; however, no causal relationship is obvious and further data would be 

needed. Sodium and calcium bromide are both used as a drilling fluid additive, and while 

elemental bromine reacts in the presence of a Lewis acid catalyst with alkene and 

aromatic molecules, there is less precedent for the reaction with bromide salts. As with 

chlorocarbons, the presence of high quantities of organobromides has a potential health 

effect since they cause malfunctioning of the nervous system and cause damage to organs 

such as liver, kidneys, lungs, and cause stomach and gastrointestinal malfunctioning.  

 

Conclusion 

With the understanding that the present report is part of a wider analysis, the goal 

of our study was to understand the breadth of produced water associated with shale plays 

in the US. In presenting the variation in composition and particular chemicals analyzed, 

we can make a number of statements about shale produced water with regard to re-use 

and disposal, as well as guide researchers in future treatment efforts.  

While it is routine to measure TDS for produced water, the variation in metal 

identity have an impact on not only the re-use of the water, but the ability of different 
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purification methods to treat the water successfully.
14

 For example, scaling is normally 

associated with high TDS as measured by conductivity, however, given that calcium (and 

lesser extent barium) is the major culprit of scaling then pH is possibly a better indication 

of scaling potential since more neutral pH is associated with calcium content.  

The presence of significant quantities of halogenated hydrocarbons has potential 

issue for re-use and disposal of produced water due to health and environmental issues. It 

is important to note that unlike fluorocarbons, chlorocarbons or organobromindes are not 

used in drilling or frac fluid or as tracers. This indicates that these chemicals are sourced 

from the reservoir material rather as a result of man-made pollution.  

Unlike coalbed methane produced water it appears that shale oil or gas produced 

water does not contain polyaromatic hydrocarbons (PAHs). This is important since many 

PAHs have serious health effects in the >0.2 μg/L level.
26

 

 

Experimental 

Materials. Chloroform (anhydrous ≥99%, 0.5-1.0% ethanol as stabilizer 

spectroscopic grade), nitric acid (ACS reagent grade, 70% purity), hydrochloric acid 

(ACS reagent, 37% purity), potassium hydroxide (≥85% purity), anhydrous sodium 

sulfate (ACS reagent, ≥99%) and ethanol (anhydrous ≥99.5%) were purchased from 

Sigma-Aldrich. Isopropyl alcohol (99.5%) was purchased from EMD. All water used was 

purified via Millipore filtration to 18 MΩ (DI). ICP standards (IV-ICPMS-71A) were 

obtained from Inorganic Ventures. Whatmann filters No. 40 were obtained from Fischer 

Scientific. Thermo Scientific 50 mL and 15 mL sterilized graduated conical centrifuge 

tubes were obtained from Fischer Scientific.  

 

Water sampling. Produced water samples have been collected at three well sites. 

In our initial study the goal was to determine the variability across a wide geographic 
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range, rather than a well-to-well variation. In this regard the three samples were drawn 

from wells in the Marcellus (PA), Eagle Ford (TX), and Barnett (NM).  

Water samples were collected in 1-L mason jars. All jars used for sample 

collection were cleaned using detergent and rinsed thoroughly with 18 MΩ water. The 

jars were then soaked in base bath containing KOH in isopropyl alcohol for one week 

then rinsed thoroughly with ethanol then DI. The jars were then soaked in concentrated 

Nitric acid from three days and again rinsed thoroughly with DI. All glassware used 

followed the same cleaning procedure.  All samples were collected without a headspace 

to reduce oxidation of the sample.  

 

Conductivity and pH analysis. The as collected water sample jars were decanted 

and pre-filtered three times with Whatmann Filter No. 40 before analysis to remove any 

samples containing visible particulate matter or non-dissolved matter. The filtered water 

was added to a glass 20 mL scintillation vial, which had been cleaned as above. 

Conductivity was measured on a calibrated pH/CON 510 Oakton analyzer (Model # WD-

35610-10). The pH of the filtered water samples was measured as is. Conductivity 

measurements of the samples were taken at full concentration of the water and at regular 

dilution intervals until a five point linear calibration curve was achieved. The actual 

conductivity of the sample was thus extrapolated from this curve. 

 

ICP-OES. The as collected water sample was shaken vigorously to induce 

homogeneity was pre-filtered three times with a Whatmann filter No. 40 before sample 

preparation to remove any particulate matter or non-dissolved matter. The filtered water 

0.5 mL was added to a centrifuge tube, 9.5 mL of 70% concentrated Nitric acid was then 

added to the tube. The tube was closed, shaken and allowed to digest for 72 hrs. 0.5 mL 

of digested sample was then diluted again with 9.5 mL of 3.0% Nitric acid in DI. This 

sample was then analyzed using ICP-OES (Inductively Coupled Plasma Optical Emission 
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Spectrometer) carried out using an Optima 4300 DV spectrophotometer analyzer with an 

AS-93+ autosampler. Inorganic Ventures ICP metal cation standard (IV-ICPMS-71A, 

10ppm) was diluted using 3.0% HNO
3
 in DI to 1/10th and 1/100th diluted fraction of the 

original. The ICP standard, the two diluted fractions, and the 3.0% HNO3 in DI as a blank 

to obtain a four-point calibration curve. During analysis all possible wavelengths were 

measured for each atom. The wavelengths for each atom analyzed are ranked. If similar 

trends were observed for two or more samples which have very similar wavelengths then 

the measurement with the highest wavelength rank was taken and the other one was 

disregarded. 

 

Carbon analysis. The as collected water sample jars were shook vigorously to 

induce homogeneity then decanted from sample jars and pre-filtered three times with a 

Whatmann filter No. 40 before carbon analysis to remove any samples containing visible 

particulate matter of non-dissolved matter. The filtered water was then diluted to a 

1/100th fraction using DI. The filtered water was added to glass vials, which had been 

cleaned as outlined in the above procedure. Samples were analyzed using a Shimadzu 

TOC analyzer (Model # TOC-VCSH) using an auto-sampler (Model # ASI-V) in total 

carbon (TC) and non-purgeable organic carbon (NPOC) mode. 

 

GC/MS analysis. Two aliquots (500 mL) were withdrawn from the collection jars 

for GC/MS analysis. Before decanting of the two aliquot samples that the jar was shaken 

vigorously to achieve homogeneity. One of the samples was adjusted to pH 2 with 37% 

concentrated HCl to facilitate extraction of organic acids and analyzed against the non-

acidified aliquot for comparison. The aliquots were each extracted four times with 25 mL 

volumes of chloroform. The organic phase was filtered through anhydrous sodium 

sulfate. The chloroform extract was transferred to an evaporation vessel, which had been 

cleaned as above. The vessel was cooled to 0 °C and the solvent was concentrated under 
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a stream of nitrogen over 24 hrs. The concentrated extract was re-diluted with chloroform 

and transferred to a GC/MS vials for analysis. 

Gas chromatography/mass spectroscopy analyses were performed on a Agilent 

Technologies 5973 network mass selective detector with a quadrupole mass spectrometer 

with an Agilent Technologies 5973 network GC system, using a 30-m DB-1 capillary 

column (0.25-mm I.D., 0.25-μm film) and helium as carrier. All samples were taken 

using a 7693A Automatic Liquid Sampler with split/splitless injections of 1.0 μL using 

an automated injector temperature set at 285 °C. The GC oven temperature was 

programmed 60 °C to 300 °C (20 °C/min), and held at 300 °C for 10 min. Peaks were 

identified automatically by using Agilent Technologies Chemstation Software linked 

with National Institute of Standards and Technology mass spectrum library (NIST 08 MS 

Library). Data was processed using thr Automated Mass Spectroscopy Deconvolution 

and Identification System (AMDIS). The NIST library is searched automatically for 

Chemstation integrated and identified peaks. From this a quality of fit for each integrated 

peak area is established. 
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Chapter 4 

Separation of hydrocarbons from rac and Produced Water Without Fouling Using 

Super Hydrophilic Micro-Filtration Membranes 

 

Introduction 

 With both a global population increase and affluence, the planet’s energy needs 

are expected to reach 30-60 Terrawatts by 2050. While there is general agreement that 

any long term (+50 year) solutions must be based on a large proportion of renewable 

energy sources, the present need is for more oil and more natural gas. Not that many 

years ago there was concern that production had reached a maximum (so called “peak 

oil”) and that there was an immediate limit to available resources.
1
 However, with the 

discovery of shale oil and more widely shale gas, the assessment of the present resources 

has increased considerably, and shale gas will be the dominant source of energy over the 

next 40 years.
2
 Currently this energy comes at a very high price, both in terms of 

production costs and possible environmental hazards.  

 The low permeability of shale rock meant that, until relatively recently, the cost of 

extraction was too high. However introduction of horizontal drilling coupled with 

hydraulic fracturing (a process known as fracing or fracking) has allowed cost effective 

access to this resources. The utilization of the frac process requires significant water 

resources, e.g., average 20 million liters (ca. 5 million gallons) of water per well. The 

impact of the usage of large volumes of water means that where water is in short supply 

due to climate considerations this is an issue with regards to competing competition from 

agri and energy and municipal usage. However, even where water is available, the 

transport of water to and from a well site has widespread safety and environmental issues. 

An additional issue is that of the volume of water used in each frac stage, only <20% is 

recovered during the flowback stage: further increasing the demand. Thus, it would be 
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desirable to find alternative sources of water to be used for fracking that do not compete 

with residential and agricultural needs.  

 In addition to flow back, all oil and gas wells also produce water along with their 

hydrocarbon. This is known as produced water. While it would make sense to re-use 

produced waters for drilling and fracing, unfortunately, this water cannot be used down 

well again. This is because although frac fluid (used during the hydraulic fracture) 

consists of a limited list of components (and industry has moved in recent years to using 

lower concentrations of chemicals and less hazardous chemicals), the flow back and 

produced water contains hundreds of different chemicals. The majority of which are 

hydrocarbons (organic compounds) along with a range of salts derived from minerals. 

Many of these organic compounds are classified as hazardous, but they are actually 

naturally occurring, being derived from high-pressure decomposition of plankton that 

lived in the Jurassic period (180,000,000 years ago). As discussed in Chapter 3 we have 

shown that typical shale gas produced waters contain between 1000 and 50,000 mg/L of 

hydrocarbons.
3
 These are traditionally divided into the saturate, aromatic, resin and 

asphaltene (SARA) groupings.
4
 In addition to suspended solids and bacteria it is the 

presence of this organic component that means that this water should not be re-used as is 

for fracking, due to the risk of harming the production of that well. As long as the salt 

contents of the produced water are within reasonable levels this is not an impediment to 

its re-use.  

 The recovery of water from production water for reuse has been viewed in the 

past by industry as being economically untenable as it is notoriously difficult to purify.
5
 

The normal approach has been to inject the produced water down an injection well; 

however, even then some form of treatment must be undertaken to limit the organic 

content. Since water is an extremely valuable commodity it cannot continually be wasted 

on a scale such as this. Recyclability of the frac flow back and produced water is the only 

viable option if shale gas is to be utilized over the next 50 years. Further complicating the 



112 

 

issue is that as an oil field matures the water/oil ratio increases.
6
 Thus there is a greater 

volume of produced water to be dealt with every year. In summary it is environmentally 

and financially desirable to purify frac/produced water into a brine component and a 

crude oil component both of which can be used.  

 Recyclability of many types of industrial wastes such as production water has 

been undertaken using ceramic filtration membranes for many years.
7
 The use of these 

membranes have been utilized by industry primarily for their robust nature and the ability 

to have select pore sizes with narrow distributions.
8,9

 However their ability to purify or 

otherwise separate material has under current art many drawbacks, such as membrane 

fouling and permeate flux.
8,10

 Until now these drawbacks have proven to be economically 

unviable to shale gas drilling companies.  

 The ability of traditional ceramic membranes to screen undesirable molecules 

from a sample has relied solely on its pore size, the smaller the pore size the smaller the 

molecule that can be screened. However a smaller pore size in turn represents a myriad of 

operational technicalities, such as higher operating pressures, lower flux, membrane 

fouling and thus the need for maintenance which all multiply into substantial costs for an 

operating company. If a membrane could be synthesized that could negate these issues 

then it could be economically viable to utilize filtration as a cost effective treatment of 

production water.  

 Oil emulsions are generally removed by particle filtration (1 - 1k μm pore size) 

and certainly by microfiltration (Figure 4.1). However, we have shown that separation of 

emulsions is not an issue but fouling of a native ceramic membrane surface by the 

emulsion can occur. In the case of produced water emulsions the issue,
11

 is also the 

solubilized SARA chemicals. Separation using a typical microfiltration membrane (0.1 – 

10 μm pore size >100k Daltons) is FDA approves for bacteria removal from water, 

hydrocarbons (even high molecular weights) pass through such membranes. Furthermore, 

natural organic matter is generally in the 0.001 – 0.1 μm size which requires 
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ultrafiltration (0.005 – 1.0 μm pore size or 1000 – 500k Daltons) or nanofiltration (0.0005 

– 0.01 μm pore size or 100 – 20k Daltons), see Figure 4.1. Produced water contains 

natural organic matter, as well as sugars derived from guar gum (used in frac fluids) and 

xanthum gum (used in drilling fluid). If cost and energy were not an issue it would be 

possible to remove all the impurities using a multi-stage process to remove each 

component as desired.  

 

 

Figure 4.1. Chart showing types of filtration and related particle sizes of produced and 

flow back water components.  

 

 What is desirable is a process to remove solubilized hydrocarbons, and resins at 

the same time as bacteria and particulates. If nano filtration is used, fouling is a major 

problem, both by biological matter (viruses and bacteria) but also high molecular weight 

organics and paraffins. One of the largest hurdles facing the current state of art for 

ceramic membranes is membrane fouling. Membrane fouling is a significant draw back 

to the use of porous membranes, the interaction between membrane surfaces and solutes 

plays an important role in determining the extent of membrane fouling, explained by the 
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mechanisms
12,13

 of pore blocking, cake formation or hydrophobic interaction. Of the 

aforementioned mechanisms, hydrophobic interaction between solutes and membrane 

material is frequently accepted as one of the predominant fouling mechanisms. Therefore, 

membrane fouling is expected to be more severe with hydrophobic than hydrophilic 

membranes.
14,15

  

 Conceptually, therefore, an ideal solution for produced water purification would 

be a membrane that allows for the removal of organics, but does not get blocked (e.g., no 

fouling) and has a high flux to match water demand and reduced footprint at a frac site. 

Unfortunately, small pores become readily blocked (fouled) resulting in the need to back-

flush the membranes continually. This slows the treatment rate. In addition, small pores 

ordinarily mean high pressures are required in order to force the water through the 

membrane. High pressure equates to high pumping forces, higher energy use and hence 

higher costs. On the other hand membranes with higher flux have large pores (tens of 

microns); however, these large pores will not allow for the separation of the desired 

materials in production water. Membranes with different pore sizes but similar surfaces 

both foul but a different rates depending on what is solute is being purified. It had been 

noted in literature that hydrophilic membranes display less sensitivity to adsorption 

compared to their hydrophobic analogues. Hydrophilic membranes have been shown to 

overcome many of these negative characteristics especially with regards to anti-fouling
16-

19 
as well as having high permeate flux for aqueous eluants, and in many ways are 

superior to hydrophobic membranes.
20

 For as long as ceramic membranes have been in 

use functionalization of the membrane has been attempted.  There have been a myriad of 

ways at which the ceramic membranes have been altered to a more hydrophilic nature 

and thus antifouling, such as surface segregation, surface coating,
21

 and surface graft 

polymerization.
22

 However the direct chemical functionalization of the surface of a 

porous ceramic membrane has not been employed until now.  
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 Previous work from the Barron group has shown that carboxylic acids are ideally 

suited for the highly stable functionalization of alumina surfaces.
23-25

 We have previously 

shown that the use of different functional groups on alumina surfaces allows for changes 

in the wettability of the surface.
11

 In this case our result showed that cysteic acid 

functionalization shows the lowest contact angle (< 3°), i.e., forming a super hydrophilic 

surface. We have also shown that a similar functionalization of the surface of a ceramic 

membrane controls the flux through the membrane: the more hydrophilic a surface the 

higher the flux.
9
 Thus, we propose that functionalization of an alumina ceramic 

membrane with cysteic acid should increase the flux through the membrane for a 

particular pore size. Furthermore, we have shown that where ceramic nanoparticles 

functionalized with cysteic acid were used as a coating on a fabric it could be used as a 

membrane.
26

  

 We propose to apply the same techniques used in these reports to the surface of 

ceramic porous membranes. The resulting hydrophilic-ceramic membranes with pore 

sizes of 0.22 μm were used to purify production water. Production water was used as a 

qualitative test to evaluate the rejection of organic compounds as well as permeate flux, 

trans-membrane pressure and clarity of permeate.  

 

Results and Discussion 

The active component in the present study is L-cysteic acid. We have shown that 

for alumina nanoparticles coated on a porous fabric support the material outcome of 

functionalization is to create a superhydophilic surface,
11

 the chemical reason involves 

orientation of the Zwitter ionic moieties of cysteic acid away from the surface (Figure 

4.2). It was envisioned that the same functionalization could be achieved on a ceramic 

porous membrane, as organic functionalization of ceramics had previously been 

undertaken in our group.
25

 The close proximity of the two zwitterion moieties on the 

same molecule is not significant in itself although as a free molecule the ability of cysteic 
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acid to totally solvate in water is substantial, however it is the orientation of the molecule 

which is covalently bound to the surface via its carboxylic moiety which allows the 

surface to become superhydrophilic. The functionalization and characterization of the 

cysteic acid filter is discussed below. 

 

 

Figure 4.2. Schematic representation of the cysteic acid moiety bound to an alumina 

surface showing Zwitter ionic forms.  

 

 Membrane functionalization. Based upon our previous work we chose cysteic 

acid to chemically functionalize the α-alumina membrane surface because cysteic 

functionalized alumina surfaces showed the lowest contact angle to water and therefore 

should have the highest flux rates. A membrane average pore size of 0.22 μm was chosen  

 

 

Figure 4.3. SEM images of un-functionalized alumina membrane (a) and cysteic acid 

functionalized membrane (b). 
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since this is in the high end of the ultrafiltration range and low end of the microfiltration 

range. As such the membranes should reject oil emulsion, bacteria and particulates by 

size exclusion (i.e., the pores are of such a size that these species cannot pass through). 

However, sugars and other organic compounds should not be rejected. Also the pore size 

is sufficiently small that fouling should be facile with the types of components in 

produced water.  

 

 

Figure 4.4. EDS of alumina membrane (a), EDS of cysteic acid functionalized alumina 

membrane (b), EDS of cysteic acid functionalized alumina membrane magnified on 

carbon nitrogen and oxygen peaks (c), EDS of cysteic acid functionalized alumina 

membrane magnified on the aluminum and sulfur peaks (d).  

 

The as received membranes were functionalized by reacting at 85 °C in a solution 

of cysteic acid in DI water. Reactions were initially carried out in a static reaction vessel 
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(see Experimental). However, it was found that for more than one membrane it is easier 

to perform the reaction by flowing the cysteic acid solution through the membrane. The 

treated membranes are very hygroscopic and will attain a wet appearance, even after 

being dried, if they are stored in a humid environment.   

 

 

Figure 4.5. SEM image of cysteic acid functionalized membrane (a), EDS mapping of 

cysteic acid functionalized membrane of aluminum (b), oxygen (c), sulfur (d), nitrogen 

(e), carbon (f). 

 

SEM analysis of the surface functionalized membranes is indistinguishable from the 

untreated membrane (Figure 4.3); however, from EDS analysis the difference between 

the functionalized membrane (Figure 4.4a) and the cysteic acid functionalized membrane 
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(Figure 4.4b, c, and d) can be seen. In the EDS spectrum both sulfur and nitrogen peaks 

exist for the functionalized membrane which are absent for the un-functionalized 

membrane. Mapping of the functionalized membrane for nitrogen and sulfur, showed 

even coverage across the entire cross section (Figure 4.5). It should be noted that the 

nitrogen and sulfur signals are not diminished after the membrane is washed repeatedly 

or after use (see below). This confirms that the cysteic acid is covalently bound to the 

alumina surface in the manner previously characterized.
24,27

    

 In our previous work with cysteic functionalized alumina nanoparticles it was 

possible to determine the carboxylate content by TGA measurements.
26

 Unfortunately, 

the hygroscopic nature of the functionalized membrane results in a TGA mass loss (ca. 

1%) that is confused by the water loss (Figure 4.7). The quantity of cysteic acid that 

should react with an alumina surface may be estimated by a consideration of the known 

structure of hydroxylated alumina surface (Figure 4.6) and the X-ray structure of a known 

carboxylate functionalized alumina fragment.
23,24

 Based upon these assumptions the 

square surface area footprint  

 

 

Figure 4.6. TGA of cysteic acid functionalized membrane of porous α-Al2O3. 
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for a carboxylic acid was 105,820 pm
2
 and if ideal cubic packing is also assumed, an 

overall percent weight gain for the porous alumina ceramic membrane such as ours with a 

surface area of 0.358 m
2
/g would have a weight gain when functionalized with cysteic 

acid of approximately 0.05%.  

In our previous studies we have shown that IR spectroscopy can uniquely confirm 

the covalent attachment of a carboxylic acid to an alumina surface.
23,27

 The un-

functionalized porous membrane (Figure 4.8a) displays Al-O stretching at 656, 898 cm
-1

 

and Al-OH bending modes at 1096 cm
-1

 with the broad weak stretching of the 

hydroxylated surface at 2995, 3130 cm
-1

, weak peaks could be indicative of the low 

hydroxylated area of the ceramic surface compared to bulk. For comparison the FTIR of 

crystalized cysteic acid monohydrate bulk sample (Figure 4.8b) shows no water impurity 

and displays peaks at 1700 cm
-1

 and 1240, 1163, 1032 cm
-1

 which are assigned to ν(C=O) 

and ν(SO3
2-

) absorption, respectively. The sulfonate group and amine 

 

Figure 4.7. Pictorial representation of the structure of boehmite, showing the possible 

sites for carboxylate binding in the (100) and (211) planes. Aluminum and oxygen atoms 

are shown as shaded and open spheres, respectively. Reprinted from C. E. Bethley, C. L. 

Aitken, Y. Koide, C. J. Harlan, S. G. Bott, and A. R. Barron, Organometallics, 1997, 16, 

329. Copyright (1997). American Chemical Society.   



121 

 

 

Figure 4.8. FTIR of (a) powdered α-Al2O3 porous membrane, (b) L-cysteic acid 

monohydrate, and (c) dried L-cysteic acid functionalized α-Al2O3 membrane after 

exposure to air for 12 hrs.  
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group participating in hydrogen bonding ν(SO3
2-

) vibrations appears at 1237, 1192 and 

1043 cm
-1

, with the ν(NH2) vibration appearing at 3158, 3006 and 2961 cm
-1

. The 

functionalized membrane IR signal is totally dominated by water (Figure 4.8c). From the 

IR analysis of the functionalized membrane it can be seen that there is an extremely large 

broad peak that is not concurrent with any moiety either of the native cysteic acid or un-

functionalized alumina membrane. This broad peak at 3372 cm
-1

 corresponds to the O-H 

stretch in water.  

 

 

Figure 4.9. Conductivity (mS) and pH as a function of cysteic acid concentration in DI 

water.  

 

While EDS confirms the presence of cysteic acid on the surface of the alumina, it 

is not possible to determine the quantity bound to the surface with any certainty. We 

therefore investigated the uptake of the cysteic acid during the reaction by measuring the 

pH and conductivity of the reaction solution, as the cysteic acid reacts with the alumina 

surface the solution pH and conductivity will decrease. We also envisaged that for large  



123 

 

scale functionalization, confirmation of membrane functionalization could be monitored 

by in-situ monitoring of the pH and conductivity of the reaction solution. In order to 

determine a baseline, a calibration curve was created for cysteic acid in DI water. Figure 

4.9 shows the conductivity in mS and the pH of cysteic acid dissolved in DI water. The 

data has been measured from 10 - 100 Kg in 10 Kg increments, and from 100 - 300 Kg in 

100 Kg increments. Between 100 Kg and 300 Kg the rise in conductivity and the fall in 

pH is far slower. This is due in part to the increasing viscosity of the solution and the fact 

that the solution is becoming more acidic. This means the solution is becoming 

increasingly concentrated with H3O
+
 with less negative counter ions. This decrease 

results in the conductivity not increasing linearly after 100 Kg. However this calibration 

curve was measured at room temperature. A heated solution will act differently as the 

viscosity in a hot solution is less. By using the calculated line equation (Figure 4.10) it 

can be seen that a mass balance loss of 2.5 Kg of cysteic acid would be equivalent to 

0.0215 mS loss in conductivity. Flow functionalization for one  

membrane showed that the membrane absorbed 63 ±15 g of cysteic acid. This equates to 

a mass uptake of ~3% based upon a membrane weight of 2.3 kg.  

 

 

Figure 4.10. Conductivity (mS) as a function of cysteic acid concentration in DI water.  
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Filtration analysis. Qualitative and quantitative analysis was undertaken using a 

setup similar to the schematic Figure 4.11 on a pilot plant scale. Initial analysis by 

inspection clearly demonstrated the ability of the membrane to screen hydrocarbons. The 

clarity of the permeate sample compared to the feed sample and the concentrated sample 

indicated that the membrane was removing large amounts of water contaminate (Figure 

4.12). Initial filtration testing was undertaken using Marcellus Shale produced water. 

Analysis of both carbon concentration, molecular content and the elemental composition 

was undertaken.  

 

 

Figure 4.11.  Schematic representation of membrane filtration unit with feed in-let (a), 

concentrate return line (b), concentrate return-line valve used to vary trans-membrane 

pressure (c), pressure read out post-filtration (d), permeate pressure read out (e), permeate 

cut-off valve (f), permeate (g), gasket holding membrane in housing (h), ceramic 

membrane (i), membrane housing (j), gasket holding membrane in housing (k), pressure 

read out pre-filtration (l), feed in-let valve (m), pump (n), feed in-let line (o), re-

circulation tank (p). 
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Figure 4.12. Visual inspection of Marcellus shale produced water sample after filtration. 

Feed (left). concentrate (center), and permeate (right) samples.  

 

Analysis of the carbon content of both permeate, concentrate and feed samples showed 

that there was significant retention of carbon material in the production water. The carbon  

 

 

Figure 4.13. Carbon analysis of Marcellus shale purified produced water.  
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of the permeate sample was in the low ppm range of a few hundred milligrams per liter 

(4.13). This extremely low carbon content was evident for all types of water analyzed.  

 

 

Figure 4.14. Carbon analysis of Marcellus shale purified produced water.  

 

The percentage retention of carbon content by the membrane, which is a measure of the 

ability of the membrane to remove carbon from the permeate was calculated. In both  

 

 

Figure 4.15. Bar chart displaying % retention of guar gum in concentrate reconstructed 

from monomeric sugar. 
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cases for total carbon (TC) and non-purgeable organic carbon (NPOC) the % Retention 

for both feed and concentrate was on the order of 99.99 % which is shown in figure 4.14. 

This extremely good display of carbon retention is seen for many other types of water not 

just produced water this is outlined in Table 4.1. 

 

Table 4.1. Percentage of carbon retention from Feed (F) and Concentrate (C) waters 

compared to permeate waters for Total Carbon (TC), Non-purgable organic carbon 

(NPOC) and inorganic carbon (IC). 

% Retention of Carbon TC NPOC IC 

Eagelford produced water    

Eagleford-C 95.9 90.9 99.8 

Eagleford-F 88.7 83.2 99.2 

Barnett produced water    

Barnett-C 99.5 99.5 99.5 

Barnett-F 98.6 98.5 98.7 

Marcellus produced water    

Marcellus-C 98.5 98.8 96.5 

Marcellus-F 97.2 97.8 67.7 

Laundry Water    

Laun-C 93.8 99.8 76.9 

Laun-F 73.9 98.5 54.9 

Waste pit    

WP-C 1.7 26.8 - 

WP-F 15.3 31.6 14.2 

Scott Sugg Flowback water    
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SSF-C 70.8 95.2 56.4 

SSF-F 66.0 34.0 67.0 

Bennie produced water    

Ben-C 84.3 - 92.0 

Ben-F 83.1 70.4 88.2 

Galveston bay seawater    

GB-C 62.2 86.6 - 

GB-F 7.2 19.6 1.7 

Humble oilfield produced water 1    

HB1-C 95.6 94.9 98.4 

HB1-F 94.3 94.5 85.3 

Humble oilfield produced water 2    

HB2-C 35.2 32.7 41.0 

HB2-F 32.6 31.0 36.5 

Molecular filtration pond water    

MFP-C 99.9 99.9 99.8 

MFP-F 17.8 61.8 - 

 

A direct chemical analysis of the feed, concentrate and permeate waters was 

undertaken using GC-MS analysis, the chemical content of which is available in 

Appendix C and Appendix D. It is interesting to note that retention of extremely low 

molecular weight hydrocarbons was observed with some of the hydrocarbons also being 

somewhat soluble in water. It may be interesting to note that some of these low molecular 

weight hydrocarbons have been observed in the permeate of un-functionalized 

membranes with a similar pore size as the membrane utilized here (0.22 µm). 
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The ability for the functionalized membrane to remove guar gum from produced and 

flowback water was tested. Traditionally removal/or concentration of guar gum has  

 

 

Figure 4.16. ICP-OES analysis of high abundance metals in concentrate, feed and 

permeate water for Pure Stream Corp Marcellus water. 

 

been achieved with micro-filtration pore size membranes. However to date the ability to 

remove them from flowback or produced water has proven difficult due to the higher 

amounts of TDS contained in these waters which contribute to membrane surface fouling. 

However this has proven to not be the case with the functionalized alumina membrane. In 

figure 4.15 the results from the hydrolyzed guar gum are shown.  

Elemental analysis of each of the samples by ICP-OES indicates that inorganic 

content remains more or less unaffected by the separation process (Figure 4.16) except 

for iron. The retention of which we believe is indicative of the membrane screening of 

bacterial colonies contained in the feed waters. Not surprisingly, the early alkaline and 

alkali earth metals sodium, calcium, potassium, and magnesium make up four of the top 

five elements, followed somewhat distantly by iron, copper, selenium, and arsenic, with a 

handful of other metals in trace amounts. Interestingly, sulfur exhibits the second highest 

concentration of all elements examined, likely as a result of the wide-range of 
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compounds, both organic and inorganic, in which sulfur can exist. Upon closer inspection 

of the rarer metals in Figure 4.17 it can be seen that percentages of metals are observed 

only in the concentrate but not the feed or permeate. This increase in metal content is a 

result of retention of organic molecules such as guar which may ligate or crosslink these 

metals and should not be attributed to some form of reverse osmosis or ion exchange. The 

initial promising results from pilot filtration of Marcellus production water of these initial 

tests led to testing in Utah on an industrial scale of production water taken straight from a 

 

 

Figure 4.17. ICP-OES analysis of low abundance metals in concentrate, feed and 

permeate water for Marcellus water.  

 

producing well in the Barnett Shale.  One of the initial discoveries with the cysteic acid 

optimized ceramic membrane was the fact that the membrane hardly suffers from fouling 

or flux decline as compared to an un-functionalized membrane which suffers a decay on 

the permeate flow due to the fouling of organics.  This means that the membranes can run 

longer and are more effective over a longer period of time. As shown in Figure 4.18, 

evolution of permeate flux rate (Qp) as a function of time (blue line) the permeate flux 

decreases initially but then stabilizes and remains so for the duration of the measurement. 
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The trans-membrane pressure (red line) shows an initial build-up of pressure, which then 

subsides. The pressure then remains steady for the period of the measurement. This initial 

build up is a result of ‘charging’ of the membrane with water and can be attributed to two 

factors. Firstly due to the purging of the pores of air which can block a pore and result in 

a lower area for permeate to pass through thus resulting in higher pressures and secondly 

the establishment of a steady-state water layer or layers on the membrane surface. These 

water layers have been attributed to the reason for the extended lifetime of the 

functionalized membrane and its ability to avoid surface fouling.  

 

 

Figure 4.18. Evolution of permeate in relation of transmembrane pressure dotted line, 

and permeate flux dashed line.  

 

Filtration theory. The aligned orientation of the sulfonyl and amine moieties 

away from the membrane surface results in the membrane displaying significant 

hydrophilicity. The close proximity of the two zwitter ion moieties on the same molecule 

is not significant in itself although as a free molecule the ability of cysteic acid to totally 

solvate in water is substantial. It is, instead, the orientation of the molecule which is 

covalently bound to the surface via its carboxylic moiety which allows the surface to 
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become superhydrophilic. With the surface functionalization of the entire membrane the 

pore size has not been altered to any significant extent. For comparison, a functionalized 

membrane compared to a un-functionalized membrane is very similar in pore size as the 

cysteic acid molecule from carboxylate to sulfonyl group (ca.9 Å) is minuscule compared 

to the pore size of the membrane (2200 Å). 

The improvement in filtration of the un-functionalized membrane compared to the 

functionalized membrane has been interpreted in many ways. However it is important to 

note that the retention of water in the pores of the functionalized alumina was significant. 

Hydrophilic surfaces on filtration membranes have been shown to be superior throughout 

the literature, for the rejection of organic molecules as well as showing a reduction in 

membrane fouling. Hydrogen bonding could therefore be assumed to play a significant 

role in this process both with regards to anti-fouling mechanisms and hydrocarbon 

screening. It has been observed through molecular modeling calculations and neutron 

scattering that the density and ordering of the water phase at the liquid-solid interface and 

from the surface into the bulk solution differs significantly depending on the 

hydrophilicity of the surface.
28,29

  

There are currently 3 different known mechanisms by which membranes can 

perform separations. By having holes or pores that are of such a size that certain species 

can pass through and others cannot. This mechanism is called size exclusion. This would 

be true of the rejection of bacteria and some particulates by the Cys-Alumina membranes. 

By selective retardation by the pores when the pore diameters are close to molecular 

sizes, this mechanism is called pore flow. This mechanism could be true for asphalten 

molecules, but not of smaller low molecular weight organic molecules. The final 

mechanism could be by dissolution into the membrane, migration by molecular diffusion 

across the membrane, and re-emergence from the other side. This is called solution 

diffusion, and may be one of the reasons as to why some smaller molecules are 

selectively inhibited from passing through the membrane. 
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Before considering how small hydrocarbons can be excluded by a membrane with 

0.22 μm pores it is worth defining the nature of a cysteic acid surface functionalized 

alumina membrane. We have previously shown that carboxylic acids react with alumina 

surfaces via a topotactic reaction
23

 such that the carboxylic acid acts as a bridging ligand 

to the alumina surface,
24,27

 with a similar reaction occurring on iron oxide surfaces.
30

  

 EDS of the membrane cross section has shown that the cysteic acid 

functionalization is not simply on the surface of the channels (Figure 4.4), but also on the 

surface of the pores as well. Thus, the internal surface of the pores of the cysteic acid 

functionalized membrane can be thought to be highly ordered zwitterionically charged 

and/or superhydrophilic (Figure 4.19).  

 

 

Figure 4.19. Schematic representation of the internal surface of the pores in the cysteic 

acid functionalized alumina membrane.  

 

 The process of solution diffusion is usually associated with transport in dialysis, 

reverse osmosis, gas permeation, and pervaporation using a non-porous or dense 

polymer. Individual permeate molecules dissolve in the membrane and move by a 
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random process of molecular diffusion through the membrane. The key issue is that one 

of the two species being separated has a greater solubility in the membrane than the other 

since the permeability coefficient through the membrane is defined by Eq. 4.1, where D 

is the diffusion coefficient and S is the solubility factor. Thus, for two species (x and y) to 

be selective (ax,y) is defined by Eq. 4.2.  

 

    P = D.S     (4.1) 

 

    ax,y  =  Px/Py  =  Dx.Sx/Dy.Sy    (4.2) 

 

Selectivity in rubbery polymers and high free volume polymers (e.g., PTMSP, PIMs) is 

generally solubility controlled, whereas in glassy polymers it is usually diffusion 

controlled. Thus, if the solubility of two species within the pore or membrane is 

sufficiently different then separation occurs.  

 If we consider the pore environment in the cysteic acid functionalized membrane, 

the observed retention of water in the pores (see above) is significant. Hydrophilic 

surfaces on membranes have been shown to enhance the rejection of organics as well as a 

lack of membrane fouling. Hydrogen bonding could therefore be assumed to play a 

significant role in this process both with regards to anti-fouling mechanisms and 

hydrocarbon screening. However none of the material reported has as yet displayed the 

aligned orientation of our process. But with a charged/hydrophilic pore surface it is not 

unreasonable to picture the pore as a vessel or container or boundary of a solution. As 

such the ‘solubility’ of water within the pore would be significantly different than that of 

an organic molecule such as an alkane (CnH2n+2) that represents the main constituent of 

produced water. If this solubility were sufficiently different then based upon Eq. 4.2 it 

would be expected that separation of water and alkanes would occur. We propose, 

therefore, that the mechanism of the efficient separation of hydrocarbon species in 
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produced water is at the boundary of pore flow and solution diffusion. We note that 

Wijmans and Baker have used phenomenological equations for transport in solution 

diffusion and have discussed the boundary case between solution diffusion and pore flow 

that occurs in nanofiltration.
31

 

 An alternative (or possibly complimentary) effect may be due to the ordering of 

the water within the membrane pores. It had been observed through molecular modeling 

calculations and neutron scattering that the density and ordering of the water phase at the 

liquid-solid interface and from the surface into the bulk solution differs significantly 

depending on the hydrophilicity of the surface (Figure 4.20). Thus, it is possible that the 

‘perceived’ pore diameter is significantly smaller for an organic molecule due to a 

boundary layer of ordered water molecules.  

 

 

Figure 4.20. Density profile of water from a surface as a function of hydrophilicity of the 

surface/water interface. Taken from J. Phys. Chem., C 2009, 113, 20002. 
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 Separation of water and organic molecules is only one issue that the cysteic acid 

functionalization appears to address. Our long-term studies have shown that fouling is 

dramatically reduced and in some cases eliminated. Fouling of membranes involves the 

deposition of solute or particles onto the membrane surface or into the pores. Fouling is 

enhanced with high surface roughness and therefore efforts have been made to create 

highly uniform membrane surfaces to limit fouling.
32-34

 The susceptibility of a membrane  

 

 

Figure 4.21. Schematic representation of the inter-relationship of the attributes of the 

superhydrophilic cysteic acid functionalized alumina membrane that lead to its successful 

use for the removal of organic compounds from produced and frac flow-back waters 

without significant fouling.  

 

surface is related to the attachment strength of particles to the membrane surface. We 

propose that in the present case the super-hydrophilic surface of the cysteic acid 

functionalized alumina membrane results in low attachment strength of both biological 

matter and mineral colloidal suspensions or particulates. As such any deposit layer 

formed in the membrane channels is easily removed by the turbulent flow generated 

during the filtration.  
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 Fouling is also enhanced by high pressures, such that particles and aggregates are 

forced onto the membrane surface creating a filter cake. As we have shown previously 

increasing the hydrophilic nature of a membrane surface increases the flux,
9
 and hence 

decreases the trans-membrane pressure required. One of the attributes of the cysteic acid 

functionalized alumina membrane is that a specific flux is obtained at a lower pressure (< 

2 bar) than that required achieving the same flux for the untreated membrane (4 – 8 bar). 

With such a decrease in transmembrane pressure the possibility of a filter cake being 

formed is reduced since the precursor materials are not forced into the filter surface. We 

propose, therefore, that the low fouling of the cysteic acid functionalized alumina 

membrane when used with produced and frac flow back waters is related to the nature of 

the ordered zwitterion surface and the superhydrophilic nature resulting.  

 In Figure 4.21 is presented a schematic inter-relationship of the various attributes 

of the superhydrophilic cysteic acid functionalized alumina membrane. In particular, the 

increased flux results in a low trans-membrane pressure being used, which in turn reduces 

the propensity to fouling. The low fouling is also due to the low attachment strength of 

material that can cause fouling due to the superhydrophilic nature of the surface.  

 

Conclusion 

The high performance of this large pore size functionalized membrane both with 

regards to hydrocarbon screening, high flux, low operating pressures, anti-fouling 

properties as well as ease of synthesis point to a new generation of hybrid inorganic 

membranes. These membranes have been already used to purifiy production water on an 

industrial scale with excellent results that overcome many obstacles which current 

membrane technology poses to industry. The fixed orientation of the functionalized 

organic molecule points to significant alteration of the properties of the membrane on the 

macro-material scale. The ease of functionalization and the wealth of different carboxylic 

acids, which are available, ensure tailoring to particular industrial processes in the near 
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future. The ability of this membrane to screen hydrocarbons of hydrodynamic diameters 

orders of magnitude smaller than the pore size is extremely interesting and deserves more 

insight into the hydro-dynamic properties on surfaces and in pores which may lead to 

significant alteration in how filtration is used in industry. 

Experimental 

 Materials. All chemicals and solvents were received from Sigma-Aldrich and 

were used without further purification unless otherwise stated. Production water from the 

Marcellus Shale was provided by Purestream, Inc. and was handled as a hazardous 

material. Alumina membranes (0.22 am nominal pore size) were purchased from Pall 

Corporation and washed with DI water prior to treatment. ICP standards (IV-ICPMS-

71A) were obtained from Inorganic Ventures. Whatmann filters No. 40 were obtained 

from Fischer Scientific. Thermo Scientific 50 mL and 15 mL sterilized graduated conical 

centrifuge tubes were obtained from Fischer Scientific. Produced water samples have 

been collected at three well sites. In our initial study the goal was to determine the 

variability across a wide geographic range, rather than a well-to-well variation. In this 

regard the thirteen samples were drawn from wells in the Marcellus (PA), Eagle Ford 

(TX), Barnett (NM), as well as various other types of waters from produced water to 

Laundry water. Water samples were collected in 1-L mason jars. All jars used for sample 

collection were cleaned using detergent and rinsed thoroughly with 18 MΩ water. The 

jars were then soaked in base bath containing KOH in isopropyl alcohol for one week 

then rinsed thoroughly with ethanol then DI. The jars were then soaked in concentrated 

Nitric acid from three days and again rinsed thoroughly with DI. All glassware used 

followed the same cleaning procedure.  All samples were collected without a headspace 

to reduce oxidation of the sample.  

 Thermogravimetric analysis (TGA) analysis was conducted on a TA Instruments 

Q-600 simultaneous TGA/DSC machine, under argon using platinum cups. Analysis was 
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conducted on TA Instruments analysis software. Infrared spectroscopy (IR) of 

functionalized and unfunctionalized membranes was analyzed on a Nicolet FTIR Infrared 

Microscope with diamond window. Analysis was undertaken on a Nicolet software 

package. Scanning electron microscopy (SEM) analysis was conducted on FEI Quanta 

400 a multiple stage high resolution field emission environmental scanning electron 

microscope (ESEM), both in scanning electron (SE) mode and energy dispersive X-ray 

scattering (EDS) mode, analysis was undertaken where stated either in Hi-Vac or Low-

Vac mode. An acceleration voltage of 30 KeV was used as well as a spot size of 4.0 to 

ensure a dwell time of approximately 30% for the EDS detector and to reduce charging. 

Samples were immobilized on an aluminum stub with carbon tape. Bruaneaur-Emmet-

Teller (BET) analysis Quantachrome Autosorb-3B Surface Analyzer. Samples were 

broken from the membrane and heated under vacuum at 80 °C for 24 hrs to remove any 

excess water. The samples were then purged with helium and analyzed at liquid nitrogen 

temperature under nitrogen. 

 

 Functionalization of membranes with L-cysteic acid. The alumina membranes 

were placed in an airtight glass container. The container was filled with DI water and 

placed under vacuum until the membrane stopped effervescing. This ensured removal of 

air from the interstitial pores. Vacuum was then removed and the glass column was 

heated to 85 °C for 24 hrs. The deionized water was drained from the container.  The 

membrane was again covered in a 1 M aqueous solution of cysteic acid; again vacuum 

was placed on the container until the membrane stopped effervescing. The solution was 

brought to gentle reflux for 3 days. The membrane was then allowed to return to room 

temperature. The membrane was again covered with DI and pumped down until the 

membrane stopped effervescing and gently heated to 50 °C then allowed to completely 

drain from the membrane. This process was repeated three times, or until the waste water 

displayed pH = 6.  
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 Produced water treatment. Filtration experiments were conducted on a single 

pass-closed loop batch system shown in Figure 4.11. The membranes were subjected to 

filtration of produced water. The flow rates of permeate, concentrate, and original 

samples as well as assembly pressures and substituent temperatures were monitored. 

Sampling of the original production water, permeate, and the concentrate were taken at 

specified times. These samples were analyzed for carbon content, conductivity, elemental 

composition, and finally molecular composition.  

 

 ICP-OES. The as collected water sample was shaken vigorously to induce 

homogeneity was pre-filtered three times with a Whatmann filter No. 40 before sample 

preparation to remove any particulate matter or non-dissolved matter. The filtered water 

0.5 mL was added to a centrifuge tube, 9.5 mL of 70% concentrated nitric acid was then 

added to the tube. The tube was closed, shaken and allowed to digest for 72 hrs. 0.5 mL 

of digested sample was then diluted again with 9.5 mL of 3.0% nitric acid in DI. This 

sample was then analyzed using ICP-OES (Inductively Coupled Plasma Optical Emission 

Spectrometer) carried out using an Optima 4300 DV spectrophotometer analyzer with an 

AS-93+ autosampler. Inorganic Ventures ICP metal cation standard (IV-ICPMS-71A, 

10ppm) was diluted using 3.0% HNO
3
 in DI to 1/10th and 1/100th diluted fraction of the 

original. The ICP standard, the two diluted fractions, and the 3.0% HNO3 in DI as a blank 

to obtain a four-point calibration curve. During analysis all possible wavelengths were 

measured for each atom (Table S1 in Supporting Information). The wavelengths for each 

atom analyzed are ranked. If similar trends were observed for two or more samples that 

have very similar wavelengths then the measurement with the highest wavelength rank 

was taken and the other one was disregarded.  
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 Carbon analysis. The as collected water sample jars were shook vigorously to 

induce homogeneity then decanted from sample jars and pre-filtered three times with a 

Whatmann filter No. 40 before carbon analysis to remove any samples containing visible 

particulate matter of non-dissolved matter. The filtered water was then diluted to a 

1/100th fraction using DI. The filtered water was added to glass vials, which had been 

cleaned as outlined in the above procedure. Samples were analyzed using a Shimadzu 

TOC analyzer (Model # TOC-VCSH) using an auto-sampler (Model # ASi-V) in total 

carbon (TC) and non-purgeable organic carbon (NPOC) mode. 
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Conclusion 

It is well understood that unconventionally shale gas extraction will be the fastest 

growing source for energy production over the coming decades.
1-4

 To meet this need in a 

timely and economical manner new techniques have been utilized such as horizontal 

drilling and hydraulic fracturing.
5-9

 However the utilization of hydraulic fracturing 

creates some environmental hazards such as large amounts of contaminated water which 

should not be allowed to contaminate drinking water supplies.
10-12

 The routes to 

contamination have been shown in the above introduction (Figure I.1). To combat the 

problems outlined, new methods to monitor groundwater contamination must be achieved 

and new methodologies for frac water purification must also be achieved so as to ensure 

responsible environmental practices by operating companies and to encourage recycling 

of produced water for fracking re-use or discharge,
13-15

 respectively. 

In this thesis we propose some chemical methods to synthesize magnetic 

nanoparticle probes which could accurately distinguish contamination between different 

operating companies in a region and which may also be utilized as down-hole sensors. 

We have also described methodologies that could be used to rapidly screen for 

appropriate surface coatings of these magnetic probes. In other sections we describe the 

state of contamination of produced waters in many different areas of the continental 

United States. Finally we describe the chemical functionalization of ceramic membranes 

which has been utilized for long periods of time in the purification of produced waters 

which until now using un-functionalized membranes has proven impractical due to poor 

quality and massive flux declines. Two problems which do not affect our functionalized 

membrane. 

The ability to manage hydraulic fracturing operations over the coming decades 

both in the US and globally will ensure steady supply of relatively clean energy to many 

populations. By actively identifying areas of concern in this process and by developing 
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materials and methodologies through chemical functionalization the hydraulic fracturing 

process may now have less of an environmental impact over the coming decades. 
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Appendix A 

 

Molecular data tables from GC-MS analysis of produced waters 
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Table A.1. List of identified molecules with GC-MS from Rock Water Acid aliquot extracted with chloroform. 

 

Pk R.T. 

(min) 

A[Tot] 

(%) 

Compound Qual. 

(%) 

CAS # Mw Molecular Formula 

1 1.27 1.185 Ammonia 3 0007664-41-7 17.03 NH3 

2 1.34 1.06 4-Methyl-2-pentene 90 0004461-48-7 84.16 C6H12 

3 1.4 0.25 2-Methyl-2-butene 90 0000513-35-9 70.13 C5H10 

4 1.49 13.1 Trichloromethane 90 0000067-66-3 119.4 CHCl3 

5 7.457 0.56 2,2,3,3-Tetramethylhexane  36 0013475-81-5 142.3 C10H22 

6 7.578 0.8 1-Pentyloxyhexane  59 0032357-83-8 172.3 C11H24O 

7 7.684 1.36 Pentatriacontane 72 0000630-07-9 493 C35H72 

8 8.109 0.22 Dodecane 81 0000112-40-3 170.3 C12H26 

9 8.866 2.08 1-(Pentyloxy)-hexane 38 0032357-83-8 172.3 C11H24O 

10 8.942 1.96 11-(1-Ethylpropyl)-heneicosane  72 0055282-11-6 366.7 C26H54 

11 9.003 2.58 Heneicosane 59 0000629-94-7 296.6 C21H44 

12 9.01 1.48 Docosane 70 0000629-97-0 310.6 C22H46 

13 9.05 0.84 Tricosane 73 0000638-67-5 324.6 C23H48 
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14 9.109 2.48 Nonadecane 64 0000629-92-5 268.5 C19H40 

15 9.502 1.5 Tridecane 95 0000629-50-5 184.4 C13H28 

16 9.6 1.48 Eicosane 58 0000112-95-8 282.6 C20H42 

17 9.7 2.88 2,6-Dimethylheptane 66 0001072-05-5 128.3 C9H20 

18 9.9 1.36 Tetradecane 32 0000629-59-4 198.4 C14H30 

19 10.125 2.32 2,4-Dimethylundecane  3 0017312-80-0 184.4 C13H28 

20 10.275 1.64 4-Methyltridecane  38 0026730-12-1 198.4 C14H30 

21 10.3 1.76 Tetratetracontane 21 0007098-22-8 619.2 C44H90 

22 10.31 0.48 3-Methyldodecane  47 0017312-57-1 184.4 C13H28 

23 10.336 1.88 Octacosane 25 0000630-02-4 394.8 C28H58 

24 10.34 0.34 Triacontane 40 0000638-68-6 422.8 C30H62 

25 10.35 0.86 2-Methyltridecane  56 0001560-96-9 198.4 C14H30 

26 10.36 1.04 Hexatriacontane 85 0000630-06-8 507 C36H74 

27 10.37 0.66 Nonacosane 56 0000630-03-5 408.8 C29H60 

28 10.38 1.06 1-Chloroheptacosane  60 0062016-79-9 415.2 C27H55Cl 

29 10.39 1.72 10-Methylnonadecane  39 0056862-62-5 282.6 C20H42 

30 10.4 1.54 Dotriacontane 28 0000544-85-4 450.9 C32H66 
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31 10.427 0.42 Dotriacontane 52 0000544-85-4 450.9 C32H66 

32 10.43 0.53 Pentatriacontane 21 0000630-07-9 493 C35H72 

33 10.44 0.94 Hexatriacontane 48 0000630-06-8 507 C36H74 

34 10.45 0.6 Triacontane 43 0000638-68-6 422.8 C30H62 

35 10.46 1.92 Tetratetracontane 22 0007098-22-8 619.2 C44H90 

36 10.7 0.155 Hexatriacontane 38 0000630-06-8 507 C36H74 

37 10.805 0.37 Tetradecane 95 0000629-59-4 198.4 C14H30 

38 11 0.255 1-(Cyclohexylmethyl)-4-methylcyclohexane  89 0066826-95-7 194.4 C14H26 

39 11.411 0.865 Cyclotetradecane 70 0000295-17-0 196.4 C14H28 

40 11.457 0.75 5-Methyltetradecane  43 0025117-32-2 212.4 C15H32 

41 11.578 1.21 1-Bromooctadecane  55 0000112-89-0 333.9 C18H37Br 

42 11.669 0.62 1-Bromohexadecane  46 0000112-82-3 305.3 C16H33Br 

43 11.7 1.14 1-Bromopentadecane  88 0000629-72-1 291.3 C15H31Br 

44 11.4 0.27 1-Bromooctadecane  90 0000112-89-0 333.9 C18H37Br 

45 11.881 0.38 Octahydro-4a-methyl-2(1H)-naphthalenone  83 0000938-06-7 166.3 C11H18O 

46 12.033 0.56 Pentadecane 83 0000629-62-9 212.4 C15H32 

47 12.123 0.305 2-Hexyl-1-decanol 38 0002425-77-6 242.4 C16H34O 
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48 12.578 0.59 1,5-dimethyl-7-Oxabicyclo[4.1.0]heptane  58 0162239-52-3 126.2 C8H14O 

49 12.639 0.22 (2-Methylpropyl)-cyclohexane  43 0001678-98-4 140.3 C10H20 

50 12.699 0.27 5-methyl-2-(1-methylethyl)-cyclohexanol  38 0001490-04-6 156.3 C10H20O 

51 12.73 1.02 1,8,10-Pentadecatriene 37 1227308-82-8 206.4 C15H26 

52 12.76 4.1 1,54-Dibromotetrapentacontane  41 0852228-22-9 917.2 C54H108Br2 

53 13.184 0.30 Hexadecane 98 0000544-76-3 226.4 C16H34 

54 13.26 0.14 (1-Butylheptyl)-undecane  46 0013151-80-9 238.5 C17H34 

55 13.714 1.36 (1-Butylheptyl)-octadecane  58 0000112-89-0 333.9 C18H37Br 

56 13.805 0.22 1-Methyl-3-(1-methylethyl)-cyclopentane 47 0053771-88-3 126.2 C9H18 

57 13.881 1.04 17-Methylpentatriacontane  38 0056987-83-8 507 C36H74 

58 13.957 0.98 1,54-Dibromotetrapentacontane  43 0852228-22-9 917.2 C54H108Br2 

59 14.048 1.29 Hexadecahydropyrene  53 0002435-85-0 218.4 C16H26 

60 14.275 0.74 Heptadecane 96 0000629-78-7 240.5 C27H36 

61 14.235 0.42 1,54-Dibromotetrapentacontane  49 0852228-22-9 917.2 C54H108Br2 

62 14.729 2.48 1,5-Dimethyl-7-oxabicyclo[4.1.0]heptane  55 0162239-52-3 126.2 C8H14O 

63 14.82 1.5 1-Chlorohexadecane  38 0004860-03-1 260.9 C16H33Cl 

64 14.926 1.48 (1-Propylnonyl)-cyclohexane  64 0013151-84-3 252.5 C18H36 
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65 15.017 2.88 1,12-Dibromododecane  47 0003344-70-5 328.1 C12H24Br2 

66 15.305 1.36 Tritetracontane 87 0007098-21-7 605.2 C43H88 

67 15.31 2.32 Tetratetracontane 48 0007098-22-8 619.2 C44H90 

68 15.32 3.28 Hexatriacontane 63 0000630-06-8 507 C36H74 

69 15.33 3.52 Octadecane 21 0000593-45-3 254.5 C18H38 

70 15.396 0.96 1,54-Dibromotetrapentacontane 52 0852228-22-9 917.2 C54H108Br2 

71 16.305 3.76 Nonadecane 93 0000629-92-5 268.5 C19H40 
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Table A.2. List of identified molecules with GC-MS from Rock Water Neutral aliquot extracted with chloroform. 

 

Pk R.T. 

(min) 

A[Tot] 

(%) 

Compound name Qual. 

(%) 

CAS # Mw Molecular Formula 

1 1.26 2.37 Ammonia 2 0007664-41-7 17.03 NH3 

2 1.33 2.12 2-Methyl-1-butene  91 0000563-46-2 70.13 C5H10 

3 1.48 25.84 Trichloromethane  83 0000067-66-3 119.38 CHCl3 

4 9.13 0.5 Hydrochloric Acid 5 0007647-01-0 36 HCl 

5 9.50 1.48 Hydrochloric Acid 9 0007647-01-0 36 HCl 

6 10.50 1.12 1-(Pentyloxy)-hexane  43 0032357-83-8 172.31 C11H24O 

7 10.81 0.8 Pentacosane 86 0000629-99-2 352.68 C25H52 

8 10.81 1.36 Tricosane 76 0000638-67-5 324.63 C23H48 

9 10.83 0.22 Triacontane 74 0000638-68-6 422.81 C30H62 

10 10.84 2.08 Pentacosane 82 0000629-99-2 352.68 C25H52 

11 10.85 1.96 Octacosane 93 0000630-02-4 394.76 C28H58 

12 10.86 2.58 Dotriacontane 90 0000544-85-4 450.87 C32H66 

13 10.96 1.48 Pentatriacontane 48 0000630-07-9 492.95 C35H72 
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14 10.23 0.84 Tetradecane 73 0000629-59-4 198.39 C14H30 

15 11.41 2.48 1-Methyl-7-oxabicyclo[4.1.0]heptane  43 0001713-33-3 112.17 C7H12O 

16 11.57 1.5 11-(1-Ethylpropyl)-heneicosane 80 0055282-11-6 366.71 C26H54 

17 11.60 1.48 Triacontane 85 0000638-68-6 422.81 C30H62 

18 11.63 2.88 Nonacosane 32 0000630-03-5 408.79 C29H60 

19 11.67 1.36 1-Fluorododecane 35 0000334-68-9 188.33 C12H25F 

20 11.97 2.32 2-Butyl-1-octanol  12 0003913-02-8 186.33 C12H26O 

21 12.02 3.28 Pentadecane 95 0000629-62-9 212.41 C15H32 

22 12.58 3.52 2,2,2-Trifluorotetradecyl ester acetic acid  37 0006222-02-2 310.4 C16H29F3O2 

23 12.67 0.96 2,2,3,3,4,4,4-Heptafluoroundecyl ester butanoic 

acid  

90 0959103-74-3 368.33 C15H23F7O2 

24 12.35 3.76 17-Pentatriacontene 94 0006971-40-0 490.93 C35H70 

25 12.70 0.68 Pentacosane 43 0000629-99-2 352.68 C25H52 

26 12.72 0.86 Tricosane 65 0000638-67-5 324.63 C23H48 

27 12.74 1.04 Eicosane 49 0000112-95-8 282.55 C20H42 

28 12.76 0.66 Dotriacontane 50 0000544-85-4 450.87 C32H66 

29 12.84 1.06 1-Fluorododecane  12 0000334-68-9 188.33 C12H25F 
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30 13.19 1.72 Pentacosane 43 0000629-99-2 352.68 C25H52 

31 13.21 1.54 Tricosane 90 0000638-67-5 324.63 C23H48 

32 13.13 0.42 Eicosane 65 0000112-95-8 282.55 C20H42 

33 13.26 0.53 1-Dotriacontanol 23 0006624-79-9 466.87 C32H66O 

34 13.72 0.94 Tritetracontane 64 0007098-21-7 605.16 C43H88 

35 13.81 0.6 10-Pentadecen-1-ol 42 0129396-62-9 226.4 C15H30O 

36 13.87 3.84 1-(3-Methyl-2-furanyl)-2-propanone  14 0087773-62-4 138.16 C8H10O2 

37 14.28 0.31 Heptadecane 95 0000629-78-7 240.47 C27H36 

38 14.32 0.74 2,6,10-Trimethyldodecane  90 0003891-98-3 212.41 C15H32 

39 14.73 0.51 2-Ethyl-1-decanol  10 0021078-65-9 186.33 C12 H26O 

40 14.82 1.73 Dotriacontane 47 0000544-85-4 450.87 C32H66 

41 14.90 0.75 Triacontane 44 0000638-68-6 422.81 C30H62 

42 14.98 1.21 10-Pentadecen-1-ol 45 0129396-62-9 226.4 C15H30O 

43 15.31 0.62 Tetratetracontane 90 0007098-22-8 619.19 C44H90 

44 15.32 2.28 Tritetracontane 80 0007098-21-7 605.16 C43H88 

45 15.37 0.54 Triacontane 81 0000638-68-6 422.81 C30H62 

46 13.38 0.76 Hexatriacontane 63 0000630-06-8 506.97 C36H74 
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47 15.40 1.12 Hexatriacontane 53 0000630-06-8 506.97 C36H74 

48 16.31 0.61 Hexatriacontane 72 0000630-06-8 506.97 C36H74 

49 17.25 0.59 Tetratetracontane 90 0007098-22-8 619.19 C44H90 

50 17.30 0.22 Triacontane 69 0000638-68-6 422.81 C30H62 

51 17.40 0.27 Dotriacontane 99 0000544-85-4 450.87 C32H66 

52 17.50 1.02 Hexatriacontane 73 0000630-06-8 506.97 C36H74 

53 17.60 4.1 Nonacosane 32 0000630-03-5 408.79 C29H60 

54 18.14 0.30 2,2,3,3-Tetramethylhexane  50 0013475-81-5 142.28 C10H22 

55 18.20 0.14 Hexadecane 38 0000544-76-3 226.44 C16H34 
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Table A.3.  List of identified molecules with GC-MS from Baker Hughes Acid aliquot extracted with chloroform. 

 

Pk R.T. 

(min) 

A[Tot] 

(%) 

Library/ID Qual. 

(%) 

CAS # Mw Molecular Formula 

1 1.26 1.27 Pentylhydroperoxide  25 0000074-80-6 104.2 C5H12O2 

2 1.35 1.11 Dichloromethane  96 0000075-09-2 84.93 CH2Cl2 

3 1.43 0.24 1,1-Dichloroethane  94 0000075-34-3 98.96 C2H4Cl2 

4 1.49 0.42 1,1'-oxybis[1,1]-Dichloromethane  90 0020524-86-1 183.9 C2H2Cl4O 

5 1.56 0.64 Trichloromethane  83 0000067-66-3 119.4 CHCl3 

6 1.69 0.98 Trichloromethane  92 0000067-66-3 119.4 CHCl3 

7 1.72 0.94 Trichloromethane  96 0000067-66-3 119.4 CHCl3 

8 1.85 0.81 1H-Imidazole-2-amine 43 0007720-39-0 83.09 C3H5N3 

9 1.93 0.73 2,4-Dichloro-5-oxo-2-hexenedioic acid 28 0056771-78-9 227 C6H4Cl2O5 

10 1.97 0.18 Trichloromethane  27 0000067-66-3 119.4 CHCl3 

11 2.08 0.41 Trichlorodocosylsilane  42 0007325-84-0 444 C22H45Cl3Si 

12 2.16 0.37 Methylbenzene  50 0000108-88-3 92.14 C7H8 

13 2.20 0.27 1,4-Dimethylcyclohexane  87 0000589-90-2 112.2 C8H16 
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14 2.31 0.65 Hydrochloric Acid 9 0007647-01-0 36 HCl 

15 2.37 0.48 O-Decylhydroxylamine  50 0029812-79-1 173.3 C10H23NO 

16 2.43 1.47 Hydrochloric Acid 5 0007647-01-0 36 HCl 

17 2.73 0.72 Decylcyclohexane  42 0001795-16-0 224.4 C16H32 

18 2.75 1.22 1-Oxide-2-pyridinamine  53 0014150-95-9 110.1 C5H6N2O 

19 2.87 0.37 Hydrochloric Acid 9 0007647-01-0 36 HCl 

20 2.91 0.31 2,2-Dichloro-3,6-dimethyl-1-Oxa-2-

silacyclohexa-3,5-diene  

83 0069586-09-0 195.1 C6H8Cl2OSi 

21 2.96 1.00 1-Propoxyhexane  9 0053685-78-2 144.3 C9H20O 

22 3.05 1.29 4-Methyloctane  16 0002216-34-4 128.3 C9H20 

23 3.10 0.74 1,2-Dimethylbenzene  59 0000095-47-6 106.2 C8H10 

24 3.16 0.21 4-Propylheptane  47 0003178-29-8 142.3 C10H22 

25 3.20 0.41 1,2-Dimethylbenzene  97 0000095-47-6 106.2 C8H10 

26 3.26 0.51 1,2-Dimethylbenzene  95 0000095-47-6 106.2 C8H10 

27 3.37 1.73 1-Ethyl-4-methylcyclohexane  81 0003728-56-1 126.2 C9H18 

28 3.53 0.52 Nonane 68 0000111-84-2 128.3 C9H20 

29 3.64 0.12 1-Ethyl-4-methylcyclohexane  74 0003728-56-1 126.2 C9H18 
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30 3.82 2.28 5-Octen-1-ol 72 0064275-73-6 128.2 C8H16O 

31 3.97 0.19 Propylcyclohexane  50 0001678-92-8 126.2 C9H18 

32 4.02 0.19 2,6-Dimethyloctane  92 0002051-30-1 142.3 C10H22 

33 4.14 1.05 Diglycine ethyl ester 16 0000627-74-7 160.2 C6H12N2O3 

34 4.35 0.14 1,2,3,4-Tetramethylcyclohexane  46 0003726-45-2 140.3 C10H20 

35 4.44 0.54 2,5,9-Trimethyldecane  50 0062108-22-9 184.36 C13H28 

36 4.49 0.56 Hydrochloric Acid 47 0007647-01-0 36 HCl 

37 4.53 0.37 1-Ethyl-3-methylbenzene  92 0000620-14-4 120.2 C9H12 

38 4.56 1.80 1-Ethyl-2-methylbenzene  91 0000611-14-3 120.2 C9H12 

39 4.59 0.91 7-Methyltridecane  83 0026730-14-3 198.4 C14H30 

40 4.63 1.91 1-Propylcyclohexene  43 0002539-75-5 124.2 C9H16 

41 4.78 0.55 2-Hydroxy-4-(1-methylethyl)-2-cyclopenten-1-

one  

42 0054639-82-6 140.2 C8H12O2 

42 4.90 0.62 Hydrochloric Acid 5 0007647-01-0 36 HCl 

43 5.05 0.4 Decane 95 0000124-18-5 142.3 C10H22 

44 5.29 0.69 α-Methylbenzeneacetaldehyde  9 0000093-53-8 134.2 C9H10O 

45 5.41 0.11 4-Methyldecane  64 0002847-72-5 156.3 C11H24 
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46 5.47 0.56 1,2,4-Trimethylbenzene  49 0000095-63-6 120.2 C9H12 

47 5.51 0.59 5 (1-Methylpropylidene)-1,3-cyclopentadiene  49 0003141-02-4 120.2 C9H12 

48 5.55 0.78 Decylcyclohexane  78 0001795-16-0 224.4 C16H32 

49 5.63 0.60 Hydrochloric Acid 5 0007647-01-0 36 HCl 

50 5.91 0.79 Decahydronaphthalene  30 0000091-17-8 138.3 C10H18 

51 5.96 0.17 2,2,3,3-Tetramethylhexane  56 0013475-81-5 142.3 C10H22 

52 6.00 0.30 1-Methyl-1,2-cyclohexanediol  25 0006296-84-0 130.2 C7H14O2 

53 6.05 0.74 Imidazo[1,2-a]pyrimidine 50 0000274-95-3 119.1 C6H5N3 

54 6.17 0.89 Octadecane 9 0000593-45-3 254.5 C18H38 

55 6.27 0.23 Nonadecane 9 0000629-92-5 268.5 C19H40 

56 6.62 0.34 Undecane 76 0001120-21-4 156.3 C11H24 

57 6.76 2.37 Trans-5-Methylspiro[3,5]nonan-1-one  30 0065417-56-0 152.2 C10H16O 

58 7.03 0.74 3,8-Dimethyldecane 50 0017312-55-9 170.3 C12H26 

59 7.05 0.61 Hexatriacontane 50 0000630-06-8 507 C36H74 

60 7.07 0.99 Dotriacontane 50 0000544-85-4 450.9 C32H66 

61 7.09 0.60 Tetratetracontane 50 0007098-22-8 619.2 C44H90 

62 7.11 1.00 Tritetracontane 50 0007098-21-7 605.2 C43H88 
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63 7.14 1.08 Pentylcyclohexane 30 0004292-92-6 154.3 C11H22 

64 7.44 0.12 4-Propylheptane  64 0003178-29-8 142.3 C10H22 

65 7.58 0.36 Octacosane 72 0000630-02-4 394.8 C28H58 

66 7.58 0.45 Pentacosane 72 0000629-99-2 352.7 C25H52 

67 7.59 0.29 Nonadecane 72 0000629-92-5 268.5 C19H40 

68 7.60 1.97 Heptadecane 72 0000629-78-7 240.5 C27H36 

69 7.61 1.77 Nonacosane 72 0000630-03-5 408.8 C29H60 

70 7.62 0.37 Docosane 72 0000629-97-0 310.6 C22H46 

71 7.63 0.18 Octadecane 72 0000593-45-3 254.5 C18H38 

72 7.64 0.07 Triacontane 72 0000638-68-6 422.8 C30H62 

73 7.65 0.14 Heneicosane 72 0000629-94-7 296.6 C21H44 

74 7.67 0.53 Pentatriacontane 47 0000630-07-9 493 C35H72 

75 7.68 0.69 Triacontane 47 0000638-68-6 422.8 C30H62 

76 7.69 0.08 Tricosane 47 0000638-67-5 324.6 C23H48 

77 7.70 0.47 Hexatriacontane 47 0000630-06-8 507 C36H74 

78 7.71 1.89 Docosane 47 0000628-97-0 310.6 C22H46 

79 7.72 0.71 Dotriacontane 47 0000544-85-4 450.9 C32H66 
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80 8.11 0.33 Dodecane 96 0000112-40-3 170.3 C12H26 

81 8.31 0.15 2,6-Dimethylundecane  86 0017301-23-4 184.4 C13H28 

82 8.94 0.26 1-Dotriacontanol 22 0006624-79-9 466.9 C32H66O 

83 9.00 0.79 17-Pentatriacontene 22 0006971-40-0 490.9 C35H70 

84 9.12 0.14 7-Methyltridecane  72 0026730-14-3 198.4 C14H30 

85 9.20 0.34 α-Methyl-1H-imidazole-1-ethanol  23 0037788-55-9 126.2 C6H10N2O 

86 9.50 0.38 Tridecane 96 0000629-50-5 184.4 C13H28 

87 9.55 0.81 1-Ethylidene-1H-indene  90 0002471-83-2 142.2 C11H10 

88 9.78 1.99 1-Ethylidene-1H-Indene  83 0002471-83-2 142.2 C11H10 

89 9.85 0.24 3,4,5,6-Tetrahydro-3-hydroxy-2H-

cyclopentathiazol-2-imine  

53 0738528-09-1 156.2 C6H8N2OS 

90 10.32 0.07 Dotriacontane 59 0000544-85-4 450.9 C32H66 

91 10.33 0.04 Octacosane 59 0000630-02-4 394.8 C28H58 

92 10.34 0.22 11-(1-Ethylpropyl)-heneicosane 59 0055282-11-6 366.7 C26H54 

93 10.35 0.32 Heptacosane 59 0000593-49-7 380.7 C27H56 

94 10.36 0.30 3,8-Dimethyldecane  59 0017312-55-9 170.3 C12H26 

95 10.41 0.22 Hexatriacontane 59 0000630-06-8 507 C36H74 
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96 10.42 0.25 Triacontane 59 0000638-68-6 422.8 C30H62 

97 10.43 0.44 Dotriacontane 59 0000544-85-4 450.9 C32H66 

98 10.49 0.09 Tetratetracontane 59 0007098-22-8 619.2 C44H90 

99 10.50 0.12 2,6,10-Trimethyldodecane  91 0003891-98-3 212.4 C15H32 

100 10.81 0.33 Tetradecane 98 0000629-59-4 198.4 C14H30 

101 11.22 0.83 2,7-Dimethylnaphthalene  93 0000582-16-1 156.2 C12H12 

102 11.40 0.14 2-Mercaptocyclohexyl ester Acetic Acid,  22 0016849-98-2 174.3 C8H14O2S 

103 11.56 0.18 2,6,10-Trimethyldodecane  86 0003891-98-3 212.4 C15H32 

104 12.02 0.29 Pentadecane 97 0000629-62-9 212.4 C15H32 

105 12.64 0.01 2-methyl- 2-hydroxy-2-methyl-3-buten-1-yl 

ester 2-Butenoic acid  

53 1418543-90-4 184.2 C10H16O3 

106 12.75 0.14 Dodecane 55 0000112-40-3 170.3 C12H26 

107 13.17 0.28 Hexadecane 98 0000544-76-3 226.4 C16H34 

108 13.71 0.15 3,6-Dimethylundecane  72 0017301-28-9 184.4 C13H28 

109 13.81 0.44 (1,3-Dimethylbutyl)-cyclohexane  38 0061142-19-6 168.3 C12H24 

110 13.85 0.66 Tridecanal 38 0010486-19-8 198.3 C13H26O 

111 13.85 0.34 Tetradecanal 38 0000124-25-4 212.4 C14H28O 
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112 13.87 0.42 3,8-Dimethyldecane  53 0017312-55-9 170.3 C12H26 

113 14.28 0.21 Heptadecane 95 0000629-78-7 240.5 C27H36 

114 14.32 0.21 2,6,10,14-Tetramethylpentadecane  91 0001921-70-6 268.5 C19H40 

115 14.33 1.53 Triacontane 78 0000638-68-6 422.8 C30H62 

116 14.34 0.24 Pentatriacontane 78 0000630-07-9 493 C35H72 

117 14.35 0.19 Tetratetracontane 78 0007098-22-8 619.2 C44H90 

118 15.20 0.59 11-(1-Ethylpropyl)-heneicosane 78 0055282-11-6 366.7 C26H54 

119 15.31 0.23 Octadecane 98 0000593-45-3 254.5 C18H38 

120 15.40 0.19 2,6,10,14-Tetramethylhexadecane  91 0000638-36-8 282.6 C20H42 

121 16.31 0.19 Nonadecane 95 0000629-92-5 268.5 C19H40 

122 17.24 0.15 Eicosane 98 0000112-95-8 282.6 C20H42 

123 18.14 0.13 Heneicosane 96 0000629-94-7 296.6 C21H44 

124 19.02 0.12 Hexatriacontane 83 0000630-06-8 507 C36H74 

125 19.71 0.25 1,6-Dibutylesterhexanedioic acid  45 0000105-99-7 258.4 C14H26O4 

126 19.84 0.09 Pentatriacontane 90 0000630-07-9 493 C35H72 

127 19.86 0.63 11-(1-Ethylpropyl)-heneicosane  90 0055282-11-6 366.7 C26H54 

128 20.48 0.36 Triacontane 90 0000638-68-6 422.8 C30H62 
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129 20.62 0.23 Tetratetracontane 91 0007098-22-8 619.2 C44H90 

130 20.65 0.12 Triacontane 91 0000638-68-6 422.8 C30H62 

131 20.69 1.37 Tricosane 91 0000638-67-5 324.6 C23H48 

132 20.76 0.09 Hexatriacontane 91 0000630-06-8 507 C36H74 

133 20.91 3.19 Pentatriacontane 91 0000630-07-9 493 C35H72 

134 21.38 0.97 Hexatriacontane 78 0000630-06-8 507 C36H74 

135 21.90 0.09 1,2-diisooctyloate-1,2-Benzenedicarboxylic acid 53 0027554-26-3 390.6 C24H38O4 

136 22.12 1.21 1-Chloroheptacosane  91 0062016-79-9 415.2 C27H55Cl 

137 22.84 0.61 1-Chloroheptacosane  72 0062016-79-9 415.2 C27H55Cl 

138 23.52 0.08 Nonacosane 59 0000630-03-5 408.8 C29H60 

139 23.71 0.19 Hexatriacontane 59 0000630-06-8 507 C36H74 

140 23.77 0.07 1-Chloroheptacosane  59 0062016-79-9 415.2 C27H55Cl 

141 23.84 0.10 1-Chlorooctadecane  59 0003386-33-2 288.9 C18H37Cl 

142 24.40 0.10 Pentatriacontane 59 0000630-07-9 493 C35H72 

143 24.53 0.05 1,2-bis(8-methylnonyl)-oate-1,2-

benzenedicarboxylic acid 

78 0000089-16-7 446.7 C28H46O4 

144 24.82 0.03 1,2-diisonoyloate-1,2-benzenedicarboxylic acid 64 0028553-12-0 418 C26H42O4 
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145 24.90 0.56 1,2-bis(8-methylnonyl)-oate-1,2-

benzenedicarboxylic acid  

78 0000089-16-7 446.7 C28H46O4 
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Table A.4. List of identified molecules with GC-MS from Baker Hughes Neutral aliquot extracted with chloroform. 

 

Pk R.T. 

(min) 

A[Tot] 

(%) 

Library/ID Qual. 

(%) 

CAS # Mw Molecular Formula 

1 1.27 0.42 Hydroxyacetonitrile  5 0000107-16-4 57.05 C2H3NO 

2 1.33 0.64 1,1-Dimethylcyclopropane  94 0001630-94-0 70.13 C5H10 

3 1.46 0.98 Hexane 93 0000110-54-3 86.18 C6H14 

4 1.48 4.78 Trichloromethane  83 0000067-66-3 119.38 CHCl3 

5 1.62 0.94 α-2-Propen-1-yl-benzenemethanol  53 0000936-58-3 148.2 C10H12O 

6 1.68 0.73 1,3-Dimethylcyclopentane  96 0002453-00-1 98.19 C7H14 

7 1.68 0.65 cis-1,2-Dimethylcyclopentane 95 0001192-18-3 98.19 C7H14 

8 1.68 1.47 1,3-Dimethylcyclopentane  96 0002453-00-1 98.19 C7H14 

9 1.85 1.22 Methylcyclohexane  97 0000108-87-2 98.19 C7H14 

10 1.92 0.37 1,2,4-Trimethylcyclopentane  90 0002815-58-9 112.21 C8H16 

11 1.98 0.31 3-Methyl-1-heptene  83 0004810-09-7 112.21 C8H16 

12 2.07 1.00 2-Methylheptane  96 0000592-27-8 114.23 C8H18 

13 2.15 1.29 Methylbenzene  93 0000108-88-3 92.14 C7H8 
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14 2.19 0.74 1,3-Dimethylcyclohexane  95 0000638-04-0 112.21 C8H16 

15 2.30 0.51 cis-1-Ethyl-2-methyl-cyclopentane  96 0000930-89-2 112.21 C8H16 

16 2.36 1.73 2-Octene 70 0000111-67-1 112.21 C8H16 

17 2.63 0.12 2,6-Dimethylheptane  90 0001072-05-5 128.26 C9H20 

18 2.72 2.28 Ethylcyclohexane  94 0001678-91-7 112.21 C8H16 

19 2.74 1.05 1,1,3-Trimethylcyclohexane  96 0003073-66-3 126.24 C9H18 

20 2.88 0.14 cis-1,2-Dimethylcyclopentane  87 0001192-18-3 98.19 C7H14 

21 2.91 0.54 1,2,4-Trimethylcyclohexane  96 0007667-60-9 126.24 C9H18 

22 3.06 0.56 2-Methyloctane  64 0003221-61-2 128.26 C9H20 

23 3.10 0.37 Ethylbenzene  95 0000100-41-4 106.17 C8H10 

24 3.19 1.80 1,2-Dimethylbenzene  95 0000095-47-6 106.17 C8H10 

25 3.36 0.91 1-Ethyl-3-methylcyclohexane  97 0019489-10-2 126.24 C9H18 

26 3.53 1.91 Nonane 87 0000111-84-2 128.26 C9H20 

27 3.83 0.55 Octahydro-2-methylpentalene  55 0003868-64-2 124.22 C9H16 

28 3.97 0.62 Propylcyclohexane  96 0001678-92-8 126.24 C9H18 

29 4.03 0.69 1-Decene 60 0000872-05-9 140.27 C10H20 

30 4.13 0.56 (E)-3-Heptene  45 0014686-14-7 98.19 C7H14 
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31 4.35 0.59 4-Decene 58 0019398-89-1 140.27 C10H20 

32 4.44 0.78 4-Methylnonane  93 0017301-94-9 142.28 C10H22 

33 4.53 0.60 1-Ethyl-2-methylbenzene  93 0000611-14-3 120.19 C9H12 

34 4.62 0.79 1-Ethyl-2-methylbenzene 93 0000095-63-6 120.19 C9H12 

35 4.71 0.17 1,2,3-Trimethylbenzene 92 0000526-73-8 120.19 C9H12 

36 4.80 0.30 1,3,5-Trimethylbenzene  91 0000108-67-8 120.19 C9H12 

37 4.81 0.74 4-Propyl-3-heptene  55 0004485-13-6 140.27 C10H20 

38 5.01 0.89 1,3,5-Trimethylbenzene  95 0000108-67-8 120.19 C9H12 

39 5.05 0.23 1,2,3-Trimethylbenzene  95 0000526-73-8 120.19 C9H12 

40 5.06 2.37 Decane 97 0000124-18-5 142.28 C10H22 

41 5.41 0.74 4-Methyldecane 96 0002847-72-5 156.31 C11H24 

42 5.47 0.61 1-Ethyl-2-methylbenzene 90 0000611-14-3 120.19 C9H12 

43 5.62 0.99 Propylcyclopentane  96 0002040-96-2 112.21 C8H16 

44 5.71 0.60 2-Ethyl-1,1,3-trimethylcyclohexane  95 0442662-72-8 154.29 C11H22 

45 5.86 1.00 2-Methyl-1-dodecanol  64 0022663-61-2 200.36 C13H28O 

46 5.92 1.08 1-Methyl-3-propylbenzene  91 0001074-43-7 134.22 C10H14 

47 5.95 0.12 5-Methyltetradecane 93 0025117-32-2 212.41 C15H32 
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48 6.00 0.36 4-Methyldecane  64 0002847-72-5 156.31 C11H24 

49 6.06 0.45 2-Methyldecane  91 0006975-98-0 156.31 C11H24 

50 6.16 0.29 3-Methyldecane  95 0013151-34-3 156.31 C11H24 

51 6.56 1.97 Pentylcyclohexane  38 0004292-92-6 154.29 C11H22 

52 6.62 1.77 Undecane 96 0001120-21-4 156.31 C11H24 

53 6.77 0.37 Decahydro-1-methyl-2-methylenenaphthalene  97 0090548-09-7 164.29 C12H20 

54 6.86 0.18 Decahydro-2-methyl-naphthalene,  97 0002958-76-1 152.28 C11H20 

55 6.98 0.07 1,2,4,5-Tetramethylbenzene  95 0000095-93-2 134.22 C10H14 

56 7.01 0.14 1-Methyl-4-(1-methylethyl)-benzene  94 0000099-87-6 134.22 C10H14 

57 7.03 0.53 4,4-Dimethyl-2-(1-methylethenyl)-

cyclopentanone 

50 0343270-53-1 154.25 C10H18O 

58 7.47 0.69 4,4-dimethyl-2-(1-methylethenyl)-benzene 90 0000095-93-2 134.22 C10H14 

59 7.51 0.08 4-Methylundecane  81 0002980-69-0 170.33 C12H26 

60 7.59 0.47 Decahydro-2,3-dimethylnaphthalene  42 0001008-80-6 166.3 C12H22 

61 8.12 1.89 Dodecane 95 0000112-40-3 170.33 C12H26 

62 8.31 0.71 2,6-Dimethylundecane  76 0017301-23-4 184.36 C13H28 

63 8.85 0.26 2,6-Dimethylundecane  81 0017301-23-4 184.36 C13H28 
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64 8.88 0.79 2,3-Dimethyldecane  25 0017312-44-6 170.33 C12H26 

65 9.01 0.34 17-Pentatriacontene 30 0006971-40-0 490.93 C35H70 

66 9.12 0.81 7-Methyltridecane  81 0026730-14-3 198.39 C14H30 

67 9.51 1.99 Tridecane 96 0000629-50-5 184.36 C13H28 

68 9.77 0.24 2-Methylnaphthalene  93 0000091-57-6 142.2 C11H10 

69 10.10 0.07 Cyclotridecane 90 0000295-02-3 182.35 C13H26 

70 10.15 0.04 1,2,3,4-Tetrahydro-1,5,7-trimethylnaphthalene  90 0021693-55-0 174.28 C13H18 

71 10.16 0.22 3,5,24-Trimethyltetracontane 52 0055162-61-3 605.16 C43H88 

72 10.20 0.32 Decahydro-2,3-dimethylnaphthalene  52 0001008-80-6 166.3 C12H22 

73 10.50 0.30 2,6,10-Trimethyldodecane 91 0003891-98-3 212.41 C15H32 

74 10.62 0.22 2,6,10,14-Tetramethylhexadecane  90 0000638-36-8 282.55 C20H42 

75 10.79 0.25 Decahydro-2,3-dimethylnaphthalene  87 0001008-80-6 166.3 C12H22 

76 10.80 0.44 Tetradecane 98 0000629-59-4 198.39 C14H30 

77 10.85 0.09 Undecane 50 0001120-21-4 156.31 C11H24 

78 11.27 0.83 1,1,3-Trimethylcyclopentane  51 0004516-69-2 112.21 C8H16 

79 11.41 0.14 1,5-Dimethylnaphthalene  95 0000571-61-9 156.22 C12H12 

80 11.44 0.01 1,4-Dimethylnaphthalene  94 0000571-58-4 156.22 C12H12 
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81 11.45 0.14 2,7-Dimethylnaphthalene  84 0000582-16-1 156.22 C12H12 

82 11.57 0.44 10-Methyleicosane  91 0054833-23-7 296.57 C21H44 

83 11.62 0.66 2,6,11-Trimethyldodecane  89 0031295-56-4 212.41 C15H32 

84 11.68 0.34 Nonadecane 87 0000629-92-5 268.52 C19H40 

85 11.78 0.42 Tritetracontane 54 0007098-21-7 605.16 C43H88 

86 12.03 1.53 Pentadecane 97 0000629-62-9 212.41 C15H32 

87 12.65 0.24 1-Hexacosanol 68 0000506-52-5 382.71 C26H54O 

88 12.69 0.19 1,6,7-Trimethylnaphthalene  97 0002245-38-7 170.25 C13H14 

89 12.70 0.59 1,4,6-Trimethylnaphthalene  97 0002131-42-2 170.25 C13H14 

90 12.74 0.25 2,3,6-Trimethylnaphthalene  97 0000829-26-5 170.25 C13H14 

91 12.78 0.63 3,8-Dimethyldecane  70 0017312-55-9 170.33 C12H26 

92 12.89 0.36 1,4,5-Trimethylnaphthalene  96 0002131-41-1 170.25 C13H14 

93 12.94 0.23 1,6,7-Trimethylnaphthalene  96 0002245-38-7 170.25 C13H14 

94 13.05 0.12 2,3,6-Trimethylnaphthalene  95 0000829-26-5 170.25 C13H14 

95 13.18 1.37 Hexadecane 98 0000544-76-3 226.44 C16H34 

96 13.31 0.09 Tridecane 64 0000629-50-5 184.36 C13H28 

97 13.59 3.19 1,2,3,4-Tetramethylnaphthalene  55 0003031-15-0 184.28 C14H16 



 

1
7
3
 

98 13.72 0.97 2,6,10-Trimethylpentadecane  97 0003892-00-0 254.49 C18H38 

99 13.91 0.09 4-Methyl-3-dodecen-1-ol  46 1372101-59-1 198.4 C13H26O 

100 14.28 1.21 Heptadecane 95 0000629-78-7 240.47 C27H36 

101 14.33 0.61 2,6,10,14-Tetramethylpentadecane 98 0001921-70-6 268.52 C19H40 

102 14.39 0.08 Tetradecane 86 0000629-59-4 198.39 C14H30 

103 14.54 0.19 1-Hentetracontanol 30 0040710-42-7 593.11 C41H84O 

104 14.88 0.07 Tetradecane 84 0000629-59-4 198.39 C14H30 

105 15.06 0.10 3,7-Dimethyl-7-octenal  46 0000141-26-4 154.25 C10H18O 

106 15.16 0.10 1,1,3-Trimethylcyclopentane  51 0004516-69-2 112.21 C8H16 

107 15.21 0.03 Tetradecane 59 0000629-59-4 198.39 C14H30 

108 15.31 0.56 Octadecane 99 0000593-45-3 254.49 C18H38 

109 15.40 0.48 2,6,10,14-Tetramethylhexadecane  97 0000638-36-8 282.55 C20H42 

110 15.53 0.07 14-Methylhexadecanal  60 0093815-50-0 254.45 C17H34O 

111 15.59 0.18 1,7,11-Trimethyl-4-(1-methylethyl)-

cyclotetradecane 

58 0001786-12-5 280.53 C20H40 

112 15.65 0.34 2,6,10-Trimethylundecanoic acid  58 0001115-94-2 228.37 C14H28O2 

113 15.77 0.16 Pentadecane 74 0000629-62-9 212.41 C15H32 



 

1
7
4
 

114 15.81 0.51 2-Methyltetradecane  60 0001560-95-8 212.4 C15H32 

115 16.31 0.95 Nonadecane 97 0000629-92-5 268.52 C19H40 

116 16.36 0.24 1-Nonadecene 86 0018435-45-5 266.51 C19H38 

117 16.50 0.10 1-Methylphenanthrene  55 0000832-69-9 192.26 C15H12 

118 16.56 0.10 2-Methyltetradecane  50 0001560-95-8 212.4 C15H32 

119 16.63 0.12 2-Methyltetradecane  78 0001560-95-8 212.4 C15H32 

120 16.74 0.10 10,11-Dihydro-5H-dibenzo[a,d]cyclohepten-5-ol 64 0001210-34-0 210.27 C15H14O 

121 16.78 2.76 2-Methyltetradecane 64 0001560-95-8 212.4 C15H32 

122 16.94 0.12 4-Methyl-3-dodecen-1-ol  64 1372101-59-1 198.4 C13H26O 

123 17.25 0.96 Eicosane 99 0000112-95-8 282.55 C20H42 

124 17.66 0.55 1-Octadecene 80 0000112-88-9 252.48 C18H36 

125 17.71 0.11 1-Hexadecene 64 0000629-73-2 224.43 C16H32 

126 17.89 0.14 Octadecane 86 0000593-45-3 254.49 C18H38 

127 17.98 0.10 1-Octadecanethiol 55 0002885-00-9 286.56 C18H38S 

128 18.03 0.19 Octadecane 62 0000593-45-3 254.49 C18H38 

129 18.15 0.73 Heneicosane 97 0000629-94-7 296.57 C21H44 

130 18.25 0.37 1-Octadecanethiol 55 0002885-00-9 286.56 C18H38S 
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131 18.54 0.14 Hexadecane 74 0000544-76-3 226.44 C16H34 

132 18.59 0.31 1-Octadecanethiol 83 0002885-00-9 286.56 C18H38S 

133 18.65 0.89 Hexadecane 74 0000544-76-3 226.44 C16H34 

134 19.03 0.75 Docosane 99 0000629-97-0 310.6 C22H46 

135 19.39 0.18 13-Tertadecen-1-ol acetate 78 0056221-91-1 254.41 C16H30O2 

136 19.44 2.44 2-Methyl-7-octadecene  83 0051050-50-1 266.51 C19H38 

137 19.50 0.15 2-Tetradecyloxirane  89 0007320-37-8 240.42 C16H32O 

138 19.62 0.18 Heneicosane 95 0000629-94-7 296.57 C21H44 

139 19.84 0.57 Eicosane 97 0000112-95-8 282.55 C20H42 

140 20.03 0.10 1-Dodecene 76 0000112-41-4 168.32 C12H24 

141 20.25 0.15 1-Dodecene 87 0000112-41-4 168.32 C12H24 

142 20.30 0.20 9-Tricosene 64 0027519-02-4 322.61 C23H46 

143 20.34 0.11 4-Methyldocosane  64 0025117-30-0 324.63 C23H48 

144 20.39 0.23 1-Pentyl-2-propylcyclopentane  88 0062199-51-3 182.35 C13H26 

145 20.42 0.13 Docosane 89 0000629-97-0 310.6 C22H46 

146 20.54 0.36 1,7,11-Trimethyl-4-(1-methylethyl)-

cyclotetradecane 

91 0001786-12-5 280.53 C20H40 
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147 20.65 0.54 Tetracosane 99 0000646-31-1 338.65 C24H50 

148 21.03 1.54 2-Decyloxirane  76 0002855-19-8 184.32 C12H24O 

149 21.27 0.08 Cyclotetracosane 58 0000297-03-0 336.64 C24H48 

150 21.33 0.09 1,7,11-Trimethyl-4-(1-methylethyl)-

cyclotetradecane  

58 0001786-12-5 280.53 C20H40 

151 21.40 0.55 Tricosane 97 0000638-67-5 324.63 C23H48 

152 21.47 0.20 Tetracosane 91 0000646-31-1 338.65 C24H50 

153 21.54 0.45 1,7,11-Trimethyl-4-(1-methylethyl)-

cyclotetradecane  

91 0001786-12-5 280.53 C20H40 

154 21.66 0.04 Tricosane 83 0000638-67-5 324.63 C23H48 

155 21.77 0.27 Pentacosane 83 0000629-99-2 352.68 C25H52 

156 21.89 0.02 Tetracosane 70 0000646-31-1 338.65 C24H50 

157 22.00 0.17 1,2-Diisooctyloate-1,2-benzenedicarboxylic acid 87 0027554-26-3 390.56 C24H38O4 

158 22.12 0.02 1,2-bis(2-Ethylhexyl)oate-1,2-

benzenedicarboxylic acid  

86 0000117-81-7 390.56 C24H38O4 

159 22.18 0.13 Hexacosane 99 0000630-01-3 366.71 C26H54 

160 22.28 0.03 (-)-1',4-Dihydroxy-7'-methoxy-2,3'-dimethyl- 64 0119736-96-8 404.37 C23H16O7 
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[1,2'-binaphthalene]-5,5',8,8'-tetrone  

161 22.31 0.15 Hexacosane 95 0000630-01-3 366.71 C26H54 

162 22.47 0.03 1-Tricosene 86 0018835-32-0 322.61 C23H46 

163 22.62 0.18 (-)-1',4-Dihydroxy-7'-methoxy-2,3'-dimethyl-

[1,2'-binaphthalene]-5,5',8,8'-tetrone 

99 0119736-96-8 404.37 C23H16O7 

164 22.74 0.18 1-Acetate-11,13-dimethyl-12-tetradecen-1-ol  58 0400037-00-5 282.46 C18H34O2 

165 22.84 0.33 Heptacosane 98 0000593-49-7 380.73 C27H56 

166 23.15 0.22 1-Chlorooctadecane  94 0003386-33-2 288.94 C18H37Cl 

167 23.18 0.07 Hexacosane 96 0000630-01-3 366.71 C26H54 

168 23.28 0.30 (Z)- 9-Methyl-4-undecene 25 0074630-56-1 168.32 C12H24 

169 23.34 0.04 2,2-Dioxide-6-dodecyl-1,2-oxathiane  49 0015224-88-1 304.9 C16H32O3S 

170 23.74 0.04 Hexacosane 89 0000630-01-3 366.71 C26H54 

171 24.21 0.14 1-Butyl 2-(8-methylnonyl)oate-1,2-

benzenedicarboxylic acid  

81 0000089-18-9 362.5 C22H34O4 

172 24.36 0.09 1-Butyl-2-(8-methylnonyl)oate-1,2-

benzenedicarboxylic acid  

93 0000089-18-9 362.5 C22H34O4 

173 24.46 0.19 1,2-Didecyloate-1,2-benzenedicarboxylic acid 90 0000084-77-5 446.66 C28H46O4 
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174 24.54 0.10 1-Butyl 2-(8-methylnonyl)oate-1,2-

benzenedicarboxylic acid  

98 0000089-18-9 362.5 C22H34O4 

175 24.98 0.02 1-Butyl 2-(8-methylnonyl)oate-1,2-

benzenedicarboxylic acid  

93 0000089-18-9 362.5 C22H34O4 

176 25.30 2.31 1-Butyl-2-(8-methylnonyl)oate-1,2-

benzenedicarboxylic acid  

95 0000089-18-9 362.5 C22H34O4 

177 25.56 0.18 1-Docosanethiol 78 0007773-83-3 342.67 C22H46S 

178 26.03 0.22 (-)-1',4-Dihydroxy-7'-methoxy-2,3'-dimethyl-

[1,2'-Binaphthalene]-5,5',8,8'-tetrone  

97 0119736-96-8 404.37 C23H16O7 

179 27.96 0.13 Nonahexacontanoic acid 74 0040710-32-5 999.83 C69H138O2 

180 29.13 0.08 1,54-Dibromotetrapentacontane  76 0852228-22-9 917.24 C54H108Br2 

181 30.50 0.07 cis-4-Ethyl-5-octyl-2,2-bis(trifluoromethyl)-1,3-

dioxolane  

76 0038274-72-5 350.34 C15H24F6O2 
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Table A.5. List of identified molecules with GC-MS from Pure Stream Corp. Acid aliquot extracted with chloroform. 

Pk R.T. 

(min) 

A[Tot] 

(%) 

Library/ID Qual. 

(%) 

CAS # Mw Molecular Formula 

1 1.26 0.21 2-Hydroxyacetic acid  9 0000079-14-1 76.05 C2H4O3 

2 1.30 0.61 Hydrazine 9 0000302-01-2 32.05 N2H4 

3 1.32 1.14 2-Chloroethanol  9 0000107-07-3 80.51 C2H5ClO 

4 1.33 0.41 2-Methyl-1-butene  91 0000563-46-2 70.13 C5H10 

5 1.36 0.02 1,1-Dimethylcyclopropane  90 0001630-94-0 70.13 C5H10 

6 1.37 0.19 2-Methyl-2-butene  90 0000513-35-9 70.13 C5H10 

7 1.38 0.47 2-Methylpentane  94 0000107-83-5 86.18 C6H14 

8 1.44 0.36 Hexane 91 0000110-54-3 86.18 C6H14 

9 1.49 0.42 Trichloromethane  83 0000067-66-3 119.38 CHCl3 

10 1.62 11.31 Trichloromethane  91 0000067-66-3 119.38 CHCl3 

11 1.68 0.19 1,3-Dimethylcyclopentane  95 0002453-00-1 98.19 C7H14 

12 1.71 0.82 Heptane 87 0000142-82-5 100.2 C7H16 

13 1.85 0.86 Methylcyclohexane  97 0000108-87-2 98.19 C7H14 

14 1.90 0.05 Ethylcyclopentane 76 0001640-89-7 98.19 C7H14 
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15 1.93 0.11 1,2,4-Trimethylcyclopentane  93 0002815-58-9 112.21 C8H16 

16 1.97 0.19 1,2,3-Trimethylcyclopentane  90 0002815-57-8 112.21 C8H16 

17 2.01 0.07 3-Methyl-1-heptene  87 0004810-09-7 112.21 C8H16 

18 2.08 0.49 2-Methylheptane  96 0000592-27-8 114.23 C8H18 

19 2.15 0.64 Methylbenzene  93 0000108-88-3 92.14 C7H8 

20 2.20 0.41 1,3-Dimethylcyclohexane  94 0000591-21-9 112.21 C8H16 

21 2.30 0.27 1-Ethyl-2-methylcyclopentane  97 0003726-46-3 112.21 C8H16 

22 2.35 0.46 Octane 87 0000111-65-9 114.23 C8H18 

23 2.56 0.03 2,4-Dimethylheptane  64 0002213-23-2 128.26 C9H20 

24 2.64 0.16 2,6-Dimethylheptane  87 0001072-05-5 128.26 C9H20 

25 2.67 0.56 1,2-Dimethylcyclohexane  97 0002207-01-4 112.21 C8H16 

26 2.73 0.91 Ethylcyclohexane  93 0001678-91-7 112.21 C8H16 

27 2.74 0.19 1,1,3-Trimethylcyclohexane  93 0003073-66-3 126.24 C9H18 

28 2.80 0.25 1-Ethyl-2-methylcyclohexane  64 0003728-54-9 126.24 C10H20 

29 2.88 0.22 Methylenecyclohexane  87 0001192-18-3 96.17 C7H12 

30 2.91 0.28 1,2,4-Trimethylcyclohexane  96 0007667-60-9 126.24 C9H18 

31 2.94 0.38 1,3,5-Trimethylcyclohexane  94 0001839-63-0 126.24 C9H18 
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32 2.96 0.18 2,3-Dimethylheptane  76 0003074-71-3 128.26 C9H20 

33 2.99 0.24 3-Ethylhexane  72 0000619-99-8 114.23 C8H18 

34 3.00 0.01 2-Octene 46 0000111-67-1 112.21 C8H16 

35 3.06 0.48 2,4-Dimethylheptane  58 0002213-23-2 128.26 C9H20 

36 3.09 0.16 Ethylbenzene  95 0000100-41-4 106.17 C8H10 

37 3.15 0.96 3-Methyloctane  62 0002216-33-3 128.26 C9H20 

38 3.26 0.26 1,2,4-Trimethylcyclohexane  94 0007667-60-9 126.24 C9H18 

39 3.34 0.07 β-Methylcyclopentanepropanol  58 0264258-62-0 142.24 C9H18O 

40 3.36 0.48 1-Ethyl-4-methylcyclohexane  97 0003728-56-1 126.24 C9H18 

41 3.42 0.09 1-Ethyl-3-methylcyclohexane  97 0003728-55-0 126.24 C9H18 

42 3.47 0.44 1-Ethyl-3-methylcyclohexane  94 0003728-55-0 126.24 C9H18 

43 3.53 0.50 Nonane 91 0000111-84-2 128.26 C9H20 

44 3.59 0.32 1,1,3,5-Tetramethylcyclohexane 68 0004306-65-4 140.27 C10H20 

45 3.64 0.08 1-Ethyl-4-methylcyclohexane 97 0003728-56-1 126.24 C9H18 

46 3.70 0.19 1-Ethyl-2-methylcyclohexane 95 0003728-54-9 126.24 C10H20 

47 3.83 0.38 Cyclohexanepropanol 64 0001124-63-5 142.24 C9H18O 

48 3.97 0.33 Propylcyclohexane  96 0001678-92-8 126.24 C9H18 
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49 4.02 0.36 2,6-Dimethyloctane  96 0002051-30-1 142.28 C10H22 

50 4.07 0.17 3-Methylnonane  93 0005911-04-6 142.28 C10H22 

51 4.09 0.30 3-Methyl-3-hexene 41 0042154-69-8 98.19 C7H14 

52 4.14 0.29 3-Ethyl-2-methylheptane 53 0014676-29-0 142.28 C10H22 

53 4.17 0.19 (E)-3-Heptene  46 0014686-14-7 98.19 C7H14 

54 4.27 0.11 4-Ethyl-2,3-dimethyl-2-hexene  49 0959028-24-1 140.27 C10H20 

55 4.35 0.31 (E)-5-Decene 64 0007433-56-9 140.27 C10H20 

56 4.40 0.19 (E)-5-Decene  62 0007433-56-9 140.27 C10H20 

57 4.42 0.08 Propylbenzene  70 0000103-65-1 120.19 C9H12 

58 4.44 0.41 4-Methylnonane  93 0017301-94-9 142.28 C10H22 

59 4.49 0.17 1-Nonene 59 0000124-18-5 126.24 C9H18 

60 4.53 0.31 1-Ethyl-3-methylbenzene  93 0000620-14-4 120.19 C9H12 

61 4.59 0.44 3-Methylnonane  93 0005911-04-6 142.28 C10H22 

62 4.62 0.41 1,2,4-Trimethylbenzene  93 0000095-63-6 120.19 C9H12 

63 4.82 0.39 4-Propylcyclohexanone  46 0040649-36-3 140.22 C9H16O 

64 4.98 0.19 4-Propyl-3-heptene  43 0004485-13-6 140.27 C10H20 

65 5.06 1.21 1-Nonene 97 0000124-18-5 126.24 C9H18 
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66 5.23 0.59 (2-Methylpropyl)-benzene  50 0000538-93-2 134.22 C10H14 

67 5.41 0.39 4-Methyldecane  93 0002847-72-5 156.31 C11H24 

68 5.47 0.32 1-Ethyl-3-methylbenzene  70 0000620-14-4 120.19 C9H12 

69 5.62 0.32 Propylcyclopentane  94 0002040-96-2 112.21 C8H16 

70 5.71 0.27 2-Ethyl-1,1,3-trimethylcyclohexane 93 0442662-72-8 154.29 C11H22 

71 5.77 0.17 (R)-3,7-dimethyl-6-octenal  86 0002385-77-5 154.25 C10H18O 

72 5.87 0.30 Tridecyloate-2,2,3,3,4,4,4-heptafluorobutanoic 

acid  

64 0959088-59-6 396.38 C17H27F7O2 

73 5.90 0.33 17-Pentatriacontene 64 0006971-40-0 490.93 C35H70 

74 5.93 0.53 1-Methyl-3-propylbenzene  93 0001074-43-7 134.22 C10H14 

75 5.96 0.11 5-Methyldecane  93 0475575-94-1 156.31 C11H24 

76 6.00 0.13 4-Methyldecane  90 0002847-72-5 156.31 C11H24 

77 6.06 0.24 2-Methyldecane  93 0006975-98-0 156.31 C11H24 

78 6.17 0.15 3-Methyldecane  97 0013151-34-3 156.31 C11H24 

79 6.56 0.08 1-Ethyl-2,4-dimethylbenzene  60 0000874-41-9 134.22 C10H14 

80 6.62 0.96 Undecane 97 0001120-21-4 156.31 C11H24 

81 6.77 0.26 Decahydro-2-methylnaphthalene 96 0002958-76-1 152.28 C11H20 
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82 6.80 0.17 Decahydro-2-methylnaphthalene  95 0002958-76-1 152.28 C11H20 

83 6.82 0.22 1-Methyl-4-(1-methylpropyl)-benzene  55 0001595-16-0 148.24 C11H16 

84 6.99 0.13 1,2,4,5-Tetramethylbenzene  95 0000095-93-2 134.22 C10H14 

85 7.03 0.31 3,7-Dimethyldecane  50 0017312-54-8 170.33 C12H26 

86 7.24 0.30 4-Methylundecane  46 0002980-69-0 170.33 C12H26 

87 7.44 0.11 6-Methylundecane  64 0017302-33-9 170.33 C12H26 

88 7.47 0.37 1,2,4,5-Tetramethylbenzene  93 0000095-93-2 134.22 C10H14 

89 7.50 0.14 1-Ethyl-2,3-dimethylbenzene  92 0000933-98-2 134.22 C10H14 

90 7.52 0.14 4-Methylundecane  83 0002980-69-0 170.33 C12H26 

91 7.58 0.51 4-Methylundecane 90 0007045-71-8 170.33 C12H26 

92 8.11 2.05 Dodecane 96 0000112-40-3 170.33 C12H26 

93 8.15 0.17 (1-methyl-1-buten-1-yl)-benzene  90 0053172-84-2 146.23 C11H14 

94 8.26 0.19 Dioctadecyloate phosphoric acid 60 0003037-89-6 602.95 C36H75O4P 

95 8.30 0.40 2,6-Dimethylundecane  97 0017301-23-4 184.36 C13H28 

96 8.36 0.10 1-methyl-3-(1-methylethyl)-benzene  42 0000535-77-3 134.22 C10H14 

97 8.59 0.39 1-Pentyl-2-propylcyclopentane  95 0062199-51-3 182.35 C13H26 

98 8.85 0.17 2,6-Dimethylundecane  76 0017301-23-4 184.36 C13H28 
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99 9.00 0.19 2-Methyldodecane  87 0001560-97-0 180.33 C13H28 

100 9.05 0.20 2,10-Dimethylundecane  80 0017301-27-8 184.35 C13H28 

101 9.10 0.10 Tridecane 80 0000629-50-5 184.36 C13H28 

102 9.12 0.23 7-Methyltridecane  87 0026730-14-3 198.39 C14H30 

103 9.46 0.03 (R)-3,7-Dimethyl-6-octenal  50 0002385-77-5 154.25 C10H18O 

104 9.50 0.51 Tridecane 98 0000629-50-5 184.36 C13H28 

105 9.76 0.12 1-Methylnaphthalene  94 0000090-12-0 142.2 C11H10 

106 9.80 0.24 1,4-Dihydro-1,4-methanonaphthalene  93 0004453-90-1 142.2 C11H10 

107 9.91 0.37 2-(2-Buten-1-yl)-1,3,5-trimethylbenzene  47 0063435-25-6 174.28 C13H18 

108 10.03 0.28 8-Methyl-3-undecene  38 0876314-66-8 168.32 C12H24 

109 10.11 0.37 1,2,3,4-Tetrahydro-2,5,7-trimethylnaphthalene  59 0065001-61-8 174.28 C13H18 

110 10.20 0.31 5-Methyltridecane  38 0025117-31-1 198.39 C14H30 

111 10.37 0.09 4-Methyloctane  38 0002216-34-4 128.26 C9H20 

112 10.50 0.17 2,6,10-Trimethyldodecane  91 0003891-98-3 212.41 C15H32 

113 10.54 0.08 3,7-Dimethylnonane  87 0017302-32-8 156.31 C11H24 

114 10.58 0.25 1,2,3,4-Tetrahydro-2,5,8-trimethylnaphthalene  56 0030316-17-7 174.28 C13H18 

115 10.80 0.44 Tetradecane 98 0000629-59-4 198.39 C14H30 
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116 11.06 0.32 Dioctadecyloate phosphoric acid  52 0003037-89-6 602.95 C36H75O4P 

117 11.15 0.19 1,5-Dimethylnaphthalene  97 0000571-61-9 156.22 C12H12 

118 11.16 0.13 2,7-Dimethylnaphthalene  97 0000582-16-1 156.22 C12H12 

119 11.17 0.43 2,3-Dimethylnaphthalene  97 0000581-40-8 156.22 C12H12 

120 11.17 0.19 1,6-Dimethylnaphthalene  97 0000575-43-9 156.22 C12H12 

121 11.39 0.30 2,7-Dimethylnaphthalene  97 0000582-16-1 156.22 C12H12 

122 11.41 0.16 1,5-Dimethylnaphthalene  90 0000571-61-9 156.22 C12H12 

123 11.42 0.57 2,6-Dimethylnaphthalene 90 0000581-42-0 156.22 C12H12 

124 11.44 0.14 2,7-Dimethylnaphthalene  89 0000582-16-1 156.22 C12H12 

125 11.46 0.19 2,7-Dimethylnaphthalene  81 0000582-16-1 156.22 C12H12 

126 11.58 0.26 Hexacosane 87 0000630-01-3 366.71 C26H54 

127 11.64 0.14 Pentacosane 87 0000629-99-2 352.68 C25H52 

128 11.70 0.14 Heptacosane 87 0000593-49-7 380.73 C27H56 

129 11.74 0.09 1-Hexadecene 64 0000629-73-2 224.43 C16H32 

130 12.03 0.40 Pentadecane 98 0000629-62-9 212.41 C15H32 

131 12.56 0.45 Tritetracontane 58 0007098-21-7 605.16 C43H88 

132 12.65 0.09 Cyclopentadecane 83 0000295-48-7 210.4 C15H30 



 

1
8
7
 

133 12.79 0.23 Tetracontane 64 0004181-95-7 563.08 C40H82 

134 12.85 0.48 10-Methylnonadecane  64 0056862-62-5 282.55 C20H42 

135 12.89 0.14 2,3,6-Trimethylnaphthalene  95 0000829-26-5 170.25 C13H14 

136 12.96 0.16 1,6,7-Trimethylnaphthalene  95 0002245-38-7 170.25 C13H14 

137 13.18 0.35 Hexadecane 98 0000544-76-3 226.44 C16H34 

138 13.32 0.17 Tridecane 56 0000629-50-5 184.36 C13H28 

139 13.39 0.14 1,6,7-Trimethylcyclopentane  51 0004516-69-2 112.21 C8H16 

140 13.62 0.15 1,6,7-Trimethylnaphthalene  42 0003031-15-0 184.28 C14H16 

141 13.73 0.23 2,6,10-Trimethylpentadecane  97 0003892-00-0 254.49 C18H38 

142 13.79 0.39 Tridecane 81 0000629-50-5 184.36 C13H28 

143 13.85 0.30 Dodecane 76 0000112-40-3 170.33 C12H26 

144 13.91 0.40 1,1,3-Trimethylcyclopentane  35 0004516-69-2 112.21 C8H16 

145 13.99 0.33 2,6,10-Trimethyl-9-undecenal  35 0000141-13-9 210.36 C14H26O 

146 14.00 0.06 1-Octadecene 74 0000112-88-9 252.48 C18H36 

147 14.12 0.19 (1-Pentyloctyl)-cyclohexane  30 0013151-91-2 266.51 C19H38 

148 14.20 0.25 1-Butyl-2-pentylcyclopentane  89 0061142-52-7 196.37 C14H28 

149 14.27 1.25 Heptadecane 96 0000629-78-7 240.47 C27H36 
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150 14.33 1.26 2,6,10,14-Tetramethylpentadecane  98 0001921-70-6 268.52 C19H40 

151 14.39 0.43 1-Heptadecene 80 0006765-39-5 238.45 C17H34 

152 14.55 1.19 1-Pentyl-2-propylcyclopentane  49 0062199-51-3 182.35 C13H26 

153 14.58 0.37 1,1,3-Trimethylcyclopentane  52 0004516-69-2 112.21 C8H16 

154 14.88 0.31 Tetradecane 86 0000629-59-4 198.39 C14H30 

155 15.06 0.37 1-Butyl-2-pentylcyclopentane  81 0061142-52-7 196.37 C14H28 

156 15.17 0.32 3,7,11-Trimethyl-2,6,10-dodecatrien-1-ol  60 0004602-84-0 222.37 C15H26O 

157 15.21 0.26 3,7-Dimethyl-7-octenal  44 0000141-26-4 154.25 C10H18O 

158 15.32 1.19 Octadecane 99 0000593-45-3 254.49 C18H38 

159 15.41 1.04 2,6,10,14-Tetramethylhexadecane  99 0000638-36-8 282.55 C20H42 

160 15.58 0.54 5-Butyl-6-hexyloctahydro-1H-indene  66 0055044-36-5 264.49 C19H36 

161 15.77 0.21 Cyclotetradecane 53 0000295-17-0 196.37 C14H28 

162 15.82 0.35 2-Pentyl-2-nonenal  62 0003021-89-4 210.36 C14H26O 

163 15.97 0.23 Methyloate-2-butenoic acid  50 0018707-60-3 100.12 C5H8O2 

164 16.30 1.02 Nonadecane 98 0000629-92-5 268.52 C19H40 

165 16.36 0.15 17-Pentatriacontene 70 0006971-40-0 490.93 C35H70 

166 16.50 0.16 2-Methylphenanthrene 87 0002531-84-2 192.26 C15H12 
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167 16.54 0.89 9-Methylanthracene  87 0000779-02-2 192.26 C15H12 

168 16.59 0.09 1a, 9b-Dihydro-1H-cyclopropa[1]phenanthrene  86 0000949-41-7 192.26 C15H12 

169 16.64 0.07 2-Methyl-4-tetradecene  70 0866760-27-2 210.45 C15H30 

170 16.74 0.15 13-Tetradecen-1-ol 42 0067400-04-8 212.37 C14H28O 

171 16.77 0.03 10,11-Dihydro-5H-dibenzo[a,d]cyclohepten-5-ol 42 0001210-34-0 210.27 C15H14O 

172 16.79 0.13 Hexadecane 59 0000544-76-3 226.44 C16H34 

173 16.94 0.17 14-Bromo-1-tetradecene  70 0074646-31-4 275.27 C14H27Br 

174 17.24 0.51 Eicosane 98 0000112-95-8 282.55 C20H42 

175 17.32 0.02 1,7,11-Trimethyl-4-(1-methylethyl)-

cyclotetradecane  

96 0001786-12-5 280.53 C20H40 

176 17.38 0.19 1-(1,5-dimethylhexyl)-4-(4-methylpentyl)-

cyclohexane  

91 0056009-20-2 280.53 C20H40 

177 17.67 0.47 1-acetate-13-tetradecen-1-ol   78 0056221-91-1 254.41 C16H30O2 

178 17.70 0.36 3-Methylcyclopentadecanone  94 0000541-91-3 238.41 C16H30O 

179 17.76 0.17 Tricyclo[8.4.1.1]hexadeca-1,3,5,7,9,11,13-

heptaene 

70 0055821-04-0 206.28 C16H14 

180 17.89 0.49 Octadecane 95 0000593-45-3 254.49 C18H38 
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181 18.03 0.17 1-Octadecanethiol 83 0002885-00-9 286.56 C18H38S 

182 18.11 0.40 Eicosane 97 0000112-95-8 282.55 C20H42 

183 18.19 0.41 Heneicosane 97 0000629-94-7 296.57 C21H44 

184 18.26 1.00 1-acetate-8-methyl-9-tetradecen-1-ol  81 0912629-93-7 268.43 C17H32O2 

185 18.55 0.43 1,7,11-Trimethyl-4-(1-methylethyl)-

cyclotetradecane  

90 0001786-12-5 280.53 C20H40 

186 18.59 0.38 1,2-Diethylcyclohexadecane  70 0014113-60-1 280.53 C20H40 

187 18.64 0.32 1-Chlorooctadecane  78 0003386-33-2 288.94 C18H37Cl 

188 19.02 0.40 Eicosane 97 0000112-95-8 282.55 C20H42 

189 19.38 0.27 Docosane 97 0000629-97-0 310.6 C22H46 

190 19.61 0.17 Eicosane 80 0000112-95-8 282.55 C20H42 

191 19.69 0.30 Nonadecane 80 0000629-92-5 268.52 C19H40 

192 19.73 0.54 2-(Acetyloxy)-1,2,3-tributyloate-1,2,3-

propanetricarboxylic acid 

74 0000077-90-7 402.48 C20H34O8 

193 19.83 0.65 1,2,3-Tributyloate-2-hydroxy-1,2,3-

propanetricarboxylic acid  

53 0000077-94-1 360.44 C18H32O7 

194 19.85 0.70 Tricosane 96 0000638-67-5 324.63 C23H48 
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195 19.96 0.46 Hexatriacontane 93 0000630-06-8 506.97 C36H74 

196 19.23 1.74 9-Methylnonadecane  93 0013287-24-6 282.55 C20H42 

197 20.38 0.77 1,7,11-Trimethyl-4-(1-methylethyl)-

cyclotetradecane 

49 0001786-12-5 280.53 C20H40 

198 20.41 0.42 2,6,10-Trimethyl-9-undecenoic acid  49 0097993-62-9 226.35 C14H26O2 

199 20.42 0.56 Tetracosane 92 0000646-31-1 338.65 C24H50 

200 20.53 0.31 1,7,11-Trimethyl-4-(1-methylethyl)-

cyclotetradecane  

91 0001786-12-5 280.53 C20H40 

201 20.58 0.20 1,7,11-Trimethyl-4-(1-methylethyl)-

cyclotetradecane 

93 0001786-12-5 280.53 C20H40 

202 20.64 0.59 Tetracosane 98 0000646-31-1 338.65 C24H50 

203 20.79 0.88 Nonadecane 95 0000629-92-5 268.52 C19H40 

204 20.99 0.19 1,2-Diethylcyclohexadecane  78 0014113-60-1 280.53 C20H40 

205 21.08 1.95 1,7,11-Trimethyl-4-(1-methylethyl)-

cyclotetradecane  

93 0001786-12-5 280.53 C20H40 

206 21.18 0.08 1,7,11-trimethyl-4-(1-methylethyl)-

cyclotetradecane,  

89 0001786-12-5 280.53 C20H40 
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207 21.27 1.53 1,7,11-trimethyl-4-(1-methylethyl)-

cyclotetradecane  

91 0001786-12-5 280.53 C20H40 

208 21.33 0.24 2-Tetradecyloxirane  83 0007320-37-8 240.42 C16H32O 

209 21.41 0.62 Tricosane 97 0000638-67-5 324.63 C23H48 

210 21.53 0.97 1,7,11-Trimethyl-4-(1-methylethyl)-

cyclotetradecane  

83 0001786-12-5 280.53 C20H40 

211 21.77 0.86 Tetracosane 93 0000646-31-1 338.65 C24H50 

212 21.92 0.68 1,2-bis(2-Ethylhexyl)oate-1,2-

benzenedicarboxylic acid  

90 0000117-81-7 390.56 C24H38O4 

213 22.14 0.53 Hexacosane 99 0000630-01-3 366.71 C26H54 

214 22.43 0.75 Tricosane 97 0000638-67-5 324.63 C23H48 

215 22.55 0.32 (-)-1',4-Dihydroxy-7'-methoxy-2,3'-dimethyl-

[1,2'-binaphthalene]-5,5',8,8'-tetrone 

90 0119736-96-8 404.37 C23H16O7 

216 22.56 0.27 2'-Dodecyl-1,1':3',1''-tercyclopentane 90 0055282-68-3 374.69 C27H50 

217 22.57 0.21 Pentacosane 86 0000629-99-2 352.68 C25H52 

218 22.60 0.16 1-Octadecene 84 0000112-88-9 252.48 C18H36 

219 22.62 0.10 (-)-1',4-Dihydroxy-7'-methoxy-2,3'-dimethyl- 98 0119736-96-8 404.37 C23H16O7 
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[1,2'-Binaphthalene]-5,5',8,8'-tetrone  

220 22.65 0.10 Pentacosane 93 0000629-99-2 352.68 C25H52 

221 22.76 0.02 Hexacosane 93 0000630-01-3 366.71 C26H54 

222 22.85 0.19 Heptacosane 99 0000593-49-7 380.73 C27H56 

223 23.17 0.24 (-)-1',4-Dihydroxy-7'-methoxy-2,3'-dimethyl-

[1,2'-Binaphthalene]-5,5',8,8'-Tetrone  

97 0119736-96-8 404.37 C23H16O7 

224 23.27 0.37 1,3-bis(2-ethylhexyl)oate-1,3-

benzenedicarboxylic acid  

27 0000137-89-3 390.56 C24H38O4 

225 23.29 0.01 1,2-Dioctyloate-1,2-benzenedicarboxylic acid  27 0000117-84-0 390.56 C24H38O4 

226 23.32 0.23 1,2-Diisodecyloate-1,2-benzenedicarboxylic 

acid 

27 0026761-40-0 446.74 C28H46O4 

227 23.35 0.30 9-Hexacosene 40 0071502-22-2 364.69 C26H52 

228 23.39 0.22 9-Tricosene 40 0027519-02-4 322.61 C23H46 

229 23.53 0.16 Pentacosane 98 0000629-99-2 352.68 C25H52 

230 23.52 0.19 Hexacosane 98 0000630-01-3 366.71 C26H54 

231 23.60 0.11 Tetracosane 98 0000646-31-1 338.65 C24H50 

232 23.68 0.13 Hexacosane 74 0000630-01-3 366.71 C26H54 
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233 23.74 0.07 Hexacosane 92 0000630-01-3 366.71 C26H54 

234 24.02 0.07 Heptacosane 91 0000593-49-7 380.73 C27H56 

235 24.06 0.14 1-Butyl-2-(8-methylnonyl)-oate-1,2-

benzenedicarboxylic acid  

95 0000089-18-9 362.5 C22H34O4 

236 24.20 0.04 Octacosane 92 0000630-02-4 394.76 C28H58 

237 24.22 0.12 1,2-Didecyloate-1,2-benzenedicarboxylic acid  83 0000084-77-5 446.66 C28H46O4 

238 24.25 0.05 1,2-Diisodecyloate-1,2-benzenedicarboxylic 

acid 

83 0026761-40-0 446.74 C28H46O4 

239 24.27 0.03 1,2-Didecyloate-1,2-benzenedicarboxylic acid  91 0000084-77-5 446.66 C28H46O4 

240 24.30 0.04 1,2-bis(8-Methylnonyl)oate-1,2-

benzenedicarboxylic acid  

90 0000089-16-7 446.66 C28H46O4 

241 24.36 0.09 1,2-Diisodecyloate-1,2-benzenedicarboxylic 

acid  

91 0026761-40-0 446.74 C28H46O4 

242 24.40 0.03 1,2-Didecyloate-1,2-benzenedicarboxylic acid  90 0000084-77-5 446.66 C28H46O4 

243 24.45 0.20 1,2-bis(8-Methylnonyl)oate-1,2-

benzenedicarboxylic acid 

98 0000089-16-7 446.66 C28H46O4 

244 24.54 0.17 1,2-Didecyloate-1,2-benzenedicarboxylic acid  91 0000084-77-5 446.66 C28H46O4 
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245 24.61 0.24 1,2-bis(8-Methylnonyl)-oate-1,2-

benzenedicarboxylic acid  

90 0000089-16-7 446.66 C28H46O4 

246 24.62 0.23 1-Butyl-2-(8-methylnonyl)-oate-1,2-

benzenedicarboxylic acid  

93 0000089-18-9 362.5 C22H34O4 

247 24.70 0.14 1,2-Didecyloate-1,2-benzenedicarboxylic acid  91 0000084-77-5 446.66 C28H46O4 

248 24.98 0.24 1,2-bis(8-Methylnonyl)oate-1,2-

benzenedicarboxylic acid 

93 0000089-16-7 446.66 C28H46O4 

249 25.08 0.37 1,2-Didecyloate-1,2-benzenedicarboxylic acid  91 0000084-77-5 446.66 C28H46O4 

250 25.11 0.24 1,2-Didecyloate-1,2-benzenedicarboxylic acid  72 0000084-77-5 446.66 C28H46O4 

251 25.17 0.32 1-Butyl-2-(8-methylnonyl)oate-1,2-

benzenedicarboxylic acid 

95 0000089-18-9 362.5 C22H34O4 

252 25.29 0.40 1,2-Diisodecyloate-1,2-benzenedicarboxylic 

acid 

59 0026761-40-0 446.74 C28H46O4 

253 25.31 0.11 1-Butyl-2-(8-methylnonyl)oate-1,2-

benzenedicarboxylic acid  

59 0000089-18-9 362.5 C22H34O4 

254 25.35 0.24 1-Butyl-2-(8-methylnonyl)oate-1,2-

benzenedicarboxylic acid  

93 0000089-18-9 362.5 C22H34O4 
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255 25.86 0.27 Hexacosane 62 0000630-01-3 366.71 C26H54 

256 25.92 0.32 Cyclotriacontane 87 0000297-35-8 420.8 C30H60 

257 25.97 0.53 (-)-1',4-Dihydroxy-7'-methoxy-2,3'-dimethyl-

[1,2'-Binaphthalene]-5,5',8,8'-tetrone  

93 0119736-96-8 404.37 C23H16O7 

258 27.95 0.42 1,54-Dibromotetrapentacontane  83 0852228-22-9 917.24 C54H108Br2 

259 29.12 0.16 1,54-Dibromotetrapentacontane  64 0852228-22-9 917.24 C54H108Br2 

260 30.51 0.43 1-Bromo-11-iodoundecane  41 0139123-69-6 361.1 C11H22BrI 
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Table A.6. List of identified molecules with GC-MS from Pure Stream Corp. Neutral aliquot extracted with chloroform. 

 

Pk R.T. 

(min) 

A[tot] 

(%) 

Library/compound ID Qual. 

(%) 

CAS # Mw Molecular Formula 

1 1.32 30.21 2-Propanone 83 0000067-64-1 58.08 C3H6O 

2 1.5 21.73 Trichloromethane  83 0000067-66-3 119.38 CHCl3 

3 1.85 0.98 Methylcyclohexane 97 0000108-87-2 98.19 C7H14 

4 2.09 0.7 4-Methylheptane  72 0000589-53-7 114.23 C8H18 

5 2.15 0.73 Methylbenzene  70 0000108-88-3 92.14 C7H8 

6 2.2 0.65 1,3-Dimethylcyclohexane  97 0000638-04-0 112.21 C8H16 

7 2.28 0.12 1,1-Dimethylcyclohexane  95 0000590-66-9 112.21 C8H16 

8 2.37 1.05 Octane 64 0000111-65-9 114.23 C8H18 

9 2.44 0.14 1,3-Dimethylcyclohexane  97 0000638-04-0 112.21 C8H16 

10 2.58 0.17 2,4-Dimethylheptane  95 0002213-23-2 128.26 C9H20 

11 2.65 0.3 2,6-Dimethylheptane,  91 0001072-05-5 128.26 C9H20 

12 2.73 0.89 Ethylcyclohexane  89 0001678-91-7 112.21 C8H16 

13 2.93 0.23 1,2,4-Trimethylcyclohexane  97 0002234-75-5 126.24 C9H18 
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14 3.08 0.99 2-Methyloctane  90 0003221-61-2 128.26 C9H20 

15 3.17 0.6 3-Methyloctane  91 0002216-33-3 128.26 C9H20 

16 3.22 1 1,3-Dimethylbenzene  97 0000108-38-3 106.17 C8H10 

17 3.34 0.12 1,1,3,5-Tetramethylcyclohexane  90 0004306-65-4 140.27 C10H20 

18 3.4 0.36 1-Ethyl-4-methylcyclohexane  96 0003728-56-1 126.24 C9H18 

19 3.55 1.97 Nonane 97 0000111-84-2 128.26 C9H20 

20 3.62 0.18 1-Chloro-5-(chloromethoxy)-pentane  43 0145912-11-4 171.06 C6H12Cl2O 

21 3.7 0.07 1-Ethyl-4-methyl-cyclohexane 87 0003728-56-1 126.24 C9H18 

22 3.79 0.14 2,4-Dimethylhexane  72 0000589-43-5 114.23 C8H18 

23 3.85 0.08 3-Hexyne 49 0000928-49-4 82.14 C6H10 

24 3.91 0.26 3,5-Dimethyloctane  87 0015869-93-9 142.28 C10H22 

25 4.03 0.79 2,6-Dimethyloctane  97 0002051-30-1 142.28 C10H22 

26 4.12 0.24 2,6-Dimethyloctane  70 0002051-30-1 142.28 C10H22 

27 4.25 0.07 1,2-Dimethylcycloheptene  52 0020053-89-8 124.22 C9H16 

28 4.31 0.04 3,3,5,5-Tetramethylcyclopentane  43 0038667-10-6 124.22 C9H16 

29 4.37 0.22 4-Ethyloctane  95 0015869-86-0 142.28 C10H22 

30 4.46 0.63 4-Methylnonane  93 0017301-94-9 142.28 C10H22 
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31 4.5 0.88 2-Methylnonane  81 0000871-83-0 142.28 C10H22 

32 4.62 1.01 1,2,3-Trimethylbenzene  95 0000526-73-8 120.19 C9H12 

33 4.84 0.34 1-Methyl-2-propylcyclohexane  81 0004291-79-6 140.27 C10H20 

34 5.08 3.32 Decane 96 0000124-18-5 142.28 C10H22 

35 5.15 0.05 1,2-Dimethyl-3-(1-methylethyl)-cyclopentane  47 0000489-20-3 140.27 C10H20 

36 5.29 0.27 3,7-Dimethylundecane 59 0017301-29-0 184.36 C13H28 

37 5.43 0.66 4-Methyldecane  93 0002847-72-5 156.31 C11H24 

38 5.5 0.34 2-Methyldecane  70 0006975-98-0 156.31 C11H24 

39 5.58 0.42 Butylcyclohexane  94 0001678-93-9 140.27 C10H20 

40 5.68 0.19 3-Methyldecane  87 0013151-34-3 156.31 C11H24 

41 5.97 0.59 5-Methyldecane  93 0013151-35-4 156.31 C11H24 

42 6.03 0.25 4-Methyldecane  91 0002847-72-5 156.31 C11H24 

43 6.08 0.63 2-Methyldecane  97 0006975-98-0 156.31 C11H24 

44 6.18 0.36 3-Methyldecane  95 0013151-34-3 156.31 C11H24 

45 6.38 0.23 1,2,4,5-Tetramethylbenzene  42 0000095-93-2 134.22 C10H14 

46 6.49 0.12 4-Ethyl-1,2-dimethylbenzene  95 0000934-80-5 134.22 C10H14 

47 6.59 0.09 1,1,3-Trimethylcyclopentane  49 0004516-69-2 112.21 C8H16 
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48 6.65 3.19 Undecane 96 0001120-21-4 156.31 C11H24 

49 6.73 0.09 (1-Methylbutyl)-benzene  46 0002719-52-0 148.24 C11H16 

50 6.79 0.16 Decahydro-2-methylnaphthalene  98 0002958-76-1 152.28 C11H20 

51 6.9 0.38 Dodecane 90 0000112-40-3 170.33 C12H26 

52 7 0.13 1,2,4,5-Tetramethylbenzene  93 0000095-93-2 134.22 C10H14 

53 7.05 0.2 2-Methylundecane  74 0007045-71-8 170.33 C12H26 

54 7.17 0.19 Pentylcyclohexane  95 0004292-92-6 154.29 C11H22 

55 7.25 0.05 Tritetracontane 38 0007098-21-7 605.16 C43H88 

56 7.32 0.07 5-Methyldecane  83 0017302-36-2 156.31 C11H24 

57 7.4 0.18 1-Methyl-4-(1-methylpropyl)-benzene  55 0001595-16-0 148.24 C11H16 

58 7.47 0.34 2,6-Dimethyldecane  76 0013150-81-7 170.33 C12H26 

59 7.53 0.16 4-Methylundecane  90 0002980-69-0 170.33 C12H26 

60 7.61 0.51 2-Methylundecane  90 0007045-71-8 170.33 C12H26 

61 7.7 0.24 5-Methyldecane  64 0017302-36-2 156.31 C11H24 

62 7.78 0.1 (1α, 3β, 4α, 5α, 7β)-1,4-Dimethyl- 

tricyclo[3.1.1.1]decane  

86 0024145-89-9 164.29 C12H20 

63 7.85 0.1 (1α, 3β, 4β, 5α, 7β)- 1,4-Dimethyl- 94 0024145-88-8 164.29 C12H20 
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tricyclo[3.1.1.1]decane 

64 7.93 0.12 1-Methyl-2-pentylcyclohexane  70 0054411-01-7 168.32 C12H24 

65 8 0.1 1-Methylene-1H-indene 93 0002471-84-3 128.17 C10H8 

66 8.14 2.76 Dodecane 96 0000112-40-3 170.33 C12H26 

67 8.25 0.12 (1α, 3β, 4α, 5α, 7β)-1,4-dimethyl-

tricyclo[3.1.1.1]decane 

60 0024145-89-9 164.29 C12H20 

68 8.34 0.55 2,6-Dimethylundecane 94 0017301-23-4 184.36 C13H28 

69 8.38 0.11 1,1'-Oxybisdecane  58 0002456-28-2 298.55 C20H42O 

70 8.44 0.14 1-Chlorohexadecane  43 0004860-03-1 260.89 C16H33Cl 

71 8.52 0.1 Hexatriacontane 43 0000630-06-8 506.97 C36H74 

72 8.68 0.19 Hexylcyclohexane  89 0004292-75-5 168.32 C12H24 

73 8.9 0.37 2,4-Dimethylundecane  81 0017312-80-0 184.35 C13H28 

74 8.97 0.14 2,3-Dimethylundecane  47 0017312-77-5 184.35 C13H28 

75 9.03 0.31 2-Methyldodecane  86 0001560-97-0 180.33 C13H28 

76 9.14 0.89 4,6-Dimethyldodecane  74 0061141-72-8 198.39 C14H30 

77 9.23 0.18 2,6,11-Trimethyldodecane 72 0031295-56-4 212.41 C15H32 

78 9.53 2.44 Tridecane 98 0000629-50-5 184.36 C13H28 
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79 9.68 0.15 1-Iodo-2-methylundecane 72 0073105-67-6 296.23 C12H25I 

80 9.76 0.18 2,5-Dimethyldodecane 91 0056292-65-0 198.39 C14H30 

81 9.87 0.1 Cyclohexylbenzene  64 0000827-52-1 160.26 C12H16 

82 10.11 0.15 Heptylcyclohexane  58 0005617-41-4 182.35 C13H26 

83 10.18 0.2 6-Methyltridecane  83 0013287-21-3 198.39 C14H30 

84 10.29 0.11 4-Methyltridecane  80 0026730-12-1 198.39 C14H30 

85 10.35 0.23 2-Methyltridecane  91 0001560-96-9 198.39 C14H30 

86 10.44 0.13 4-Methyltetradecane  72 0025117-24-2 212.41 C15H32 

87 10.52 0.36 2,6,10-Trimethyldodecane  91 0003891-98-3 212.41 C15H32 

88 10.82 1.54 Tetradecane 98 0000629-59-4 198.39 C14H30 

89 10.96 0.08 3,9-Dimethylundecane  53 0017301-31-4 184.36 C13H28 

90 11.17 0.09 α-(2-Methylpropylidene)-benzeneacetaldehyde  11 0026643-91-4 174.24 C12H14O 

91 11.43 0.2 Undecane 80 0001120-21-4 156.31 C11H24 

92 11.59 0.45 7-Methylpentadecane  91 0006165-40-8 226.44 C16H34 

93 11.68 0.08 Pentatriacontane 74 0000630-07-9 492.95 C35H72 

94 12.05 1.09 Pentadecane 96 0000629-62-9 212.41 C15H32 

95 12.23 0.07 3,7,11-Trimethyl-1,3,6,10-dodecatetraene  64 0000502-61-4 204.35 C15H24 
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96 12.67 0.08 1-Tridecene 53 0002437-56-1 182.5 C13H26 

97 12.78 0.1 2-Methylpentadecane  90 0001560-93-6 226.44 C16H34 

98 13.2 0.6 Hexadecane 98 0000544-76-3 226.44 C16H34 

99 13.73 0.12 5-Methyldecane  87 0017302-36-2 156.31 C11H24 

100 14.29 0.36 Heptadecane 97 0000629-78-7 240.47 C27H36 

101 14.35 0.18 2,6,10,14-Tetramethylpentadecane  91 0001921-70-6 268.52 C19H40 

102 15.34 0.22 Octadecane 98 0000593-45-3 254.49 C18H38 

103 16.32 0.13 Nonadecane 99 0000629-92-5 268.52 C19H40 

104 17.27 0.08 Eicosane 97 0000112-95-8 282.55 C20H42 

105 18.17 0.07 Heneicosane 99 0000629-94-7 296.57 C21H44 

106 19.03 0.04 Docosane 96 0000629-97-0 310.6 C22H46 

107 20.76 2.31 1,6-Dioctyloatehexanedioic acid  99 0000123-79-5 370.57 C22H42O4 
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Appendix B 

 

ICP-OES wavelengths for metal ions 
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Table B.1. List of wavelengths of analyzed elemental ions for ICP-OES. 

Group Element Wavelength Rank 

Alkali Metals Na 330.237 1 

Alkali Metals K 766.49 1 

Alkali Metals K 404.721 2 

Alkali Metals Li 670.784 1 

Alkali Metals Li 610.362 2 

Alkali Metals Li 460.286 3 

Alkali Metals Li 413.256 4 

Alkali Metals Cs 455.531 1 

Alkali Metals Cs 459.32 2 

Alkali Metals Rb 780.023 1 

Alkali Metals Rb 420.185 2 

Alkaline Earth Metals Mg 285.213 1 

Alkaline Earth Metals Mg 279.077 2 

Alkaline Earth Metals Mg 280.271 3 

Alkaline Earth Metals Mg 279.553 4 

Alkaline Earth Metals Ca 317.933 1 

Alkaline Earth Metals Ca 315.887 2 

Alkaline Earth Metals Ca 393.366 3 

Alkaline Earth Metals Ca 396.847 4 

Alkaline Earth Metals Ca 422.673 5 

Alkaline Earth Metals Sr 407.771 1 

Alkaline Earth Metals Sr 460.733 2 

Alkaline Earth Metals Sr 232.235 3 

Alkaline Earth Metals Ba 233.527 1 

Alkaline Earth Metals Ba 455.403 2 



206 
 

Alkaline Earth Metals Ba 493.408 3 

Alkaline Earth Metals Ba 230.425 4 

Alkaline Earth Metals Ba 413.065 5 

Group 3 Sc 361.383 1 

Group 3 Sc 424.683 2 

Group 3 Sc 357.634 3 

Group 3 Y 371.029 1 

Group 3 Y 324.227 2 

Group 3 Y 360.073 3 

Lanthanides La 408.672 1 

Lanthanides La 379.478 2 

Lanthanides La 407.735 3 

Lanthanides La 384.902 4 

Group 4 Ti 334.94 1 

Group 4 Ti 336.121 2 

Group 4 Ti 337.279 3 

Group 4 Ti 334.903 4 

Group 4 Ti 368.519 5 

Group 5 V 290.88 1 

Group 5 V 310.23 2 

Group 5 V 309.31 3 

Group 5 V 292.402 4 

Group 5 V 311.071 5 

Group 5 V 270.093 6 

Group 6 Cr 267.716 1 

Group 6 Cr 205.56 2 

Group 6 Cr 283.563 3 
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Group 6 Cr 284.325 4 

Group 6 Cr 357.869 5 

Group 6 Cr 206.158 6 

Group 6 Cr 257.717 7 

Group 7 Mn 257.61 1 

Group 7 Mn 259.372 2 

Group 7 Mn 260.568 3 

Group 7 Mn 294.92 4 

Group 7 Mn 293.305 5 

Group 7 Mn 279.482 6 

Group 7 Mn 403.075 7 

Group 8 Fe 239.562 1 

Group 8 Fe 259.939 2 

Group 8 Fe 234.349 3 

Group 8 Fe 234.83 4 

Group 8 Fe 238.863 5 

Group 8 Fe 273.955 6 

Group 10 Ni 231.604 1 

Group 10 Ni 221.648 2 

Group 10 Ni 232.003 3 

Group 10 Ni 341.476 4 

Group 10 Ni 227.022 5 

Group 11 Cu 327.393 1 

Group 11 Cu 324.752 2 

Group 11 Cu 224.752 3 

Group 11 Cu 213.597 4 

Group 11 Cu 222.778 5 
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Group 11 Cu 221.459 6 

Group 12 Zn 206.2 1 

Group 12 Zn 213.857 2 

Group 12 Zn 202.548 3 

Group 12 Zn 330.258 4 

Group 12 Cd 228.802 1 

Group 12 Cd 214.44 2 

Group 12 Cd 226.502 3 

Group 12 Cd 361.051 4 

Group 12 Hg 253.652 1 

Group 12 Hg 194.168 2 

Group 12 Hg 404.656 3 

Group 12 Hg 435.835 4 

Group 12 Hg 302.15 5 

Group 12 Hg 184.886 6 

Group 12 Hg 546.074 7 

Group 13 B 249.677 1 

Group 13 B 249.772 2 

Group 13 B 208.889 3 

Group 13 B 182.528 4 

Group 13 B 208.957 5 

Group 13 B 182.578 6 

Group 14 Si 251.611 1 

Group 14 Si 212.412 2 

Group 14 Si 288.158 3 

Group 14 Si 252.851 4 

Group 14 Si 221.667 5 
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Group 14 Sn 189.927 1 

Group 14 Sn 235.485 2 

Group 14 Sn 283.998 3 

Group 14 Sn 242.17 4 

Group 15 P 213.617 1 

Group 15 P 214.914 2 

Group 15 P 178.221 3 

Group 15 P 178.221 4 

Group 15 P 177.434 5 

Group 15 As 188.979 1 

Group 15 As 193.696 2 

Group 15 As 197.197 3 

Group 15 As 228.812 4 

Group 15 Sb 206.836 1 

Group 15 Sb 217.582 2 

Group 15 Sb 231.146 3 

Group 15 Sb 252.851 4 

Group 15 Sb 204.957 5 

Group 15 Sb 203.977 6 

Group 16 Bi 223.061 1 

Group 16 Bi 190.171 2 

Group 16 Bi 306.766 3 

Group 16 Bi 206.17 4 

Group 16 S 181.975 1 

Group 16 S 180.669 2 

Group 16 S 182.563 3 

Group 16 S 189.965 4 
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Appendix C 

 

Carbon content in analyzed waters 
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Table C.1. Carbon content (ppm) of concentrate (C), feed (F), and permeate (P) waters 

for various waters purified using cysteic acid functionalized 0.22 μm α-alumina 

membrane. 

 TC NPOC IC 

Eagelford (TX)    

EF-C 25578 11197 14381 

EF-F 9285 6095 3190 

EF-P 1050 1023 27 

Barnett (NM)    

BA-C 160900 120950 39950 

BA-F 58550 43550 15000 

BA-P 838.7 638.3 200.4 

Marcellus (PA)    

MA-C 7468.3 6737.2 731.1 

MA-F 3808 3728.7 79.3 

MA-P 108.7 83.1 25.6 

Blubell (RN1),  Utah Production Water    

Utah-C 4828 328 4500 

Utah-F1 6028 356 5672 

Utah-F2 6076 144 5932 

Utah-Perm1 40% Closed 1.5 1.2 0.3 

Utah-Perm2 50 % Closed 120.5 96.3 24.2 

Utah-Perm3 60 % Closed 96.5 74.3 22.2 

Utah-Perm4 70 % Closed 132.9 100.5 32.4 

Utah-Perm5 70 % Closed 92.9 70.1 22.8 

Schlumberger (SJ)    
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SJ-C 427.2 335 92.2 

SJ-F 367 293.4 73.6 

SJ-P1 302.1 228.7 73.4 

SJ-P2 317.4 232.7 84.7 

SJ-P3 357.8 255.1 102.7 

Laundry Water    

Laun-C 86520 63680 22840 

Laun-F 20672 8996 11676 

Laun-P 5400 132 5268 

Waste Pit (WP)  Bluebell    

WP-C 31600 2332 29268 

WP-F 36692 2496 34196 

WP-P 31064 1708 29356 

Scott Sugg, Flowback (SSF)    

SSF-C 14048 5204 8844 

SSF-F 12056 376 11680 

SSF-P 4104 248 3856 

Bennie Flowback, Bin    

Ben-C 4824 144 4680 

Ben-F 4472 1284 3188 

Ben-P 756 380 376 

Galveston Bay Sea Water GB)    

GB-C 75.8 58.3 17.2 

GB-F 30.9 9.7 21.142 

GB-P 28.7 7.8 20.788 

Humble 1 (HB1)    

HB1-C 1164 938.8 225.2 
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HB1-F 898 872.8 25.2 

HB-P 51.5 47.8 3.7 

Humble 2 (HB2)    

HB2-C 87.6 60.9 26.7 

HB2-F 84.2 59.4 24.8 

HB2-P 56.7 41.0 15.8 

Blubell (RN1),  Utah Production Water    

Utah Test Conc 12hr 70500 50825 19675 

Utah Test Conc 18hr 167450 129050 36400 

Utah Test Conc 24hr 232250 176075 86175 

Utah Test Perm 12hr 16650 12650 4000 

Utah Test Perm 18hr 21752.5 14832.5 6920 

Utah Test Perm 24hr 34635 28415 6220 
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Table C.2. Percentage of carbon retention in feed (F) and concentrate (C) waters when 

compared to permeate water for Utah Test at increasing trans-membrane pressure. 

% Ret. Of 

Carbon 

Utah-Perm1 

40% 

Closed 

Utah-Perm2 

50 % 

Closed 

Utah-Perm3 

60 % 

Closed 

Utah-Perm4 

70 % 

Closed 

Utah-Perm5 

70 % 

Closed 

Conc. TC 99.97 97.51 98.00 97.25 98.08 

Feed TC 99.98 98.00 98.40 97.80 98.46 

Conc. NPOC 99.64 70.65 77.35 69.37 78.64 

Feed NPOC 99.67 72.96 79.13 71.78 80.32 

Conc. IC 99.99 99.46 99.51 99.28 99.49 

Feed IC 99.99 99.57 99.61 99.43 99.60 
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Appendix D 

 

GC-MS Chromatograms of produced waters for Feed, Concentrate and 

Permeate filtered waters 

 
Figure D.1. Rock Water, production water, Eagleford Shale, (TX), Feed. 

 

 
Figure D.2. Rock Water, production water, Eagleford Shale, (TX), Concentrate. 
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Figure D.3. Rock Water, production water, Eagleford Shale, (TX), Permeate. 

 

 
Figure D.4. Baker-Hughes production water, Barnett Shale, (NM), Feed. 
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Figure D.5. Baker-Hughes, production water, Barnett Shale, (NM), Concentrate. 

 

 
Figure D.6. Baker-Hughes, production water, Barnett Shale, (NM), Permeate. 
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Figure D.7. Pure Stream Corp. production water, Marcellus Shale, (PA), Feed. 

 

 
 

Figure D.8. Pure Stream Corp. production water, Marcellus Shale, (PA), Concentrate. 
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Figure D.9. Pure Stream Corp. production water, Marcellus Shale, (PA), Permeate. 
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Appendix E 

 

ICP analysis of various waters which have been filtered for feed, 

concentrate and permeate waters. 
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Table E.1. Analysis of Alkali and Alkaline metal content in Concentrate (C), Feed (F) and Permeate (P) of various waters which have 

been purified using a cysteic acid functionalized 0.22 μm filter α-alumina filter. 

 Alkali Metals Alkaline Earth Metals 

Barnett produced water Na K Li Rb Mg Ca Sr Ba 

Barnett-C 5559.3 4559.1 84720.6 - 5140.7 34018.7 2429.9 16.7 

Barnett-F 5548.9 4566.5 84407.4 - 5246.1 33971.8 2461.8 16.2 

Barnett-P 5029.0 4035.1 78143.4 - 4980.4 30500.5 2321.3 16.7 

Marcellus produced water         

Marcellus-C 3992 62.6 - - 14.8 67.4 - - 

Marcellus-F 4308 64.6 - - 10.6 69.6 - - 

Marcellus-P 4442 72 - - 64.2 83.8 - - 

Eagelford produced water         

EagelFord-F 45.9 17043.3 1200.6 - 31.8 111.2 5.7 - 

EagelFord-P 56.4 16959.8 702.1 - 30.3 86.7 5.2 - 

Shell Guar Gum         

SGG-Conc PM - 152.2 39400.9 - 44.6 447.2 87.9 3.4 

SGG-Conc PS - 138.8 - - 41.4 406.2 81.6 3.4 
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SGG-Perm PM - 166.1 41944.9 - 46.5 484.8 91.3 3.4 

SGG-Perm PS - 149.3 - - 3.6 434.6 13.3 3.6 

Galveston bay sea water         

GB-C 9432 386.4 - - 1364.8 401.2 - - 

GB-F 14704 607.2 - - 2005.2 610.8 - - 

GB-P 11068 448.4 - - 1577.2 477.6 - - 

Pond water         

MFP-C 735 56.2 - - 67.2 40.5 - - 

MFP-F 923 68.8 - - 74.2 59.1 - - 

MFP-P 752 93.2 - - 96.2 39.4 - - 

Humble oilfield produced 

water 1 

        

HB1-C 56 - - - 11.2 8.8 - - 

HB1-F 0 - - - 4.4 7.2 - - 

HB1-P 23.2 - - - 5.6 21.6 - - 

Humble oilfield produced 

water 2 
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HB2-C 162 - - - 22 110.8 - - 

HB2-F 163.6 - - - 21.6 115.6 - - 

HB2-P 155.2 - - - 21.6 108.8 - - 

Scott Sugg Flowback         

SSF-C 552.8 2698.7 - 41.8 268.3 1652.7 70.5 - 

SSF-F 523.6 2605.8 - 47.0 260.5 1348.3 65.3 - 

SSF-P 523.6 2568.8 - 42.8 255.8 1344.7 64.7 - 

Schlumberger produced 

water 

        

SJC 910.8 1288.7 - - 679.5 5666.1 359.6 45.4 

SJF 887.5 1285.6 - - 716.4 5666.1 377.6 6.7 

SJP1 834.1 1160.2 - - 625.4 5186.4 338.8 6.2 

SJP2 878.8 1276.1 - - 837.0 5627.6 430.0 6.9 

SJP3 930.6 1340.7 - - 771.8 5858.5 413.0 7.2 

Waste pit produced water         

WP-C 1558.2 5340.1 5.7 48.0 270.4 5.7 59.5 2.6 

WP-F 1770.1 6232.7 - 48.0 321.6 18.3 64.2 3.1 
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WP-P 1652.7 6055.2 - 47.5 315.3 12.5 64.7 2.1 

 

 

 

 

 

 

 

 

 

 

 



 

2
2
6
 

Table E.2. Analysis of Lanthanide, Group 4 - 11 metal content in Concentrate (C), Feed (F) and Permeate (P) of various waters which 

have been purified using a cysteic acid functionalized 0.22 μm filter α-alumina filter. 

 Lanthanide Group 4 Group 5 Group 6 Group 7 Group 8 Group 10 Group 11 

Barnett produced water La Ti V Cr Mn Fe Ni Cu 

Barnett-C - 2.6 24.0 - - 66.8 - - 

Barnett-F - 3.1 14.6 - - 75.7 - - 

Barnett-P - 3.1 4.7 - - 8.4 - - 

Marcellus produced water         

Marcellus-C - - 1.2 0.4 - 49.4 - 14 

Marcellus-F - - - 0 - 10.2 - 5.4 

Marcellus-P - - - 0 - 0 - 5.8 

Eagelford produced water         

EagelFord-F - 3.7 16.2 - 11.5 1246.5 2.6 2.6 

EagelFord-P - 2.6 6.8 - 5.7 77.3 0.5 3.7 

Shell Guar Gum         

SGG-Conc PM - - 1.1 - - 9.7 - 0.2 

SGG-Conc PS - - - - - 4.4 - 1.5 
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SGG-Perm PM - - 2.1 - - 5.1 - 0.4 

SGG-Perm PS - - - - - 2.9 - 0.6 

Galveston bay sea water         

GB-C - - - - - - - - 

GB-F - - - - - - - - 

GB-P - - - - - - - - 

Pond water         

MFP-C - - - - - - - - 

MFP-F - - - - - - - - 

MFP-P - - - - - - - - 

Humble oilfield produced 

water 1 

        

HB1-C - - - - - - - 2 

HB1-F - - - - - - - 1.2 

HB1-P - - - - - - - 4 

Humble oilfield produced 

water 2 
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HB2-C - - - - - - 0.4 0.8 

HB2-F - - - - - - 0 1.6 

HB2-P - - - - - - 0 2 

Scott Sugg Flowback         

SSF-C - - - - 24.0 51.2 - - 

SSF-F - - - - 23.0 8.4 - - 

SSF-P - - - - 22.5 0 - - 

Schlumberger produced 

water 

        

SJC - - - 3.6 - 15.4 - - 

SJF - - - 2.1 - 6.4 - - 

SJP1 - - - 2.3 - 6.2 - - 

SJP2 - - - 2.3 - 5.9 - - 

SJP3 - - - 2.6 - 6.4 - - 

Waste pit produced water         

WP-C - - - - - - - - 

WP-F - - - - - - - - 
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WP-P - - - - - - - - 
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Table E.3. Analysis of Group 12 - 16 metal content in Concentrate (C), Feed (F) and Permeate (P) of various waters which have been 

purified using a cysteic acid functionalized 0.22 μm filter α-alumina filter. 

 Group 12  Group 13 Group 14  Group 15  Group 16 

Barnett produced water Zn Hg B Si Sn P As S 

Barnett-C - - 50.1 - - 886.9 - 273.0 

Barnett-F - - 47.0 - - 1177.1 - 290.8 

Barnett-P - - 46.5 - - 863.4 - 248.0 

Marcellus produced water         

Marcellus-C 0.2 - - - - - 4.8 159.4 

Marcellus-F - - - - - - 2.6 135.8 

Marcellus-P - - - - - - 1.6 159.4 

Eagelford produced water         

EagelFord-F - - 28.2 4444.8 3.1 29.2 - 413.9 

EagelFord-P - - 33.4 0.0 0.0 55.3 - 361.2 

Shell Guar Gum         

SGG-Conc PM - - 18.7 - - 3.4 - 144.2 

SGG-Conc PS - - 20.8 - - 19.8 - 167.4 
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SGG-Perm PM - - 23.1 - - 15.4 - 145.9 

SGG-Perm PS - - 26.3 - - 13.7 - 183.6 

Galveston bay sea water         

GB-C - - - - - - - 934 

GB-F - - - - - - - 1337.6 

GB-P - - - - - - - 999.2 

Pond water         

MFP-C - - - - - - - 349 

MFP-F - - - - - - - 892 

MFP-P - - - - - - - 742 

Humble oilfield produced 

water 1 

        

HB1-C - - - - - - 2.8 106.4 

HB1-F - - - - - - 0.4 87.6 

HB1-P - - - - - - 0 24.4 

Humble oilfield produced 

water 2 
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HB2-C - - - - - - 2 166.8 

HB2-F - - - - - - 1.6 119.2 

HB2-P - - - - - - 10.4 124.4 

Scott Sugg Flowback         

SSF-C 70.5 - - 701.1 - - - 231.3 

SSF-F 65.8 - - 707.3 - - - 189.0 

SSF-P 62.6 - - 517.3 - - - 152.4 

Schlumberger produced 

water 

        

SJC 124.2 7.9 62.6 - - 32.6 - 327.8 

SJF 122.1 7.4 59.3 - - 35.9 - 387.6 

SJP1 112.1 7.2 52.3 - - 28.7 - 324.7 

SJP2 120.8 7.2 50.3 - - 25.4 - 301.9 

SJP3 129.5 6.9 53.1 - - 29.8 - 343.7 

Waste pit produced water         

WP-C 206.2 - 195.8 510.5 - 9.4 - 555.4 

WP-F 233.9 - 215.6 404.6 - 25.1 - 681.2 
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WP-P 218.2 - 191.1 520.4 - 11.5 - 588.3 
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Molecular data tables from GC-MS analysis of concentrate waters 
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Table F.1. List of identified molecules with GC-MS from Rock Water Produced water Eagelford Shale produced water (TX). 

Concentrate retained in  a 0.22 μm cysteic acid functionalized α-alumina membrane. Aliquot extracted with chloroform. 

Pk R.T. 

(min) 

A% 

[Tot.] 

Compound Qual. 

(%) 

CAS # Mw Molecular Formula 

1 1.27 0.94 Hydrazine 9 0000302-01-2 32.05 N2H4  

2 1.34 0.98 2-methyl-2-Butene  87 0000513-35-9 70.13 C5H10 

3 1.42 0.20 1,1-dichloroethane  96 0000075-34-3 98.96 C2H4Cl2 

4 1.49 91.14 trichloromethane  90 0000067-66-3 119.38 CHCl3 

5 1.62 2.19 trichloromethane  70 0000067-66-3 119.38 CHCl3 

6 1.69 0.09 Methylcyclohexane 38 0000108-87-2 98.19 C7H14 

7 1.98 0.04 2,4-dichloro-5-oxo-2-hexenedioic acid  36 0056771-78-9 227 C6H4Cl2O5 

8 2.07 0.10 4,6-dihydrothieno[3,4-b]thiophene-2-carboxylic 

acid 

83 0007712-05-2 186.25 C7H6O2S2 

9 2.19 0.11 1,4-dimethylcyclohexane  50 0000589-90-2 112.21 C8H16 

10 2.36 0.21 3-ethylhexane  25 0000619-99-8 114.23 C8H18 

11 2.63 0.03 Hydrochloric Acid 5 0007647-01-0 36 HCl 

12 2.72 0.06 octylcyclohexane  40 0001795-15-9 196.37 C14H28 
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13 2.98 0.01 decylcyclohexane  40 0001795-16-0 224.43 C16H32 

14 3.05 0.07 1-propoxyhexane  9 0053685-78-2 144.25 C9H20O 

15 3.15 0.06 Acetyl chloride 9 0000075-36-5 78.5 C2H3ClO 

16 3.19 0.08 1,2-dimethylbenzene  64 0000095-47-6 106.17 C8H10 

17 3.52 0.15 Nonane 76 0000111-84-2 128.26 C9H20 

18 3.98 0.09 octylcyclohexane  42 0001795-15-9 196.37 C14H28 

19 4.02 0.08 Ethenone 1 0000463-51-4 42.04 C2H2O 

20 5.05 0.19 Decane 93 0000124-18-5 142.28 C10H22 

21 5.40 0.11 2-(2-propen-1-yl)hydrazonepropanal 47 0019031-78-8 112.17 C6H12N2 

22 6.61 0.18 Undecane 96 0001120-21-4 156.31 C11H24 

23 8.11 0.19 Dodecane 93 0000112-40-3 170.33 C12H26 

24 8.30 0.10 2,6-dimethylundecane  90 0017301-23-4 184.36 C13H28 

25 9.11 0.10 2,6-dimethyloctane  64 0002051-30-1 142.28 C10H22 

26 9.21 0.01 2,6-dimethylnonane  59 0017302-28-2 156.31 C11H24 

27 9.36 0.01 Isooctyloate-2-mercaptoacetic acid  59 0025103-09-7 204 C10H20O2S 

28 9.49 0.21 Tridecane 98 0000629-50-5 184.36 C13H28 

29 10.49 0.12 2,6,10-trimethyldodecane  83 0003891-98-3 212.41 C15H32 
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30 10.80 0.22 Tetradecane 98 0000629-59-4 198.39 C14H30 

31 11.50 0.11 Hexatriacontane 90 0000630-06-8 506.97 C36H74 

32 11.66 0.03 Nonadecane 86 0000629-92-5 268.52 C19H40 

33 11.80 0.04 Dotriacontane 86 0000544-85-4 450.87 C32H66 

34 12.02 0.20 Pentadecane 97 0000629-62-9 212.41 C15H32 

35 13.17 0.17 Hexadecane 95 0000544-76-3 226.44 C16H34 

36 13.71 0.08 10-methyleicosane  86 0054833-23-7 296.57 C21H44 

37 13.72 0.10 Pentatriacontane 64 0000630-07-9 492.95 C35H72 

38 14.27 0.16 Heptadecane 96 0000629-78-7 240.47 C27H36 

39 14.33 0.16 2,6,10,14-tetramethylpentadecane  86 0001921-70-6 268.52 C19H40 

40 14.92 0.03 Tritetracontane 86 0007098-21-7 605.16 C43H88 

41 15.31 0.13 Octadecane 97 0000593-45-3 254.49 C18H38 

42 15.40 0.14 Pentatriacontane 91 0000630-07-9 492.95 C35H72 

43 16.30 0.11 Nonadecane 96 0000629-92-5 268.52 C19H40 

44 17.25 0.11 Eicosane 97 0000112-95-8 282.55 C20H42 

45 18.14 0.09 Dotriacontane 91 0000544-85-4 450.87 C32H66 

46 19.01 0.08 Triacontane 91 0000638-68-6 422.81 C30H62 
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47 19.84 0.08 Dotriacontane 90 0000544-85-4 450.87 C32H66 

48 20.63 0.07 Tetratetracontane 83 0007098-22-8 619.19 C44H90 

49 21.40 0.04 1-chloroheptacosane  78 0062016-79-9 415.18 C27H55Cl 
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Table F.2. List of identified molecules with GC-MS from Baker-Hughes produced water Barnett Shale produced water (NM). 

Concentrate retained in a 0.22 μm cysteic acid functionalized α-alumina membrane. Aliquot extracted with chloroform.  

Pk R.T. 

(min) 

A% 

[Tot] 

Compound Qual. 

(%) 

CAS # Mw Molecular Formula 

1 1.26 0.64 Hydrazine 9 0000302-01-2 32.05 N2H4 

2 1.31 0.31 Methanol 9 0000067-56-1 32.04 CH4O 

3 1.34 1.07 2-methyl-2-Butene  90 0000513-35-9 70.13 C5H10 

4 1.39 0.59 1,2-dimethylcyclopropane  90 0002511-95-7 70.13 C5H10 

5 1.43 0.61 Hexane 93 0000110-54-3 86.18 C6H14 

6 1.49 22.70 trichloromethane,  90 0000067-66-3 119.38 CHCl3 

7 1.60 1.34 8-(3-octyl-2-oxiranyl)-1-(1-pyrrolidinyl)-1-

Octanone 

78 0056630-37-6 351.57 C22H41NO2 

8 1.69 1.05 1,2-dimethylcyclopentane  60 0002452-99-5 98.19 C7H14 

9 1.84 0.90 methylcyclohexane  97 0000108-87-2 98.19 C7H14 

10 1.90 0.19 ethylcyclopentane  70 0001640-89-7 98.19 C7H14 

11 1.93 0.25 1,2,4-trimethylcyclopentane  64 0002815-58-9 112.21 C8H16 

12 1.98 0.19 1,2,3-trimethylcyclopentane 93 0002815-57-8 112.21 C8H16 
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13 2.08 0.50 2-methylheptane  62 0000592-27-8 114.23 C8H18 

14 2.14 0.49 Methylbenzene 70 0000108-88-3 92.14 C7H8 

15 2.20 0.50 1,4-dimethylcyclohexane  95 0000589-90-2 112.21 C8H16 

16 2.26 0.08 (bromomethyl)-cyclohexane  47 0002550-36-9 177.08 C7H13Br 

17 2.31 0.28 1-ethyl-2-methylcyclopentane  78 0003726-46-3 112.21 C8H16 

18 2.37 0.83 1,2,3,4-tetramethylcyclopentane  50 0079042-54-9 126.24 C9H18 

19 2.43 0.16 Hydrochloric Acid 9 0007647-01-0 36.46 HCl 

20 2.57 0.06 propylcyclohexane  53 0001678-92-8 126.24 C9H18 

21 2.60 0.03 Hydrochloric Acid 9 0007647-01-0 36.46 HCl 

22 2.63 0.41 2-methyloctane  58 0003221-61-2 128.26 C9H20 

23 2.67 0.14 1,2-dimethylcyclohexane  90 0002207-01-4 112.21 C8H16 

24 2.72 0.88 1,1,3-Trimethylcyclohexane  81 0003073-66-3 126.24 C9H18 

25 2.75 0.64 1,1,3-Trimethylcyclohexane  95 0003073-66-3 126.24 C9H18 

26 2.81 0.03 1-ethyl-4-methylcyclohexane  72 0003728-56-1 126.24 C9H18 

27 2.87 0.19 3-Nonene 46 0020063-77-8 126.24 C9H18 

28 2.92 0.32 1,2,4-trimethylcyclohexane  89 0002234-75-5 126.24 C9H18 

29 2.96 0.21 2,3-dimethylheptane  76 0003074-71-3 128.26 C9H20 
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30 3.05 0.29 4-methyloctane  74 0002216-34-4 128.26 C9H20 

31 3.10 0.16 ethylbenzene  93 0000100-41-4 106.17 C8H10 

32 3.14 0.45 3-methyloctane  81 0002216-33-3 128.26 C9H20 

33 3.18 0.59 1,3-dimethylbenzene  95 0000108-38-3 106.17 C8H10 

34 3.26 0.02 Hydrochloric Acid 5 0007647-01-0 36 HCl 

35 3.29 0.04 1,1,2-trimethylcyclohexane  91 0007094-26-0 126.24 C9H18 

36 3.34 0.17 1-methyl-2-propylcyclopentane  95 0003728-57-2 126.24 C9H18 

37 3.37 0.44 1-ethyl-4-methylcyclohexane  96 0003728-56-1 126.24 C9H18 

38 3.40 0.13 1-ethyl-4-methylcyclohexane  93 0003728-56-1 126.24 C9H18 

39 3.45 0.19 2-ethylcyclopentanemethanol  28 0036258-08-9 128.21 C8H16O 

40 3.52 0.92 Nonane 95 0000111-84-2 128.26 C9H20 

41 3.60 0.16 1-methyl-3-propylcyclooctane  43 0255885-37-1 168.32 C12H24 

42 3.64 0.25 1-ethyl-2-methylcyclohexane  94 0003728-54-9 126.24 C10H20 

43 3.69 0.31 1-methyl-3-propylcyclooctane  90 0255885-37-1 168.32 C12H24 

44 3.78 0.09 1-propoxyhexane,  38 0053685-78-2 144.25 C9H20O 

45 3.82 0.29 1-Heptadecyne 52 0026186-00-5 236.44 C17H32 

46 3.89 0.35 2,5,9-trimethyldecane,  72 0062108-22-9 184.36 C13H28 
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47 3.98 0.30 propylcyclohexane  96 0001678-92-8 126.24 C9H18 

48 4.02 0.35 2,6-dimethyloctane  91 0002051-30-1 142.28 C10H22 

49 4.10 0.05 1,1,2-trimethylcyclohexane  37 0007094-26-0 126.24 C9H18 

50 4.13 0.28 1,2-dimethylcyclooctane  78 0013151-94-5 140.27 C10H20 

51 4.22 0.31 2-methyl-3-octyne  18 0055402-15-8 124.22 C9H16 

52 4.26 0.09 Hydrochloric Acid 9 0007647-01-0 36.46 HCl 

53 4.35 0.22 propylcyclopentane  58 0002040-96-2 112.21 C8H16 

54 4.40 0.17 propylbenzene  70 0000103-65-1 120.19 C9H12 

55 4.45 0.46 4-methylnonane 93 0017301-94-9 142.28 C10H22 

56 4.49 0.17 1-methyl-3-propylcyclohexane  81 0004291-80-9 140.27 C10H20 

57 4.52 0.24 1-ethyl-2-methylbenzene  94 0000611-14-3 120.19 C9H12 

58 4.60 0.23 2,6-dimethyloctane  76 0002051-30-1 142.28 C10H22 

59 4.63 0.37 1,2,3-trimethylbenzene  83 0000526-73-8 120.19 C9H12 

60 4.67 0.06 1,3,5-trimethylbenzene  83 0000108-67-8 120.19 C9H12 

61 4.78 0.13 1-methyl-3-propylcyclohexane  81 0004291-80-9 140.27 C10H20 

62 4.82 0.34 1,4-dimethylcyclohexane  46 0000589-90-2 112.21 C8H16 

63 4.90 0.11 dioctadecyloate phosphonic acid  38 0019047-85-9 586.95 C36H75O3P 
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64 5.01 0.39 1,2,4-trimethylbenzene 94 0000095-63-6 120.19 C9H12 

65 5.05 1.11 Decane 96 0000124-18-5 142.28 C10H22 

66 5.19 0.02 decahydro-1,5-methano-8H-pyrido[1,2-

a][1,5]diazocin-8-one  

45 1017294-60-8 194.27 C11H18N2O 

67 5.23 0.03 14-Hexadecenal 37 1296195-65-7 238.41 C16H30O 

68 5.29 0.13 (1-methylpropyl)benzene 42 0000135-98-8 134.22 C10H14 

69 5.40 0.38 4-methyldecane  96 0002847-72-5 156.31 C11H24 

70 5.48 0.27 1-ethyl-2-methylbenzene  78 0000611-14-3 120.19 C9H12 

71 5.55 0.18 butylcyclohexane  93 0001678-93-9 140.27 C10H20 

72 5.63 0.13 hexylcyclohexane  55 0004292-75-5 168.32 C12H24 

73 5.67 0.24 2-methyl-1-decanol  49 0018675-24-6 172.31 C11H24O 

74 5.72 0.09 2-ethyl-1,1,3-trimethylcyclohexane  86 0442662-72-8 154.29 C11H22 

75 5.78 0.07 1,1,2-trimethylcyclohexane  53 0007094-26-0 126.24 C9H18 

76 5.87 0.14 Tricosane 50 0000638-67-5 324.63 C23H48 

77 5.93 0.36 1-methyl-3-propylbenzene  93 0001074-43-7 134.22 C10H14 

78 5.96 0.29 1-methyl-3-propyldecane 86 0013151-35-4 156.31 C11H24 

79 6.01 0.13 4-methyldecane 64 0002847-72-5 156.31 C11H24 
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80 6.05 0.22 2-methyldecane  43 0006975-98-0 156.31 C11H24 

81 6.10 0.01 α-methyl-1H-imidazole-1-ethanol 37 0037788-55-9 126.16 C6H10N2O 

82 6.17 0.25 1-methyl-2-propylbenzene  83 0001074-17-5 134.22 C10H14 

83 6.20 0.07 1-methyl-3-propylcyclooctane  47 0255885-37-1 168.32 C12H24 

84 6.23 0.09 bis[3-(1,1-dimethylethyl)-2,2-

dimethylcyclopropyl]-zinc  

53 0074793-36-5 307.77 C18H34Zn 

85 6.29 0.03 1,2,3,4,5,6,7,8,9,10,11,12,13,14-tetradecahydro-

nonalene  

49 1177869-25-8 220.39 C16H28 

86 6.37 0.19 1,1-dimethylcyclohexane  46 0000590-66-9 112.21 C8H16 

87 6.46 0.20 1,1-dimethylbenzene 95 0000934-80-5 134.22 C10H14 

88 6.49 0.04 1-methyl-4-(1-methylethyl)benzene  94 0000099-87-6 134.22 C10H14 

89 6.57 0.09 2,6,6-trimethylbicyclo[3.1.1]heptan-3-one  35 0018358-53-7 152.23 C10H16O 

90 6.61 1.03 Undecane 96 0001120-21-4 156.31 C11H24 

91 6.70 0.13 2,6,6-trimethylcyclohexene 50 0015232-85-6 152.28 C11H20 

92 6.76 0.33 decahydro-2-methylnaphthalene 97 0002958-76-1 152.28 C11H20 

93 6.82 0.07 1-methyl-4-(1-methylpropyl)benzene  49 0001595-16-0 148.24 C11H16 

94 6.93 0.14 1,3-diethyl-5-methylbenzene  93 0002050-24-0 148.24 C11H16 
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95 6.99 0.16 1,2,3,5-tetramethylbenzene  93 0000527-53-7 134.22 C10H14 

96 6.88 0.18 1,1'-oxybisoctane  80 0000629-82-3 242.44 C16H34O 

97 7.04 0.40 5-methyl-5-propylnonane  50 0017312-75-3 184.36 C13H28 

98 7.02 0.02 5-methyl-5-propyl-8-hexadecen-1-ol 59 0030689-78-2 254.45 C17H34O 

99 7.14 0.12 pentylcyclohexane  94 0004292-92-6 154.29 C11H22 

100 7.22 0.15 butylcyclopentane  83 0002040-95-1 126.24 C9H18 

101 7.26 0.09 2,3-dihydro-2,2-dimethyl-1H-indene  38 0020836-11-7 146.23 C11H14 

102 7.37 0.13 1-methyl-4-(1-methylpropyl)benzene 53 0001595-16-0 148.24 C11H16 

103 7.43 0.31 2,3,4,5-tetrahydro-1H-1,5-benzodiazepine  50 0006516-89-8 148.21 C9H12N2 

104 7.48 0.44 4-ethyl-1,2-dimethylbenzene  94 0000934-80-5 134.22 C10H14 

105 7.51 0.24 4-methylundecane  53 0002980-69-0 170.33 C12H26 

106 7.58 0.31 Dotriacontane 58 0000544-85-4 450.87 C32H66 

107 7.63 0.06 1,2,3,4-tetrahydro-1,5,7-trimethylnaphthalene  93 0021693-55-0 174.28 C13H18 

108 7.67 0.18 3-Methylundecane 59 0001002-43-3 170.33 C12H26 

109 7.81 0.15 1-methyl-4-(1-methylpropyl)benzene 49 0001595-16-0 148.24 C11H16 

110 7.91 0.16 5-Eicosene 62 0021400-12-4 280.53 C20H40 

111 7.98 0.18 1-hexyl-2-nitrocyclohexane 64 0118252-04-3 593.11 C12H23NO2 
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112 8.02 0.01 2,3-dihydro-2,2-dimethyl-1H-indene  76 0020836-11-7 146.23 C11H14 

113 8.11 1.29 Dodecane 96 0000112-40-3 170.33 C12H26 

114 8.16 0.02 2,3-dihydro-1,2-dimethyl-1H-Indene  78 0017057-82-8 146.23 C11H14 

115 8.19 0.02 α,2,6,6-tetramethyl-1,3-cyclohexadiene-1-

methanol  

38 0102676-97-1 166.26 C11H18O 

116 8.25 0.03 Pentatriacontane 58 0000630-07-9 492.95 C35H72 

117 8.31 0.46 2,6-dimethylundecane  97 0017301-23-4 184.36 C13H28 

118 8.35 0.05 ethenyldiethoxymethylsilane  22 0005507-44-8 160.29 C7H16O2Si 

119 8.41 0.24 2-butyl-1,1,3-trimethylcyclohexane  86 0054676-39-0 182.35 C13H26 

120 8.48 0.05 1-ethyldecahydronapthalene 93 0001008-17-9 166.3 C12H22 

121 8.66 0.11 hexylcyclohexane  87 0004292-75-5 168.32 C12H24 

122 8.72 0.16 Cyclododecane 64 0000294-62-2 168.32 C12H24 

123 8.81 0.02 2-formate-3a,4-dihydro-thieno[3,4-b]thiophene-

2-ol 

42 1177825-27-2 186.25 C7H6O2S2 

124 8.88 0.30 1,2,3-trimethylcyclohexane  25 0001678-97-3 126.24 C9H18 

125 8.95 0.17 1,1-dimethyl-2-(2-methyl-2-propen-1-yl)-

cyclopropane  

35 0069147-03-1 124.22 C9H16 
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126 9.01 0.25 1-chlorooctadecane  52 0003386-33-2 288.94 C18H37Cl 

127 9.13 0.58 7-methyltridecane 83 0026730-14-3 198.39 C14H30 

128 9.20 0.12 1,2,3-trimethylcyclohexane  50 0001678-97-3 126.24 C9H18 

129 9.25 0.09 Methyloate-2-aminobenzoic acid 27 0000134-20-3 151.16 C8H9NO2 

130 9.31 0.04 Decyloate-B,B-diethylborinic acid  27 1071423-91-0 226.21 C14H31BO 

131 9.35 0.15 1,4-dimethylcyclohexane  38 0002207-04-7 112.21 C8H16 

132 9.41 0.08 (1α,3α,6α)-3,7,7-trimethylbicyclo[4.1.0]heptane  38 0006069-97-2 138.25 C10H18 

133 9.45 0.06 dioctadecyloate phosphonic acid 38 0019047-85-9 586.95 C36H75O3P 

134 9.51 1.36 Tridecane 97 0000629-50-5 184.36 C13H28 

135 9.64 0.17 (2E, 7R, 11R)- 3,7,11,15-tetramethyl-2-

hexadecen-1-ol  

62 0000150-86-7 296.53 C20H40O 

136 9.75 0.32 7H-benzocycloheptene 42 0000264-09-5 142.2 C11H10 

137 9.76 0.29 2-methylnaphthalene  96 0000091-57-6 142.2 C11H10 

138 9.85 0.18 4-methyl-3-Dodecen-1-ol 43 1372101-59-1 198.4 C13H26O 

139 10.08 0.27 Heptylcyclohexane 58 0005617-41-4 182.35 C13H26 

140 10.11 0.30 Cyclotridecane 91 0000295-02-3 182.35 C13H26 

141 10.20 0.20 5-Methyltridecane  58 0025117-31-1 198.39 C14H30 
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142 10.28 0.14 1-Docosene 30 0001599-67-3 308.58 C22H44 

143 10.32 0.25 2-methyltridecane  86 0001560-96-9 198.39 C14H30 

144 10.43 0.16 1,54-dibromotetrapentacontane  49 0852228-22-9 917.24 C54H108Br2 

145 10.51 0.45 2,6,10-trimethyldodecane  92 0003891-98-3 212.41 C15H32 

146 10.57 0.02 1-cyclopentyl-4-(1-methylethyl)cyclohexane  43 0959257-33-1 194.36 C14H26 

147 10.64 0.08 3,7-dimethyl-6-octenal  35 0000106-23-0 154.25 C10H18O 

148 10.70 0.12 3-butylcyclohexanone  43 0039178-69-3 154.25 C10H18O 

149 10.81 1.31 Tetradecane 97 0000629-59-4 198.39 C14H30 

150 10.84 0.24 Undecane 84 0001120-21-4 156.31 C11H24 

151 10.91 0.10 1,5-dimethyl-7-Oxabicyclo[4.1.0]heptane  49 0162239-52-3 126.2 C8H14O 

152 10.98 0.21 2,7-dimethylnaphthalene  96 0000582-16-1 156.22 C12H12 

153 11.05 0.09 Pentatriacontane 53 0000630-07-9 492.95 C35H72 

154 11.11 0.19 1-(cyclohexylmethyl)-2-ethylcyclohexane 46 0066374-71-8 208.38 C15H28 

155 11.13 0.11 decahydro-1,1,2,4,4-pentamethylnaphthalene  78 0052525-81-2 208.38 C15H28 

156 11.16 0.28 2,7-dimethylnaphthalene  97 0000582-16-1 156.22 C12H12 

157 11.20 0.25 2,7-dimethylnaphthalene  96 0000582-16-1 156.22 C12H12 

158 11.28 0.09 3,7-dimethyl-7-octenal  45 0000141-26-4 154.25 C10H18O 
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159 11.41 0.48 Cyclotetradecane 92 0000295-17-0 196.37 C14H28 

160 11.45 0.39 Undecane 50 0001120-21-4 156.31 C11H24 

161 11.52 0.41 1-methyl-3-(2-methylpropyl)cyclopentane  53 0029053-04-1 140.27 C10H20 

162 11.57 0.81 Eicosane 91 0000112-95-8 282.55 C20H42 

163 11.61 0.24 2-methyldecane  90 0006975-98-0 156.31 C11H24 

164 11.67 0.18 Tritetracontane 58 0007098-21-7 605.16 C43H88 

165 11.73 0.07 pentadecyloateheptafluoro-2,2,3,3,4,4,4-

butanoic acid  

46 0959261-23-5 424.44 C19H31F7O2 

166 11.79 0.14 8-methylheptadecane  47 0013287-23-5 254.49 C18H38 

167 11.88 0.02 1-methyl-3-(2-methylpropyl)cyclopentane 53 0029053-04-1 140.27 C10H20 

168 12.02 1.26 Pentadecane 97 0000629-62-9 212.41 C15H32 

169 12.07 0.05 6-nitro-5-undecene  27 1246640-64-1 199.3 C11H21NO2 

170 12.13 0.12 2-hexyl-1-decanol  53 0002425-77-6 242.44 C16H34O 

171 12.19 0.14 1,4,6-trimethylnaphthalene  93 0002131-42-2 170.25 C13H14 

172 12.46 0.18 2,3,6-trimethylnaphthalene  98 0000829-26-5 170.25 C13H14 

173 12.51 0.11 1,6,7-trimethylnaphthalene  98 0002245-38-7 170.25 C13H14 

174 12.58 0.16 2-hexyl-1-decanol  58 0002425-77-6 242.44 C16H34O 
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175 12.64 0.28 Cyclopentadecane 64 0000295-48-7 210.4 C15H30 

176 12.70 0.17 2,3,6-trimethylnaphthalene  97 0000829-26-5 170.25 C13H14 

177 12.75 0.30 Dodecane 78 0000112-40-3 170.33 C12H26 

178 12.78 0.26 Hexatriacontane 64 0000630-06-8 506.97 C36H74 

179 12.84 0.09 3-methylpentadecane  83 0002882-96-4 226.44 C16H34 

180 12.90 0.14 2,3,6-trimethylnaphthalene 95 0000829-26-5 170.25 C13H14 

181 12.96 0.01 1,6,7-trimethylnaphthalene  93 0002245-38-7 170.25 C13H14 

182 13.08 0.13 Dodecane 46 0000112-40-3 170.33 C12H26 

183 13.17 0.99 Hexadecane 98 0000544-76-3 226.44 C16H34 

184 13.25 0.23 Tridecane 70 0000629-50-5 184.36 C13H28 

185 13.28 0.19 1H, 3H-naphtho[1,8-cd]pyran-1-one 38 0000518-86-5 184.19 C12H8O2 

186 13.31 0.17 2-(1,3-dimethyl-2-buten-1-ylidene)-

hydrazinecarboxamide 

47 0003780-62-9 155.2 C7H13N3O 

187 13.38 0.14 1,4,6-trimethylnaphthalene  64 0002131-42-2 170.25 C13H14 

188 13.43 0.11 2-hydroxy-2-methyl-3-buten-1-yloate-2-methyl-

-2-butenoic acid  

43 1418543-90-4 184.23 C10H16O3 

189 13.48 0.17 1-(5-Methoxy-4,4-dimethyl-dihydro-furan-2- 30 0959301-25-8 184.23 C10H18O2 
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ylidene)-propan-2-one 

190 13.55 0.19 1,2,3,4-tetramethylnaphthalene  84 0003031-15-0 184.28 C14H16 

191 13.68 0.14 ethylcyclooctadecane  59 1433142-89-2 280.53 C20H40 

192 13.72 0.69 2,6,10-trimethylpentadecane  95 0003892-00-0 254.49 C18H38 

193 13.75 0.23 2-methylheptadecane  91 0001560-89-0 254.49 C18H38 

194 13.81 0.17 Cyclotetradecane 55 0000295-17-0 196.37 C14H28 

195 13.87 0.13 Tetradecane 94 0000629-59-4 198.39 C14H30 

196 13.91 0.04 1-butyl-2-propylcyclopentane  42 0062199-50-2 168.32 C12H24 

197 13.96 0.16 Hexatriacontane 46 0000630-06-8 506.97 C36H74 

198 13.99 0.03 1,2,4,5-tetramethylcyclohexane 53 0002090-38-2 140.27 C10H20 

199 14.10 0.05 1,2,3,4-tetramethylnaphthalene  93 0003031-15-0 184.28 C14H16 

200 14.14 0.02 7-ethyl-1,4-dimethylazulene  93 0000529-05-5 184.28 C14H16 

201 14.19 0.06 17-Pentatriacontene 49 0006971-40-0 490.93 C35H70 

202 14.28 0.87 Heptadecane 96 0000629-78-7 240.47 C27H36 

203 14.32 0.92 2,6,10,14-tetramethylpentadecane 98 0001921-70-6 268.52 C19H40 

204 14.38 0.11 Tetradecane 60 0000629-59-4 198.39 C14H30 

205 14.49 0.06 1,1,3-trimethylcyclopentane  52 0004516-69-2 112.21 C8H16 
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206 14.54 0.03 nonylcyclopentane  55 0002882-98-6 196.37 C14H28 

207 14.64 0.09 2-hexyl-1-decanol  43 0002425-77-6 242.44 C16H34O 

208 14.73 0.20 Tetratetracontane 74 0007098-22-8 619.19 C44H90 

209 14.82 0.16 Dodecane 64 0000112-40-3 170.33 C12H26 

210 14.87 0.09 Dodecane 83 0000112-40-3 170.33 C12H26 

211 14.93 0.23 Tetradecane 95 0000629-59-4 198.39 C14H30 

212 15.02 0.14 Tetradecane 70 0000629-59-4 198.39 C14H30 

213 15.05 0.07 1-butyl-2-pentylcyclopentane  78 0061142-52-7 196.37 C14H28 

214 15.16 0.09 4-methyl-2-tetradecene  86 0108974-71-6 210.4 C15H30 

215 15.20 0.08 Tetradecane 56 0000629-59-4 198.39 C14H30 

216 15.31 0.86 Octadecane 99 0000593-45-3 254.49 C18H38 

217 15.40 0.76 2,6,10,14-tetramethylhexadecane  99 0000638-36-8 282.55 C20H42 

218 15.52 0.07 1-cyclohexyl-2-methyl-2-Propen-1-one  42 0025183-82-8 152.23 C10H16O 

219 15.58 0.11 1,1,3-trimethylcyclopentane  59 0004516-69-2 112.21 C8H16 

220 15.67 0.09 Pentadecane 84 0000629-62-9 212.41 C15H32 

221 15.73 0.20 Tetradecane 94 0000629-59-4 198.39 C14H30 

222 15.76 0.15 5,9-dimethyl-2-(1-methylethyl)cyclodecanone  30 0004570-15-4 224.38 C15H28O 
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223 15.82 0.05 Nonahexacontanoic acid 43 0040710-32-5 999.83 C69H138O2 

224 15.88 0.13 Hexadecane 86 0000544-76-3 226.44 C16 H34 

225 15.93 0.15 1-Octadecene 70 0000112-88-9 252.48 C18 H36 

226 15.98 0.07 16-Heptadecenal 86 0801293-71-0 252.44 C17H32O 

227 16.02 0.11 Heptadecane 90 0000629-78-7 240.47 C27H36 

228 16.13 0.07 2-methyl-4-tetradecene  51 0866760-27-2 210.45 C15H30 

229 16.23 0.22 Pentacosane 91 0000629-99-2 352.68 C25H52 

230 16.31 0.77 Nonadecane 97 0000629-92-5 268.52 C19H40 

231 16.35 0.02 1-Dotriacontanol 70 0006624-79-9 466.87 C32H66O 

232 16.41 0.04 Tetrapentacontane 68 0005856-66-6 759.45 C54H110 

233 16.49 0.03 2-methyl-4-tetradecene  44 0866760-27-2 210.45 C15H30 

234 16.55 0.04 (1-octylnonyl)cyclohexane 38 0055124-77-1 322.61 C23H46 

235 16.63 0.03 1-pentyl-2-propylcyclopentane  74 0062199-51-3 182.35 C13H26 

236 16.69 0.19 4-methylphenanthrene 90 0000832-64-4 192.26 C15H12 

237 16.73 0.12 1-Hentetracontanol 58 0040710-42-7 593.11 C41H84O 

238 16.84 0.15 Hexadecane 83 0000544-76-3 226.44 C16H34 

239 16.90 0.10 1,54-dibromotetrapentacontane  81 0852228-22-9 917.24 C54H108Br2 
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240 16.97 0.11 2-tetradecyloxirane  93 0007320-37-8 240.42 C16H32O 

241 17.02 0.08 1,1,3-trimethylcyclopentane  47 0004516-69-2 112.21 C8H16 

242 17.08 0.12 Nonahexacontanoic acid 58 0040710-32-5 999.83 C69H138O2 

243 17.14 0.09 2-methyl-7-Hexadecene  49 0064183-52-4 238.45 C17H34 

244 17.20 0.13 Pentatriacontane 49 0000630-07-9 492.95 C35H72 

245 17.25 0.76 Eicosane 98 0000112-95-8 282.55 C20H42 

246 17.32 0.09 2-methyl-4-tetradecene  89 0866760-27-2 210.45 C15H30 

247 17.37 0.06 17-Pentatriacontene 58 0006971-40-0 490.93 C35H70 

248 17.41 0.08 1-Hentetracontanol 62 0040710-42-7 593.11 C41H84O 

249 17.51 0.05 (2-propen-1-yloxy)cyclododecane  59 0002986-72-3 224.38 C15H28O 

250 17.60 0.17 Octadecane 94 0000593-45-3 254.49 C18H38 

251 17.66 0.09 2,5-Furandione, 3-dodecyl- 70 0059426-46-9 266.38 C16H26O3 

252 17.70 0.05 (1-decylundecyl)cyclopentane  49 0006703-81-7 364.69 C26H52 

253 17.76 0.07 2,7-dimethylphenanthrene 70 0001576-69-8 206.28 C16H14 

254 17.81 0.08 Octadecane 86 0000593-45-3 254.49 C18H38 

255 17.88 0.12 1,54-dibromotetrapentacontane  76 0852228-22-9 917.24 C54H108Br2 

256 17.93 0.28 Nonahexacontanoic acid 64 0040710-32-5 999.83 C69H138O2 
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257 18.04 0.05 Nonadecane 92 0000629-92-5 268.52 C19H40 

258 18.14 0.57 Heneicosane 97 0000629-94-7 296.57 C21H44 

259 18.19 0.06 Heptadecane 95 0000629-78-7 240.47 C27H36 

260 18.25 0.12 methylcyclopentadecane,  74 0058259-50-0 224.43 C16H32 

261 18.29 0.13 15-methylheptadecanal 89 0094307-12-7 268.48 C18H36O 

262 18.34 0.05 2-cyclohexyl-1-(1H-imidazol-1-yl)ethanone  43 0093383-50-7 192.26 C11H16N2O 

263 18.37 0.06 octadecyloateheptafluoro-2,2,3,3,4,4,4-butanoic 

acid  

43 0000400-57-7 466.52 C22H37F7O2 

264 18.43 0.04 1,7,11-trimethyl-4-(1-

methylethyl)cyclotetradecane  

49 0001786-12-5 280.53 C20H40 

265 18.41 0.12 1,5-dimethyl-7-Oxabicyclo[4.1.0]heptane  43 0162239-52-3 126.2 C8H14O 

266 18.49 0.13 Octadecane 90 0000593-45-3 254.49 C18H38 

267 18.54 0.09 1,7,11-trimethyl-4-(1-methylethyl)-

cyclotetradecane  

91 0001786-12-5 280.53 C20H40 

268 18.58 0.12 (3-octylundecyl)cyclohexane  49 0025446-35-9 350.66 C25H50 

269 18.64 0.11 1-Octadecanethiol 96 0002885-00-9 286.56 C18H38S 

270 18.69 0.19 Octadecane 83 0000593-45-3 254.49 C18H38 
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271 18.78 0.07 1-(1,5-dimethylhexyl)-4-(4-methylpentyl)-

cyclohexane  

70 0056009-20-2 280.53 C20H40 

272 18.84 0.10 (1-pentylheptyl)dodecane  81 0013151-86-5 252.48 C18H36 

273 18.88 0.03 (1-hexyltetradecyl)cyclohexane  74 0004443-60-1 364.69 C26H52 

274 18.93 0.05 (1-octyldodecyl)cyclohexane 74 0004443-61-2 364.69 C26H52 

275 19.01 0.59 Docosane 96 0000629-97-0 310.6 C22H46 

276 19.13 0.11 1,7,11-trimethyl-4-(1-methylethyl)-

cyclotetradecane  

83 0001786-12-5 280.53 C20H40 

277 19.17 0.13 2-methyl-7-octadecene  86 0051050-50-1 266.51 C19H38 

278 19.32 0.18 1,54-dibromotetrapentacontane  64 0852228-22-9 917.24 C54H108Br2 

279 19.35 0.04 Nonahexacontanoic acid 58 0040710-32-5 999.83 C69H138O2 

280 19.38 0.07 octadecyloate heptafluoro-2,2,3,3,4,4,4,-

butanoic acid  

64 0000400-57-7 466.52 C22H37F7O2 

281 19.44 0.09 1-(3-methyl-2-furanyl)-2-Propanone  41 0087773-62-4 138.16 C8H10O2 

282 19.54 0.16 Nonadecane 80 0000629-92-5 268.52 C19H40 

283 19.61 0.11 Heneicosane 86 0000629-94-7 296.57 C21H44 

284 19.64 0.09 1-(3-methyl-2-furanyl)cyclohexane 64 0056009-20-2 280.53 C20H40 
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285 19.70 0.12 5,6-bis(2,2-dimethylpropylidene)decane  53 0936116-64-2 278.52 C20H38 

286 19.75 0.08 1,2-diethylcyclohexadecane  68 0014113-60-1 280.53 C20H40 

287 19.84 0.46 Docosane 97 0000629-97-0 310.6 C22H46 

288 19.90 0.11 2-decyl-3-(5-methylhexyl)oxirane  64 0035898-62-5 282.5 C19H38O 

289 19.97 0.14 1,2-diethylcyclohexadecane  94 0014113-60-1 280.53 C20H40 

290 20.04 0.03 1,7-Dimethyl-4-(1-methylethyl)cyclodecane  47 0000645-10-3 210.4 C15H30 

291 20.13 0.04 1,54-dibromotetrapentacontane 70 0852228-22-9 917.24 C54H108Br2 

292 20.17 0.02 1,2-dibromododecane  52 0055334-42-4 328.13 C12H24Br2 

293 20.25 0.01 2-butyl-5-hexyloctahydro-1H-indene  47 0055044-33-2 264.49 C19H36 

294 20.29 0.04 1-(1,5-dimethylhexyl)-4-(4-methylpentyl)-

cyclohexane  

58 0056009-20-2 280.53 C20H40 

295 20.34 0.09 Heneicosane 89 0000629-94-7 296.57 C21H44 

296 20.38 0.05 (2-decyldodecyl)cyclohexane  38 0006704-00-3 392.74 C28H56 

297 20.41 0.10 1,54-dibromotetrapentacontane  80 0852228-22-9 917.24 C54H108Br2 

298 20.47 0.11 1-Dotriacontanol 46 0006624-79-9 466.87 C32H66O 

299 20.54 0.02 2-tetradecyloxirane  72 0007320-37-8 240.42 C16H32O 

300 20.57 0.03 1-ethylcyclododecanol  58 0016313-36-3 212.37 C14H28O 
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301 20.64 0.40 Tetracosane 99 0000646-31-1 338.65 C24H50 

302 20.72 0.11 2-ethyl-1-dodecanol  43 0019780-33-7 214.39 C14H30O 

303 20.78 0.09 1-Hentetracontanol 64 0040710-42-7 593.11 C41H84O 

304 20.91 0.07 1,54-dibromotetrapentacontane  83 0852228-22-9 917.24 C54H108Br2 

305 20.96 0.08 1,2-dibromododecane  83 0055334-42-4 328.13 C12H24Br2 

306 21.02 0.02 1,2-diethylcyclohexadecane 60 0014113-60-1 280.53 C20H40 

307 21.07 0.03 2-butyl-5-hexyloctahydro-1H-indene  60 0055044-33-2 264.49 C19H36 

308 21.19 0.06 9-Tricosene 50 0027519-02-4 322.61 C23H46 

309 21.28 0.09 17-Pentatriacontene 49 0006971-40-0 490.93 C35H70 

310 21.32 0.07 (1-pentylheptyl)dodecane  52 0013151-86-5 252.48 C18H36 

311 21.40 0.48 Pentacosane 96 0000629-99-2 352.68 C25H52 

312 21.46 0.05 1-Hentetracontanol 72 0040710-42-7 593.11 C41H84O 

313 21.52 0.03 1,1,3-trimethylcyclopentane  38 0004516-69-2 112.21 C8H16 

314 21.57 0.02 1-Docosanol 74 0000661-19-8 346.6 C22H46O 

315 21.66 0.08 1-Hentetracontanol 72 0040710-42-7 593.11 C41H84O 

316 21.78 0.11 Tricosane 81 0000638-67-5 324.63 C23H48 

317 21.85 0.14 1,54-dibromotetrapentacontane  70 0852228-22-9 917.24 C54H108Br2 
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318 21.91 0.37 1,2-diisodecyloate-1,2-benzenedicarboxylic acid  87 0027554-26-3 390.56 C24H38O4 

319 22.02 0.03 17-Pentatriacontene 45 0006971-40-0 490.93 C35H70 

320 22.14 0.38 Hexacosane 94 0000630-01-3 366.71 C26H54 

321 22.17 0.04 Hexatriacontane 93 0000630-06-8 506.97 C36H74 

322 22.22 0.05 1-Hentetracontanol 58 0040710-42-7 593.11 C41H84O 

323 22.31 0.03 1-(1,5-dimethylhexyl)-4-(4-methylpentyl)-

cyclohexane  

80 0056009-20-2 280.53 C20H40 

324 22.37 0.07 Pentacosane 68 0000629-99-2 352.68 C25H52 

325 22.43 0.04 1-acetate-8-methyl-9-Tetradecen-1-ol 72 0912629-93-7 268.43 C17H32O2 

326 22.46 0.03 1-Hentetracontanol 58 0040710-42-7 593.11 C41H84O 

327 22.55 0.12 Pentacosane 80 0000629-99-2 352.68 C25H52 

328 22.61 0.09 octadecahydro-4a,6a-dimethyl-chrysene  38 0034726-76-6 274.48 C20H34 

329 22.66 0.08 5-methyl-5-docosene  53 0947184-08-9 322.61 C23H46 

330 22.73 0.03 1,1,3-trimethylcyclopentane  38 0004516-69-2 112.21 C8H16 

331 22.84 0.32 Heptacosane 98 0000593-49-7 380.73 C27H56 

332 22.91 0.02 15-methylheptadecanal  93 0094307-12-7 268.48 C18H36O 

333 22.94 0.02 octadecyloateheptafluoro-2,2,3,3,4,4,4-butanoic 38 0000400-57-7 466.52 C22H37F7O2 
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acid  

334 22.99 0.01 1,7-Dimethyl-4-(1-methylethyl)cyclodecane  43 0000645-10-3 210.4 C15H30 

335 23.04 0.02 (1α, 2α, 4α, 5α)- 1,2,4,5-tetraethylcyclohexane, 43 0061142-24-3 196.37 C14H28 

336 23.07 0.08 1-Hentetracontanol 72 0040710-42-7 593.11 C41H84O 

337 23.10 0.07 1-chlorooctadecane  78 0003386-33-2 288.94 C18H37Cl 

338 23.13 0.03 Pentacosane 72 0000629-99-2 352.68 C25H52 

339 23.17 0.04 4-(4-ethylcyclohexyl)-1-pentylcyclohexene  50 0301643-32-3 262.47 C19H34 

340 23.28 0.12 1-chlorooctadecane  59 0003386-33-2 288.94 C18H37Cl 

341 23.34 0.09 9-Hexacosene 60 0071502-22-2 364.69 C26H52 

342 23.38 0.05 1,1'-[3-(2-cyclopentylethyl)-1,5-pentanediyl]bis-

cyclopentane  

55 0055255-85-1 304.55 C22H40 

343 23.46 0.09 1-(1,5-dimethylhexyl)-4-(4-methylpentyl)-

cyclohexane 

47 0056009-20-2 280.53 C20H40 

344 23.53 0.28 Pentacosane 96 0000629-99-2 352.68 C25H52 

345 23.61 0.03 3-(2-dodecen-1-yl)dihydro-2,5-furandione 46 0019780-11-1 266.38 C16H26O3 

346 23.69 0.07 (3-octylundecyl)-cyclohexane  38 0025446-35-9 350.66 C25H50 

347 23.73 0.19 (4-octyldodecyl)-cyclopentane  38 0005638-09-5 280.53 C25H50 



 

2
6
1
 

348 23.79 0.18 1-Docosanol 49 0000661-19-8 346.6 C22H46O 

349 23.85 0.09 1,1'-[3-(2-cyclopentylethyl)-1,5-pentanediyl]bis-

cyclopentane  

46 0055255-85-1 304.55 C22H40 

350 24.02 0.05 1-Hentetracontanol 58 0040710-42-7 593.11 C41H84O 

351 24.07 0.06 1-Hexacosene 68 0018835-33-1 364.69 C26H52 

352 24.13 0.01 1,3,5-tris(cyclohexyl)pent-1-ene 83 0959306-64-0 316.61 C23H54O 

353 24.19 0.28 Nonacosane 92 0000630-03-5 408.79 C29H60 

354 24.22 0.07 1-bromodocosane  87 0006938-66-5 389.5 C22H45Br 

355 24.38 0.09 (1-octyldodecyl)cyclohexane  43 0004443-61-2 364.69 C26H52 

356 24.41 0.12 1-acetate-11,13-dimethyl-12-Tetradecen-1-ol  49 0400037-00-5 282.46 C18H34O2 

357 24.47 0.11 1-decyl 2-hexyloate-1,2-benzenedicarboxylic 

acid 

47 0025724-58-7 390.56 C24H38O4 

358 24.54 0.15 17-Pentatriacontene 38 0006971-40-0 490.93 C35H70 

359 25.60 0.17 1,1'[1,12-dodecanediylbis(oxy)bis[2-nitro-

]benzene  

49 0155056-69-2 444.52 C24H32N2O6 

360 24.66 0.23 1,54-dibromotetrapentacontane  49 0852228-22-9 917.24 C54H108Br2 

361 24.70 0.30 1,2-diisodecyloate-1,2-Benzenedicarboxylic acid 55 0026761-40-0 446.74 C28H46O4 
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362 24.76 0.13 1,8,10-Pentadecatriene 35 1227308-82-8 206.37 C15H26 

363 24.82 0.23 Pentacosane 78 0000629-99-2 352.68 C25H52 

364 24.88 0.14 1-acetate-11,13-dimethyl-12-Tetradecen-1-ol  46 0400037-00-5 282.46 C18H34O2 

365 24.93 0.09 1',4-dihydroxy-2,3'-dimethyl-[1,2'-

Binaphthalene]-5,5',8,8'-tetrone  

50 0020175-84-2 374.34 C22H14O6 

366 24.97 0.04 1-(3-methyl-2-furanyl)-2-propanone  80 0087773-62-4 138.16 C8H10O2 

367 25.04 0.09 1-bromo-11-iodoundecane  50 0139123-69-6 361.1 C11H22BrI 

368 25.07 0.07 trans Bis(trifluoromethyl)- 4-ethyl-5-octyl-2, 2-

1, 3-dioxolane 

47 0038274-73-6 350.34 C15H24F6O2 

369 25.14 0.04 1-bromo-11-iodoundecane  45 0139123-69-6 361.1 C11H22BrI 

370 25.19 0.06 1,54-dibromotetrapentacontane  50 0852228-22-9 917.24 C54H108Br2 

371 25.22 0.01 1-acetate-11,13-dimethyl-12-tetradecen-1-ol  46 0400037-00-5 282.46 C18H34O2 

372 25.25 0.04 Trans-4-ethyl-5-octyl-2, 2-bis(trifluoromethyl)-

1, 3-dioxolane  

46 0038274-73-6 350.34 C15H24F6O2 

373 25.26 0.06 17-Pentatriacontene 46 0006971-40-0 490.93 C35H70 

374 25.29 0.10 (1-decylundecyl)cyclopentane  38 0006703-81-7 364.69 C26H52 

375 25.34 0.07 (5α)- 4,4-Dimethyl-cholestan-3-one  41 0002097-85-0 414.71 C29H50O 
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376 25.38 0.03 1,1'[1,12-dodecanediylbis(oxy)bis[2-nitro-

]benzene  

27 0155056-69-2 444.52 C24H32N2O6 

377 25.46 0.17 2-(octadecyloxy)ethanol  68 0002136-72-3 314.55 C20H42O2 

378 25.50 0.06 1,54-dibromotetrapentacontane  49 0852228-22-9 917.24 C54H108Br2 

379 25.55 0.05 cis- bis(trifluoromethyl)- 4-ethyl-5-octyl-2,2-

1,3-dioxolane 

50 0038274-72-5 350.34 C15H24F6O2 

380 25.61 0.02 1,54-dibromotetrapentacontane  50 0852228-22-9 917.24 C54H108Br2 

381 25.66 0.03 1,54-dibromotetrapentacontane  38 0852228-22-9 917.24 C54H108Br2 

382 25.69 0.04 Trans-4-ethyl-5-octyl-2, 2-bis(trifluoromethyl)-

1, 3-dioxolane  

38 0038274-73-6 350.34 C15H24F6O2 

383 26.02 0.06 6-acetyl-2-amino-7,8-dihydro-4(3H)-pteridinone  50 0042310-08-7 207.19 C8H9N5O2 

384 26.17 0.19 1,54-dibromotetrapentacontane  61 0852228-22-9 917.24 C54H108Br2 

385 27.00 0.08 1,7-Dimethyl-4-(1-methylethyl)cyclodecane  35 0000645-10-3 210.4 C15H30 

386 27.64 0.01 1,22-dibromodocosane  35 0034540-49-3 468.39 C22H44Br2 

387 27.96 0.09 2-(octadecyloxy)ethanol  38 0002136-72-3 314.55 C20H42O2 

388 29.13 0.08 13-Docosenylidenepentatriacontane  10 0959102-81-9 659.25 C47H94 
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Table F.3. List of identified molecules with GC-MS from Purestream Corp. produced water Marcellus Shale produced water (PA). 

Concentrate retained in a 0.22 μm cysteic acid functionalized α-alumina membrane. Aliquot extracted with chloroform.  

Pk R.T. 

(min) 

A% 

[Tot] 

Compound Qual. 

% 

CAS# Mw Molecular Formula 

1 1.27 0.70 Hydrazine 9 0000302-01-2 32.05 N2H4 

2 1.34 1.01 1,1-dimethylcyclopropane  93 0001630-94-0 70.13 C5H10 

3 1.42 0.12 1,1-dichloroethane  96 0000075-34-3 98.96 C2H4Cl2 

4 1.49 53.71 trichloromethane  83 0000067-66-3 119.38 CHCl3 

5 1.84 0.10 2,3-dihydrothieno[3,4-b]-1,4-dioxin-2-

carboxylic acid  

64 0955373-67-8 186.19 C7H6O4S 

6 2.37 0.18 Hydrochloric Acid 9 0007647-01-0 36.46 HCl 

7 3.16 0.06 1,6:3,4-dianhydro-2-deoxy-β-D-

lyxohexopyranose 

33 0050767-53-8 128.13 C6H8O3 

8 3.20 0.09 1,4-dimethylbenzene  90 0000106-42-3 106.17 C8H10 

9 3.52 0.22 Nonane 93 0000111-84-2 128.26 C9H20 

10 3.83 0.09 3,4-Nonadiene 43 0037050-03-6 124.22 C9H16 

11 4.02 0.22 2,6-dimethyloctane  64 0002051-30-1 142.28 C10H22 
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12 4.14 0.14 3-Heptene 47 0000592-78-9 98.19 C7H14 

13 4.45 0.21 4-methylnonane 93 0017301-94-9 142.28 C10H22 

14 4.54 0.10 1-ethyl-2-methylbenzene  92 0000611-14-3 120.19 C9H12 

15 4.60 0.18 3-methylnonane  59 0005911-04-6 142.28 C10H22 

16 4.83 0.19 1-methyl-3-(2-methylpropyl)cyclopentane  46 0029053-04-1 140.27 C10H20 

17 5.05 0.71 Decane 97 0000124-18-5 142.28 C10H22 

18 5.40 0.27 4-methyldecane  96 0002847-72-5 156.31 C11H24 

19 5.48 0.17 1-ethyl-3-methylbenzene  92 0000620-14-4 120.19 C9H12 

20 5.55 0.13 butylcyclohexane  87 0001678-93-9 140.27 C10H20 

21 5.66 0.18 2-methyldecane  50 0006975-98-0 156.31 C11H24 

22 5.92 0.29 decahydronaphthalene  87 0000493-02-7 138.25 C10H18 

23 6.05 0.30 2,6,10,14-tetramethylheptadecane  43 0018344-37-1 296.57 C21H44 

24 6.17 0.22 1-methyl-2-propylbenzene 42 0001074-17-5 134.22 C10H14 

25 6.46 0.37 4-ethyl-1,2-dimethylbenzene 95 0000934-80-5 134.22 C10H14 

26 6.61 0.99 Undecane 96 0001120-21-4 156.31 C11H24 

27 6.70 0.06 2,6-dimethylbicyclo[3.2.1]octane  50 0066255-20-7 138.25 C10H18 

28 6.77 0.23 decahydro-2-methylnaphthalene  96 0002958-76-1 152.28 C11H20 
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29 6.89 0.16 2,6-dimethyldecane  81 0013150-81-7 170.33 C12H26 

30 6.93 0.07 1,3-diethyl-5-methylbenzene  64 0002050-24-0 148.24 C11H16 

31 7.02 0.35 decahydro-2-methylnaphthalene  70 0002958-76-1 152.28 C11H20 

32 7.14 0.14 pentylcyclohexane  90 0004292-92-6 154.29 C11H22 

33 7.22 0.11 6-Dodecene 70 0007206-17-9 168.32 C12H24 

34 7.37 0.14 1-methyl-4-(1-methylpropyl)benzene  64 0001595-16-0 148.24 C11H16 

35 7.48 0.48 1,2,4,5-tetramethylbenzene  94 0000095-93-2 134.22 C10H14 

36 7.58 0.33 2-methylundecane  64 0007045-71-8 170.33 C12H26 

37 7.67 0.21 2-methyldecane 70 0017312-55-9 170.33 C12H26 

38 7.81 0.18 1-methyl-4-(1-methylpropyl)benzene  46 0001595-16-0 148.24 C11H16 

39 7.92 0.18 1-Hexadecene 62 0000629-73-2 224.43 C16H32 

40 7.98 0.22 1-hexyl-1-nitrocyclohexane  52 0118252-09-8 213.32 C12H23NO2 

41 8.11 1.36 Dodecane 97 0000112-40-3 170.33 C12H26 

42 8.31 0.60 2,6-dimethylundecane  94 0017301-23-4 184.36 C13H28 

43 8.66 0.13 2,6-dimethylcyclohexane 87 0061142-20-9 168.32 C12H24 

44 8.72 0.20 2,6-dimethyl-1,6-octadiene 53 0010281-56-8 138.25 C10H18 

45 8.87 0.36 2,4-dimethylundecane  38 0017312-80-0 184.35 C13H28 



 

2
6
7
 

46 8.95 0.20 2,2,3,5,6-pentamethyl-3-heptene  43 0116164-06-8 168.32 C12H24 

47 9.01 0.30 2,3,6-trimethyldecane  43 0062238-12-4 184.26 C13H28 

48 9.11 0.64 2,3,6-trimethyltridecane 76 0026730-14-3 198.39 C14H30 

49 9.20 0.26 7-methyl-6-tridecene  50 0024949-42-6 196.37 C14H28 

50 9.36 0.19 1,2-dimethyl-3,5-bis(1-

methylethyl)cyclohexane,  

62 0850791-38-7 196.37 C14H28 

51 9.49 1.62 Tridecane 98 0000629-50-5 184.36 C13H28 

52 9.64 0.23 10-methynonadecane  38 0056862-62-5 282.55 C20H42 

53 9.73 0.38 1-chlorooctadecane  59 0003386-33-2 288.94 C18H37Cl 

54 9.86 0.18 1-(2-methylpropyl)cyclohexene 35 0003983-03-7 138.25 C10H18 

55 10.08 0.33 heptylcyclohexane  49 0005617-41-4 182.35 C13H26 

56 10.17 0.24 2-hexyl-1-decanol  53 0002425-77-6 242.44 C16H34O 

57 10.27 0.19 10-methylnonadecane  58 0056862-62-5 282.55 C20H42 

58 10.33 0.30 2-methyltridecane  93 0001560-96-9 198.39 C14H30 

59 10.42 0.21 1-chloroheptacosane  64 0062016-79-9 415.18 C27H55Cl 

60 10.49 0.52 2,6,10-trimethyldodecane  91 0003891-98-3 212.41 C15H32 

61 10.63 0.10 1,2,4,5-tetraethylcyclohexane  46 0061142-00-5 196.37 C14H28 
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62 10.70 0.14 1-(cyclohexylmethyl)-2-methylcyclohexane  47 0054823-94-8 194.36 C14H26 

63 10.80 1.47 Tetradecane 98 0000629-59-4 198.39 C14H30 

64 10.98 0.38 2,7-dimethylnaphthalene  95 0000582-16-1 156.22 C12H12 

65 11.16 0.35 2,3-dimethylnaphthalene  97 0000581-40-8 156.22 C12H12 

66 11.20 0.29 1,6-dimethylnaphthalene  97 0000575-43-9 156.22 C12H12 

67 11.42 0.60 Cyclotetradecane 93 0000295-17-0 196.37 C14H28 

68 11.57 0.96 Tetratetracontane 87 0007098-22-8 619.19 C44H90 

69 11.67 0.23 3-methyltetradecane  58 0018435-22-8 212.41 C15H32 

70 12.02 1.47 Pentadecane 97 0000629-62-9 212.41 C15H32 

71 12.13 0.17 1-Hentetracontanol 46 0040710-42-7 593.11 C41H84O 

72 12.19 0.17 1,4,6-trimethylnaphthalene  92 0002131-42-2 170.25 C13H14 

73 12.45 0.31 4,6,8-trimethylazulene 98 0000941-81-1 170.25 C13H14 

74 12.51 0.15 1,4,5-trimethylnaphthalene  95 0002131-41-1 170.25 C13H14 

75 12.58 0.20 1-methyl-3-(2-methylpropyl)cyclopentane  70 0029053-04-1 140.27 C10H20 

76 12.64 0.34 (1-propylnonyl)cyclohexane  72 0013151-84-3 252.48 C18H36 

77 12.75 0.58 Tetratriacontane 76 0014167-59-0 478.92 C34H70 

78 12.84 0.34 3-methylpentadecane  80 0002882-96-4 226.44 C16H34 
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79 13.08 0.20 1,54-dibromotetrapentacontane 49 0852228-22-9 917.24 C54H108Br2 

80 13.17 1.13 Hexadecane 98 0000544-76-3 226.44 C16H34 

81 13.26 0.33 1-Dotriacontanol 46 0006624-79-9 466.87 C32H66O 

82 13.72 0.82 2,6,10-trimethylpentadecane  97 0003892-00-0 254.49 C18H38 

83 13.81 0.21 (1-ethyldecyl)cyclohexane  80 0013151-83-2 252.48 C18H36 

84 13.87 0.19 Tetradecane 95 0000629-59-4 198.39 C14H30 

85 13.96 0.25 (1-pentylheptyl)dodecane  45 0013151-86-5 252.48 C18H36 

86 14.28 1.03 Tridecane 96 0000629-50-5 184.36 C13H28 

87 14.33 0.96 2,6,10,14-tetramethylpentadecane  98 0001921-70-6 268.52 C19H40 

88 14.73 0.27 Hexatriacontane 83 0000630-06-8 506.97 C36H74 

89 14.83 0.33 Hexatriacontane 72 0000630-06-8 506.97 C36H74 

90 14.92 0.23 (1-octylnonyl)cyclohexane  91 0055124-77-1 322.61 C23H46 

91 15.01 0.34 Pentadecane 91 0000629-62-9 212.41 C15H32 

92 15.31 1.03 Octadecane 99 0000593-45-3 254.49 C18H38 

93 15.40 0.94 Hexatriacontane 99 0000630-06-8 506.97 C36H74 

94 15.73 0.36 Tetradecane 89 0000629-59-4 198.39 C14H30 

95 15.95 0.22 1,1,3-trimethylcyclopentane 64 0004516-69-2 112.21 C8H16 
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96 16.02 0.18 Hexadecane 72 0000544-76-3 226.44 C16H34 

97 16.22 0.33 2,3-dimethylnonadecane  87 0075163-99-4 296.57 C21H44 

98 16.29 0.96 Nonadecane 98 0000629-92-5 268.52 C19H40 

99 16.69 0.41 1,4-dihydro-1,4-methanophenanthrene  59 1036322-19-6 192.26 C15H12 

100 16.90 0.17 2-tetradecyloxirane  78 0007320-37-8 240.42 C16H32O 

101 16.98 0.15 4-Heptadecenal 74 0184435-63-0 252.44 C17H32O 

102 17.08 0.26 2-hexyl-1-decanol 64 0002425-77-6 242.44 C16H34O 

103 17.25 0.97 Eicosane 98 0000112-95-8 282.55 C20H42 

104 17.60 0.34 Pentadecane 70 0000629-62-9 212.41 C15H32 

105 17.81 0.28 Octadecane 89 0000593-45-3 254.49 C18H38 

106 17.93 0.39 2-methyl-7-hexadecene  70 0064183-52-4 238.45 C17H34 

107 18.14 0.72 Heneicosane 97 0000629-94-7 296.57 C21H44 

108 18.78 0.20 2,2,3,3,4,4,4-heptafluorobutanoic acid  76 0000375-22-4 214.04 C4HF7O2 

109 18.84 0.20 (1-pentylheptyl)dodecane  76 0013151-86-5 252.48 C18H36 

110 19.01 0.77 Eicosane 98 0000112-95-8 282.55 C20H42 

111 19.32 0.29 1-chlorononadecane  60 0062016-76-6 302.97 C19H39Cl 

112 19.84 0.56 Tricosane 98 0000638-67-5 324.63 C23H48 
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113 19.98 0.21 1-chlorotetrapentacontane 81 0852228-22-9 917.24 C54H108Br2 

114 20.48 0.13 1,2-didodecyloate-1,2-Benzenedicarboxylic acid 58 0002432-90-8 502.77 C32H54O4 

115 20.64 0.47 Tetracosane 98 0000646-31-1 338.65 C24H50 

116 20.72 0.17 1,6-bis(2-ethylhexyl)oate hexanedioic acid  49 0000103-23-1 370.57 C22H42O4 

117 21.40 0.49 Docosane 96 0000629-97-0 310.60 C22H46 

118 21.92 0.46 1,2-bis(2-ethylhexyl)oate-1,2-

benzenedicarboxylic acid  

90 0000117-81-7 390.56 C24H38O4 

119 22.14 0.42 Hexacosane 97 0000630-01-3 366.71 C26H54 

120 22.84 0.29 Heptacosane 98 0000593-49-7 380.73 C27H56 

121 23.28 0.10 hexahydro-indeno[3a,4-b]oxiren-2(1aH)-one  30 0037643-23-5 152.12 C9H12O2 

122 23.54 0.22 2-(octadecyloxy)ethanol 83 0002136-72-3 314.55 C20H42O2 

123 24.19 0.22 Nonacosane 97 0000630-03-5 408.79 C29H60 

124 24.82 0.16 2-(octadecyloxy)ethanol  62 0002136-72-3 314.55 C20H42O2 

125 25.48 0.14 2-(octadecyloxy)ethanol  64 0002136-72-3 314.55 C20H42O2 
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F.4. List of identified molecules with GC-MS from Rock Water produced water Eagelford Shale produced water (TX). Permeate 

passed through a 0.22 μm cysteic acid functionalized α-alumina membrane. Aliquot extracted with chloroform. 

Pk R.T. 

(min) 

A% 

[Tot.] 

Compound Qual. 

% 

CAS # Mw Molecular Formula 

1 1.258 0.59 Ammonia 2 0007664-41-7 17.03 NH3 

2 1.334 2.93 Acetone 80 0000067-64-1 58.08 C3H6O 

3 1.41 0.14 1,1-dichloroethane 97 0000075-34-3 98.96 C2H4Cl2 

4 1.486 84.35 trichloromethane 83 0000067-66-3 119.38 CHCl3 

5 1.622 0.08 trichloromethane 74 0000067-66-3 119.38 CHCl3 

6 1.789 0.02 2,3-dihydrothieno[3,4-b]-1,4-dioxin-2-

carboxylic acid 

64 0955373-67-8 186.19 C7H6O4S 
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F.5. List of identified molecules with GC-MS from Baker-Hughes [roduced water Barnett Shale produced water (NM). Permeate 

passed through a 0.22 μm cysteic acid functionalized α-alumina membrane. Aliquot extracted with chloroform. 

Pk R.T. 

(min) 

A% 

[Tot.] 

Compound Qual. 

% 

CAS # Mw Molecular Formula 

1 1.26 0.59 Ammonia 2 007664-41-7 17.03 NH3 

2 1.33 2.93 Acetone 80 000067-64-1 58.08 C3H6O 

3 1.41 0.14 1,1-dichloroethane  97 000075-34-3 98.96 C2H4Cl2 

4 1.47 96.26 trichloromethane  83 000067-66-3 119.38 CHCl3 

5 1.62 0.08 trichloromethane  74 000067-66-3 119.38 CHCl3 
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F.6. List of identified molecules with GC-MS from Purestream Corp. produced water Marcellus Shale produced water (PA). Permeate 

passed through a 0.22 μm cysteic acid functionalized α-alumina membrane. Aliquot extracted with chloroform.  

Pk R.T. 

(min) 

A% 

[Tot.] 

Compound Qual. 

% 

CAS # Mw Molecular Formula 

1 1.26 1.74 Ammonia 2 007664-41-7 17.03 NH3 

2 1.33 2.63 Acetone 80 000067-64-1 58.08 C3H6O 

3 1.41 0.51 1,1-dichloroethane  97 000075-34-3 98.96 C2H4Cl2 

4 1.47 94.79 trichloromethane  83 000067-66-3 119.38 CHCl3 

5 1.62 0.33 trichloromethane  74 000067-66-3 119.38 CHCl3 
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Reprint of A new functionalization strategy for oil-water separation 
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The  fabrication  of  surface  functionalized  alumina  fabric  composite  membranes  using  hydrophilic  cys-
teic acid  surface  stabilized  alumina  nanoparticles  (alumoxanes)  have  been  investigated.  Contact  angle
measurements  for  a  range  of carboxylic  acids functionalized  onto  alumina  coated  silicon  wafers  was
investigated  to  determine  the  functionalization  that  results  in  the  most  hydrophilic  surface.  Highly porous
Nomex® fabric  was  utilized  as a membrane  support  for an  alumoxane  nanoparticle  derived  membrane
filter.  The  flux differentiation  of  heavy  hydrocarbons  from  water,  and  the  separation  of  oil/water  emul-
eramic
omex
lumina
embrane
anoparticle
il

sions  were  studied.  Coating  techniques  utilizing  pH  control  were  investigated.  Retention  coefficients
and  flux  values  indicate  that  surface  chemistry  of  the  fabric  may  be  altered  by  coating  with  chemically
functionalized  alumina  nanoparticles  to  provide  selective  flow  of water  versus  hydrocarbons.

© 2011 Elsevier B.V. All rights reserved.
ater

. Introduction

Oily wastewaters are an inconvenient byproduct of many indus-
ries [1].  The ratios of hydrocarbon to water emulsions vary greatly
rom industry to industry; however they represent a significant
nvironmental hazard and cannot be easily assuaged [2–5]. Fur-
hermore, they result in a significant economic drain, since they

ust be cleaned or otherwise processed prior to use. An example
f which is the rapid increase in hydraulic fracturing in shale for-
ations associated with US natural gas production. As much as one
illion gallons of water are used per “frac” job, with the resulting

ydrocarbon contaminated water having the potential a signifi-
ant environmental hazard and economic burden. Such a hazard
as observed recently at the BP oil leak in the Gulf of Mexico. This

atastrophe pointed to the need for a readily deployable system for
he separation of water (especially salt water) from hydrocarbons.
inally, with the pollution of many bodies of water with petroleum
aste or process spillage there is a need for better personnel pro-

ection than typical diving suits offers.
Many techniques exist for the separation of emulsions, although

ll have significant drawbacks to consider [6]. In recent years, mem-
Please cite this article in press as: S.J. Maguire-Boyle, A.R. Barron, A new fun
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rane filtration has been shown to be one of the best methods
or large-scale separation of oily wastewaters [7].  This is due to
rocessing factors, such as recyclability of throughput material in
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cross-flow membrane assemblies, ease of cleaning, as well as highly
pure permeate [8]. A significant drawback of membrane purifi-
cation is membrane fowling, which can be due to a number of
factors, such as adsorption inside the membrane, deposition on
the membrane surface forming a cake layer and blocking of the
membrane pores [9].  Generally when designing a membrane three
factors need to be achieved, controlled pore size, (for exclusion
of solute molecules), high permeate flux, (which allows for fast
processing) and, good anti-fowling properties [10]. Unfortunately,
small pore sizes (and hence good chemical selectivity, i.e., Fig. 1a)
results in low permeate flux needing high pressures and/or very
large systems. Alternatively, while large pore sizes often minimize
fouling and allow for a high permeate flux, chemical selectivity is
not attainable (Fig. 1b). As it would be desirable to design a mem-
brane with the advantages of both, the question can be posed:
is it possible through chemical control of the surface to design a
large pore membrane with the associated high flux, but with the
separation characteristics of a small pore membrane?

Hydrophilic membranes have been shown to achieve many of
these characteristics especially with regards to anti-fouling, and
in many ways are superior to hydrophobic membranes [10]. This
is due to hydrophilic membranes being less sensitive to adsorp-
tion compared to their hydrophobic analogues. Several methods,
such as surface segregation [11], surface coating [12], and surface
ctionalization strategy for oil/water separation membranes. J. Membr.

graft polymerization [13], have been utilized for enhancing sur-
face hydrophilicity, and thus anti-fouling properties, of membrane
materials. In our previous work we have developed a class of oxide
nanoparticles that have been shown to have high chemical, thermal
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on a Jeol 1230 HC-TEM 120 kV. XPS studies were conducted on a PHI
ig. 1. Schematic representation of the attributes of membranes with (a) small and
b)  large pore size.

nd mechanical stability, with controllable pore forming character-
stics [14–19].  It would be desirable to develop a simple treatment
f high porosity membranes that allows high selectivity and high
ux, in particular for the differentiation influx of small and medium
rganic molecules from water.

The present study involves the screening for highly hydrophilic
embrane surfaces using static water contact angle measurement,
Please cite this article in press as: S.J. Maguire-Boyle, A.R. Barron, A new fun
Sci.  (2011), doi:10.1016/j.memsci.2011.07.046

nd the application of fabric supported membranes for differenti-
tion of flux rates for water and hydrocarbons with a view to the
pplication in oil/water separation.

Fig. 2. Carboxylic acid investigated fo
 PRESS
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2. Experimental procedure

2.1. Materials and characterization

Pseudoboehmite Catapal B was  provided by Sasol North America
Inc. All carboxylate acids were obtained commercially (Aldrich) and
were used as received. Nalgene filtration cells (#300–4000) were
obtained from Fisher Scientific. Nomex® fabric was obtained from
Pegasus Auto Racing Supplies, Inc.

EDS studies were performed on a Hitachi HD-2700 STEM scan-
ning microscope. The samples were attached to a metal mount
using carbon tape. A 5 nm layer of gold was  sputtered onto
the samples to provide a conducting surface. Thermogravimet-
ric/differential thermal analyses (TG/DTA) were obtained on a
Q-600 Simultaneous TGA/DSC TA Instruments using a carrier gas of
either dry nitrogen or air. SEM microscopy studies were performed
on a FEI Quanta 400 ESEM. A 5 nm layer of gold was sputtered onto
the samples to provide a conducting surface. The samples were
mounted on carbon tape. TEM microscopy studies were performed
ctionalization strategy for oil/water separation membranes. J. Membr.

Quantera XPS machine. Atomic force microscopy (AFM) measure-
ments were conducted on a multimode AFM in tapping mode. The
microscope was  equipped with a Nanoscope IIIa scanning probe

r contact angle measurements.

dx.doi.org/10.1016/j.memsci.2011.07.046
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Table  1
Summary of reaction conditions for carboxylic acid functionalization of alumina surfaces.

Carboxylic acid Mass (g) Solvent Volume (mL) Molarity (M)  Temperature (◦C) Reaction time (h)

3,5-Diiodotyrosine 1.87 DMSO 20 0.1 160 24
trans-Fumaric acid 2.32 EtOH 40 0.5 60 24
Malonic acid 2.08 H2O 40 0.5 105 24
Cysteic acid 3.74 H2O 40 0.5 105 24
Octanoic acid 2.90 DMSO 40 0.5 160 24
Stearic acid 1.14 CHCl3 40 0.1 61 24
3,5-Dihydroxybenzoic acid 3.08 DMSO 40 0.5 160 24
para-Hydroxybenzoic acid 2.76 DMSO 40 0.5 160 24
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3. Results and discussion

Our previous work has shown that carboxylic acid functional-
ization of alumina surfaces can change the surface properties of
Fig. 3. The (a) C1s and (b) O1s regions of the XP s

icroscope controller and an Optizoom microscope from Digital
nstruments. AFM tips were from K-TEK nanotechnology which

ere SPM probe model: TETA/Au (15) with an Au conductive coat-
ng and a resonant frequency of 300 Hz.

.2. Synthesis of carboxylic acid alumina surfaces

Using a modification of the literature method [20], silicon wafers
ere coated with a thin layer of alumina (5 nm) via e-beam depo-

ition. In order to remove impurities on the alumina surface, the
oated wafers were sequentially washed in a 1:1 solution of conc.
2SO4 and 30% H2O2 for 5 min. The wafer was then washed with 2-
ropanol and air dried. The alumina coated silicon wafer was  then
ently refluxed at various temperatures depending on the func-
ionalizing carboxylic acid (Fig. 2) as outlined in Table 1. After the
eaction was completed the wafers were washed with IPA and air
ried.

.3. Synthesis of cysteic acid alumoxane

In a modification of the literature procedures [21–23],  pseu-
oboehmite (100 g) was vigorously stirred in DI H2O (80 mL)  to this
as slowly added an aqueous 1 M solution of cysteic acid (80 mL).

he resulting solution was allowed to stir overnight, and then cen-
rifuged at 4500 rpm for 1 h. The supernatant was evaporated under
acuum and the resulting solid was used for coatings. The ceramic
ield (55%) and the average particle size (18 nm)  were determined
y TGA and TEM, respectively. The hydrated solid was  used in future
ip coatings of Nomex® material.

.4. Formation of alumoxane coated Nomex®

Nomex® fabric (18 cm2) was washed sequentially with EtOH
nd acetone to remove excess dye and surface contaminants.
he fabric was then vacuum-dried and then dip-coated in a
0 wt% aqueous solution of cysteic acid-alumoxane solution (10 g
Please cite this article in press as: S.J. Maguire-Boyle, A.R. Barron, A new fun
Sci.  (2011), doi:10.1016/j.memsci.2011.07.046

n 50 mL  DI H2O) and held there for 2–5 s. The dip-coat was
llowed to oven dry (100 ◦C) before repeating the procedure.
he fabric was loaded with 5 g of cysteic acid alumoxane per
8 cm2.
a for cysteic acid functionalized alumina surface.

2.5. Retention studies by gravity filtration

The cysteic acid functionalized alumoxane Nomex® compos-
ite membrane was cut to 5.5 cm diameter circle and fitted into
the Nalgene filtration cell. The desired solution/emulsion (250 mL)
was poured on top of the mounted support. The concentration of
the initial feed was compared to the concentration of permeate
overtime, to determine the percentage of retention. Initially this
was achieved through inspection for larger Mw hydrocarbons but
for smaller molecular weight hydrocarbons (including Dextrans)
GC–mass spectral analysis was used. This methodology was used
for all solution studies presented herein.
ctionalization strategy for oil/water separation membranes. J. Membr.

Fig. 4. Contact angle measurements for water on carboxylic acid functionalized
alumina surfaces.

dx.doi.org/10.1016/j.memsci.2011.07.046
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Fig. 5. Photographic images of water droplet on unfunctionalized alumina surface
(upper), para-hydroxybenzoic acid functionalized alumina surface (middle), and
cysteic acid functionalized alumina surface (lower). Note the image of the water
droplet on the cysteic acid functionalized alumina surface was  taken immediately
upon dropping on the surface since within a few seconds the droplet completely
wets the surface.

Table 2
Dextran molecules used for testing pore size.

Dextran Average molecular weight (g/mol) Ds (nm)

T-10 10,500 1.8–3
T-40 37,500 4–6
T-70 67,800 6–9
T-500 413,000 15–19
T-2000 1,652,000 27

Fig. 7. Schematic representation of (a) a traditional nano porous membran
Fig. 6. Cysteic acid showing Zwitter ionic forms.

the alumina [20]. For example, reaction of a carboxylic acid with
an alumina membrane can alter the flux of the membrane [15].
This effect was  related to the hydrophilicity, as indicated by the
contact angle of water on the surface. As our goal is to create
a strongly hydrophilic surface on a highly porous substrate, we
initially investigated a range of chemical substituents in order to
determine structure/property relationships. Each of the carboxylic
acids studied (Fig. 2) was  functionalized onto separate alumina
coated silicon wafers (see Section 2) to allow for ready compar-
ison by contact angle measurements, using goniometer contact
angle techniques. XPS analysis was  undertaken to ensure that reac-
tion had occurred [20]. XPS analysis of the surfaces all showed
the appropriate elemental composition associated with the acid.
In addition, high-resolution C1s and O1s spectra (Fig. 3) are con-
sistent with the covalent attachment of the carboxylic acid to the
alumina surface [20,24,25].

Our prior work [15] suggested that para-hydroxybenzoic acid
functionalization would make an alumina surface slightly more
hydrophilic than the native oxide. This was therefore used as the
basis for our comparison. Fig. 4 shows the water contact angle mea-
surements made for the range of acids studied. It may  be seen that
cysteic acid functionalized alumina coated wafers were extremely
hydrophilic, achieving complete wettability when in contact with
water. In fact the extent of wetting is such that complete wetting
of the surface results (Fig. 5).
ctionalization strategy for oil/water separation membranes. J. Membr.

We attribute the performance of cysteic acid to the hydrogen
bonding abilities of both sulfonyl and amine moieties, on function-
alized cysteic acid and its Zwitter ionic form (Fig. 6). Both moieties

e and (b) an alumoxane functionalized particle filtration membrane.

dx.doi.org/10.1016/j.memsci.2011.07.046
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Fig. 8. Optical images of (a) Nomex® fabric and (b) l-cyste

an form multiple hydrogen bonds to the solvent, thus making
he surface of the alumoxane nanoparticles hydrophilic. Based on
hese results cysteic acid was chosen as the best candidate for the
reation of our highly hydrophilic alumoxane Nomex® composite
embrane.
Please cite this article in press as: S.J. Maguire-Boyle, A.R. Barron, A new fun
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We have previously reported that carboxylic acid functional-
zed alumina nanoparticles (carboxylate alumoxanes) can be used
o coat a range of fabrics and fibers [26] to form a continuous,
onformal, layer that does not alter either the properties of the

ig. 9. SEM images of (a) un-functionalized Nomex® fabric, (b) cysteic acid alumoxane fun
abric after annealing to 100 ◦C.
 alumoxane functionalized Nomex® fabric (CA-Nomex®).

fiber or the macroscopic porosity of the weave of a fabric. In our
previous work we  have subsequently converted the alumoxanes
to alumina by thermolysis to 400 ◦C. However, when alumoxanes
are heated to 100 ◦C they loose their solubility (and are thus not
removed from the substrate) but retain their surface functionaliza-
ctionalization strategy for oil/water separation membranes. J. Membr.

tion. Our goal was to deposit a thin layer of cysteic alumoxane onto
a suitable highly porous support, anneal to 100 ◦C to provide a cys-
teic functionalized alumina surface on the support. In contrast to
our previous membrane work [27], the alumoxane-derived surface

ctionalized Nomex® fabric, and (c) cysteic acid alumoxane functionalized Nomex®

dx.doi.org/10.1016/j.memsci.2011.07.046
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face of the support should be uniformly thin throughout in order
ig. 10. A plot of average particle size of cysteic acid functionalized alumoxane as a
unction of the pH.

s not to act as a nano porous membrane (1–10 nm pore diame-
Please cite this article in press as: S.J. Maguire-Boyle, A.R. Barron, A new fun
Sci.  (2011), doi:10.1016/j.memsci.2011.07.046

er), but to act as the sidewalls of a particle filtration membrane
103 to 106 nm), see Fig. 7. Thus any differentiation of flux between
arious compounds will be as a consequence of surface functional-
zation rather than pore diameter. Furthermore, the fabric support

Fig. 11. AFM image of l-cysteic acid alumoxane dried aggregates, dried at 

Fig. 12. EDS images of l-cysteic acid alumoxane functionalized Nomex® fiber
 PRESS
embrane Science xxx (2011) xxx– xxx

was chosen with pores sufficiently large that no separation or dif-
ferentiation could be possible (Fig. 8a).

Carboxylate functionalized alumina nanoparticles are readily
made from the reaction of boehmite with carboxylic acids [28],
and cysteic-alumoxane is made in the same manner (see Section 2).
However, the average particle size of the boehmite starting mate-
rial is nearly two  orders of magnitude larger than the cysteic acid
alumoxane particles (i.e., 3 �m versus 30 nm). The presence of any
un-reacted boehmite can alter the resulting uniformity of films or
coatings. Removal of un-reacted boehmite from the cysteic acid
alumoxane solution by centrifugation reduced the average particle
size from 120 nm to 18 nm.

In order to demonstrate that surface functionalization and not
pore size is responsible for any chemical separations we chose
to use Nomex® fabric as a support since the large weave, i.e.,
pore-throat size cannot facilitate separation (Fig. 8a). Fabrication
of the membrane is achieved by bringing the surface of the sup-
port into contact with a solution of cysteic acid functionalized
alumoxane. The solution is drawn into the surface pores of the
support by capillary forces. The membrane deposited onto the sur-
ctionalization strategy for oil/water separation membranes. J. Membr.

to maximize the flux, and not affect the pore size of the fabric
(membrane). Fig. 8b shows an image of the cysteic acid alumoxane-
coated Nomex® fabric. It may  be seen in comparison with the

pH 4 (a) and 11 (b). The vertical scale is 50 and 500 nm, respectively.

 showing (a) a composite image of the (b) sulfur and (c) nitrogen maps.

dx.doi.org/10.1016/j.memsci.2011.07.046
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Table  3
Time testing of hydrocarbons and hydrocarbon emulsions.

Eluant Time non-functionalized Time functionalized
Nomex (s) Nomex (s)

DI water 48 53
Brine 55 58
Hexadecane 163 278
Oleic acid 1076 14,784
Automotive oil 4381 No elution after 24 h
DI  water:automotive oil
(1:1) emulsion

190 No elution of emulsion

DI water:oleic acid (1:1)
emulsion

197 8954

Brine:automotive oil (1:1) 9699 Only elution of
separated brine not
emulsion

Brine:oleic acid (1:1) 3228 9240

Fig. 13. TOC measurements of Dextrans through untreated Nomex® fabric ( ) as
compared to Nomex dip coated with cysteic acid alumoxane nanoparticles before
(  ) and after ( ) annealing to 100 ◦C.

Fig. 14. Optical images of dead-end filtration of au
 PRESS
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untreated fabric (Fig. 8a) that the fabric pore size (as defined by the
weave) is essentially unchanged by the presence of the coating. Our
studies used commercially available Nomex® as support for form-
ing the alumoxane-derived membranes. The coating thickness is
controlled by the concentration of the cysteic acid alumoxane pre-
cursor. A concentration of 20 wt%  cysteic acid alumoxane produces
satisfactory coverage, see Fig. 9.

The initial pH of the reaction solution for acetic acid alumoxanes
was measured to be 4.5 [29,30] as this was deemed to be important
in the synthesis of homogenous 18 nm alumoxane nanoparticles. In
the present work, investigation of coating formation was deemed
to be important for the application of dip coating a fabric, cover-
ing a large surface area. Whereby a uniform coating is required
consideration of the effect of alumoxane solution’s pH (i.e., initial
pH) on the drying pattern was examined. It was found that dry-
ing cysteic acid alumoxane solution at different initial pH levels
at 100 ◦C resulted in significantly different drying patterns. Dry-
ing cysteic acid alumoxane at acidic pH resulted in significantly
more homogenous drying patterns as well as smaller agglomera-
tions compared to more basic pH that can be seen in Fig. 10.  This
can also be seen in Fig. 11,  which shows the 3D AFM images of
the dried agglomerates of l-cysteic acid alumoxane at pH 4 and
11. This behavior is a significant factor in uniformly coating on our
chosen Nomex® scaffold. Uniform coating of our scaffold occurred
at pH 2 as this resulted in fine 25 nm aggregates (see Section 2).
While there is some webbing in the coated Nomex® (Fig. 9b and c),
there is no decrease in the weave (i.e., pore diameter of the fabric)
and no pressure drop as compared to the untreated Nomex®. Given
the improved synthesis of small, highly uniform, alumoxane parti-
cles and their aggregates and the subsequent formation of alumina
nanoparticle coated membranes we  have prepared a membrane
using new cysteic acid alumoxane nanoparticles which has similar

®

ctionalization strategy for oil/water separation membranes. J. Membr.

pore size defined by the original Nomex fabric but with enhanced
screening for hydrocarbons.

The uniformity of the alumoxane coating and the retention of
the l-cysteic acid surface functionalization may be seen by the EDS

tomotive oil at (a) 3, (b) 6, (c) 9, and (d) 12 h.

dx.doi.org/10.1016/j.memsci.2011.07.046
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Fig. 15. SEM images of l-cysteic acid alumoxane coated Nomex® fabric after 160
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olds (a) with associated EDS of (b) the crease (left red line) and (c) outside the
rease (right red line). (For interpretation of the references to color in this figure
egend, the reader is referred to the web  version of the article.)

ap  for sulfur and nitrogen (two unique elements within the sys-
em to l-cysteic acid, see Figs. 2 and 6). Fig. 12 shows not only the
resence of both elements on the entire surface of each individual
omex® fiber, but the superposition of the elements as expected

rom the chemical formula of l-cysteic acid.
Please cite this article in press as: S.J. Maguire-Boyle, A.R. Barron, A new fun
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Permeate flux, and permeability measurements were per-
ormed as well as size exclusion experiments to determine if the
unctionalized membrane operates as an entropic barrier or solely
nder size exclusion dynamics. Given the results presented below

able 4
olumetric flow and flux rate calculations with Nomex® and l-cysteic acid alumoxane fu

Membrane Eluant Time (s) 

Nomex® DI water 48 

Nomex® Brine 55 

Nomex® Hexadecane 163 

Nomex® Oleic acid 1076 

Nomex® Brine:oleic acid 3228 

CA-Nomex® DI water 53 

CA-Nomex® Brine 58 

CA-Nomex® Hexadecane 278 

CA-Nomex® Oleic acid 14,784 

CA-Nomex® Brine:oleic acid 9240 
Fig. 16. Graph of accumulated aluminum content from washings of l-cysteic acid
alumoxane functionalized Nomex® fabric.

it was  important to demonstrate that the pore size had not changed
significantly, i.e., this was still a particle filtration membrane where
no selectivity should be observed. Fig. 13 shows a comparison of
the selectivity of the Nomex® fabric with and without treatment
as a function of molecular weight. Dextran molecules with defined
average molecular weights were used (Table 2). As may  be seen
from Fig. 13,  there is a very small amount of selectivity at molecular
weights at 1652 kDa: far in excess of the sizes of organic molecules
that would be expected in such polluted waters as frac or produc-
tion water.

We  have shown that cysteic alumoxane coated Nomex® shows
essentially no differentiation with respect to molecular size except
at the very high molecular weights. Thus, the coated materials
would not be expected to show differentiation purely on molecu-
lar size. However, based upon our rational the hydrophilic nature of
the surface should allow differentiation with regard to flux between
various compounds. To investigate the effect of the surface treat-
ment on various compounds, the Nomex® fabric (both treated and
untreated) was used for end-on filtration (see Section 2) and the
time for a set volume to flow was  measured (Table 3). Subsequently,
the volumetric flow rates and volumetric flux values were deter-
mined for combinations that passed through the functionalized
Nomex®.

Analysis of relevant eluants was performed using 250 mL of each
sample. Pure eluants and mixtures were tested (Table 3). Emulsions
of eluants were made in a 1:1 ratio with DI water and brine. For the
DI water emulsion no elution was  observed for automotive oil as
this formed a stable emulsion, which did not separate. However
for brine emulsions, brine was eluted but oil was  not. This is due
to the fact that brine does not form stable emulsions and tends
ctionalization strategy for oil/water separation membranes. J. Membr.

to separate organic and aqueous layers, a phenomenon which is
used often in organic chemistry to separate aqueous and organic
phases. For highly viscous hydrocarbons the ability of the porous

nctionalized Nomex® (CA-Nomex®) membranes at pH 7.

Volumetric flow rate (m3/s) Volumetric flux (m/s)

265.4 × 10−6 10,616 × 10−6

231.6 × 10−6 9264.5 × 10−6

78.0 × 10−6 3118.7 × 10−6

11.8 × 10−6 472.9 × 10−6

3.9 × 10−6 156.9 × 10−6

240.3 × 10−6 9613.1 × 10−6

219.6 × 10−6 8785.5 × 10−6

45.8 × 10−6 1832.5 × 10−6

0.815 × 10−6 32.6 × 10−6

1.4 × 10−6 55.0 × 10−6

dx.doi.org/10.1016/j.memsci.2011.07.046
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aterial to screen was exemplary, this can be seen in Fig. 14 where
he material retains automotive oil in excess of 12 h.

Table 4 provides a summary of the characteristics of the hydro-
arbons and the concentrations employed. Standard emulsions of
ach hydrocarbon were prepared in aqueous solution. The emul-
ions were passed through a dead-end filtration system. From
nspection the volumetric flux and flow rates are exponentially
igher for aqueous systems compared to hydrocarbon.

It is understood that the stability of such a barrier against oil-
ater emulsions have significant issues with regards to tribological

ctivity. Herein we describe two experiments that demonstrate
he stability of the coating applied to the Nomex® fabric and thus
he suitability of this membrane for real world use. The ability of
he garment to stand up to tribological stress was tested using the

IT  fold test where l-cysteic acid functionalized alumoxane coated
omex® was folded on the same crease 160 times and analyzed
sing SEM and EDX techniques. It can be seen from Fig. 15 that there

s negligible loss of alumoxane coating from the Nomex® fabric at
he inside crease where there is great physical wear as opposed to
ut of crease where there is the least amount of physical wear. The
elative amounts of aluminum to gold were compared after 160
uccessive folds using EDS line techniques, both inside the crease
nd outside. It can be seen that the amounts do not vary signifi-
antly both on inspection and as a comparison between gold and
luminum. As a second experiment the shedding of aluminum was
easured to ensure that there is not excess loss of coating from

ormal operation. Successive titers of DI H2O were passed through
 5.5 cm2 diameter circle of functionalized membrane. These titers
ere analyzed for aluminum using ICP-OES techniques. It is inter-

sting to note that after eight liters of washing only 0.1 ppm of
luminum was  detected (Fig. 16).

. Conclusion

We have demonstrated that it is possible to synthesize a highly
ydrophilic membrane that is capable of screening hydrocar-
ons from hydrocarbon/water emulsions with high tribological
ndurance. The membranes are stable between pH 2 and 12, and
here appears no pressure dependence of the rejection effects up
ntil the point the fabric distorts. The reason of which is due to the
unctionalized alumoxane nanoparticles, the sulfonyl and amine

oieties and the ionic adducts provide the Zwitter ionic function-
lities that allows efficient hydrogen bonding to the water droplets
ithin the emulsions studied. This interaction allows formation

f an aqueous layer on the surface of the filter which helps pre-
ent fouling and more importantly provides an entropic barrier for
hich the oil droplets contained within the emulsions studied can-
ot cross. The meniscus of the aqueous layer may  in fact decrease
he pore size for hydrophobic material, however leaving the pore
ize sufficiently large enough for the crossing of hydrophobic mate-
ial such as the hydrophilic dextrans studied.
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A bi-functional nano-composite coating has been created on a porous Nomex® fabric support as a trap for 

aspirated virus contaminated water. Nomex® fabric was successively dip-coated in solutions containing 

cysteic acid functionalized alumina (alumoxane) nanoparticles and cysteic acid functionalized iron oxide 

(ferroxane) nanoparticles to form a nanoparticle coated Nomex® (NPN) fabric. From SEM and EDX the 10 

nanoparticle coating of the Nomex® fibers is uniform, continuous, and conformal. The NPN was used as a 

filter for aspirated bacteriophage MS2 viruses using end-on filtration of aspirated viruses was measured. 

All measurements were repeated to give statistical reliability. The NPN fabrics show a large decrease as 

compared to Nomex® alone or alumoxane coating. An increase in the ferroxane content results in an 

equivalent increase in virus retention. This suggests that it is the ferroxane that has an active role in either 15 

deactivating or binding the virus. Heating the NPN to 160 °C results in the loss of cysteic acid functional 

groups (without loss of the iron nanoparticles) and the resulting fabric behaves similar to that of untreated 

Nomex®, showing that the surface fuctionalization of the nanoparticles is vital for the surface collapse of 

aspirated water droplets and the absorption and immobilization of the MS2 viruses. Thus, for virus 

immobilization it is not sufficient to have nanoparticles per se, but the surface functionality of a 20 

nanoparticle is vitally important in ensuring functionality.  

Introduction  

Contamination of water by viral pathogens is endemic in many 

parts of the world. Sources of contamination include industrial 

and agricultural wastes, sewage and other forms of pollution. 25 

Sewage levels of approximately 7,000 viruses per liter are 

common, and can be more than 500,000 virus particles per liter.1 

Inhalation of this aspirated water can lead to serious infections 

and intoxications through exposure of mucous membranes in the 

eyes (conjunctiva), nose (rhinal) and mouth. In many cases 30 

gastroenteritis, respiratory disease, or eye, ear and nose infections 

result. However, more serious consequences and life-threatening 

complications can occur. To overcome this, a viral filter for 

aspirated viruses would be of great utility.  

 The use of iron oxide nanoparticles as a component of a filter 35 

is reasonable since iron oxide and oxyhydroxides human toxicity 

is low,2 and it has also been shown that Fe(O)OH and Fe2O3 are 

more resistant to acidic, corrosive, and oxidant conditions than 

other anti viral materials (e.g., silver).3 The affinity for binding of 

iron nanoparticles to virus pathogens was envisaged as it has been 40 

observed in nature,4 where it has been shown that viruses interact 

and act as nucleation sites for the adsorption and precipitation of 

dissolved metals especially iron.5 Up to 50% of “dissolved iron” 

in sea water is between 30 nm and 100 nm in diameter.6,7,8 

Between 90% and 99% of iron particulates are strongly chelated 45 

by organic ligands.7,8 Viral-lepidocrocite binding has been  

 
Fig.1 Schematic diagram of alumoxane/ferroxane viral trap showing the 

collapsed water droplet containing the virus on the fibers coated with both 

ferroxane (iron oxide) nanoparticles (dark circle) and alumoxane 50 

(alumina) nanoparticles (open circles).  

observed in sea water systems. Since virus adsorption is a 

function of surface area as well as surface activity, nanoparticles 

should show enhanced performance. However, an important 
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question to answer is whether any such performance is simply a 

function of the “nano” nature of the iron oxide nanoparticle, or a 

consequence of the surface functionality in concert with the nano 

scale. The present research is aimed at understanding how the 

surface functionality of a nanoparticle can alter the efficacy of the 5 

nanoparticle activity.  

 Despite the efficacy of iron oxides, and the potential of 

nanocrystaline iron oxides, there is a second important 

component of any trap for aspirated viruses; it is necessary to 

provide a surface onto which water droplets will collapse. We 10 

have previously shown that coating Nomex® or similar fabric 

with cysteic acid [HO2CCH(NH2)CH2SO3H] functionalized 

alumina nanoparticles (cysteic-alumoxane) results in a 

superhydrophilic surface that allows for the passage of water,9 but 

not hydrocarbons. In the present application the function of the 15 

superhydrophilic surface as measured by an extremely low 

contact angle (<3°) is to “collapse” airborne water droplets onto 

the surface, if this hydrophilic surface is combined with 

functionalization to trap and immobilize viruses then a combined 

system for removal of airborne or aspirated viruses may be 20 

achieved (Fig. 1). As noted above binding efficiency of iron 

oxides for viruses has been well documented suggesting that an 

iron oxide containing surface should be ideal as the trap. Thus, 

we propose that the creation of a bi-functional nano-composite 

coating on a porous support should provide a suitable test bed as 25 

a trap for aspirated virus contaminated water. The cysteic acid 

functionalized nanoparticles (alumina or iron oxide) should both 

cause the collapse of the water droplets, while the greater the iron 

content should trap and immobilize higher concentrations of 

viruses. Nomex® fabric was chosen as a convenient nanoparticle 30 

scaffold because of the uniformity of the fibers (providing a 

homogeneous support) and the large weave of the fabric 

(sufficient to allow viruses to pass through). In addition, its use in 

protective garments in hazardous locations10 and its tolerance to 

harsh conditions11 make it a suitable practical substrate.  35 

 We have shown previously that carboxylic acid functionalized 

iron oxide nanoparticles (ferroxanes), are readily prepared from 

rust-like materials and propose the combination of a hydrophilic 

surface alumoxane nanoparticles and viral binding 

functionalization ferroxane nanoparticles should make an 40 

effective hybrid material.12 

Experimental section 

1. Materials and methods 

Cysteic acid, FeCl2.4H2O, EtOH and acetone (Sigma-Aldrich) 

were used as received. Pseudoboehmite Catapal B was provided 45 

by Sasol North America Inc. Nomex® fabric was obtained from 

Pegasus Auto Racing Supplies, and was washed sequentially with 

EtOH and acetone to remove excess dye molecules. Energy 

dispersive spectroscopy (EDS) studies were performed on a FEI 

Quanta 400 ESEM. The samples were attached to a metal mount 50 

using carbon tape. Thermogravimetric/differential thermal 

analyses (TG/DTA) were obtained on a Q-600 Simultaneous 

TGA/DSC TA Instruments machine using a carrier gas of either 

dry argon or air. Scanning electron microscopy (SEM) studies 

were performed on a FEI Quanta 400 ESEM. A 5 nm layer of 55 

gold was sputtered onto the samples to provide a conducting 

surface. The samples were mounted on carbon tape. Transition 

electron microscopy (TEM) studies were performed on a JEOLl 

1230 HC-TEM 120kV. Dilute solutions of nanoparticles were 

sonicated in DI water, and drop cast onto 300 mesh copper grids 60 

the excess solution being wicked away. Samples containing MS2 

were subsequently stained with 2% uranyl acetate (SPI-CHEM). 

The grids were received from Ted Pella with amorphous carbon 

surface and Formvar coating with the Formvar coating being 

removed by immersion of the grid in Chloroform for thirty 65 

seconds and air drying just before drop casting. XPS studies were 

conducted on a PHI Quantera XPS machine. Samples were 

mounted onto the platen using double-sided carbon tape. Atomic 

force microscopy (AFM) measurements were conducted on a 

multimode AFM in tapping mode. The microscope was equipped 70 

with a Nanoscope IIIa scanning probe microscope controller and 

an Optizoom microscope from Digital Instruments. AFM tips 

were from K-TEK nanotechnology, which were SPM probe 

model: TETA/Au (15) with an Au conductive coating and a 

resonant frequency of 300 Hz.  75 

 Bacteriophage MS2 (ATCC 15597-B1) and the host bacteria, 

E. coli (ATCC 15597) were originally obtained from the ATCC, 

LB-Lennox media and sodium bicarbonate were purchased from 

Fisher Scientific, and BactoTM agar was purchased from Difco 

Laboratories. Ultrapure water was obtained from a Barnstead E-80 

Pure system. All materials were sterilized by autoclave, 70% 

EtOH, or filtration through a 0.22 µM membrane. Bacteriophage 

MS2 was used as a surrogate pathogenic virus in this study and 

was propagated using E. coli. in LB-Lennox media (Fisher 

Scientific). 200 µL of MS2 stock solution was combined with 85 

800 µL of an incubation of E. coli. This was combined with 3 mL 

of molten (45 °C) LB-Lennox media containing 0.7% Bacto™ 

Agar (Difco Laboratories) and poured onto a Petri dish 

containing solid LB-Lennox media with 1.5% Bacto™ Agar. The 

plates were incubated overnight and subsequently filled with 15 90 

mL of 100 mM NaHCO3 solution (Fisher Scientific) and gently 

rocked for 3 hours.13 The buffer was withdrawn, centrifuged at 

10,900 x g for 15 minutes, and the supernatant passed through a 

0.22 µM-pore-size syringe filter. The virus solution measured ~7 

x 109 PFU/mL and was stored at 4 °C until use in the virus 95 

removal experiments. 

2. Synthesis 

2.1. Synthesis of cysteic acid alumoxane nanoparticles 

In a modification of the literature procedures14 pseudoboehmite 

(100 g) was vigorously stirred in DI H2O (80 mL) to this was 100 

slowly added an aqueous 1 M solution of cysteic acid (80 mL). 

The resulting solution was allowed to stir overnight, and then 

centrifuged at 4500 rpm for 1 h. The supernatant was evaporated 

under vacuum and the resulting solid was used for coatings. 

Ceramic yield: 55%. Average particle size: 18 nm.  105 

 

2.2. Synthesis of cysteic acid ferroxane nanoparticles 

In a modification of the literature procedure12 a 1M solution 

FeCl2.4H2O (100 mL) was mixed with 1.67 M solution of NaOH 

(100 mL). The ratio R = [FeCl2.4H2O]/[NaOH] = 0.6 favors the 110 

formation of a pure lepidocrocite. To this was slowly added an 

aqueous 1 M solution of cysteic acid (80 mL). The resulting 
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suspension was centrifuged at 4400 rpm for 30 mins and the 

volatiles were removed in a vacuum at 90 °C. The resulting solid 

was used for subsequent coating experiments. Ceramic yield: 

30%. Average particle size: 100 nm.  

 5 

2.3. Formation of alumoxane/ferroxane hybrid material 

A sample of Nomex® fabric (18 mL) was washed sequentially 

with EtOH and acetone to remove excess dye molecules. The 

fabric was then vacuum dried to remove all volatiles. The fabric 

was dip-coated in an aqueous solution of L-cysteic acid-10 

alumoxane 20 wt% (10 g in 50 mL) and held there for 2 – 5 s. 

The dip-coat was allowed to oven dry (100 °C) before repeating 

the procedure three times. Loading of L-cysteic acid 

functionalized ferroxane 5 wt% (1.0 g in 20 mL DI H2O) onto the 

L-cysteic acid alumoxane coated Nomex® resulted in the 15 

nanoparticle coated Nomex® (NPN) fabric, which was tested 

against aspirated MS2 bacteriophage for virus filtration. In order  

 
Fig. 2 Schematic diagram of the viral adsorption apparatus. 

to limit potential nanoparticle shedding a similar sample was 20 

annealed to partially convert the nanoparticles to ceramic by 

heating the filter to 160 °C for 2 hrs in an argon atmosphere 

(NPN-160). Increased loading of cysteic ferroxane 20 wt% (5.0 g 

in 20 mL) was the undertaken onto an alumoxane functionalized 

18 cm2 piece of Nomex® fabric (NPN-4x). The above membranes 25 

were characterized via XPS, SEM-EDS and tested as virus filter 

against MS2 bacteriophage. 

 

3. Viral absorption studies 

The virus filtration experiments were conducted by generating an 30 

aerosolized virus stream, passing the output through a Nomex® 

fabric composite membrane the synthesis of which is outlined 

above, and collecting and enumerating the viruses that are 

completely transported through the system (Fig. 2 and Fig. S1). 

The aerosolized virus stream was generated using a TSI Constant 35 

Output Atomizer (model 3076, Shoreview, MN) operating in 

recirculation mode. The system was sterilized by operating with 

70% EtOH followed by rinsing and operation with sterile 

ultrapure water prior to each experiment. To conduct an 

experiment, the virus stock was combined with 300 mL ultrapure 40 

water (final titer ~106 PFU/mL) in the feed reservoir, which was 

placed in an ice bath and connected to the atomizer. A 25 mm 

diameter piece of fabric was cut and placed in a reusable 

Swinnex® filter holder (Millipore, Billerica, MA) which was then 

attached to the discharge of the atomizer. The output of the filter 45 

holder was connected to a tube, which discharged through a stone 

diffuser into 150 mL of ultrapure water in a tall glass jar. The 

discharge water was sampled before each test and every 10 

minutes up to 1 hour. Viruses in the samples were enumerated by 

the agar overlay method.15 50 

 
Fig. 3 Photographic images of water droplet on cysteic acid 

functionalized alumina surface taken immediately upon dropping on the 

surface since within a few seconds the droplet completely wets the 

surface. The Zwitter ionic forms of the cysteic acid are shown inset. 55 

Results and Discussion 

The strategy of our filters was to immobilize the nanoparticles 

onto a porous fabric scaffold (Fig. 1). To accomplish this, a fabric 

support with hydrophilic alumoxane and hydrophilic ferroxane 

nanoparticle was functionalized and subjected this filter to viral 60 

screening. Reduction in concentrations of viruses passing through 

the functionalized filter compared to the un-functionalized filter 

was on the orders of magnitude. 

 Our previous work has shown that carboxylic acid 

functionalization of alumina surfaces can change the surface 65 

properties of the alumina.9 We have previously undertaken the 

study of many carboxyilic acid functionalized hydrophilic 

surfaces. These effects were related to the hydrophilicity, as 

indicated by the contact angle of water on the surface. It was 

observed that cysteic acid functionalized alumina coated wafers 70 

were extremely hydrophilic, achieving complete wetability when 

in contact with water.9 In fact the extent of wetting is such that 

complete wetting of the surface results which is attributed to the 

hydrogen bonding abilities of both sulfonyl and amine moieties 
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on functionalized cysteic acid and its Zwitter ionic form (Fig. 3).  

 
Fig. 4 SEM image of (a) uncoated Nomex fabric and (b) 

alumoxane/ferroxane composite coated fabric (NPN-2). 

Based on these results cysteic acid was chosen as the best 5 

candidate for the creation of our highly hydrophilic alumoxane-

ferroxane Nomex® composite membrane.  

 
Fig. 5 SEM (a) and associated EDS maps of alumoxane/ferroxane 

nanoparticle coated fiber (NPN-2): (b) aluminum, (c) iron, (d) nitrogen, 10 

and (e) sulfur.  

 We havepreviously reported that carboxylic acid 

functionalized alumina and lepidiocrocite nanoparticles 

(carboxylate alumoxanes and ferroxane) can be used to coat a 

range of fabrics and fibers.16 In the present case our goal was to 15 

deposit a thin layer of cysteic acid alumoxane onto a suitable 

support, anneal to 100 °C to provide a cysteic acid functionalized 

alumina surface on the support. Then repeat the process with 

ferroxane. TG/DTA analysis of the ferroxane nanoparticles (Fig. 

S4) shows that  eating to 100 °C results in loss of adsorbed water 20 

without loss of the cysteic acid functional groups.  

 In contrast to our previous membrane work,17 the 

resulting nanoparticle coated fabric (NPN) surface is not designed 

to act as a membrane on its own, but to be the sidewalls of a 

particle filtration membrane (103 - 106 nm pore size). SEM 25 

images indicated that deposition of the hydrophilic alumoxane 

and the viral active ferroxane nanoparticle occurred evenly across 

the fibers (Fig. 4).  

 
Fig. 6 Plot of cumulative number of viruses passing through the Nomex®-30 

derived filters as a function of exposure time for MS2 bacterage 

adsorption studies: untreated Nomex® ( ), NPN ( ), NPN-4x ( ), and 

NPN heated to 160 °C for 2 hours ( ).  

This observation is confirmed by EDS mapping of individual 

fibers (Fig. 5) showing a continuously uniformly coated single 35 

fiber as demonstrated by the overlap of the aluminum and iron 

EDS maps (Fig. 5b and c) with the SEM image of a fiber (Fig. 

5a). The lower intensity of the iron signal is consistent with the 

lower concentration of the ferroxane. It is also important to note 

that the nitrogen and sulfur EDS maps (Fig. 5d and e) are 40 

identical since the sulfur is due to the cysteic acid functional 

group, while the nitrogen is due to both both the cysteic acid 

functional group and the Nomex® aramid structure. If there were 

areas of the fibers not coated then the sulfur and nitrogen maps 

would be expected to be dissimilar. Uniform layering allows for 45 

passages of air with deposition of water droplets containing the 

target virus. Furthermore, from Fig. 3 it can be seen that there is 

no extensive webbing that would preclude flow through the filter 

or act such that the fabric pore sizes are decreased.  

 The reason we chose to use Nomex® fabric as a support was 50 

that the large weave of the fabric cannot facilitate screening and 

thus it must be the surface of the fibers not pore size that is 

responsible for virus separation. Fabrication of the filter is 

achieved by first bringing the surface of the support into contact 

with a solution of cysteic acid functionalized alumoxane. The 55 

solution is drawn into the surface pores of the support by 

capillary forces. The surface coating thickness is controlled by 

the concentration of the cysteic acid alumoxane and ferroxane 

precursors and the pH of the solution. Size exclusion experiments 
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using Dextrans determined that pore throat size of the 

functionalized membranes were sufficiently large as to not be an 

issue.9 Especially when considering that the Brownian motion of 

an aspirated water droplet as in its aerodynamic motion if less 

than 1 µm in diameter is significantly larger than its diameter.18 5 

This ensures that in the application of our membrane for aspirated 

virus removal within an air-way the air flux is large while still 

ensuring capture of the aerosol water droplet.  

 Testing of virus filtration was undertaken using bacteriophage 

MS2; this is a single stranded (+) RNA virus with an icosahedral 10 

capsid about 25 nm in diameter.19 MS2 is similar to some water 

borne pathogenic viruses and has been used as a surrogate in 

several disinfection studies.20 Compared to other bacteriophage, 

MS2 has been shown to be more resistant to UV disinfection.21 In 

disinfection studies using chlorine and chloramines, MS2 was 15 

found to be comparable or resistant compared to Hepatitis A 

virus22 and Poliovirus.23 MS2 has also been recommended by the 

EPA as an indicator for viral inactivation processes.24 MS2 is 

particularly convenient to work with, as its propagation and 

enumeration are relatively simple when compared to procedures 20 

required with pathogenic human viruses. Investigation of the 

screening properties for MS2 of the functionalized membranes 

and unfuntionalized membranes were investigated, using end-on 

filtration of aspirated viruses was measured. All virus trapping 

measurements were repeated to give statistical reliability.  25 

 Fig. 6 shows a plot of the cumulative number of viruses 

passing through each coated fabric as a function of time. It may 

clearly be seen that the alumoxane/ferroxane nanoparticle coated 

fabrics (NPN and NPN-4x) show a large decrease as compared to 

Nomex® alone. A Log plot is shown in Fig. S9. It is particularly 30 

noteworthy that an increase in the ferroxane content (i.e., sample 

NPN-4x versus sample NPN) results in an equivalent increase in 

virus retention. This suggests that it is the ferroxane that has an 

active role in either deactivating or binding to the virus. 

 35 

Fig. 7 TEM of (a) MS2 bacteriophage and (b) MS2 (arrowed) bound to 

cysteic acid-functionalized ferroxane nanoparticle. 

 In order to confirm this result we have investigated the 

interaction of MS2 with individual ferroxane particles by TEM. 

Fig. 7a shows a TEM image of two MS2 viruses for comparison, 40 

while in the center of Fig. 7b is a representative example of a 

ferroxane particle to which is associated with multiple MS2 

viruses (TEM images of ferroxane particles in the absence of 

MS2 are shown for comparison in Fig. S6). In the entire TEM 

sample of NPN/MS2 all the ferroxane nanoparticles were 45 

observed “binding”, i.e., being in close proximity to at least one if 

not multiple MS2 viruses.  

 From Fig. 6 it may be seen that the Nomex® fabric alone 

provides some barrier to transport of aspirated MS2 

bacteriophage in comparison to no fabric at all. This provides a 50 

simple measure of the physical barrier that any porous fabric 

would provide. Although previous work has suggested that iron 

oxides should act as efficient traps for viruses such as MS2, the 

coated fabric that was heated to 160 °C (NPN-160) shows 

essentially that the same results as for untreated Nomex®, 55 

suggestive that the ferroxane is deactivated.  

 
Fig. 8 TEM of MS2 bacteriophage (arrowed) bound to cysteic acid-

functionalized ferroxane nanoparticle (left) that has been pretreated by 

heating to 160 °C for 2 hours. 60 

However, TEM images of a sample of cysteic acid ferroxane 

heated to 160 °C and then mixed in the presence of MS2 

bacteriophage shows particles associated with multiple MS2 

viruses (Fig. 8) indicating that the binding of MS2 to the iron 

oxide nanoparticle is possible.  65 

 These results are indicative of two issues. First, the 

nanoparticle coating process does not significantly alter the 

porosity of (or flow through) the fabric, since NPN-160 and 

Nomex® alone behave identically, and hence the results for NPN 

and NPN-4x are not a consequence of smaller pore/weave sizes. 70 

Second, TGA data indicates that annealing either cysteic acid 

alumoxane or ferroxane to 160 °C (Fig. S4) results in the partial 

loss of functional groups on the nanoparticles without sintering of 

the individual nanoparticles and lowering the surface area.14,25 

This suggests that the surface fuctionalization of the nanoparticles 75 

(i.e, the hydrophilic surface due to the cysteic acid functional 

groups) is vital for the surface collapse of aspirated water droplet 

and the subsequent absorption and immobilization of the MS2 

viruses. Thus we can conclude that a nanoparticle surface 

functionalization is far more important in the present process than 80 

the actual nanoparticle nature of the coating per se. 

Conclusions 

We have synthesized and characterized a permeable hydrophilic 

fabric-based filter with high flux for air flow and high virus 
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binding capabilities, derived from simple hydrophilic principles 

and natural virus binding mechanisms found in nature. The 

benign nature of synthesis of the membrane composite ensures 

that future functionalization of any component within an air-way 

system is possible with regards to virus inactivation. The concept 5 

of this membrane maybe utilized in the future for functionalizing 

multiple components. While it is reasonable to propose that the 

ferroxane-MS2 interaction is essentially the same as in nature 

with regards to virus binding to lepidiocrocite, the important 

result from this work is that it is not sufficient to have 10 

nanoparticles per se, but their surface functionality is important in 

ensuring functionality. In the present case this means the use of 

hydrophilic surface functionalization that ensures the collapse of 

aspirated water droplets and the wetting of the surface to allow 

exposure of the viruses to the “active” component of the surface.  15 
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ABSTRACT: A new method of modifying TiO2 photo-
catalysts with SiO2 is developed in which SiO2 nanoparticles
are simply mixed with TiO2 in water under ambient
conditions. This method does not require the use of toxic
solvents or significant energy input. Although the SiO2
modification slightly reduces hydroxyl free radical production,
the composite SiO2−TiO2 nanomaterials have markedly higher
photocatalytic inactivation rates for a common surrogate virus,
bacteriophage MS2 (up to 270% compared to the unmodified
TiO2), due to the greatly improved adsorptive density and dark
inactivation of MS2. The Langmuir isotherm describes the
adsorption data well and shows that the TiO2 modified with
5% SiO2 has a maximum adsorption density qmax 37 times that of the unmodified TiO2. The Langmuir−Hinshelwood model fits
the photocatalytic inactivation kinetic data well. The SiO2−TiO2 material produces a greater maximum initial inactivation rate yet
a lower intrinsic surface reaction rate constant, consistent with the reduced hydroxyl radical production and enhanced adsorption.
These results suggest that modifying photocatalyst surface to increase contaminant adsorption is an important strategy to
improve photocatalytic reaction efficiency. Simple and cheap synthesis methods such as that used in this study bring
photocatalysis closer to being a viable water treatment option.

■ INTRODUCTION

Much of the world lacks reliable access to safe drinking water,
and even highly developed nations face serious challenges in
ensuring safe water supply. A major challenge in drinking water
disinfection is the presence of resistant microbial pathogens.
Viruses commonly occur in drinking water sources,1,2 and
certain types (e.g., adenoviruses, rotaviruses) are recalcitrant to
several traditional and alternative disinfection techniques, such
as monochloramination and UV254 irradiation.3−5 While free
chlorine is generally highly effective for virus inactivation, its
use is limited due to the potential to form toxic disinfection
byproducts (DBPs). Alternative disinfection methods that
effectively inactivate viruses without significant DBP formation
are greatly needed.
Titanium dioxide (TiO2) based photocatalysis continues to

gain attention as an alternative method for chemical
contaminant degradation as well as for disinfection. It has
been shown to be competitive with other advanced oxidation
processes (AOPs) and can be combined with them for
improved performance (e.g., UV/TiO2/H2O2, UV/TiO2/
O3).

6−8 Several studies are available demonstrating the
antimicrobial activity of TiO2. The inactivation is usually

attributed to oxidation by reactive oxygen species (ROS), with
the best results obtained when the microorganisms are in direct
contact with the catalyst.9 However, slow reaction kinetics is a
major factor limiting the application of this technology in water
and wastewater disinfection. Modifications to the catalyst, such
as doping or depositing metals in or on TiO2, can improve the
catalyst efficiency by increasing ROS production or improving
contaminant adsorption to the catalyst.10−12 For water
treatment, it is important that the material conjugated with
TiO2 also be stable and nontoxic. Silica (SiO2) is one such
material that we have identified for improving virus inactivation
kinetics of TiO2.

13

Silica is typically used in TiO2 photocatalysis as either a
physical support or as a dopant dispersed within the TiO2

lattice and thus affecting the fundamental properties of the
material. In previous studies on silica/silicon − titania
composite catalysts, improvement to the catalyst efficiency is
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attributed to bandgap changes, the generation of surface acid
sites, and increased adsorption.14−17 In these studies Si is
incorporated into the TiO2 lattice during its synthesis using the
sol−gel technique. In a previous study, we developed simple
procedures to chemically (through surface doping that results
in formation of Ti−O−Si bonds) and physically (through
direct deposition of SiO2 nanoparticles) modify TiO2 nano-
particle surface. Such modifications greatly improved the
photocatalytic inactivation kinetics of bacteriophage MS2, a
commonly used surrogate for waterborne pathogenic viruses,
by up to 300%.13 Because these synthesis procedures produce
only surface deposits of SiO2 on TiO2, the role of SiO2 in the
photocatalytic activity of TiO2 is hypothesized to be different
from those found in SiO2−TiO2 materials reported in previous
studies. Additionally, SiO2 present as a physical deposit
improved MS2 inactivation, suggesting that the mere presence
of SiO2 on the TiO2 surface results in enhancement, and a
chemical linkage is not required. However, it was not clear what
role such surface deposits of silica played in enhancing virus
inactivation kinetics.
In this study we report the synthesis of composite SiO2−

TiO2 nanomaterials using a simple, low-cost, and green process
and their efficiency for inactivating MS2 bacteriophage. The
effects of SiO2 modification on MS2 adsorption, dark
inactivation, and hydroxyl radical (HO•) production were
investigated to elucidate the role of SiO2 in photocatalytic
inactivation of MS2.

■ EXPERIMENTAL METHODS
Materials and Equipment. P25 Aeroxide TiO2 (avg. size

25 nm, 70:30 anatase:rutile, BET 50 m2/g, referred to as P25
hereafter) obtained from Evonik Degussa Corporation
(Parsippany, NJ) was used as the benchmark TiO2 photo-
catalyst. Fumed silica (Aerosil) was obtained from Sigma-
Aldrich (St. Louis, MO). According to the vendor, the primary
SiO2 particles are 14 nm in diameter with 40−60% of particles
fused in branched chains of 0.1−0.2 μm long, and the BET
surface area is 200 m2/g. Terephthalic acid (99% purity) was
obtained from Acros Organics (Geel, Belgium). Ultrapure
water was generated by a Barnstead E-Pure system (Thermo
Scientific, Waltham, MA).
Bacteriophage MS2 (ATCC 15597-B1) and E. coli (ATCC

15597) were obtained from the ATCC (Manassas, VA). MS2
propagation and enumeration were carried out as described
previously.13 The virus stock was purified in an ultrafiltration
cell fitted with a regenerated cellulose membrane (Millipore,
Billerica, MA) with a nominal molecular weight limit of 10 kDa
until salt and dissolved organics were reduced by 99.99%, and a
final virus titer of 1.5 × 1011 PFU/mL was reached. The pH of
the ultrapure water used for washing was adjusted to 7.0 with
NaOH to ensure optimal survival of MS2 during storage at 4
°C.18

SiO2−TiO2 Synthesis and Characterization. SiO2−TiO2
nanocomposite materials were prepared using P25 and fumed
silica. Three synthesis methods were evaluated. In the first two
methods, SiO2 (2.5 − 20 wt %) was attached to TiO2 through a
condensation reaction by refluxing the TiO2−SiO2 mixture in
toluene and through physisorption by stirring the mixture in
toluene. Details of the synthesis procedures and character-
ization of materials prepared by these two methods can be
found in ref 13. In the third method, 100 mg of TiO2 and 2.5−
10 mg of fumed silica were stirred in 40 mL of DI water at
ambient conditions for 24 h. The resulting materials were

vacuum filtered using 0.2 μm PTFE membranes (Cole-Parmer,
Vernon Hills, IL), dried in a vacuum desiccator for 24 h, and
stored at room temperature in the dark. Samples are named
according to the SiO2 weight percentage used and the reaction
conditions. For example, 5% SiO2−TiO2-tr denotes a sample
containing 5 wt % SiO2 made by toluene reflux (-tr), while
ending in -ts or -w denotes samples made by stirring in toluene
(ts) or water (w).
XPS analyses were done using a PHI Quantera XPS

instrument (Chanhassen, MN). The particle size, morphology,
and electrophoretic mobility of the nanoparticles dispersed in
water were characterized by dynamic light scattering (DLS),
TEM, and phase analysis light scattering (PALS), respectively.
For all experiments suspensions of photocatalysts in ultrapure
water (pH 5.5) were prepared immediately prior to testing
using an ultrasonic processor fitted with a cup-horn operated at
100 W for 15 min. For TEM analysis, the suspension was drop
cast onto 300 mesh carbon coated, Formvar removed copper
TEM grids (Ted Pella, Redding, CA). Excess liquid was
removed, and the grids were allowed to dry in darkness for 3 h.
TEM imaging was performed on a Jeol 1230 high contrast
TEM (Peabody, MA) at 120 kV and a Jeol 2100 FE-TEM at
200 kV. DLS and PALS analyses were performed using a Zen
3600 Zetasizer (Malvern Instruments, Worcestershire, UK) at
25 °C; three measurements were made for each sample.

Virus Adsorption and Dark Inactivation Assays. Since
contaminant adsorption to the catalyst is an important factor in
the photocatalytic process, adsorption and subsequent dark
inactivation of MS2 to the catalysts was measured over a wide
range of applied MS2 (Na = 104−1010 PFU/mL) and
photocatalyst concentrations (1−102.6 mg/L). The freshly
prepared photocatalyst suspension was added to a virus
suspension of known titer in unbuffered ultrapure water (pH
5.5) and stirred in the dark for 10 min to reach adsorption
equilibrium. Samples were taken at different times and
enumerated during the dark stir procedure. The virus active
titer stabilized within 10 min dark stirring, indicating adsorption
equilibrium had been reached. Dark inactivation of MS2 was
determined by directly enumerating active virus titers in the
suspension samples, i.e., with catalyst particles present (N0). N0
measures infective viruses in the aqueous phase as well as those
adsorbed on the catalyst particles but still infective. MS2
adsorption to the catalyst was determined by removing the
photocatalyst from the suspension via centrifugation at 10,900
G for 10 min and enumerating virus titers in the supernatant
(Ns). To determine whether the adsorbed viruses were
inactivated, 3% Bacto beef extract (pH 9.5, Becton Dickenson
and Company, Franklin Lakes, NJ) was used to release
adsorbed MS2 from the photocatalyst surface,19 and the
resulting suspension was analyzed for active MS2 titer before
and after centrifugation.

Photocatalytic Virus Inactivation. Photocatalytic inacti-
vation experiments were performed in a LZC-4 V photoreactor
(Luzchem Research Inc. Ottawa, Canada) equipped with
varying numbers of UVA bulbs (8 W, peak emission at 350
nm, Hitachi) to achieve desirable irradiation intensity (1.2 or
2.5 mW/cm2). Light bulbs were placed only on the opposing
sides of the reaction flask and prelit for stabilization before
experiments. The total irradiation intensity was measured using
a UV radiometer with a 350 nm NIST traceable sensor
(Control Company, Friendswood, TX). A built-in stirring plate
at the center of the reactor provided mixing during the
experiments, and an exhaust fan circulated ambient air through
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the reactor to provide O2 and control the temperature (25 ± 1
°C).
In each experiment, a newly prepared photocatalyst

suspension was combined in a Pyrex Erlenmeyer flask with
ultrapure water (pH 5.5) and an aliquot of virus stock. The
resulting 20 mL of suspension had a catalyst concentration of
97.5 mg/L as TiO2 for all experiments and a virus titer of 104−
1010 PFU/mL. The mixture was stirred for 10 min in the dark
and sampled directly to quantify dark inactivation and
postcentrifugation to quantify adsorption. The flask was then
placed in the photoreactor with preset irradiation intensity, and
timed samples were taken for MS2 titer measurement. The
titer, N, was measured with catalyst particles present to account
for active viruses in both adsorbed and aqueous states.
Reactive Oxygen Species (ROS) Measurement. HO•

was measured using terephthalic acid as the scavenger.20,21 The
reaction mixture contained 0.1 mM terphthalic acid, 25 mg/L
(as TiO2) photocatalyst, and 1 mM NaOH. The mixture was
placed in the photoreactor with 2.5 mW/cm2 light intensity,
and timed samples were taken from the irradiated suspension.
The samples were centrifuged at 10,900 G for 15 min, and the
supernatants were filtered through a 0.45 μm PES syringe filters
(Whatman, Maidstone, UK). The fluorescent intensity of the
reaction product, 2-hydroxyterepthalic acid, was measured at
424 nm in a quartz cuvette using an f-2500 fluorescence
spectrophotometer (Hitachi, Tokyo, Japan) with 315 nm
excitation.

■ RESULTS AND DISCUSSION
Catalyst Characterization. XPS analysis was used to

determine the elemental composition of the composite catalysts
(Table S1). The Si2p spectrum clearly shows the presence of
silica (SiO2). The percentages of Si determined from XPS
analysis are higher than the weight percentages used in
synthesizing the materials because the modification happens
only on the TiO2 surface.
Figure 1 presents TEM images of the varoius composite

materials synthesized in this study as well as the fume silica
particles used (Figure 1 A). High resolution (HR)-TEM
analysis of the 2.5%SiO2−TiO2-tr material shows small SiO2
islands deposited on the surface of the P25 (Figure 1 B). This
synthesis method forms Si−O−Ti bonds at the SiO2/TiO2
interface.13 The HC-TEM images of SiO2−TiO2 prepared in
water (Figure 1 C-D) reveal silica particles/clusters attached to
TiO2. This is in contrast with the −toluene samples, where no
silica particles were apparent.13

Dispersion of catalyst particles in water is an important factor
in photocatalytic processes for water treatment as it determines
the surface area available for contaminant adsorption.
Modification with SiO2 by mixing in water significantly reduced
the dispersitivity of the catalyst particles in water. The number
mean particle hydrodynamic diameter of materials increased
from 117 nm to 177−913 nm depending on the percentage of
SiO2 added (Figure S1A). This is attributed to the attachment
of silica particles/aggregates as well as heteroaggregation
induced by SiO2. As shown in Figure S1B, SiO2 and TiO2
are oppositely charged at the pH tested; simultaneous hetero-
(between TiO2 and SiO2) and homo- (TiO2−TiO2 and SiO2−
SiO2) aggregation leads to complex behaviors in particles size
and electrophoretic mobility of the SiO2−TiO2 materials.
Photocatalytic Inactivation of MS2 by SiO2−TiO2

Materials Prepared by Different Methods. The dark and
photocatalytic MS2 inactivation efficiencies of the SiO2−TiO2

photocatalysts made by the three different methods were
evaluated using nonpurified MS2. Dark inactivation by all three
types of SiO2−TiO2 materials was improved to a similar degree
compared to unmodified P25 (N0/Na = 0.31−0.57 vs 0.88)
(Figure S2). With UVA, all SiO2−TiO2 materials exhibited
significantly enhanced photocatalytic MS2 inactivation (Figure
2). The optimum content of SiO2 used during the synthesis of
SiO2−TiO2-tr is 5% (Figure S3). Both the 2.5% and 5% SiO2−
TiO2-w samples outperform those made using toluene. This
may be partly due to better dispersion of TiO2 in water versus
toluene, which results in more even distribution of SiO2 on
TiO2 particles. The water synthesis procedure is attractive as it
requires little energy input and neither uses nor produces
hazardous compounds.
It is noted that impurities in the virus suspension significantly

reduce adsorption and slow the photocatalytic inactivation
kinetics of MS2. At an applied MS2 concentration of 107 PFU/
mL, the pseudo-first-order rate constant k′ (eq 1) and
adsorptive removal are an order of magnitude lower than the
values obtained using purified viruses (Table S2). All data
discussed hereafter were obtained using purified MS2 to
eliminate the effects of contaminating species.

SiO2−TiO2-w Catalysts Show Enhanced Virus Adsorp-
tion and Dark and Photocatalytic Inactivation. Figure 3A
compares the dark inactivation and adsorption of purified MS2
by P25 and the SiO2−TiO2-w catalysts with different SiO2
content. The SiO2−TiO2-w catalysts showed a large increase in
adsorption and dark inactivation of MS2 compared to P25, by
up to 623 and 745% for adsorption and dark inactivation,
respectively. A large fraction of MS2 adsorbed on the SiO2−
TiO2-w catalysts was not inactivated. The increased adsorption
cannot be explained by changes in catalyst surface area or bulk
electrostatic interaction as both SiO2 and MS2 are negatively
charged at the pH tested. Although the silica nanoparticles have

Figure 1. (A) HC-TEM image of fumed silica particles. (B) HR-TEM
image of 2.5% SiO2−TiO2-tr shows small islands of SiO2 present on
the particle surface. (C-D) HC-TEM images of SiO2−TiO2-w
materials showing silica present as individual particles and aggregates
attached to TiO2 particles. SiO2 and TiO2 in the SiO2−TiO2-w
samples were identified based on their sizes.
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a greater specific surface area (200 ± 25 m2/g), its contribution
to surface area increase (30% with 10% SiO2) cannot account
for the large increase in adsorption. Moreover, all SiO2−TiO2-w
catalysts have larger aggregate sizes and hence less accessible
surface area than P25 in the test solution (Figure S1A). More
discussion on adsorption is provided later.
When added at 5−10%, SiO2 greatly improved the

photocatalytic inactivation kinetics of MS2 (Figure 3B). It is
noted that SiO2 alone did not inactivate MS2 either in the
presence or absence of UV light (data not shown). Therefore,

these results suggest that the presence of SiO2 improves the
photocatalytic MS2 inactivation activity by TiO2. A lower SiO2
content of 2.5%, however, showed decreased MS2 inactivation
kinetics compared to P25 under these conditions. This is in
contrast to the results obtained using unpurified viruses at an
initial titer of 3 × 107 PFU/mL, where 2.5% Si improved the
kinetics, a discrepancy that may be due to differences in initial
virus titer and hence the impact of adsorption. At 109 PFU/mL,
the maximum adsorption density of the catalyst may be reached
(Table S2), which results in a reduced value of k′.
Photocatalytic inactivation kinetics of MS2 by both the P25

and the SiO2−TiO2-w materials can be well described by the
Chick-Watson model (eq 1):

= − ′N N k tlog( / )0 (1)

Here N0 is the active titer of viruses in solution (including those
adsorbed) after dark stirring, N is the active titer at time t, and
k′ is the pseudo-first-order rate constant (s−1). The rate
constant for 7%SiO2−TiO2-w is 270% of that for P25 (0.062 vs
0.022 s−1). This is comparable to the improvement achieved
using SiO2−TiO2 catalysts prepared in toluene.13

Photocatalytic inactivation kinetics of microorganisms is
largely determined by adsorption of the microorganisms on the
photocatalyst surface and the rate of ROS production.9 HO• is
considered the main ROS responsible for inactivation of MS2
by TiO2.

12,13,22 Figure 4 compares HO• production by P25

TiO2 and two SiO2−TiO2-w samples with 2.5 and 5% SiO2.
Surprisingly, the presence of SiO2 at 5 and 2.5% actually
reduced HO• production by a factor of 1.6 and 2.1,
respectively. It suggests that this SiO2 modification method
does not enhance charge separation or improve oxidation/
reduction at the catalyst surface, as is hypothesized when SiO2
is incorporated into the TiO2 lattice.16,17 No significant
difference in the adsorption quantity of terephthalic acid to
the catalysts was measured, indicating that the reduced HO•
production by SiO2−TiO2 is a valid result. It is likely that
deposits of SiO2 on the TiO2 surface block migration of
electrons/holes to the surface and hence reduce HO•
production. With the 2.5% SiO2−TiO2-w, the reduction in
HO• production outweighs the effect of increased MS2
adsorption, resulting in decreased MS2 photocatalytic in-
activation kinetics (Figure 3B). At higher SiO2 content, the

Figure 2. Photocatalytic inactivation of unpurified MS2. The applied
MS2 concentration (Na) was 3 × 107 PFU/mL; N0 is the active titer
(PFU/mL) measured with particles in suspension after dark stirring;
UV-A irradiance was 2.5 mW/cm2.

Figure 3. Comparison of MS2 dark inactivation and adsorption (A)
and photocatalytic inactivation (B) by P25 and SiO2−TiO2-w catalysts.
Applied MS2 concentration Na = (1−2) × 109 PFU/mL. Photo-
catalyst concentration = 97.5 mg/L as TiO2, Light intensity = 1.2 mW/
cm2.

Figure 4. Hydroxyl free radical production monitored by formation of
fluorescent 2-hydroxyterephthalic acid. Photocatalyst concentration =
20 mg/L as TiO2.
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effect of MS2 adsorption becomes more prominent, leading to
higher photocatalytic efficiency toward MS2 inactivation.
It is hypothesized that the silica outcroppings observed in the

TEM images (Figure 1) may serve as favorable adsorption sites
for MS2 adsorption, which brings virus particles within close
proximity to high HO• concentration and hence improves
photocatalytic virus inactivation. It is also possible that the
production of other ROS (e.g., superoxide anion) are enhanced
by surface silica modification. Experiments performed in the
presence of HO• scavengers show similar MS2 inactivation
kinetics to that in the absence of HO• scavengers (Figure S4).
However, it is not clear if this is because other ROS are
responsible for MS2 inactivation or if the high quantity of
adsorbed viruses (98% of the MS2 was adsorbed on the 5%
SiO2−TiO2-w after the dark stirring) enable reaction with HO•
before it can be scavenged by the alcohols. The production of
other ROS by the silica modified TiO2 is the subject of further
study.
MS2 Adsorption on P25 and SiO2−TiO2-w. Considering

the importance of adsorption to photocatalytic inactivation of
MS2, the adsorptive properties of the SiO2−TiO2-w catalysts
and the base P25 TiO2 were further characterized. MS2 and
catalysts were stirred together in the dark to achieve adsorption
equilibrium and sampled both with particles in suspension to
determine dark inactivation and after centrifugal removal of the
catalyst to determine the amount of MS2 adsorbed. To help
understand the role of adsorption in dark inactivation, 3% beef
extract was used to desorb MS2 from the catalyst before
remeasuring the titer.
Figure 5 shows that 5%SiO2−TiO2-w achieved 1 log MS2

inactivation in dark, while there was negligible inactivation by

P25. After centrifugation, the titer of MS2 exposed to 5%SiO2−
TiO2-w decreased by another 2 log, while the virus exposed to
P25 only showed a 0.2 log additional removal. This indicates
that silica modification greatly increases the virus adsorptive
density of the catalyst, and a significant fraction of the adsorbed
MS2 is inactivated. The mechanism of such dark inactivation
and its impact on the photocatalytic inactivation process is
unclear. Control experiments using fumed silica alone showed
no loss of active titer before and after centrifugation (data not

shown), suggesting that contact with SiO2 alone does not
account for the dark inactivation observed.
When beef extract was applied to a prestirred suspension of

catalyst and viruses, there was no difference in titer when
particles were in suspension or removed by centrifugation,
indicating that all the active viruses were desorbed from the
catalyst. The active titer measured after beef extract treatment
was also the same as that determined in the presence of the
catalyst without the beef extract, suggesting that the dark
inactivation was irreversible and due to true inactivation of the
viruses and not due to catalyst particles physically blocking
viruses from contacting with host cells. It is possible that the
SiO2 (negatively charged) and TiO2 (positively charged)
interface creates favorable adsorption sites for MS2 due to
the charge heterogeneity of MS2 protein capsid;23 strong
adsorption at these interfaces may cause inactivation through
irreversible changes in MS2 capsid conformation that prevents
host infection.24 There was a larger fraction of MS2 whose
infectivity was not affected by adsorption as indicated by the
large difference between the active titers before and after
removal of the SiO2−TiO2 catalyst as well as the active titer
measured after application of the beef extract. These results
suggest that the SiO2−TiO2-w catalysts contain both high and
low affinity adsorption sites. The high levels of virus adsorption
and inactivation resulting from exposure to SiO2−TiO2-w
makes this material a good candidate for disinfection in the
absence of irradiation.
Because adsorption plays such an important role in the

photocatalytic inactivation of MS2, adsorption isotherm
experiments were performed to further investigate MS2
adsorption behaviors of the photocatalysts. The results are
presented in Figure 6. Since the MS2 concentration applied
ranged over 7 orders of magnitude, the data were fit with
isotherm models by minimizing the weighted least-squares (eq

Figure 5. Dark inactivation and adsorption of MS2 (Na = 4.7 × 108

PFU/mL) by P25 TiO2 and 5%SiO2−TiO2-w. Photocatalyst
concentration = 20 mg/L as TiO2.

Figure 6. Adsorption isotherms and Langmuir model fits for MS2
adsorption by P25 TiO2 and 5% SiO2−TiO2-w. For P25 TiO2 K = (3.7
± 1.6) × 10−7 mL/PFU, qmax = (2.22 ± 0.2) × 1012 PFU/g, r2 = 0.92.
For 5% SiO2−TiO2 K = (1.7 ± 1.6) × 10−8 mL/PFU, qmax = (7.40 ±
0.2) × 1013 PFU/g, r2 = 0.91. The maximum adsorption density of the
5%SiO2−TiO2-w is over 1 order of magnitude greater than that of P25.
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2), where Weighted SSresid is the sum of weighted residual
squares, yn is the measured value, and ycalc is the model
calculated value.25,26

∑= −
−

Weighted SS
y

y y
1

( )resid
n

N

n
n calc

1
2

2

(2)

Among the isotherm models tested, the data fit the best with
the Langmuir model (eq 3) for both P25 and SiO2−TiO2-w
samples (Figure 6):

=
+

q q
KN

KN1ed max
s

s (3)

Here, K is the Langmuir adsorption constant (mL/PFU), Ns is
the active titer in the aqueous phase at equilibrium (PFU/mL),
qeq is the equilibrium adsorption density (PFU/g), and qmax is
the maximum adsorption density (PFU/g). The adsorption
isotherms show adsorption saturation for both catalysts at high
MS2 concentrations. To our knowledge, this is the first
demonstration of MS2 adsorption on TiO2 following the
Langmuir isotherm. Koizumi and Taya27 reported a power
function relationship between MS2 qeq on P25 and the total
number of viruses in the system for 102−106 PFU/mL and
developed an adsorption model based on the Freundlich
isotherm. In our study, the Freundlich isotherm (data not
shown) fits the data well at low Ns but could not adequately
model the saturation at high Ns. Adsorption of MS2 to activated
carbon has previously been found to follow the Langmuir and
Freundlich isotherms.28

Figure 6 reveals that the 5% SiO2−TiO2-w has a maximum
adsorption density ([7.4 ± 0.6] × 1013) 37 times that of P25
([2.2 ± 0.2] × 1012 PFU/g), although its adsorption affinity is
lower (K = [1.7 ± 0.6] × 10−8 vs [3.7 ± 1.6] × 10−7 mL/PFU),
consistent with the overall electrostatic repulsion between MS2
and SiO2. The net effect is an increase in adsorption, especially
at high MS2 concentrations. The mechanism responsible for
the increased adsorption is unknown and is the subject of
further study.
Photocatalytic Reaction Kinetics and Effect of Initial

Viral Concentration. Since the viral load may fluctuate greatly
in drinking water sources, it is important to understand how
photocatalytic treatment systems respond to changes in virus
concentration. However, no photocatalytic inactivation kinetic
data have been published for virus concentrations varied over
several orders of magnitude, as may occur in natural waters.
Previous studies typically model photocatalytic inactivation of
viruses by TiO2 using pseudo-first-order kinetics (e.g., Chick-
Watson) models (eq 1)12,13,27,29−31 based on either the
aqueous phase or aqueous + adsorbed concentration of viruses
without considering the adsorption quantity. Koizumi and
Taya27 developed equations for MS2 photocatalytic inactivation
rate and pseudo-first-order rate constant as a function of the
concentration and adsorption of the virus to the catalyst based
on a Freundlich isotherm, although they did not publish any
data to support their model.
The Langmuir−Hinshelwood (L-H) model (eq 4)32

considers photocatalytic reactions of contaminants adsorbed
on the catalyst surface following a Langmuir isotherm and is
commonly used to model photocatalytic degradation of
chemical contaminants. In addition to determining its suitability
as a model for photocatalytic virus inactivation, we used the L-
H model to investigate the relative contribution of adsorption

and photocatalytic reaction to the overall virus inactivation at
various initial concentrations.
The initial photocatalytic inactivation rate was calculated

using data obtained within the first 2−10 s of irradiation. The
L-H model (eq 4) was used to fit the data using the weighed
least-squares method (eq 2), where r is the initial reaction rate
(PFU/g−1-s−1), k is the inherent reaction rate constant (s−1),
and the other parameters are as defined in eq 3. The K values
used for fitting the L-H equation to the data were those
determined for the Langmuir isotherm fitting (Figure 6).

=
+

r q
kKN

KN1max
s

s (4)

As shown in Figure 7, both catalysts display saturation
kinetics, consistent with the Langmuir adsorption isotherm

(Figure 6). The data obtained with P25 conform reasonably to
the L-H model over the entire concentration range tested. The
data obtained with 5%SiO2−TiO2-w are skewed greatly at low
Ns due to (nearly) complete adsorption. The three lowest Ns
were excluded from the model fitting. These results suggest that
photocatalytic inactivation of MS2 primarily occurs on the
catalyst surface. The intrinsic reaction rate constant k is lower
for 5%SiO2−TiO2 (0.043 ± 0.007) than P25 (0.15 ± 0.03 s−1).
This is consistent with the reduced production of HO• (Figure
4) as ROS production is the main factor determining k. This
also suggests that the production of ROS besides HO• is not
enhanced to a large degree, as that would manifest as an
increase in k. The initial inactivation rate by 5%SiO2−TiO2,
however, is notably higher over the whole concentration range
tested, showing the important role of adsorption on MS2
photocatalytic inactivation. The maximum initial reaction rate is
an order of magnitude higher for 5%SiO2−TiO2 than P25 TiO2
(3.2 × 1012 vs 3.3 × 1011 PFU/g/s), consistent with the high
qmax of 5%SiO2−TiO2. This shows that increasing contaminant

Figure 7. Initial MS2 inactivation rate as a function of virus
concentration in solution can be described by the Langmuir−
Hinshelwood model. For P25 TiO2 K = (3.7 ± 1.6) × 10−7 mL/
PFU, k = 0.15 ± 0.03 s−1, r2 = 0.68. For 5%SiO2−TiO2 K = (1.7 ± 1.6)
× 10−8 mL/PFU, k = 0.043 ± 0.09 s−1, r2 = 0.76. Photocatalyst
concentration = 97.5 mg/L as TiO2, Light intensity = 1.2 mW/cm2.
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adsorption to the catalyst is equally, if not more, effective for
enhancing photocatalytic treatment as compared to improving
catalyst reactivity. Strategies for increasing contaminant
adsorption to catalysts should be developed further. A catalyst
with both improved absorptive and reactive properties would
greatly improve the viability of photocatalytic oxidation as a
water treatment option.
The MS2 inactivation data obtained over different MS2

concentrations revealed that the pseudo-first-order rate
constant k′ is not a good parameter for evaluating photo-
catalysts as it is only constant within a limited contaminant
concentration range, i.e., the linear range of the Langmuir
adsorption isotherm. This concentration range changes with
catalyst type and dosage. For 97.5 mg/L P25 TiO2, k′ is
constant for initial MS2 concentrations of 104−108 PFU/mL.
At 109 PFU/mL, k′ becomes more than an order of magnitude
lower (Table S2), which corresponds to the plateau predicted
by the Langmuir adsorption isotherm and the L-H model
(Figures 6 and 7) due to adsorption saturation. The effects of
virus concentration on the reaction kinetics also make it
difficult to compare results reported in different studies, where
virus concentration may differ along with catalyst particle size,
solution conditions, etc. A robust virus inactivation kinetic
model is needed.
The large and abrupt drop in reaction kinetics at high virus

concentrations poses a challenge for the design and operation
of photocatalytic treatment systems. Spikes in virus (or other
contaminant) loadings in source water could overwhelm the
treatment system, resulting in inadequately treated water.
Photocatalytic UV reactor validation protocols need to be
developed to account for the effect of catalyst surface saturation
and water constituents.
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Binary (M1�M2�O) and ternary (M1�M2�M3�O) metal-oxide nanoparticles
(NPs) have been prepared by thermal decomposition in benzyl ether of the appro-
priate M(acac)n (M ¼ Fe, Mn, Pd, Cu, Al, Gd) compounds in the presence of a
mixture of oleic acid and oleylamine templating (surface capping) ligands, and
1,2-hexadecanediol as an accelerating agent. The metal percentage and the parti-
cle size were investigated as a function of the starting composition. The NP com-
position is controlled by the relative reaction rates of the particular precursors,
such that prediction of NP composition from reagent ratios is not straightfor-
ward. However, understanding reaction rate limitations allows for alternative
synthesis to be developed. In some cases, ligand exchange reaction and subsequent
decomposition are possibly more important than thermal decomposition.

Keywords:metal; oxide; nanoparticle; precursor; composition

1. Introduction

As a consequence of their potential applications as contrast agents, tracers, energetic mate-

rials and catalysts, there have been extensive research on the synthesis of nearly monodis-

perse metallic and metal oxide nanoparticles (NPs).[1] In the majority of applications,

control over the size and size distribution are important considerations; however, where
mixed metal oxides are desired then control over the atomic composition is also a factor.

This is particularly true in the area of catalysis where small changes in composition can

have large effects on the catalytic activity.[2–7] Recently, we have gained interest in the

potential use of superparamagnetic NPs as traces in geological formations. The idea being

that variation in the Curie temperature can be used as a method for differentiating one

tracer from another and from naturally occurring background materials.

Common synthetic routes for the preparation of narrowly disperse metallic and metal

oxide NPs include co-precipitation of metals salts, hydrolysis of metal salts (e.g. sol–gel),
thermal decomposition of organometallic precursors, or the polyol process.[8–11] Among

these methods, the thermal decomposition of organometallic precursors in non-

coordinating, high-boiling organic solvents in the presence of templating/surface capping

ligands has been proven to be a flexible method for polymetallic NPs with decent control

over the size and distributions.[12]
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The NP synthesis in non-coordinating solvents was originally developed for the synthe-
sis of semiconductor nanocrystals,[13] based on the concept of providing reactive substitu-

ents to both components of the system;[14,15] however, recently it has become an

attractive method for producing metallic and metal oxide NPs, e.g. via the one-pot synthe-

sis of bimetallic oxide NPs by the thermal decomposition of metal acetylacetonate (acac)

precursors in high temperature boiling ethers.[16,17]

We have previously reported that for the composition of cobalt–iron oxide (Co–Fe–O)

NPs (i.e. Co:Fe ratio) as synthesised from the appropriate metal acac precursors, the

Co concentration increases linearly with increasing Co(acac)2 precursor concentration,
and only a very small percentage of Co(acac)2 was not directly incorporated into the NPs.

[18] This suggested that the kinetics of the decomposition of each precursor [Fe(acac)3 and

Co(acac)2] is near identical and that the composition of the NPs is statistically a function

of the starting precursor mixture. In the course of our studies, we have become interested

in whether compositional control can be extended to other systems and what factors of the

precursor stability, structure and reactivity control the composition of the final NP. Our

initial results in this area are described herein.

2. Experimental procedure

2.1. Materials

Fe(acac)3 [97%], Fe(acac)2 [99.95%], Cu(acac)2, Al(acac)3, Gd(acac)3.2(H2O) and

Zn(acac)2.x(H2O) hydrate were obtained from Sigma Aldrich and used without further

purification. Pd(acac)2 and Mn(acac)2 were obtained from Alfa Aeser and used as received.

Oleic acid [CH3(CH2)7CH¼CH(CH2)7CO2H, 90%], oleylamine ([CH3(CH2)7CH¼CH

(CH2)8NH2, >70%], 1,2-hexadecanediol [CH3(CH2)13CH(OH)CH2OH, HDD], benzyl

ether [98%] and hexanes (mixture of isomers) were all purchased from Aldrich and used as
received. Ethanol (200 proof) from Decon Laboratories Inc. was used as received.

2.2. Characterisation

Size determination of the NPs was achieved by small angle X-ray scattering (SAXS) by

a Rigaku SmartLab X-ray diffractometer using a Cu–Ka radiation source. Samples
were prepared by sealing a concentrated NP solution in hexanes into a 1-mm ‘glass

number 50 capillary’ tube (Hampton Research Inc.) and the data were resolved using

Rigaku’s NANO-solver. Inductively coupled plasma-atomic emission spectroscopy

(ICP-AES) measurements were obtained on a Perkin Elmer Optima 4300 DV. Samples

were prepared by digesting 0.5 mL of concentrated NP solution in 9.5 mL of concen-

trated HNO3. A 0.5-mL aliquot of the digested solution was diluted into 9.5 mL of

NANOpureTM water. The ICP standards were obtained from Inorganic Adventures

and diluted using NANOpureTM water. The iron content was accumulated first for
each set of particles, then the additional metal concentration was determined after, to

avoid complications arising from emission wavelength overlap between the Fe and the

additional metals. Scanning electron microscopy was carried out on an FEI Quanta

400 ESEM. Energy dispersive X-ray (EDX) analysis was performed using the energy

dispersive detector in a FEI Quanta 400 scanning electron microscope. Samples were

drop-coated onto a silicon wafer. The X-ray diffraction (XRD) was collected using a

2 A.W. Orbaek et al.
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Rigaku D/Max Ultima II diffractometer configured with a vertical theta/2-theta goni-
ometer, Cu–Ka radiation, graphite monochromator and scintillation counter. Samples

were prepared by precipitating the NPs out of solution, and drying before grinding the

sample into a fine powder with a mortar and pestle. A zero-background sample holder

was used. The sample was placed on the holder with some putty and a thin glass wafer

and was pressed using a clean microscope slide to ensure the sample was level with the

edge of the sample holder.

2.3. NP synthesis

Two similar methods were used for NP synthesis. Both were based on the methods previ-

ously reported.[12,17,18]

In the first general method, to a 100-mL three-necked round-bottomed flask was added

the appropriate metal acac (0.75 mmol), HDD (0.3877 g, 1.5 mmol), oleic acid (0.951 mL,

3.0 mmol), oleylamine (0.987 mL, 3.0 mmol) and benzyl ether (37.5 mL, 193.5 mmol).

The mixture was brought to reflux for 15 min, and then allowed to cool to room tempera-
ture. The particles in solution were precipitated with EtOH. The solution was then centri-

fuged for 5 min at 4400 rpm. The supernatant was discarded and the pellet made soluble

in hexanes (ca. 10 mL) using light bath sonication to ensure complete solubility. This

method was used for Fe–Pd–O and Fe–Al–O mixed metal oxide NPs.

An alternative synthesis was used for Fe–Al–O and Fe–Gd–O binary and Fe–Mn–Zn–O

and Fe–Al–Gd–O ternary oxide NPs. The synthesis is carried out in an oxygen-free

three-necked round bottom flask. The overall ratio of metal (2 mmol) to surfactant was kept

constant. In the case of the Fe–Mn–Zn–O NPs, the amount of iron was kept constant,
while manganese and zinc amounts were varied. In a general synthesis, HDD (2.5844 g,

10 mmol), oleic acid (1.902 mL, 6 mmol) and oleylamine (1.974 mL, 6 mmol) in benzyl

ether (20 mL, 103.2 mmol) were used for each run. When all chemicals were added, argon

was flushed through the system to remove any oxygen. The system was then heated to

200 �C at a rate of 10 �C/min. Once at 200 �C, heating was held constant for 2 hours. After

2 hours, heating was increased to reflux at the same rate of 10 �C/min. Once refluxing, heat-

ing was held constant for 1 hour. After 1 hour, heating was turned off and the entire system

was let to cool to room temperature. Ethanol (40 mL) was added to the solution to precipi-
tate out the NPs. The solution was then split into 50 mL centrifuge tubes and centrifuged.

The supernatant was discarded and ethanol (15 mL) was added to each tube to wash the

NPs. The samples were centrifuged and washed twice more, discarding the supernatant each

time. After washing, the NPs were allowed to air-dry overnight and then suspended in

hexanes.

A modified synthesis was used to make Fe–Al–O binary oxide NPs. The synthesis is

carried out in an oxygen-free three-necked round bottom flask. The overall ratio of metal

(2 mmol) to surfactant was kept constant. The ratio of iron to aluminium was varied in
such a way that both metals combined equals 2 mmol. In the general synthesis, HDD

(0.3877 g, 1.5 mmol), oleic acid (951.1 mL, 3 mmol) and oleylamine (987.1 mL, 3 mmol)

in benzyl ether (37.5 mL, 197.28 mmol) were used for each run. When all chemicals were

added, argon was flushed through the system to remove any oxygen. The system was then

heated to 200 �C at a rate of 10 �C/min. Once at 200 �C, heating was held constant for

2 hours. After 2 hours, heating was increased to reflux at the same rate of 10 �C/min.
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Once refluxing, heating was held constant for 1 hour. After 1 hour, heating was turned off
and the entire system was let to cool to room temperature. Ethanol (40 mL) was added to

the solution to precipitate out the NPs. The solution was then split into 50 mL centrifuge

tubes and centrifuged. The supernatant was discarded and ethanol (15 mL) was added to

each tube to wash the NPs. The samples were centrifuged and washed twice more, discard-

ing the supernatant each time. After washing, the NPs were allowed to air-dry overnight

and then suspended in hexanes.

3. Results and discussion

As noted in Section 1, we have previously reported that the composition of cobalt–iron

oxide (Co–Fe–O) NPs (i.e. Fe:Co ratio) prepared by the thermal decomposition in benzyl
ether of Fe(acac)3 and Co(acac)2, in the presence of a mixture of oleic acid and oleylamine

surface capping ligands and HDD as an accelerating agent, is directly related to the com-

position of the metals in the precursor solution. However, the size and size distribution of

the NPs were found to depend on the relative concentration of oleic acid, oleylamine,

HDD and the metal precursor. To investigate the effect of reactant composition (M:M0),
we have maintained the relative concentration of each reactant, including the total concen-

tration of the metal precursors. Thus, the mixed metal oxide NPs (M–Fe–O and M–M0–
Fe–O) have been prepared using the appropriate M(acac)n precursors. The elemental com-
position of the isolated NPs has been determined by ICP-AES (and EDX), while the parti-

cle sizes have been measured by SAXS and transmission electron microscopy (TEM)

measurements.

The choice of the particular mixed metal compositions has been dictated by the desire

to gain information on the uniformity of NP compositions for catalyst [6,7] and tracer

applications. We have used Mn, Pd and Cu-doped Fe–O NPs as catalysts for the growth

of single-walled carbon nanotubes (SWNTs). Since the composition of the catalyst can

have a significant effect on the diameter and chirality of the SWNTs grown,[2–5] the more
uniform a catalyst the more narrow the distribution of SWNT that will be grown. Our

second application is for down-hole sensors for the oil and gas industry, in which the

temperature-dependant low-field magnetic susceptibility is used as an identification tool.

Small changes in composition will have a large change in the magnetic susceptibility. In

this regard, the Fe–Mn–Zn–O and Fe–Al–Gd–O compositions are of interest.

3.1. Fe–Mn–O NPs

Figure 1 shows the composition of Fe–Mn–O NPs, as determined by the ICP-AES,

prepared from various solutions of Fe(acac)3 and Mn(acac)2 (Table 1). Although the Mn

concentration generally increases with increasing the Mn(acac)2 precursor concentration

(Figure 1, solid line) less Mn is incorporated into the NPs (see difference between solid
and dashed lines in Figure 1). The composition was also determined for selected samples

using EDX as a comparison to the ICP-AES analysis. These data are shown as the open

squares in Figure 1. In general, the values are in agreement.

It should be recognised that ICP-AES analysis provides an average composition of the

isolated NPs. At the extreme case, ICP-AES does not differentiate between samples of NPs

that are solid solutions (i.e. Fe–Mn–O NPs) versus a mixture of NPs of different
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compositions (i.e. Fe–O and Mn–O NPs). While it is also possible for composition to vary

within individual particles,[19] we are interested in the uniformity over a small range of NPs.

In this regard, a sample of the Fe–Mn–O NPs was spin coated onto a silicon wafer and the
Fe and Mn contents were determined over different regions of the sample using EDX.

Figure 2 shows the EDX analysis for samples 3, 4 and 9 of Fe–Mn–O; Figure 3 shows a rep-

resentative example of the scanning electron microscopic (SEM) image associated with the

EDX analysis. As may be seen from Figure 2(a) and 2(b) at lowMn content, there is a varia-

tion of composition across various areas analysed. In addition, the values are lower than the

bulk analysis obtained by ICP-AES. At higher Mn content (Figure 2(c)), there is a wider

range of values from EDX, but the average (40.2% Mn) is the same as that of the ICP-AES

analysis (40.24% Mn). These results indicate that there is a range of Fe:Mn ratios between
each Fe–Mn–O NP. While the ICP-AES analysis represents an average of the whole sample,

individual particles can vary in composition as much as 30% (see Figure 2(c)).

The detailed mechanism of the synthesis of metal oxide NPs from M(acac)n precursors

at high temperature in organic solvents is not understood as clearly as the equivalent syn-

thesis under hydrolytic conditions.[20] However, under the conditions used herein, there

are two general mechanistic pathways that should be considered: (1) the direct thermal

decomposition of the M(acac)n precursor and (2) ligand exchange between the M(acac)n
and the HDD (Equation (1)) with the subsequent thermal decomposition of the alkoxide
compound. The role of the oleic acid or oleylamine appears to be that of capping agents

on the surface of the growing NP; however, their role in the decomposition of the precu-

sors cannot be discounted,

MðacacÞn þHO�R�OH ! MðacacÞn�1ðO�R�OHÞ þ acac�H: ð1Þ

Figure 1. Atomic percentage of manganese incorporated into Fe–Mn–O NPs versus the amount Mn
(acac)2 used in the reaction. The ideal ratio is shown as dashed line.
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Table 1. Summary of metal precursor composition for binary oxide NPs.

Sample
Fe(acac)3
(mmol)

Mn(acac)2
(mmol)

Pd(acac)2
(mmol)

Cu(acac)2
(mmol)

Al(acac)3
(mmol)

Al(OiPr)3
(mmol)

Gd(acac)3
(mmol)

1 0.675 0.075
2 0.6 0.15
3 0.525 0.225
4 0.45 0.30
5 0.375 0.375
6 0.3 0.45
7 0.225 0.525
8 0.1875 0.5625
9 0.15 0.60

10 0.075 0.675
11 0.0375 0.7125
12 1.98 0.02
13 1.96 0.04
14 1.94 0.06
15 1.92 0.08
16 1.90 0.10
17 1.88 0.12
18 0.7425 0.0075
19 0.735 0.015
20 0.7275 0.0225
21 0.72 0.03
22 0.7125 0.0375
23 0.705 0.045
24 0.6975 0.0525
25 0.69 0.06
26 0.6825 0.0675
27 0.675 0.075
28 0.6 0.15
29 0.525 0.225
30 0.45 0.3
31 0.375 0.375
32 0.3 0.45
33 0.225 0.525
34 0.15 0.6
35 0.075 0.675
36 0.7425 0.0075
37 0.735 0.015
38 0.72 0.03
39 0.705 0.045
40 0.66 0.09
41 1.00 0.50
42 0.50 0.50
43 0.33 0.50
44 0.25 0.50
45 1.60 0.40
46 1.32 0.66
47 1.00 1.00
48 0.66 1.32
49 0.40 1.60
50 0.90 0.10
51 0.80 0.20

(continued)
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Figure 2. EDX analysis of various areas of samples 3 (a), 4 (b) and 9 (c) that were spin-coated onto
silica. The value determined from ICP-AES is shown as dashed line.

Table 1. (Continued)

Sample
Fe(acac)3
(mmol)

Mn(acac)2
(mmol)

Pd(acac)2
(mmol)

Cu(acac)2
(mmol)

Al(acac)3
(mmol)

Al(OiPr)3
(mmol)

Gd(acac)3
(mmol)

52 0.70 0.30
53 1.0 0.50
54 0.60 0.40
55 0.50 0.50
56 0.50 0.50
57 0.40 0.60
58 0.33 0.50
59 0.25 0.50
60 0.30 0.70
61 0.20 0.80
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In consideration of the first reaction pathway, the thermal decomposition temperature of

Mn(acac)2 (248
�C) is significantly higher than that of Fe(acac)3 (184

�C) that would result in

the incorporation of Fe in preference to Mn that is observed. With regard to the ligand

exchange, it is difficult to find comparable data; however, a few general observations can be
made. In the solid state, Mn(acac)2 exists as the dehydrate, i.e. Mn(acac)2(H2O)2, with Jahn–

Teller distorted octahedral geometry as a consequence of its d5 valence state.[21] It is expected

that in the present reaction this geometry will be maintained in solution, albeit with solvent

(benzyl ether) or an appropriate ligands (oleic acid or oleylamine or HDD) as axial ligands.

Fe(acac)3 also has a Jahn–Teller distorted octahedral geometry.[22] While the presence of

three chelate ligands may be expected to stabilise the complex with regard to the ligand

exchange, ligand exchange for Fe(acac)3 is significantly faster than for other M(acac)3
complexes.[23] Thus, the preferential incorporation of Fe over Mn is expected based upon
the mechanisms understood to occur for M(acac)n formation of M–ONPs.

As shown in Figure 4, the Fe–Mn–O NP diameters and distributions, as measured by

SAXS, are relatively constant (within particle size distribution) as a function of either the

reaction composition or the composition of the isolated NPs. The SAXS data are in agree-

ment with the TEM data (e.g. Figure 5), which give sizes for the NPs in samples 4 and 5 as

6 � 2 nm and 7 � 3 nm, respectively.

Figure 3. Representative SEM image of Fe–Mn–O NPs (sample 4) spin-coated onto a silica
substrate.
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3.2. Fe–Pd–O NPs

The composition of Fe–Pd–O NPs prepared from solutions of Fe(acac)3 and Pd(acac)2 is

shown in Figure 6. Although the Pd concentration generally increases with increasing

Pd(acac)2 precursor concentration, there is the same negative divergence from the reagent

Figure 4. Dependence of Fe–Mn–O NP size as a function of the metal precursor concentration.

Figure 5. TEM images of Fe–Mn–O NP prepared from Fe(acac)3:Mn(acac)3 ratio of (a) 60:40
(sample 4) and (b) 50:50 (sample 5), scale bar is 20 nm for each.
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composition control that was observed in the Fe–Mn–O system. However, above 5% Pd,

this appears to be minimalised. As a comparison to the analysis using ICP-AES, the Fe:Pd

ratios were determined by EDX for samples drop-coated onto a silicon (see Section 2). As

can be seen from Figure 6, the EDX analysis is slightly higher in each case and shows vari-

ation between the spot areas analysed. Again this suggests a slight inhomogeneity in the

NPs.
The Fe–Pd–O NP diameters and distributions are relatively constant as a function of

the reaction composition (Figure 7). The TEM images of selected Fe–Pd–O NPs

(Figure 8) show no significant change in the size or shape with varying composition.

3.3. Cu–Fe–O NPs

Figure 9 shows the composition of Cu–Fe–O NPs prepared from solutions of Fe(acac)3
and Cu(acac)2. The Cu concentration increases with increasing Cu(acac)2 precursor con-

centration (solid line) and follows the ideal relationship (dashed line) closer than that

observed for the Fe–Mn–O NPs. Below ca. 70% Cu, the behaviour is similar to that of the

Fe–Mn–O system, i.e. iron incorporation is preferential over the copper. However, above

70% composition in the reagent solution, Cu is preferentially incorporated.
The particle size of the Cu–Fe–O NPs is generally larger with increased Cu content

(Figure 10); however, it is interesting to note that above ca. 60% the size alters signifi-

cantly. This mimics the compositional trend shown in Figure 9. The TEM images show

that in addition to the changing size, the shape is a factor over 60% Cu. As seen in

Figure 11(a), at high Fe content the typical NPs are faceted; however, at high Cu composi-

tion the morphology is that of aggregates (Figure 11(b)) similar to the single-crystalline

Figure 6. Atomic percentage of palladium incorporated into Fe–Pd–O NPs versus the amount
Pd(acac)2 used in the reaction. The ideal ratio is shown as dashed line.
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three-dimensional aggregates previously reported by Zhang et al. [24]. The size and size
distribution as measured by the TEM for sample 19 (7 � 3 nm) are within the range mea-

sured by SAXS (6.8 � 2.5 nm).

The decomposition temperature of the Cu(acac)2 is significantly higher (284 �C)
than that of Fe(acac)3 (184 �C), which would result in the incorporation of Fe in

preference to Cu. This is observed at low Cu(acac)2 concentrations, but less so that

with Mn(acac)2, which decomposes at a lower temperature than that of Cu(acac)2
(Fe < Mn < Cu). This suggest that, in the case of the Cu–Fe–O NPs, ligand exchange

reaction and subsequent decomposition are possibly more important than the thermal
decomposition. The Cu(acac)2 readily makes either mono or bis complexes with Lewis

bases,[25,26] and as such it is expected that in the present reaction mixture the HDD

or oleylamine (and possibly benzyl ether) would form complexes, and therefore, it is

these coordination compounds that must be considered to be the ‘precursor’ to the

formation of Cu–O fragments for NP growth. At high Cu content in the reaction

mixture (samples 33, 34 and 35), a preference for Cu–O NP is observed. This would

suggest that the growth around a Cu seed occurs preferentially with Cu rather than

with the incorporation of Fe.
The XRD of samples 19 and 34 was collected. The sample 19 (Fe:Cu ¼ 20:80) was

too amorphous to get a diffraction and only the background was observed. By con-

trast, the XRD of sample 34 shows broad peaks assignable as (220), (311), (400), (422),

(511) and (440) of magnetite (JCPDS file No. 19-0629), (see Figure 12(a)). From the

Scherrer equation, the crystalline domain size in sample 34 is 94 A
�
: slightly larger than

Figure 7. Dependence of Fe–Pd–O NP size as a function of the metal precursor concentration.
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for Fe–O NPs prepared by the same method (54 A
�
from Figure 12(b)). The larger crys-

talline domain size is in agreement with a larger particle size observed with increased

Cu content (Figure 10). The fact that the magnetite peaks are not shifted suggests that
phase separation occurs rather than a solid solution. This appears to be consistent with

the TEM results.

3.4. Al–Fe–O NPs

The choice of a precursor with a very high thermal stability should force its incorporation
into a NP to be as a function of ligand exchange, and thus allow for a comparison of the

two processes. Al(acac)3 is thermally stable (257 �C) and undergoes ligand exchange slowly

compared to Fe(acac)3.[23,27]

The attempted synthesis of Fe–Al–O NPs using Fe(acac)3 and Al(acac)3 showed less

Al incorporated into the NPs than expected. In fact, at very low Al:Fe ratios the majority

of samples had essentially no Al incorporated, while above an Al:Fe ratio of 0.5 the Al

Figure 8. Representative TEM image of Fe–Pd–O NP prepared using a Pd(acac)2 concentration of
4% (sample 15).
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Figure 9. Atomic percentage of copper incorporated into Cu–Fe–O NPs versus the amount
Cu(acac)2 used in the reaction. The ideal ratio is shown as dashed line.

Figure 10. Dependence of Cu–Fe–O NP size as a function of the metal precursor concentration.
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Figure 11. TEM images of Cu–Fe–O NP formed from (a) Cu(acac)2:Fe(acac)3 ¼ 20:80 and
(b) Cu(acac)2:Fe(acac)3 ¼ 80:20.

Figure 12. XRD of (a) Fe–Cu–O NPs (sample 34) and (b) Fe–O NPs prepared by the same synthetic
method. The broad peak at 25� in (a) is due to the glass slide sample holder.
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content reaches a maximum of 17%. Increasing the amount of Al(acac)3 in the reaction

mixture results in less Al being incorporated into the NPs (see Figure 13).

The size and size distribution of the Al–Fe–O NPs were determined by SAXS. As can

be seen from Figure 14, the average size shows a general trend of increasing with decreased

iron content in the reaction mixture. Given the low levels of aluminium incorporated in the

final NPs, this is consistent with the prior results where a decreased metal precursor con-
centration results in larger NPs. Thus, it appears that the presence of the low reactive Al

(acac)3 behaves almost as a diluent in the formation of Fe–O NPs. Thus, at high Al(acac)3
concentrations in the reaction mixture, the size of the NPs formed is similar to that of

reducing the ‘active’ precursor concentration and hence the seed formation rate.

As expected with minimal Al incorporated into the NPs, the TEM images (Figure 15)

show little change in the size or shape of the particles. Furthermore, the d-spacing from

high resolution TEM images is within the experimental error of those expected for magne-

tite (Fe–O) NPs (8.39 A
�
).[28,29]

Given the high thermal stability and low rate of ligand exchange observed for Al(acac)3 it

is unsurprising that there is only minimal incorporation into the Al–Fe–O NPs. If ligand

exchange (Equation (1)) is a valid pathway, and the product of such an exchange would be a

metal alkoxide, then the use of an alkoxide precursor (with known ability to form the appro-

priate metal oxide) should enhance the incorporation of the metal into the NPs. In this

regard, aluminium alkoxides are well known as precursors for alumina NPs.[20,30] We there-

fore investigated the synthesis of Al–Fe–O NPs using mixtures of Fe(acac)3 and Al(OiPr)3.

Figure 16 shows the composition of Al–Fe–O NPs prepared from solutions of Fe
(acac)3 and Al(OiPr)3. The Al concentration increases with increasing Al(OiPr)3 precursor

concentration and follows the ideal relationship (dashed line) closer than that observed for

the Fe–Mn–O NPs. Furthermore, unlike the reactions with Al(acac)3 (see Figure 13) high

Figure 13. Atomic percentage of aluminium incorporated into Al–Fe–O NPs versus the amount
Al(acac)3 used in the reaction. The ideal ratio is shown as dashed line.
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Al:Fe ratios can be achieved. The XRD of samples 45 and 48 was collected. Both show

broad peaks assignable as (220), (311), (400), (422), (511) and (440) of magnetite (JCPDS
file No. 19-0629). From the Scherrer equation, the crystalline domain size in sample 45

and sample 48 is 77 A
�
and 92 A

�
, respectively.

As noted above, the decomposition temperature and ligand exchange of Al(acac)3 as

compared to Fe(acac)3 make it impossible to create Al–Fe–O NPs with high Al content,

irrespective of the relative concentrations of the precursors in the reaction mixture. How-

ever, if an alternative Al precursor is employed that undergoes ligand exchange readily,

the result appears to be more comparable kinetics of decomposition under the present con-

ditions, i.e. k[Fe(acac)3] � k[Al(OiPr)3].

3.5. Fe–Gd–O NPs

In the examples studied above, although the uniformity in composition of individual NP

may vary, the ICP-AES analysis of multiple samples prepared with the same reagent com-

position is within the experimental error (see Figures 6 and 9). Thus, the reproducibility of

the reactions is high, allowing for predictability once the relationship between reagent
composition and NP analysis is understood. During our studies, we determined that such

reproducibility is not the case for the synthesis of Fe–Gd–O NPs.

Figure 17 shows the composition of Fe–Gd–O NPs prepared from solutions of Fe

(acac)3 and Gd(acac)3. While the gadolinium concentration in the isolated NPs generally

increases with increasing the Gd(acac)3 precursor concentration and straddles the ideal

relationship (Figure 17, dashed line), unlike the Co–Fe–O, Fe–Mn–O and Cu–Fe–O

Figure 14. Dependence of Al–Fe–O NP size as a function of the metal precursor concentration.
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systems there appears to be no clear trend to allow the prediction of the composition of the

final NPs from the reaction mixture. The thermal decomposition temperature of the Gd

(acac)3 (143
�C) is slightly lower than that of Fe(acac)3 (184

�C), which would be expected

to result in the preferential incorporation of Gd over Fe, this is not observed for the binary
(Fe–Gd–O) NPs, while it is observed for the ternary (Al–Fe–Gd–O) NPs (see below).

Initially, the poor correlation was assumed to be an issue with either the ICP-AES

standards and/or the digestion process.[31] Consequently, several samples were re-

analysed using the freshly prepared calibration solutions and with increased digestion

times. Table 2 and Figure 17 show that irrespective of the ICP-AES protocol the composi-

tional analysis remains within ca. 5%. However, repeating reactions multiple times gave

different Gd:Fe ratios, e.g. 50% Gd (Figure 17 and Table 2). This suggests that while the

analysis is accurate and representative, the composition depends on both the reagent ratio
and other factors. To explore these variations we performed the reaction using the same

precursor (and reagent) ratios but different reaction sequences.

Two batches of Fe–Gd–O NPs (sample 52) were prepared with different reaction pro-

tocols. In one version, the solvent was preheated to 200 �C, the metals, HDD, oleic acid

and oleylamine were mixed separately and added. In a second route, the solvent and the

Figure 15. Typical TEM image of Al–Fe–O NPs with high resolution TEM image of an individual
particle inset.

Journal of Experimental Nanoscience 17

Jo
ur

na
l o

f 
E

xp
er

im
en

ta
l N

an
os

ci
en

ce
 



Figure 16. Atomic percentage of aluminium incorporated into Al–Fe–O NPs versus the amount
Al(OiPr)3 used in the reaction. The ideal ratio is shown as dashed line.

Figure 17. Atomic percentage of gadolinium incorporated into Fe–Gd–O NPs versus the amount
Gd(acac)3 used in the reaction. The ideal ratio is shown as dashed line. The use of open squares
allows for repetitive analysis of the same sample.
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metal complexes were preheated to 200 �C and then the oleic acid and oleylamine were

subsequently added. In each of these cases, the Gd analysis was 5.30% and 5.90%, respec-

tively, as compared to 15.03% when all the reagents are heated together. This suggests that

for the Fe–Gd–O system the composition of the resulting NPs is very dependent on the

small variations in the reaction conditions, e.g. rate of heating, mixing rates, etc.

The size and size distribution of the Fe–Gd–O NPs were determined by SAXS. As may

be seen from Figure 18 the average size ranges from 5 to 7 nm for reactions mixtures with
an Fe:Gd < 0.6. At higher Gd concentrations, the size shows a general trend of increasing

with decreased iron content. A comparison of the size as a function of Gd in the reaction

mixture or the isolated NPs shows that the particle size is controlled by the reaction com-

position rather than the product composition.

Table 2. Repetitive ICP-AES analysis of various Fe–Gd–O NPs
showing analytical reproducibility.

Gd(acac)3 (%) Gd composition from ICP-AES (%)

33.33 25.06, 25.39, 26.66
40.00 26.09, 27.32
50.00 70.25, 71.06, 72.18
50.00 15.51, 14.80, 14.74
60.24 14.17, 15.05, 16.26
66.67 15.93, 14.74
70.00 62.83, 64.01, 64.06
80.00 67.82, 68.69, 70.77

Figure 18. Dependence of Fe–Gd–O NP size as a function of the metal precursor concentration.
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We note that Fe–Gd–O NPs have recently been shown to be effective for tumour ther-
apy via magnetic field hyperthermia.[32] However, in this case the Gd composition was

< 1%, and the synthesis was with the appropriate chlorides (FeCl3, FeCl2 and GdCl3) in

an aqueous sol–gel reaction.

3.6. Fe–Mn–Zn–O NPs

For ternary oxide mixtures, the issue of compositional control is further complicated.

Mixed ferrites have been previously reported with using MnCl2, ZnSO4 and FeCl3 as the

precursors.[33] As with this prior work, the iron-precursor concentration was maintained

constant, while the relative amounts of the Mn and Zn precursors [Mn(acac)2 and

Zn(acac)2, respectively] were varied (see Table 3). As may be seen from the data in

Figure 19, the composition of the resulting NPs, as measured by the Mn:Zn ratio, closely
follows the ratio of the precursors, thus, allowing for the reproducible synthesis of NPs

with desired composition. Furthermore, this suggests that the relative reaction rates of

Mn(acac)2 and Zn(acac)2 are similar despite the differences in thermal stability (248 �C
versus 135 �C–138 �C, respectively). Zn(acac)2 is only a monomer in the vapour phase and

is a trimer in the solid state, i.e. Zn3(acac)6, in which each Zn ion is coordinated by five

oxygen atoms in a distorted trigonal bipyramid structure.[34,35] It is therefore interesting

that despite the different thermal stability and differences in structure that would be

expected to alter the relative reactivity, the incorporation of Mn and Zn is predictable.
The size and size distribution of the Fe–Mn–Zn–O NPs were determined by SAXS for

all the compositions prepared. As may be seen from Figure 20, the average size ranges

from 6 to 8 nm; however, the variation is within the size distribution. Thus, the size of the

NP shows no significant dependence on the relative ratio of manganese and zinc. This is

further supported by the TEM analysis of the NPs as shown in Figure 21. While the size

Table 3. Summary of metal precursor composition for ternary oxide NPs.

Sample number
Fe(acac)3
(mmol)

Mn(acac)2
(mmol)

Zn(acac)2
(mmol)

Al(acac)3
(mmol)

Gd(acac)3
(mmol)

62 2.00 0.65 0.35
63 2.00 0.35 0.65
64 40 13 7
65 1.33 0.066 0.594
66 1.33 0.132 0.528
67 1.33 0.198 0.462
68 1.33 0.264 0.396
69 1.33 0.330 0.330
70 1.33 0.396 0.264
71 1.33 0.462 0.198
72 1.33 0.528 0.132
73 1.33 0.594 0.066
74 1.00 0.50 0.50
75 0.50 0.50 0.50
76 0.33 0.50 0.50
77 0.25 0.50 0.50
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Figure 19. The ratio of Mn:Zn incorporated into Fe–Mn–Zn–O NPs as determined by ICP-AES
versus the ratio of Mn(acac)2:Zn(acac)2 used in the reaction (R2 ¼ 0.964). Ideal ratio is shown as
dashed line.

Figure 20. Dependence of Fe–Mn–Zn–O NP size as a function of the ratio of Mn(acac)2:Zn(acac)2
used in the reaction.
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and size distribution of the NPs appear unaffected by the composition, their shape is less

regular for those with higher Mn content. This result is distinct from the previous work by

Arulmurugan et al. [33], which showed that the particle size decreased with the increased

Zn content. The XRD of samples 62, 67, 69 and 71 shows magnetite phase across all the

compositions (Figure 22). The crystalline domain sizes range from 59 A
�
(sample 62) to 123

A
�
(sample 67).

Figure 21. Examples of typical TEM images of Fe–Mn–Zn–O NP prepared using (a) Mn:Zn 0.9:0.1
and (b) Mn:Zn 0.2:0.8.

Figure 22. XRD of Fe–Mn–Zn–O NP (sample 62).
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3.7. Fe–Al–Gd–O NPs

As the Mn and Zn precursors appear to be incorporated into NPs, at an equal rate, investi-

gation of a ternary mixture where the metals appear to show highly different rates is
instructive. As discussed above, aluminium shows low incorporation, while gadolinium is

easily incorporated (albeit with a variability). Thus, the composition of Al–Fe–Gd–O NPs

was investigated. Figure 23 shows the Al:Fe:Gd composition of both the precursor solu-

tion (Table 3) and the NP composition. The plot shows that in all cases the NP composi-

tion is higher in Gd and lower in Al than that expected from the reaction mixture.

Furthermore, at low Fe(acac)3 concentration the isolated NPs appear to be Gd2O3.

The size and size distribution of selected Al–Fe–Gd–O NPs were determined by SAXS.

The size increased (from 7.57 to 11.157 nm) with decreasing Fe content; however, the dis-
tribution remained constant (� 1.63 nm).

4. Conclusions

We have investigated the ability to control the composition (and compositional unifor-

mity) of mixed metal oxide NPs through the ratio of reagents in the reaction mixture. As

seen from Table 4, there is compositional control for most of the NPs; however, the
predictability is not necessarily a direct correlation (ratio of reagents ¼ ratio in NP),

instead once a calibration curve is obtained, a specific desired composition can be attained.

It appears that where the kinetics of decomposition of the various metal precursors is simi-

lar then a direct correlation is obtained (e.g. Co–Fe–O, Cu–Fe–O and Fe–Mn–Zn–O);

however, where the reactivity is slightly different, a deviation (albeit predictable) from the

ideal is observed (e.g. Fe–Mn–O). However, when the reaction rate for one precursor is

Figure 23. The Al:Fe:Gd composition of the Al–Fe–Gd–O NPs as determined by ICP-AES (&)
compared to the composition of the M(acac)n precursors used (&) in the reaction (R2 ¼ 0.964).
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vastly different from the other (e.g. Al(acac)3 versus Fe(acac)3), then alternative precursors

(e.g. Al(OiPr)3) must be used.
It is also important to note that since the particle size and shape may remain unchanged

over a wide composition range, this cannot be used solely along with bulk analysis to

ensure that the desired composition has been obtained across all the NPs in the sample, i.e.

homogeneity is not guaranteed because the overall composition is that desired. As such

researchers should be cautioned in assuming uniform composition.

Acknowledgements

Financial support of this work was from the Robert A. Welch Foundation (C-0002) and the Air
Force Office Scientific Research (FA8650-05-D-5807).

References

[1] Jolivet JP, Barron AR. Nanomaterials fabrication. In: Wiesner MR, Bottero J-Y, editors. Envi-

ronmental nanotechnology: applications and impacts of nanotechnology. New York, NY:

McGraw Hill; 2007. p. 29–103

[2] Zheng B, Lu C, Gu G, Makarovski A, Finkelstein G, Liu J. Efficient CVD growth of single-walled

carbon nanotubes on surfaces using carbon monoxide precursor. Nano Lett. 2002;2:895–898.

[3] Ago H, Imamura S, Okazaki T, Saito T, Yumura M, Tsuji M. CVD growth of single-walled car-

bon nanotubes with narrow diameter distribution over Fe/MgO catalyst and their fluorescence

spectroscopy. J Phys Chem B 2005;109:10035–10041.

[4] Kong J, Cassell AM, Dai H. Chemical vapor deposition of methane for single-walled carbon

nanotubes. Chem Phys Lett. 1998;292:567–574.

[5] Homma Y, Kobayashi Y, Ogino T, Takagi D, Ito R, Jung YJ, Ajayan PM. Role of transition

metal catalysts in single-walled carbon nanotube growth in chemical vapor deposition. J Phys

Chem B 2003;107:12161–12164.

[6] Crouse CA, Maruyama B, Colorado R Jr, Back T, Barron AR. Growth, new growth and ampli-

fication of carbon nanotubes as a function of catalyst composition. J Am Chem Soc.

2008;130:7946–7954.

[7] Orbaek AW, Owens AC, Barron AR. Increasing the efficiency of single walled carbon nanotube

amplification by Fe-Co catalysts through the optimization of CH4:H2 partial pressures. Nano

Lett. 2011;11:2871–2874.

Table 4. Summary of compositional control for Fe–M–O and Fe–M–M0–O NP synthesis using
Fe(acac)3 as the iron precursor.

Desired NP Metal precursor Compositional control

Fe–Mn–O Mn(acac)2 Yes
Co–Fe–O Co(acac)2 Yes [18]
Fe–Pd–O Pd(acac)2 Yes
Cu–Fe–O Cu(acac)2 Yes
Al–Fe–O Al(acac)3 No
Al–Fe–O Al(OiPr)3 Yes
Fe–Gd–O Gd(acac)3 No
Fe–Mn–Zn–O Mn(acac)2, Zn(acac)2 Yes
Fe–Al–Gd–O Al(acac)3, Gd(acac)3 No

24 A.W. Orbaek et al.

Jo
ur

na
l o

f 
E

xp
er

im
en

ta
l N

an
os

ci
en

ce
 



[8] Vioux A. Non-hydrolytic sol-gel routes to metal oxides. ChemMater. 1997;9:2292–2299.

[9] Suslick KS, Fang M, Hyeon T, Sonochemical synthesis of iron colloids. J Am Chem Soc.

1996;118:11960–11961.

[10] Wiley B, Sun Y, Mayers B, Xia Y. Shape-controlled synthesis of metal nanostructures: the case

of silver. Chem Eur J. 2005;11:454–463.

[11] Han S, Yu T, Park J, Koo B, Joo J, Hyeon T, Hong S, Im J. Diameter-controlled synthesis of dis-

crete and uniform-sized single-walled carbon nanotubes using monodisperse iron oxide nanopar-

ticles embedded in zirconia nanoparticle arrays as catalysts. J Phys Chem B 2004;108:8091–8095.

[12] Sun S, Zeng H, Robinson DB, Raoux S, Rice PM, Wang SX, Li G. Monodisperse MFe2O4

(M ¼ Fe, Co, Mn) nanoparticles. J Am Chem Soc. 2004;126:273–279.

[13] Murray CB, Norris DJ, Bawendi MG. Synthesis and characterization of nearly monodisperse

CdE (E ¼ sulfur, selenium, tellurium) semiconductor nanocrystallites. J Am Chem Soc.

1993;115:8706–8715.

[14] Wells RL, Pitt CG, McPhail AT, Purdy AP, Shafieezad S, Hallock RB. The use of tris(trimethyl-

silyl)arsine to prepare gallium arsenide and indium arsenide. Chem. Mater. 1989;1:4–6.

[15] Healy MD, Laibinis PE, Stupik PD, Barron AR. The reaction of indium(III) chloride with tris

(trimethylsilyl)phosphine: a novel route to indium phosphide. J Chem Soc Chem Commun.

1989;359–360.

[16] Sun S, Zeng H. Size-controlled synthesis of magnetite nanoparticles. J Am Chem Soc.

2002;124:8204–8205.

[17] Xie J, Peng S, Bower N, Pourmand N, Wang SX, Sun S. One-pot synthesis of monodisperse iron

oxide nanoparticles for potential biomedical applications. Pure Appl Chem. 2006;78:1003–1014.

[18] Crouse C, Barron AR. Reagent control over the size, uniformity, and composition of Co–Fe–O

nanoparticles. J Mater Chem. 2008;18:4146–4153.

[19] Fahlman BD, Bott SG, Barron AR. An accuracy assessment of the refinement of partial metal dis-

order in solid solutions of Al(acac)3 and Cr(acac)3. J Chem Soc Dalton Trans. 2001;2148–2147.

[20] Niederberger M, Pinna N. Metal oxide nanoparticles in organic solvents. London: Springer;

2009.

[21] Montgomery H, Lingafelter EC. The crystal structure of diaquobisacetylacetonatemanganese

(II). Acta Cryst B 1968;24:1127–1128.

[22] Iball J, Morgan CH. A refinement of the crystal structure of ferric acetylacetonate. Acta Cryst.

1967;23:239–244.

[23] Kido H, Saito K. Metal ion lability constant derived from linear free energy relationship

between ligand-substitution rates of tris(acetylacetonate) and aqua complexes of various triva-

lent metal ions. J Am Chem Soc. 1988;110:3187–3190.

[24] Zhang Z, Sun H, Shao X, Li D, Yu H, Han M. Three dimensional oriented aggregation of a few

hundred nano particles into mono crystalline architectures. Adv Mater. 2005;17:42.

[25] Vogelson CT, Edwards CL, Kobylivker AN, Chacko SB, Moran CE, Dalton K, Stewart SM,

Werner BC, Bott SG, Barron AR. Molecular structure of M(tfac)3 (M ¼ Al, Co) and Cu(H2O)

(fod)2: examples of unusual supramolecular architecture. J Chem Cryst. 1998;28:817–824.

[26] Jose P, Ooi S, Fernando Q. The crystal and molecular structure of the pentacoordinated copper

(II) complex, bis(acetylacetonato)quinolinecopper(II). J Inorg Nucl Chem. 1969;31:1971–1981.

[27] Saito K, Nagasawa A. Kinetic studies of ligand substitution reactions of aluminium, gallium,

and indium. Polyhedron 1990;9:215–222.

[28] Murbe J, Rechtenbach A, Topfer J. Synthesis and physical characterization of magnetite nano-

particles for biomedical applications. Mater Chem Phys. 2008;110:426–433.

[29] Roca AG, Morales MP, O’Grady K, Serna CJ. Structural and magnetic properties of uniform

magnetite nanoparticles prepared by high temperature decomposition of organic precursors.

Nanotechnology 2006;17:2783–2788.

[30] Inoue M, Kominami H, Inui T. Thermal transformation of X-alumina formed by thermal

decomposition of aluminum alkoxide in organic media. J Am Ceram Soc. 1992;75:2597–2598.

Journal of Experimental Nanoscience 25

Jo
ur

na
l o

f 
E

xp
er

im
en

ta
l N

an
os

ci
en

ce
 



[31] Orbaek AW, Barron AR. ICP-AES analysis of nanoparticles. Connexions [cited 2009 July 7].

Available from: http://cnx.org/content/m22058/1.18/.

[32] Drake P, Cho H-J, Shih P-S, Kao C-H, Lee K-F, Kuo C-H, Lin X-Z, Lin Y-J. Gd-doped iron-

oxide nanoparticles for tumour therapy via magnetic field hyperthermia. J Mater Chem.

2007;17:4914–4918.

[33] Arulmurugan R, Jeyadevan B, Vaidyanathan G, Sendhilnathan S. Effect of zinc substitution on

Co–Zn and Mn–Zn ferrite nanoparticles prepared by co-precipitation. J Magn Magn Mater.

2005;288:470–477.

[34] Shibata S, Ohta M. Molecular structure of bis(acetylacetonato)zinc(II) in the gas phase as

determined from electron diffraction data. J Mol Struct. 1981;77:265–270.

[35] Bennet MJ, Cotton FA, Eiss R. The crystal and molecular structure of trimeric bis(acetylacetonato)

zinc(II). Acta Cryst. 1968;B24:904–913.

26 A.W. Orbaek et al.

Jo
ur

na
l o

f 
E

xp
er

im
en

ta
l N

an
os

ci
en

ce
 

http://cnx.org/content/m22058/1.18/.


333 
 

Appendix L 

 

Reprint of Imbedding germanium quantum dots in silica by a modified 

Stӧber method 



Contents lists available at ScienceDirect
Materials Science in Semiconductor Processing

Materials Science in Semiconductor Processing 17 (2014) 7–12
1369-80
http://d

n Corr
Houston

E-m
journal homepage: www.elsevier.com/locate/mssp
Imbedding germanium quantum dots in silica by a modified
Stöber method

Hannah Rutledge a, Brittany L. Oliva-Chatelain a, Samuel J. Maguire-Boyle a,
Dennis L. Flood b, Andrew R. Barron a,c,d,n

a Department of Chemistry, Rice University, Houston, TX 77005, USA
b Natcore Technology, Inc., Red Bank, NJ 07701, USA
c Department of Mechanical Engineering and Materials Science, Rice University, Houston, TX 77005, USA
d College of Engineering, Swansea University, Singleton Park, Swansea SA2 8PP, Wales, UK
a r t i c l e i n f o

Keywords:
Semiconductor
Quantum dot
Germanium
Silica
Stöber
Coating
01/$ - see front matter & 2013 Elsevier Ltd.
x.doi.org/10.1016/j.mssp.2013.08.005

esponding author at: Department of Chemi
, TX 77005, USA. Tel.: þ1 713 348 5610.
ail address: arb@rice.edu (A.R. Barron).
a b s t r a c t

Monodispersed silica nanoparticles 20 nm in diameter were synthesized with germanium
quantum dots (QDs) as seeds using a modified Stöber process. The resulting structures
comprise of germanium QD core within a silica sphere (Ge@SiO2). Films of the Ge@SiO2

Stöber particles result in an average QD…QD distance of 9.6 nm, which is less than the
maximum distance required for good electron transfer (10 nm). Thus, this method repre-
sents an efficient alternative to the previously reported liquid phase deposition (LPD) of
silica on Ge QDs where many silica particles contained more than one QD, resulting in a
wide range of QD…QD distances.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Solar energy represents a potential alternative clean
energy generation source. Unfortunately, it is presently
unable to compete with traditional hydrocarbon combus-
tion in terms of cost per kW/hour. If solar is to compete (in
the absence of government subsidies) it must either have a
lower cost or higher efficiencies than those currently
available. Efforts are ongoing to create low cost solar cells
[1–4]. On the other hand one method of improving solar
cell efficiency is through the creation of tandem solar cells,
which have multiple p-n junctions allowing the absorption
of many wavelengths of light [5,6]. The majority of tandem
cell designs are based upon III-V semiconductor cells [7];
however, Green and co-workers proposed a unique appr-
oach to the inclusion of a tandem layer into first genera-
tion silicon solar technology [8–10], by the inclusion of an
All rights reserved.

stry, Rice University,
array of semiconductor quantum dots coated within an
insulating material. The major drawback with this struc-
ture is that fabrication on a large scale is difficult, in
particular the control over the QD size and the QD…QD
distance [8–10]. In seeking an alternative approach, we
have recently proposed that if a suitable silicon or germa-
nium QD were coated with a uniform coating of silica (i.e.,
Si@SiO2 or Ge@SiO2), then arraying the resulting spheres
would result in a QD…QD distance defined by the coating
thickness (Fig. 1) [11].

Our initial attempts involved the coating of hydrophilic
Si or Ge QDs with silica using liquid phase deposition
(LPD). Unfortunately, while some silica particles were
prepared with a single QD inside (e.g., Ge@SiO2), others
showed evidence for multiple QDs per silica sphere, i.e.,
Gex@SiO2 [6]. Furthermore, while films of both Si@SiO2

and Ge@SiO2 showed good photocurrent indicating a
sufficient number of QD…QD distances were within the
10 nm required for electron transfer to be possible [8–10],
transmission electron microscopy (TEM) analysis sug-
gested that these were not a majority. A second issue
involved the hydrofluoric acid waste produced during the
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Fig. 1. Schematic representation of a bottom–up approach to Ge QD arrays.
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LPD process using hexafluorosilicic acid as the silica
precursor [12]. What is needed is a method that can
reproducibly produce solely individual Si or Ge QDs within
single silica particles of a suitable diameter such that thin
films will maximize the fraction of QD…QD distances that
are within the 10 nm limit.

In 1968, Werner Stöber published a method of creating
spherical, mono-dispersed silica nanoparticles ranging in
size from 50 nm to 2 μm [13]. Although mono-dispersed
particles are produced using this original method, they
cannot be synthesized with small enough diameters for
our present application. However, Yokoi et al. have reported
that by catalyzing the hydrolysis reaction used to make the
silica particles with a bulkier organic base such as L-lysine,
mono-dispersed silica nanoparticles as small as 12 nm have
been reported [14,15]. Based upon this result, we propose
that germanium QDs can be coated with a thin layer of
silica by using the modified Stöber method with a bulky
base and using the germanium quantum dots as seeds. The
results of this study are reported herein.
2. Experimental

2.1. Materials and methods

Tetraoctylammonium bromide (98%), lithium aluminum
hydride (1.0 M in tetrahydrofuran), chloroplatinic acid
hydrate (99.9%), allylamine (99þ%), and L-lysine (97%) were
obtained from Aldrich Chemical Company. Germanium tet-
rachloride (99.99%) was obtained from Acros Organics.
Tetraethoxysilane (TEOS) (99.999þ%) was obtained from
Alfa Aesar. Ethanol (200 proof) was obtained from Decon
Laboratories. Toluene (99.98%) was obtained from EMD, and
was distilled under argon prior to use. Methanol (Z99.8%)
was dried by refluxing over Drierite (CaSO4) then distilled
over dried 4A molecular sieves, and hexanes (Z98.5%,
mixture of isomers) were obtained from Sigma Aldrich.
Unless noted, the chemicals were used without further
purification.

UV–visible absorption spectroscopy was performed
with an Agilent 8453 spectroscope. X-ray photoelectron
spectroscopy (XPS) was performed using a PHI Quantera
X-ray photoelectron spectroscope. Silicon wafers cleaned
with RCA-I and RCA-II treatments were used as the
substrate for film growth [16]. High resolution TEM was
conducted using a Jeol 2100 field emission gun transmis-
sion electron microscope (200 kV) using CCD camera
capture.
Hydrophilic germanium quantum dots capped with
amines were synthesized using a previously reported proce-
dure [11]. The quantum dots were analyzed with UV–visible
spectroscopy using a 1 cm quartz cuvette to verify presence
of the quantum dots. Solutions were pale yellow in color and
showed an absorption at 260 nm. All reactions were carried
out in air unless otherwise noted.

The photoconductivity of the Ge@SiO2 thin films was
tested with white light. Indium tin oxide (ITO) coated glass
plates (75�25�1 mm3, 8–12 Ω/sq surface resistivity)
purchased from Sigma Aldrich, were used as the substrate
for films of Ge@SiO2. The thin film was painted with
conductive graphite on part of the plate that was not
coated with the film and on spots that were coated to
make contacts to complete the circuit [11].

2.2. Coating of germanium quantum dots by the unmodified
Stöber method

The reaction was carried out in a 100 mL round bottomed
flask. Methanol (35.0 mL), Ge QD solution (4.0 mL in DI H2O),
and ammonium hydroxide (4.0 mL, 32%) were added to the
flask and stirred with a magnetic stir bar for 10 min at room
temperature. To this was added TEOS (7.0 mL, 31 mmol) drop
wise over the course of approximately 5 min. After addition
of half of the TEOS, the reaction turned a translucent white.
Upon addition of all of the TEOS, the reaction was an opaque
white. The reaction was stirred overnight. The particles were
washed by centrifugation 3 times each with EtOH and
deionized (DI) water. The washed pellet remained opaque
white. They were then stored in DI water.

2.3. Coating of germanium quantum dots by the modified
Stöber method with L-lysine

The reactions were all conducted in a 1.5 mL micro-
centrifuge tubes at room temperature. In a typical reaction
hexanes (0.06 mL), L-lysine (1.0 mg, 6.8 mmol), and the
quantum dot solution (1.05 mL in DI water) were mixed in
the microcentrifuge tube at room temperature for 10 min,
followed by a dropwise addition of 0.09 mL TEOS. As an
alternative the concentration of QDs was reduced by 50%
by the use of 0.52 mL of the quantum dot solution while
the total volume of the reaction was maintained by the
addition of 0.52 mL DI water. A control reaction was run
using hexanes (0.06 mL), L-lysine (1.0 mg, 6.8 mmol), and
DI water (1.05 mL) with TEOS (0.09 mL, 0.40 mmol). For all
reactions stirring was then followed by a period of 24 h
without stirring. The reaction containing the quantum dots



Table 1
Summary of experiments.

QD solution (mL) TEOS (mL) MeOH (mL) Hexanes (mL) NH4OH (mL) L-lysine (mg) DI H2O (mL) Time stirred (h)

4.0 7.0 35.0 4.0 12
1.05 0.09 0.06 1.0 12
0.51 0.09 0.06 1.0 0.51 24
1.05 0.09 0.06 1.0 24

0.09 0.06 1.0 1.05 24

Fig. 3. UV–visible spectrum of synthesized Ge-QDs.

Fig. 2. High resolution TEM image of a typical Ge QD particles. Fig. 4. TEM image of non-uniform Ge QD-SiO2 composite particles
showing the location of the Ge QDs on the surface of the Stöber particles.

Fig. 5. TEM image of SiO2 particles prepared by the same methodology as
used for those shown in Fig. 4.
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became cloudy white, and the control remained clear.
The reactions were then centrifuged for 10 min. Only the
reaction with the quantum dots had any visible sediment,
which was a pale yellow. The supernatant liquid was clear,
indicating that there was a low to zero concentration of Ge
QDs in the liquid. The sediment was washed 6 times with
EtOH and 3 times with DI water, and was then stored in DI
water. It was a cloudy, very pale yellow. The experiment
was also repeated following the same procedure as listed
above with the exception that the reactions were only
allowed to stir for 12 h prior to sitting for 24 h. A summary
of the various reactions is given in Table 1.

3. Results and discussion

While the original design of a tandem cell layer by Green
and co-workers used Si QDs within a silica matrix due to the
method of manufacture [8–10], Ge QDs are ideal for
laboratory experiments because they can be easily produced
with inexpensive, clean materials, and their quantum con-
finement is relatively large (11.5 nm), thus making their
production easier than quantum dots with smaller Bohr radii
[17]. They also are distinguishable from silica in transmission
electron microscope (TEM) images, unlike silicon quantum
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dots [11]. A representative TEM image of the Ge QDs
prepared herein is shown in Fig. 2, while the UV–visible
spectrum is shown in Fig. 3.

The particles produced using the unmodified Stöber
method were analyzed by TEM. A representative example
is shown in Fig. 4, showing that while the reaction
produced spherical nanoparticles incorporating the Ge
QDs, they appear to be coating the outside of the SiO2
Fig. 6. High resolution (a) Si 2p and (b) Ge 3d X-ray photoelectron
spectra of Ge@SiO2 nanoparticles.

Fig. 7. Representative TEM images of Ge@SiO2 p
particle rather than incorporated within the nanoparticle
as intended (i.e., compare Fig. 4 with the ideal structure
shown schematically in Fig. 1). Furthermore, these parti-
cles are not mono-dispersed, unlike the typical Stöber
particles (Fig. 5). This result suggests that the QDs did not
seed the formation of the silica nanoparticles. Since these
do not meet our requirements, no further analysis of these
particles was conducted.

In the case of the Ge QDs coated by the modified Stöber
method in the presence of L-lysine, the as prepared
samples were analyzed with XPS. The high resolution Si
2p and Ge 3d spectra (Fig. 6a and b, respectively) con-
firmed the presence of Si–O bonding environment
(102 eV), SiO2 (104 eV), elemental Ge (27.5 eV), and oxi-
dized germanium, GeO2 (29 eV) [11,18]. The presence of
germanium peaks is evidence that the particles were
either adhered to the surface or imbedded within the
silica. If they had not bonded with (or become imbedded
within) the silica particles, they would not be present post
washing in the XPS analysis due to their hydrophilic
nature.

TEM analysis confirms that the QDs are actually coated
with, not just on the surface of, the silica (Fig. 7a and b).
However, we note that not all the particles are ideal core
shell (c.f., Fig. 1) and some show the presence of a single
Ge QD at the edge of a SiO2 particle. However, the
important observation is that the Ge QDs are uniformly
dispersed throughout the film rather than aggregated on
the surface of SiO2 particles as seen in Fig. 4. From the TEM
images it is possible to determine the nearest neighbor
QD…QD distances within the films. The distribution for the
Ge@SiO2 particles produced with stirring for 12 and 24 h is
shown in Fig. 8a and b, respectively. From this data an
average distance of 9.0 nm and 10.3 nm is calculated,
showing the ability to control the QD…QD distance
through reaction time. As may be expected with increased
reaction time, and increased particle size, the standard
deviation of the QD…QD distance also increases from
2.6 nm to 3.4 nm. Irrespective of reaction time, however,
the majority of the QDs are close enough to neighbors to
allow electron transport [8–10]. It is also important that
the particles have a small size distribution so that they will
repared with (a) 12 h and (b) 24 h reactions.



Fig. 8. Distance between adjacent Ge QDs for films deposited of Ge@SiO2 particles prepared with (a) 12 h and (b) 24 h reactions times.

Fig. 9. Particle sizes of the SiO2 Stöber particles Ge@SiO2 particles prepared with (a) 12 h and (b) 24 h reactions times.

H. Rutledge et al. / Materials Science in Semiconductor Processing 17 (2014) 7–12 11
array with minimal defects. In this regard, the particles are
spherical and mono-dispersed. It is interesting to note,
however, that with longer reaction times the average
particle size for the silica is smaller (see Fig. 9). This
suggests that with increased reaction times aging of the
silica particles occurs.

The differences between the particles formed by the
modified Stöber method in the presence of L-lysine (Fig. 7)
and those produced when using the unmodified Stöber
process (Fig. 4) indicate that the particles are forming by
different growth mechanisms. It is commonly thought that
Stöber particles begin through a nucleation process [19]. In
the case of the less bulky base, ammonia, the nucleation is
less hindered, perhaps not allowing the quantum dots to
act as seeds. When using L-lysine, the germanium quan-
tum dots were able to act as seeds, possibly due to the
nucleation process being more hindered.

Photoconductivity testing was performed on Ge@SiO2

films from samples prepared for 24 h. These thin films
were grown from aqueous suspension on ITO glass instead
of quartz [11]. UV–visible absorbance measurements com-
pared to ITO glass confirmed the presence of the appro-
priate film. The photoconductivity of the solar cell was
tested with white light. As may be expected from the
simple test set-up and potential variability of the packing
of the particles, the results were only obtained on certain
areas of the cell. With white light, the Ge@SiO2 cell
showed areas of photoconductivity as measured by a
6.3 mV change in potential, which equals 6.3 mA of
photo-current. This is significantly higher (2 mA) than
our previous results for Ge@SiO2 films prepared using
the LPD method, which is consistent with closer (and
more consistent) spacing of the Ge QDs (see Fig. 8).
4. Conclusions

Germanium QDs were successfully coated with a thin
layer of silica using a modified Stöber process with
L-lysine. The unmodified process was unsuccessful, indi-
cating that the bulkier base made it possible for the
quantum dots to seed the synthesis of the particles. In
comparison with our previously reported LPD method, the
modified Stöber process produces a more uniformmaterial
in which each QD acts as a seed to a silica particle. Most
importantly, in thin films of the Ge@SiO2 particles the
majority of nearest neighbor QD…QD distances are within
the 10 nm limit required for photoconductivity. Finally, the
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use of the modified Stöber process eliminates the necessity
of dealing with the HF waste from the LPD method.
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Automated method for determining the flow of
surface functionalized nanoparticles through a
hydraulically fractured mineral formation using
plasmonic silver nanoparticles†

Samuel J. Maguire-Boyle,a David J. Garner,a Jessica E. Heimann,a Lucy Gao,a

Alvin W. Orbaeka and Andrew R. Barron*abc

Quantifying nanoparticle (NP) transport within porous geological media is imperative in the design of tracers

and sensors to monitor the environmental impact of hydraulic fracturing that has seen increasing concern

over recent years, in particular the potential pollution and contamination of aquifers. The surface chemistry

of a NP defining many of its solubility and transport properties means that there is a wide range of

functionality that it is desirable to screen for optimum transport. Most prior transport methods are

limited in determining if significant adsorption occurs of a NP over a limited column distance, however,

translating this to effects over large distances is difficult. Herein we report an automated method that

allows for the simulation of adsorption effects of a dilute nanoparticle solution over large distances

under a range of solution parameters. Using plasmonic silver NPs and UV-visible spectroscopic detection

allows for low concentrations to be used while offering greater consistency in peak absorbance leading

to a higher degree of data reliability and statistics. As an example, breakthrough curves were determined

for mercaptosuccinic acid (MSA) and cysteamine (CYS) functionalized Ag NPs passing through Ottawa

sand (typical proppant material) immobile phase (C) or bypassing the immobile phase (C0). Automation

allows for multiple sequences such that the absorption plateau after each breakthrough and the rate of

breakthrough can be compared for multiple runs to provide statistical analysis. The mobility of the NPs

as a function of pH is readily determined. The stickiness (a) of the NP to the immobile phase calculated

from the C/C0 ratio shows that MSA-Ag NPs show good mobility, with a slight decrease around neutral

pH, while CYS-Ag NPs shows an almost sinusoidal variation. The automated process described herein

allows for rapid screening of NP functionality, as a function of immobile phase (proppant versus reservoir

material), hydraulic fracturing fluid additives (guar, surfactant) and conditions (pH, temperature).
Environmental impact

With the rapid increase in onshore oil and gas exploration due to the potential of shale reservoirs there is a need for greater understanding of the permeability of
the rock formation post hydraulic fracturing. Nanoparticles offer a suitable scale for sensors in this application; however, the complex chemistry of the down-
hole environment as well as the cocktail of chemicals used during fracking makes for a challenging environment for the nanoparticles. The mobility, solubility,
and surface attachment of nanoparticles are generally dependent on their size and surface functionalization. Here we show a method for the rapid reliable
investigation of the effects of surface functionalization of a nanoparticle within a porous medium. This method can be used for a range of nanoparticle sizes,
shapes, and functionality, as well as over a wide pH range, and in the presence of typical frac uid additives. Furthermore, it allows for simulation of the effects
of larger distances than enabled by traditional mobility measurements.
Houston, TX 77005, USA. E-mail: arb@

nd Materials Science, Rice University,

Singleton Park, Swansea SA2 8PP, Wales,

ESI) available: TEM images, UV-visible
A-Ag NP and CYS-Ag NP breakthrough

2014, 16, 220–231
1. Introduction

In order to maximize the recovery of oil and gas from subter-
ranean formations it is important to obtain information on the
ow characteristics or porosity of the rock within the hydrau-
lically fractured reservoir.1 Characterization has traditionally
been accomplished using techniques such as seismic
measurements and NMR well logging; however, these methods
have limitations and new methods are being sought. Shale gas
This journal is © The Royal Society of Chemistry 2014
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is one of a number of “unconventional” sources of natural gas
that is being increasingly exploited around the world. Shale has
low matrix permeability, so gas production in commercial
quantities requires fractures to provide permeability. Informa-
tion of the permeability of a reservoir can be used to determine
whether hydraulic fracturing is required or if it has been
successfully implemented. Proposed methods for character-
izing the fractured formation properties include, conductive
polymers,2 active or passive devices,3 or proppant tracking
materials.4

The low porosity and permeability of many oil and gas
reservoirs even aer hydraulic fracturing, means that any sensor
or tracer material must have a size sufficiently small to allow for
its transport through the fractured rock formation. As such
nanoparticles (NPs) represent a potential sensor/tracer material.
The special electrical and magnetic properties of nanomaterials
make them well suited for use as injected sensors and contrast
agents. It is desirable that any sensor placement be accom-
plished without harming the reservoir or requiring signicant
alteration of present processes. A number of mechanisms have
been suggested for detection including: the use of highly
magnetic “tags” as contrast agents for detection of changes in
the magnetic eld of the reservoir.5 However, irrespective of the
method of detection a consistent issue is with regard to the
mobility of a nanoparticle within the reservoir fractures and/or
the proppant pack. The future use of nanomaterials as sensors/
tracers in these environmental formations rests with the ability
to accurately predict a nanoparticle's mobility through these
formations and as such the ability tomonitorminute differences
in mobility breakthrough curves will allow this technology to be
utilized. Of particular interest to our research is the use of
nanoparticle tracers to determine if contamination of ground or
reservoir water by frac uids has occurred.

The relative mobility of a particle passing through a porous
medium is linked to its tendency to deposit on immobile
surfaces also known as collectors. Particles are transported to
the surface of a collector when its encompassing solvent, as
described, passes sufficiently close to the collector surface such
that particles make contact with the surface.6 Particles may also
contact collectors due to the effects of gravity or Brownian
diffusion, which is the dominant mode for nanoparticles.
Forces such as the London-van der Waals and double-layer
forces, e.g., the classic Derjaguin, Landau, Verwey, and Over-
beek or DLVO theory,7 are typically considered as inuencing
particle attachment rather than transport.

Generally, they are the overriding force for particle–particle
attachment in aqueous environments in the oil and gas industry
as these environments typically involve very briny waters with
between 50 000 and 150 000 ppm of NaCl.8 With natural organic
matter (NOM) also contributing to deposition of particles.9 This
concentration of salt is far beyond the critical coagulation
concentration (CCC) for many particles as charge screening
occurs and van der Waal forces begin to dominate.10 The
dominant factor in van der Waal forces is the Hamaker constant
which describes the generally attractive force between two
surfaces in a media.11,12 This attractive force is thus the driving
force behind particle–particle attachment (i.e., aggregation) and
This journal is © The Royal Society of Chemistry 2014
particle-surface attachment (i.e., collector deposition),12 in the
aqueous fraction of hydrocarbon source rock. However, it has
been observed that in some cases particle transport can be
inuenced positively in certain situations where the Hamaker
constant for the particle collector and solvent is dispersive for a
particle, collector and media and/or for a particle–particle and
media.11 In this situation there is no particle–particle aggrega-
tion or deposition occurring and particle migration can then be
solely attributed to source rock parameters.

Particle trajectory calculations have been combined with the
analytical solution for Brownian transport to yield closed-form
solutions for the transport of particles to the surface of spherical
collectors13 expressed as the theoretical single collector effi-
ciency ho. This factor is multiplied by the attachment efficiency
(a), eqn (1).14 A mass balance of particles over a differential
volume of porous medium can be integrated over distance
within a homogenous medium to yield an expression for the
attachment efficiency factor, a, as a function of the observed
removals, the characteristics of the porous medium, and the
ow, in eqn (1) where dc is the radius of a collector (assumed to
be spherical) in the porous medium, 3 is the porosity of the
porous medium, L is the length of the porous medium, and C
and C0 are the particle concentrations in the column effluent at
distance L and the inuent at L ¼ 0, respectively. The single-
collector efficiency, h0, is calculated as a function of the Darcy
velocity, porous medium grain size, porosity, and temperature
among other variables.15 With the experimental C/C0 values
(fraction of inuent particles remaining following passage
through the porous medium) obtained from the breakthrough
curves and theoretical h0 values.

a ¼ 2dC

3ð1� 3Þh0L
lnðC=C0Þ (1)

Data for the deposition of particles varying in size over
several orders of magnitude (including particles dominated by
Brownian transport) has been found to be adequately repre-
sented by this model for particle transport when conditions
favour particle attachment.16 However, when particle attach-
ment is not favourable, only a fraction of the collisions with the
collector surface will result in particle deposition and the single
collector efficiency must be modied.

The surface of nanoparticles is generally functionalized in
order to ensure their solubility or miscibility in various solvents.
The ability to tailor the choice of functional group in order to
ensure the desired solubility is well known.17 For example, we
have shown that water solubility can be attained through the
use of substituents that promote hydrogen bonding or with the
use of charged substituents.18,19 On the other hand the use of
hydrophobic substituents allows for solubility within organic
solvents.20 Thus, the solubility of a particular nanoparticle can
be readily controlled through the choice of surface functional
group. The main goal of this type of research to date has been
with regard to applications in biological systems such as drug
delivery and MRI contrast agents.21 Further research has also
aimed towards the environmental fate of nanoparticles.22

However, there has been much less studied on how nano-
particles suspended or dissolved in a solvent interact with
Environ. Sci.: Processes Impacts, 2014, 16, 220–231 | 221



Table 1 Summary of nanoparticle solutions

pH
Solution
volume (L)

Volume of NP
concentrate (mL)

6 3 40
7 3 60
8 3 60
9 3 60
10 3.5 70
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various mineral surfaces. Furthermore, the majority of attempts
to create water soluble nanoparticles have centred on polymeric
substituents, in particular polyethylene glycol (PEG);23 however,
for oileld applications (in particular in shale reservoirs) these
are likely to cause blockage of the ne pore structure in addition
to inducing complications with regard to chemical engineering
of a frac job for instance.

Based upon our prior results18 with alumina nanoparticles
and carbon nanotubes we proposed that short chain substitu-
ents should suffice in providing aqueous solubility. There have
been several studies on the mobility of nanoparticles through
porous supports;24 however, in each case individual samples
were collected at specic times for analysis. In order to deter-
mine the suitable choice with regard to the particle transport,
we were interested in the rapid automated collection of data
that would allow for multiple runs to be investigated with
suitable statistics.

In addition to this we are interested in a methodology to
rapidly screen potential surface engineered nanoparticles. The
screening of a library of potential nanoparticle surfaces poses a
signicant burden if current methodologies are utilized. For
this reason we also seek to develop an automated method so as
to efficiently screen these libraries. Finally, we are interested in
the effects on mobility of low concentrations of nanoparticles
with contact efficiencies (a) close to 1 over large distances. In
this regard prior methods are limited in determining if signif-
icant adsorption occurs of a particular functionalized NP over a
limited column distance (i.e., support surface area) by
comparing the maximum concentration plateau of a solution,
which has passed through a mineral formation (C) with its
initial concentration (C0) at stated intervals. Using this meth-
odology, clearly, a negligible adsorption of plateau maximum
concentration over even a 30 cm column could translate into
signicant adsorption over a kilometre and as such would be
useless, as the observed nanoparticle would be considered
useless as a potential sensor. Thus, we are interested in the
development of a method that allows for the simulation of
adsorption effects of a dilute nanoparticle solution and how
that affects the ability for a nanoparticle to be present in a frac
matrix over large distances. In relation to this, we are also
interested in measuring not the maximum particle concentra-
tion over such a short distance as is used in a laboratory setup
but instead the rate of particle breakthrough per unit time, in
contrast to other investigations where maximum plateau
breakthrough as a function of pore volume is favoured. A
further disadvantage of previous methods is that changes in
particle size or aggregation during the transportation process
cannot be simultaneously determined.

We have therefore investigated the development of an
automated method and methodology for measuring the trans-
port efficiency of nanoparticles through a porous medium. The
results of this study are presented herein.

2. Experimental

All chemicals and solvents were purchased from Sigma-Aldrich
unless otherwise stated. De-ionized water (DI) was Chromosolve
222 | Environ. Sci.: Processes Impacts, 2014, 16, 220–231
grade unless otherwise stated. For experimental setup all tubing
and tubing ttings were Teon coated PEEK grade.
Nanoparticle synthesis

The following describes the synthesis of Ag-NP capped with
mercaptosuccinic acid (MSA, I); however, it may be adapted to
any thiol-substituted ligand. In the present study Ag-NPs have
also been made using cysteamine (CYS, II). AgNO3 (203.8 mg)
and MSA (450.15 mg, 3 mmol) dissolved in H2O (100 mL) are
added to an H2O/MeOH mixture (7.5 mL MeOH in 100 mL DI
water), which had been cooled to 0 �C with vigorous stirring.
NaBH4 (378.3 mg) dissolved in H2O (25 mL) cooled to 0 �C was
added to the stirring mixture. The reaction was stirred for 105
min at 0 �C then allowed to warm to room temperature and
stirred for an additional 15 min. The reaction was then centri-
fuged at 4500 rpm for 15 min. The resulting pellet was washed
with the H2O/MeOH mixture then centrifuged again at 4500
rpm. The nal pellet was sonicated in DI H2O, yielding the pure
nanoparticles. The particles were characterized by a combina-
tion of atomic force microscopy (AFM), transmission electron
microscopy (TEM), small angle X-ray scattering (SAXS) and UV-
visible spectroscopy (see ESI).

Preparation of nanoparticle solutions

From the prepared nanoparticle concentrate solution, aliquots
were taken and diluted with DI water. This dilution ratio was
monitored viaUV absorbance according to the peak height arising
from the Plasmon resonance, MSA-Ag NP concentration was
adjusted to give arbitrary absorbance of 1 @ 400 nm (Table 1). For
each pH condition measured, a blank matrix without the silver
nanoparticles and a sample solution with the nanoparticles were
This journal is © The Royal Society of Chemistry 2014



Table 2 Summary of MSA capped silver nanoparticle UV-visible
spectra

pH
Maximum
absorbance (nm)

4 399
5 400
6 399
7 399
8 399
9 402
10 401
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prepared. A Fisher Scientic Accumet® AP 115 portable pH/ORP
meter carefully monitored the pH of the solutions. Glacial acetic
acid ACS grade, and NaOH aqueous solution EMD SX0607H-6
were used to adjust the pH of both the blank and sample solutions
to the desired value.

Static nanoparticle analysis

An UV-visible Agilent 4853 spectrometer, equipped PC work
station with Agilent ChemStation and a quartz cuvette with path
length 10 mm were used to determine the wavelength of the
maximum UV absorbance peak (lmax) for each pH environment
(Table 2). The absorbance was measured from 190 nm to
1100 nm.

Steady state analysis

A schematic of the steady state experiment setup is shown in
Fig. 1. A UV-visible Agilent® 4853 spectrometer (Fig. 1b–d) was
attached to a UV-Vis workstation (Fig. 1a) with Agilent®
ChemStation soware in kinetic mode. The spectrometer was
equipped with a UV-Vis quartz ow through cell (Fig. 1c)
(Hellma, QS 1.000, 1 mm path, 62 mL 35 mm � 12.5 mm � 12.5
mm, rectangular aperture 15 mm) that was attached to a conical
ask with Teon stirrer bar, stirrer hot plate, and rubber
stopper containing nanoparticle solution analyte (Fig. 1f), via
PEEK tubing (Fig. 1g) on the in-ow to the UV cell, the outow of
Fig. 1 Schematic representation of steady state analysis experimental
setup: PC workstation containing UV-visible kinetic analysis program
(a); UV-visible detector (b); UV-visible cuvette holder and UV-visible
flow through cell (c), UV-visible light source (d), peristaltic pump (e),
nanoparticle solution analyte contained within a conical flask equip-
ped with a Teflon stirrer bar and hot plate (f), UV-visible in-flow tubing
(g), UV-visible out-flow tubing (h), and UV-visible return tubing (i).
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the cell is attached via PEEK tubing (Fig. 1h) to a Cole Palmer®
Variable-Flow peristaltic pump model 73160-20 (Fig. 1e), the
out-ow from the peristaltic pump returns to the conical ask
via PEEK tubing (Fig. 1i).

The interior surfaces (Fig. 1c, and e-i) were cleaned between
measurements sequentially with dilute 5% aqueous HCl solu-
tion using ACS grade 37% HCl in DI, a 1 M aqueous solution of
sodium thiosulfate in DI and nally by DI only. This sequence
was achieved by recycling through the experimental setup using
the peristaltic pump (Fig. 1e). The cleaning solutions were
ushed from the experimental setup by directing the return
ow to waste until the experimental setup is empty of cleaning
uid. Measurements were carried out using both the tungsten
and deuterium lamps with the soware set to kinetic mode, and
experimental values of (a) time: 86400, (b) trace: 400, (c) display
spectrum: 190 to 1100, and (d) cycle interval: 300, were xed
using the Agilent® UV-Vis ChemStation online program.

The blank matrix is then cycled through the system prior to
experimentation. Aer which a “Time based measurement” is
begun by injecting an aliquot of MSA-Ag NPs into the conical
ask. The aliquot per pH is shown in Table 1.
Kinetic mobility analysis

A schematic of the kinetic mobility experimental setup is shown
in Fig. 2. The UV-Vis Agilent® 4853 spectrometer (Fig. 2b–d) was
equipped with a PC workstation and operated by Agilent®
ChemStation in Kinetic mode (Fig. 2a). A quartz ow-through
Fig. 2 Schematic of the mobility experimental setup. UV-visible
workstation (a), UV-visible detector (b), UV-visible cuvette holder and
UV-visible flow through cell (c), UV-visible light source (d), gear pump
work station (e), gear pump (f), blank matrix solution, or solvent A (g),
nanoparticle matrix solution, or solvent B (h). solid phase column (i),
waste sampler (j), pump/mixer top access port (k), C0 flow line (l), C
flow line (m), waste line (n), pump/mixer bottom out-flow access port
(o), in-flow line to flow through UV cell (p), and in-flow lines to gear
pump, solvent A and B lines (q).
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Fig. 3 Examples of mobility plots of (a) glutamic acid functionalized
magnetite NPs, (b) lysine functionalized magnetite NPs and (c) cysteic
acid functionalized magnetite NPs. Data collected at 378 nm with a 10
mm path length, and sampling at 5 s intervals.
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cell (Hellma, QS 1.000, 1 mm path, 62 mL 35 mm � 12.5 mm �
12 mm, rectangular aperture 15 mm) (Fig. 2c) was equipped
with a PEEK in-ow line (Fig. 2p) and waste line (Fig. 2n) via
Teon PEEK ttings. The waste line (Fig. 2n) led to a waste
sampler (Fig. 2j), the waste line can be used to take physical
samples if necessary. The UV-visible in-ow line (Fig. 2p) was
attached to the out-ow access port (Fig. 2o) of the Combiash
gear pump (Fig. 2f), which in turn was attached to either ow
line (Fig. 2l) or a Redisep Teon column 2 cm in diameter and
6.5 cm in length (Fig. 2i) containing a solid phase and ow line
(Fig. 2m), either Fig. 2l or Fig. 2i, (Fig. 2m) were attached to gear
pump top access port (Fig. 2r). The gear pump (Fig. 2f) is a
Combiash Companion altered by removing the electronic
three-way ow switch and replacing it with a union PEEK 1/80 0

thus by-passing the waste outlet. The dispenser outlet of the
gear pump (Fig. 2f) was also disconnected from the dispenser
arm and attached to a PEEK tube (Fig. 2p) and then connected
to the UV ow through cell (Fig. 2c). The gear pump (Fig. 2f) was
controlled via a laptop workstation with Combiash
Companion soware (Fig. 2e). Two in-ow tubes (Fig. 2q) dis-
played as solvent A and B on the Combiash gear pump led to
either a matrix solution container (Fig. 2g), which is called
solvent A in Combiash soware or nanoparticle/matrix solu-
tion container (Fig. 2h), called solvent B in Combiash soware.
Both containers for solvent A and B were equipped with a Teon
stirrer bar, and stirrer hot plate. Two different injection meth-
odologies were used, either long curve or multi-curve. The
analysis steps were setup in the Combiash Companion so-
ware. The internal surfaces (Fig. 2c, f-i, and k-p) were cleaned
sequentially with dilute 5% aqueous HCl solution using ACS
grade 37% HCl in DI, a 1 M aqueous solution of sodium thio-
sulfate in DI and nally by DI by ushing through the experi-
mental setup from both (Fig. 2g) and (Fig. 2h) using the gear
pump (Fig. 2f). Full details of the Experimental protocol are
given in the ESI.†

3. Results and discussion

The basic concept of an experiment for determining mobility of
a NP within a fractured matrix is simple. A suitable solution of
nanoparticles is passed through a column containing the solid
phase and the concentration of the outgoing solution is deter-
mined as a function of time. In previously reported methods the
concentration is ordinarily determined by taking aliquots of the
solutions and subjecting to a technique such as atomic
adsorption or atomic emission spectroscopy.24 The disadvan-
tage of this approach is that this is not a continuous process and
the resolution of the data is dependant on the concentrations
within the aliquots being within the range of the analysis
method. Some researchers have enabled a continuous process
by the use of radioactive components detected by a suitable
scintillation counter or methods.25,26 Again the disadvantage of
this method is that the materials under study must be radio-
active: severely limiting the ability of the process to be used for
routine analysis.

Our initial efforts to understand nanoparticle mobility on a
solid support typical of a proppant pack or reservoir matrix were
224 | Environ. Sci.: Processes Impacts, 2014, 16, 220–231
based on a previously described system,24 that used UV-visible
spectroscopy for data collection. The NPs we initially employed
were of the iron oxide (magnetite) type that exhibit a peak
absorbance typically around 370 nm which is very close to the
cut off frequency of a UV-visible spectrometer, meaning their
surface absorbance peak is oen not fully present in the spectra
and some of the leading edge of the spectra is missing from the
spectra. Further to this the absorbance peak for iron oxide is
very weak and in order to emulate a real world system where a
small quantity of NPs will be dispersed over a large volume of
reservoir, and hence a large surface area,5 the UV-visible
absorbance is insufficient at these concentrations to detect in a
continuous process. Thus, in order for the NPs to be detected a
large concentration must be employed (>15 � 10�5 mol dm�3),
which is not only unrealistic for real applications, but as may be
seen from Fig. 3, does not allow for analysis of the C/C0 and thus
the attachment efficiency factor (a). As may be seen from Fig. 3
the absorbance does not reach a plateau and instead can
continue to increase or decrease sporadically even under
controlled conditions. Additionally, repetition of a particular
This journal is © The Royal Society of Chemistry 2014
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NP also gave variable results. As the intensity is not stable under
controlled conditions further analysis using this material is not
possible because changes in the absorbance are shown to occur
even before testing in various materials.

Poor data acquisition using iron oxide NPs leads to spurious
results thus preventing the system from reaching a stable and
continuous plateau as is required to determine a baseline value.
Based upon these results we concluded that in order to study
mobility at concentrations appropriate to eld-use better
detection is required. However, we questioned whether,
changing the core of a nanoparticle have a signicant effect on
its surface physical properties (i.e., solubility, mobility, surface
adhesion) or can the results from one type of nanoparticle be
used as a guide for others with the same surface functionality?

In this regard, it has been reported for a wide range of
nanoparticle systems that the transport properties of the NP are
less dependent on the identity of the core and more dependent
on the identity of the surrounding ligands (or corona), the
charge (also a property of the ligands), i.e., the surface physi-
cochemical properties, as well as the size, and shape of the NP.27

Thus, any system that allows for the study of a wide range of
nanoparticle ligands, as well as nanoparticle size and shape,
can be used as a scaffold for the rapid screening of the possible
ligands that are required for mobility within particular solvent
and solid combinations. In other words, the choice of the
nanoparticle core can be made to optimize detection (i.e.,
enhanced detection) as long as the core meets the following
requirements: (1) it may be functionalized by the typical groups
associated with making NP soluble/miscible, (2) it is stable over
a range of condition (solvent, pH, etc.), (3) it may be prepared
with a range of sizes, and (4) it may be prepared with different
shapes (spheres, rods, triangles, etc.). With these requirements
in mind we investigated the use of silver NP. What is needed for
ease of detection at low concentrations is a nanoparticle with a
large plasmon resonance28 that can be prepared with a wide
range of sizes, shapes, and surface functionality.

Silver nanoparticles have been shown to display a very stable
and consistent UV-visible absorbance29 and the peak absor-
bance is known to occur within a range of values well within the
optical detection limits of UV-visible spectrometers thus
ensuring both the leading and the trailing edge of the peak are
visible. When both the leading and trailing edges are present
then it is possible to make a calculation of the full width at half-
maximum (FWHM) with a high degree of success. This allows
Fig. 4 UV-visible spectrum of MSA functionalized Ag NPs.
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for determination of any changes in particle size that occur
during transport through the stationary phase.

Further to this the silver nanoparticles have a strong peak
absorbance that can be detected at much lower concentrations
than that of the iron oxide nanoparticles (Fig. 4). The silver
nanoparticles offer greater consistency in peak absorbance
leading to a higher degree of success to acquire reliable data,
they have a larger peak absorbance leading to the possibility to
measure nanoparticles at much lower concentrations than iron
oxide nanoparticles, and as such they can be used to give a much
stronger indication as to the system that is occurring down hole.
Further to this the silver nanoparticle surface plasmon reso-
nance can be tuned according to the size of the nanoparticle,
and the size can be determined by calculation using the
FWHM.30 The surface functional groups can also be changed to
tailor the stickiness or solubility of the silver nanoparticles in a
range of solvents and under a variety of physical and chemical
conditions which exhibit core stability (i.e. no ionic degradation)
in various solvents, brines and pH.10 Our system as described in
the Experimental was intended to allow for continuous moni-
toring and simulation of large volumes. With the initial stability
method used to monitor deposition due to nanoparticle aggre-
gation by monitoring of the plasmon resonance that has been
utilized in previous studies.31

Functionalization and pH stability of Ag NPs

Silver NPs suitable for measuring mobility can be made with a
variety of sizes and surface functional (capping) groups. In the
present study NPs of mean diameter 20 nm was chosen, with
either mercaptosuccinic acid (MSA, I) or cysteamine (CYS, II) as
the surface groups. These were chosen to allow for the
demonstration that both anionic and cationic NPs can be
studied using this continuous process. The carboxylate and
amine functionalities are common for water solubilisation of
NPs,17,32 further suggesting that the diffusion is dependent on
surface groups and size (shape) of a NP and not on its core
chemistry.

The silver nanoparticles of mean diameter 20 nm have a well
pronounced absorbance peak at labs ¼ 400 nm (Fig. 4).29 The
invariance of the absorbance as a function of pH is shown in
Table 2, conrming that the NPs are stable across the pH range,
and that any variation will not be due to agglomeration or
dissolution over the pH range studied.

Steady state stability measurements

In any protocol it is important to determine that any observed
variation is not a function of the instability of the NPs within the
apparatus, i.e., any change observed is due to the NP passing
through the static phase. We observe the stability of the nano-
particles in this fashion because the factors affecting particle
deposition in fractured porous media tend to parallel those
controlling particle aggregation and has been observed so by
O'Meila et al.9,33 The experimental set-up for this measurement
is detailed in the Experimental section.

The stock NP solution is recycled through the UV-visible
spectrometer without passing through an immobile phase. This is
Environ. Sci.: Processes Impacts, 2014, 16, 220–231 | 225



Fig. 5 Examples of stability plots of cysteic acid functionalized Ag NPs
at pH ¼ 4 (a), 7 (b), and 10 (c). Data collected at 378 nm with a 10 mm
path length, and sampling at 5 s intervals.
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done to ascertain if the NPs are stable for prolonged times during
pumping and transport through the apparatus. Examples of the
stability plots for cysteic acid functionalized Ag NPs at different
pH values that may be encountered during a frac job are given in
Fig. 5. As may be seen there is a slight decrease in intensity during
the rst hour, which we believe is due the dilution of nano-
particles throughout the solution volume and possible deposition
onto the experimental apparatus internal surface; however, the Ag
NP solution appears remarkably stable for >22 h.

We have performed the steady state measurements altering
the location of the return line into the stock solution (Fig. 1f) in
order to promote or inhibit mixing. Neither made any difference
in the results, indicating that the Ag NPs are not settling out of
solution during the duration of the experiment. The steady state
results indicate that the process may be used for mobility
studies through an immobile phase without issues associated
with the rest of the apparatus.
Mobility measurements

The technique used for this measurement involves a premixed
stock solution, which can be any solution desired containing
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aqueous or organic solvent, salts, carbonates acids or bases, or
other particles or compound which may be encountered or of
interest when studying nanoparticle mobility through subter-
ranean environments which is soluble (or in suspension) with
the plasmonic nanoparticles under investigation. For this
experiment, the stock solution is the mobile phase. It is used in
two ways: rstly as a starting baseline and secondly to solvate or
suspend the plasmonic nanoparticle.

The baseline of UV absorbance is determined to be the stock
solution with no plasmonic nanoparticle present. Calibration of
this baseline is determined by pumping the stock solution
through the immobile phase that will be discussed below for a
period of time that maybe specic for each immobile phase
under investigation until a stable concentration of out ow is
achieved from the immobile phase. This stable concentration of
ow from the immobile phase is determined to be the blank or
baseline for the later kinetic UV experiments, see below. The
UV-visible spectrophotometer is then calibrated to read this
concentration as the baseline. The stock solution is also used to
ush the plasmonic nanoparticle solution/suspension.

The stock solution/suspension is pumped at a constant
stable ow rate through the immobile phase, the plasmonic
nanoparticle is then pumped through the immobile phase at
the same ow rate for a period of time until a stable plateau of
absorbance is measured via the UV kinetics program. The stock
solution/suspension is again pumped through the immobile
phase until the absorbance returns to its original value. This
process can be repeated multiple times.

Generally the stock solution and the plasmonic nanoparticle
solution (suspensions) are injected into the immobile phase
then into the UV-visible spectrophotometer or directly into
UV-visible spectrophotometer at chosen ratios. These are
usually not mixed but are injected sequentially at timed inter-
vals at 100% concentration of either stock solution and plas-
monic nanoparticle solution/suspension as outlined above. The
time of injection for either solution/suspension is programmed
into the gear pump. The gear pump maintains constant ow
rate through the immobile phase column through the UV ow
through cell, and into the waste collector. The immobile phase
can be any mineral formation or rock for investigation, but it is
generally of uniform size porosity and of known volume. It is
contained within a column, which can be made of plastic, glass,
or metal. The outlet of the column leads to the UV detector ow
through cell (Fig. 2). Using a kinetic program the increase in UV
absorbance at a specic wavelength from baseline, plateau and
decrease to baseline again of the plasmonic nanoparticle is
measured over time. The outlet of the UV ow cell is connected
to a waste collector. The contents of which may be used post
experiment for analysis.

In our initial studies we employed Ottawa sand (30–50
mesh) as the immobile phase since this is typical of frac sand.
It is high purity quartz sand with round grains that is
produced from sandstone. As such this choice represents a
suitable material to investigate NP mobility. Ottawa sand
comprises of smooth particles between 300 and 600 mm in size
(Fig. 6), with a sphericity of 0.6,34 surface area of 1.17 m2 g�1

and a porosity of 0.37.
This journal is © The Royal Society of Chemistry 2014



Fig. 6 SEM of Ottawa sand used as immobile phase.

Fig. 7 Typical measured breakthrough curves for MSA-Ag NPs at pH¼
7 for C (red curve) and C0 (blue curve).

Fig. 8 Typical fitting (red line, R2 ¼ 0.999) of the measured break-
through curve (blue line) for MSA-functionalized Ag NPs at pH ¼ 7
through Ottawa sand immobile phase (i.e., C).

Fig. 9 Typical fitted breakthrough curves for MSA-Ag NPs at pH ¼ 7
for C (red curve) and C0 (blue curve).
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As described in the Experimental section, two breakthrough
curves are measured per sample at a particular condition. These
involve the NP solution passing through the immobile phase (C)
or bypassing the immobile phase (C0). Fig. 7 shows a typical pair
of as measured breakthrough curves for MSA-functionalized Ag
NPs at pH 7. For such a breakthrough there are two parameters
that can be investigated: the absorption plateau and the
breakthrough rate.

The rst parameter to be measured is the absorption
plateau aer each breakthrough (i.e., the absorption
maximum). In the absence of irreversible interaction that
occurs with the NPs as they pass through the immobile phase
the max absorption in the UV-visible spectra for C and C0

should be the same. Conversely, if the absorption is lower for C
than C0 then the NPs are either irreversibly adsorbing onto the
immobile phase (e.g., sticking to the sand), are not passing
through due to pore size restrictions, the interaction between
the immobile phase and the NPs is causing the latter to
undergo decomposition (e.g., by oxidation, dissolution, etc.),
or a physical change is occurring (e.g., aggregation). As may be
seen from Fig. 7, the maximum absorption of the C and C0

curves is the same indicating that the MSA-Ag NPs are passing
through the Ottawa sand without signicant alteration or
retention.
This journal is © The Royal Society of Chemistry 2014
The second parameter that may be obtained from the
breakthrough curves is the rate of change of UV absorbance as a
function of time. However, it should be noted that in the
present case the resultant rate of breakthrough is very fast,
which under normal breakthrough curve analysis methods of
maximum plateau concentration conditions such as between
pore volume aliquot analysis9 makes it very difficult to directly
determine the difference in rates between C and C0. As may be
seen from Fig. 7 it is difficult to easily differentiate between the
two curves. In order to overcome this problem we have found
that the data may be tted using a modied Gaussian (see ESI†
eqn (1))35 with very good R2

tting. Fig. 8 shows the tting of the
C curve from Fig. 7.

Once the breakthrough curves are tted it is much easier to
compare the data for C and C0. For example, Fig. 9 shows the
overlaid tted breakthrough curve for MSA-functionalized Ag
NPs (pH ¼ 7). To facilitate comparison the curves have been
normalized. These curves should be compared with a raw data
shown in Fig. 7. From Fig. 9 it is clear that the breakthrough
curve is retarded by the immobile phase. Using the tted curves
for the breakthrough data it is possible to obtain a rate of
maximum change for each of the breakthrough curves. This
provides a single number for each curve that allows for rapid
comparison between multiple experiments, i.e., a comparison
of C versus C0 for multiple experiments.
Environ. Sci.: Processes Impacts, 2014, 16, 220–231 | 227



Fig. 10 Example of the breakthrough curves for an injection sequence
of MSA-functionalized Ag NPs at pH ¼ 7 through Ottawa sand
immobile phase (i.e., C).

Table 3 Physical and chemical parameters held constant in experi-
ments and used to calculated h0

Filter media length, L 7 cm
Column inner diameter, D 15 mm
Collector diameter, dc 450 mm
Total porosity, 3 0.37
Flow rate 10 mL min�1

Temperature 298 K
Darcy velocity, V 101 � 10�6 m3 s�1

Viscosity of uid, m 0.982 kg s�1 m
Radius of particle, ap 1.00 � 10�8 m
Density of particle, rp 10490 kg m�3

Density of uid, rf 1000 kg m�3

Hamaker constant, A 3.7 � 10 �20 J
Single-collector contact efficiency, h0 329.56 � 10�6
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Fig. 10 shows a typical example of the raw data for ve
sequences comprising: ow of blank matrix solution (Fig. 2g),
switching to the Ag NP solution (Fig. 2h), and back to the blank
matrix solution (Fig. 2g). For such an injection sequence there
are two parameters that can be investigated irrespective of the
comparison of C and C0. First is the absorption maximum for
each pulse constant or varying, and second does the rate of each
breakthrough remain constant? If the NP is adsorbing onto the
immobile phase then the maximum absorption will increases
with each pulse until the surface of the immobile phase is
saturated and the NPs will pass through. Alternatively, if the
maximum absorption decreases then decomposition or a
change in the surface of the immobile phase may have
occurred.10 As may be seen from Fig. 10, in this case there is no
major change in the absorption maximum for each subsequent
injection. Thus, there is no signicant surface change to the
immobile phase.

Using the Gaussian tting, the rate of change for each pulse
for the C and C0 breakthrough curves may be determined.
Fig. 11 provides a summary of the rate of change for each
injection. As may be seen the rate of the rst injection is slower
than that of the subsequent pulses. This is true for both C and
C0. We propose that this effect is associated with the initial
injection and is possibly due to the solution and/or solvent
Fig. 11 Example of the rate of change of absorption for the break-
through curves for an injection sequence of MSA-functionalized
Ag NPs at pH ¼ 7 through Ottawa sand immobile phase (C0 ¼ blue;
C ¼ red).
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pump pressure lag in the mobility setup. We have found this
effect for all the NPs tested irrespective of the immobile phase
or the surface functionality of the NP. Subsequent injection
pulses (Fig. 11) show a consistent value with no trend. We
propose that this variation in value may be used as the experi-
mental error in the rate (and subsequent C/C0 values, see
below). Therefore, conducting multiple (automated) injections
allows for statistics on the breakthrough to be obtained.

The stickiness a of the NP to the immobile phase can be
calculated from the C/C0 ratio, porosity, immobile phase length,
and the theoretical value h0, which is derived from the factors
outlined in Table 3. The closer to 1 the less the NP interacts with
the immobile phase and the greater the transport of the NP will
be. Conversely, a low value of C/C0 indicates that the NP will
have little or no mobility through the stationary phase. Fig. 12
shows the C/C0 values (with errors) for MSA-functionalized Ag
NPs transporting through an Ottawa sand immobile phase as a
function of solution pH. The MSA-Ag NPs generally show good
mobility, with a slight decrease around neutral pH. The low
stickiness would be expected for a negatively charged NP and a
similarly charged silica surface and has been observed in
previous studies by Ramanan et al.17 The variation with pH is
most probably associated with the change in surface charge for
the hydroxyl-terminated sand and the carboxylic acid func-
tionalized NPs.

In contrast with the dened change observed with the MSA-
Ag NPs the pH dependence for the amine terminated
Fig. 12 Comparison of average C/C0 for MSA-functionalized Ag NPs
through Ottawa sand immobile phase as a function of pH.
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Fig. 13 Comparison of average C/C0 for CYS-functionalized Ag NPs
through Ottawa sand immobile phase as a function of pH.

Fig. 14 ICP analysis of the concentration of Ag adsorbed onto Ottawa
sand for CYS-functionalized Ag NPs, normalized via weight of sand
analysed.

Table 4 Summary of particle mobility data

Particle surface
functionalisation pH C/C0

a a

Distance to reduce
C/C0 to 0.1% (m)

MSA 4 0.90 � 0.02 2.1 � 0.5 4.9
MSA 5 0.87 � 0.01 2.9 � 0.2 3.5
MSA 6 0.82 � 0.04 3.6 � 0.9 2.8
MSA 7 0.82 � 0.02 4.2 � 0.4 2.5
MSA 8 0.83 � 0.02 3.9 � 0.4 2.6
MSA 9 0.85 � 0.02 3.3 � 0.5 3.1
MSA 10 0.89 � 0.09 2.2 � 2 4.5
CYS 4 0.37 � 0.05 20 � 8 0.56
CYS 5 0.78 � 0.2 5 � 4 1.9
CYS 6 0.59 � 0.2 11 � 7 0.97
CYS 8 0.58 � 0.2 11 � 7 0.96
CYS 9 0.48 � 0.2 15 � 8 0.73
CYS 10 0.88 � 0.03 2.7 � 0.6 3.8

a Averaged over values for 5 injections.
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cysteamine-functionalized Ag NPs (CYS–Ag NPs) shows an
almost sinusoidal variation (Fig. 13). These results suggest that
there is either adsorption of silver onto the sand surface or
some physical change of the NPs is occurring. Given that the
size of the CYS-Ag NPs are the same as the MSA-Ag NPs it is
unlikely that the difference between the functional groups is
due to the former not passing through due to pore size
restrictions. Analysis of the surface of the immobile phase by
ICP-OES aer data collection shows that there is signicant
surface adsorption (Fig. 14) except for pH 9, which does not
follow the trend but may be due to the smaller sample volume of
sand analysed for that particular sample measurement.
However, the pH dependence of each does not appear to mimic
the other (cf., Fig. 13 and 14), suggesting that other factors may
apply.
Mobility of NPs

As was mentioned in the introduction, our original goal in
developing this methodology was to allow for the rapid inves-
tigation of various substituent groups (i.e., amine versus
carboxylic acid) as surface functionalization of NPs in order to
determine the potential mobility down-hole. Our studies indi-
cate that this automated system provides a simple method to
accomplish this goal, but also due to the ability to rapidly cycle
This journal is © The Royal Society of Chemistry 2014
injections and closely monitor small differences in rate of
change it is possible to obtain statistics on C/C0, which have
similar rates of change and hence we can determine the
attachment efficiency factor (a) far more precisely, allowing us
to more accurately model how very dilute solutions of nano-
particles will move over large distances. In other words this
method is better suited to screen libraries of potential nano-
particle for tracer application. Table 4 summarizes the calcu-
lated values for C/C0 and a for MSA- and CYS-functionalized Ag
NPs. In addition, these data allow for the calculation of the
distance (m) through the immobile phase for the concentration
of the NPs to reach a specic level based upon the value for a.

Environmental implications

During a typical frac process, the frac uid contains water-
soluble gelling agents (such as guar gum), which increase
viscosity and efficiently deliver the proppant into the forma-
tion.34 These gels are cross-linked to give a high viscosity at pH
8.5–9. Aer the fracturing job the pH is reduced to 3–4 so that
the cross-links are broken and the gel is less viscous and can be
pumped out. The use of a carboxylic acid functionalized NP
(e.g., MSA-NP) would result in a NP that has consistent mobility
throughout the process. In contrast, a cationic NP (e.g., CYS-NP)
would show low mobility (high stickiness to the proppant)
during the fracturing process as well as the un-crosslinking
process, i.e., the NP would remain bound to the proppant.
However, aer un-cross-linking the reservoir uid would return
to near neutral and as it does the NPs would be released from
the proppant surface. We propose therefore, that the present
automated system allows for rapid screening of a wide range of
functional groups over a range of pH conditions making it ideal
for determining suitable surface functionalization for a wide
range of NP cores.

The current process has the ability to precisely determine the
maximum rate of change of breakthrough curves so as to
accurately determine nanoparticle movement through a
formation. The ability to obtain a more accurate determination
of a for nanoparticles of different chemical surface functionality
Environ. Sci.: Processes Impacts, 2014, 16, 220–231 | 229
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will allow for a far more accurate modelling of the mobility of
dilute nanomaterials over large surface areas and this will make
future use of nanoparticles in down-well sensing and tracing
applications viable.

4. Conclusions

One of the advantages of our method is that the mobility of a
nanoparticle through a mineral stationary phase can be deter-
mined under conditions of concentration, and pH that are
found in the down-hole environment. Although not demon-
strated here, temperature may also be added as a variable which
is important given the average down-hole temperature for a
shale-style reservoir can be ca. 60 �C.

A further advantage of the present method is that the
enhanced detection of the plasmonic NPs over the types of
nanoparticles intended for down-hole use allows for the
measurement of the ne structure of the ow characteristics. In
this regard, a traditional pore volume measurement has low
resolution, while the method described herein is able to provide
higher resolution. This can provide a better assessment of small
changes in mobility with different functional groups, which is
very important when considering the potential transport of a
nanoparticle through large distances of an oil or gas reservoir:
small changes in mobility would result in very large effects over
the hundreds of meters associated with a hydraulic fracture
process, let alone the mile between the reservoir and the
surface. This resolution is further enhanced by the ability to
create statistics through multiple runs quickly and therefore
acquire valuable data for NP mobility modelling.

The static transport measurements may be used to deter-
mine NP stability within stationary media and solution
matrices, in the present area of interest various frac uid
additives, e.g., guar gum and related thickening agents. Static
transport measurements also allow for the determination of the
stability over a range of pH conditions. Important in the present
area of interest because of the differences in pH between cross-
linked frac uid (e.g., pH 8.5–9), un-cross-linked (or broken) frac
uid (e.g., pH ¼ 3–4), or produced water (e.g., pH 6–7).

The mobility of a nanoparticle within a particular rock
formation (i.e., shale versus sandstone versus limestone) will be
dependent on the interaction of the NP with the rock fractured
surface, as will the mobility across proppant packs (i.e., sand
versus sintered Bauxite versusOxProp). Both of these can be readily
measured using the present systemwith a high level of resolution.

The only disadvantage to the present method is the issue of
the present process is that the NP in question (silver) reacts with
halide salts however recent studies by Espinoza et al. have
shown this not to affect nanoparticle mobility signicantly.36

This can be overcome by the use of alternative plasmonic
nanoparticles such as gold. Alternatively, coated particles can
be employed.

Acknowledgements

This work was supported by the Robert A. Welch Foundation
(C-0002). The authors declare no competing nancial interests.
230 | Environ. Sci.: Processes Impacts, 2014, 16, 220–231
Notes and references

1 M. Sahimi, Flow and Transport in Porous Media and Fractured
Rock, John Wiley, Chichester, 2nd edn, 2012.

2 P. D. Nguyen and D. D. Fulton, US Pat., 7,073,581 2006.
3 C.-C. Hwang, L. Wang, W. Lu, G. Ruan, G. C. Kini,
C. Xiang, E. L. G. Samuel, W. Shi, A. T. Kan, M. S. Wong,
M. B. Tomson and J. M. Tour, Energy Environ. Sci., 2012,
5, 8304–8309.

4 R. R. McDaniel, S. M. McCarthy, and M. Smith, US Pat.,
8,129,318 2012.

5 A. R. Barron, J. M. Tour, A. A. Busnaina, Y. J. Jung, S. Somu,
M. Y. Kanj, D. Potter, D. Resasco and J. Ullo, Oileld Rev.,
2010, 38–49.

6 J. Happel, AIChE J., 1958, 4, 197–201.
7 B. V. Derjaguin and L. D. Landau, USSR Acta Physicochim.
1941, vol. 14, pp. 633–662; E. J. W. Verwey, J. Overbeek,
and G. Th. Theory of the stability of Lyophobic Colloids,
Elsevier, Amstrdam, 1948.

8 L. P. Dake, Fundementals of Reservoir Engineering
(Developments in Petroleum Science), Elsevier, New York,
1983; P. H. Nelson, AAPG Bull., 2009, 93, 329–340;
M. Baalousha, Y. Nur, I. Römer, M. Tejamaya and
J. R. Lead, Sci. Total Environ., 2013, 454–455, 119–131.

9 B. Espinasse, E. M. Hotze and M. R. Wiesner, Environ. Sci.
Technol., 2007, 41, 7396–7402.

10 D. Ren and J. A. Smith, Environ. Sci. Technol., 2013, 47, 3825–
3832; H. Zhang, J. A. Smith and V. Oyanedel-Craver, Water
Res., 2012, 46, 691–699; J. N. Ryan and M. Elimelech,
Colloids Surf., A, 1996, 107, 1–56; W. P. Johnson, X. Li and
G. Yal, Environ. Sci. Technol., 2007, 41, 1279–1287;
K. A. Huynh and K. L. Chen, Environ. Sci. Technol., 2011,
45, 5564–5571; T. Tosco, J. Bosch, R. U. Meckenstock and
R. Sethi, Environ. Sci. Technol., 2012, 46, 4008–4015;
K. L. Chen and M. Elimelech, Langmuir, 2006, 22, 10994–
11001; Z. A. Kuznar and M. Elimelech, Environ. Sci.
Technol., 2004, 38, 6839–6845; X. Cheng, A. T. Kan and
M. B. Tomson, J. Mater. Res., 2005, 20, 3244–3254;
K. L. Chen and M. Elimelech, Environ. Sci. Technol., 2008,
42, 7607–7614.

11 L. Zhang, L. Hou, L. Wang, A. T. Kan, W. Chen and
M. B. Tomson, Environ. Sci. Technol., 2012, 46, 7230–7238;
A. Taghavy, A. Mittelman, Y. Wang, K. D. Pennell and
L. M. Abriola, Environ. Sci. Technol., 2013, 47, 8499–8507;
A. R. Petosa, D. P. Jaisi, I. R. Quevedo, M. Elimelech and
N. Tufenkji, Environ. Sci. Technol., 2010, 44, 6532–6549;
M. El Badawy, K. G. Scheckel, M. Suidan and T. Tolaymat,
Environ. Sci. Technol., 2012, 429, 325–331; A. O. Pinchuk,
J. Phys. Chem. C, 2012, 116, 20099–20102; V. A. Parsegian,
Van der Waals Forces: A Handbook for Biologists, Chemists,
Engineers, and Physicists, Cambridge University Pres, New
York, 2006; J. Israelechvili, Intermolecular and Surface
Forces, Academic Press, London, 2nd edn, 1992; R. Amal,
J. A. Raper and T. D. Waite, J. Colloid Interface Sci., 1992,
151, 244–257.

12 L. Bergstrom, Adv. Colloid Interface Sci., 1997, 70, 125–169.
This journal is © The Royal Society of Chemistry 2014



Paper Environmental Science: Processes & Impacts
13 R. Rajagopalan and C. Tien, AIChE J., 1976, 22, 523–533;
Y. Tian, B. Gao, C. Silvera-Batista and K. J. Ziegler,
J. Nanopart. Res., 2010, 12, 2371–2380.

14 R. May, S. Akbariyeh and Y. Li, Environ. Sci. Technol., 2012,
46, 9980–9986; T. Baumann and C. J. Weth, Colloids Surf.,
A, 2005, 265, 2–10; N. T. Mattison, D. M. O'Carroll,
R. K. Rowe and E. J. Petersen, Environ. Sci. Technol., 2011,
45, 9765–9775.

15 M. Elimelech, J. Gregory, X. Jia, and R. A. Williams, Particle
Deposition and Aggregation: Measurements, Modeling, and
Simulation, Butterworth-Heinemann, Oxford, 1995, p. 441.

16 K. M. Yao, M. T. Habibian and C. R. O'Melia, Environ. Sci.
Technol., 1971, 5, 1105–1112.

17 B. Ramanan, W. M. Holmes, W. T. Sloan and V. R. Phoenix,
Environ. Sci. Technol., 2012, 46, 360–366.

18 R. L. Callender, C. J. Harlan, N. M. Shapiro, C. D. Jones,
D. L. Callahan, M. R. Wiesner, R. Cook and A. R. Barron,
Chem. Mater., 1997, 9, 2418–2433; C. D. Jones,
A. R. Barron, M. R. Wiesner, J.-Y. Bottero, J. Rose,
M. M. Cortalezzi-Fidalgo, S. Moustier and C. Magnetto,
Chem. Mater., 2002, 14, 621–628; L. Zeng, L. Zhang and
A. R. Barron, Nano Lett., 2005, 5, 2001–2004.

19 H. Otsuka, Y. Nagasaki and K. Kataoka, Adv. Drug Delivery
Rev., 2012, 64, 246–255.

20 Y. Liang, D. Wu, X. Feng and K.Müllen, Adv. Mater., 2009, 21,
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Abstract

A brief outline of some of the terms used in general magnetics

1 Magnetic moments

The magnetic moment of a material is the incomplete cancellation of the atomic magnetic moments in that
material. Electron spin and orbital motion both have magnetic moments associated with them (Figure 1),
but in most atoms the electronic moments are oriented usually randomly so that overall in the material they
cancel each other out (Figure 2), this is called diamagnetism.

Figure 1: Orbital magnetic moment.
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Figure 2: Magnetic moments in a diamagnetic sample.

If the cancellation of the moments is incomplete then the atom has a net magnetic moment. There
are many subclasses of magnetic ordering such as para-, superpara-, ferro-, antiferro- or ferrimagnetisim
which can be displayed in a material and which usually depends, upon the strength and type of magnetic
interactions and external parameters such as temperature and crystal structure atomic content and the
magnetic environment which a material is placed in.

The magnetic moments of atoms, molecules or formula units are often quoted in terms of the Bohr
magneton, which is equal to the magnetic moment due to electron spin

2 Magnetization

The magnetisim of a material, the extent that which a material is magnetic, is not a static quantity, but
varies compared to the environment that a material is placed in. It is similar to the temperature of a
material. For example if a material is placed in an oven it will heat up to a temperature similar to that of
the ovens. However the speed of heating of that material, and also that of cooling are determined by the
atomic structure of the material. The magnetization of a material is similar. When a material is placed in a
magnetic �eld it maybe become magnetized to an extent and retain that magnetization after it is removed
from the �eld. The extent of magnetization, and type of magnetization and the length of time that a material
remains magnetized, depends again on the atomic makeup of the material.

Measuring a materials magnetisim can be done on a micro or macro scale. Magnetisim is measured over
two parameters direction and strength. Thus magnetization has a vector quantity. The simplest form of
a magnetometer is a compass. It measures the direction of a magnetic �eld. However more sophisticated
instruments have been developed which give a greater insight into a materials magnetisim.

So what exactly are you reading when you observe the output from a magnetometer?
The magnetisim of a sample is called the magnetic moment of that sample and will be called that from

now on. The single value of magnetic moment for the sample, is a combination of the magnetic moments on
the atoms within the sample (Figure 3), it is also the type and level of magnetic ordering and the physical
dimensions of the sample itself.

http://cnx.org/content/m22749/1.4/
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Figure 3: Schematic representations of the net magnetic moment in a diamagnetic sample.

The "intensity of magnetization", M, is a measure of the magnetization of a body. It is de�ned as the
magnetic moment per unit volume or

M = m/V
with units of Am (emucm3 in cgs notation).
A material contains many atoms and their arrangement a�ects the magnetization of that material. In

Figure 4 (a) a magnetic moment m is contained in unit volume. This has a magnetization of m Am. Figure 4
(b) shows two such units, with the moments aligned parallel. The vector sum of moments is 2m in this case,
but as the both the moment and volume are doubled M remains the same. In Figure 4 (c) the moments are
aligned antiparallel. The vector sum of moments is now 0 and hence the magnetization is 0 Am.

Figure 4: E�ect of moment alignment on magnetization: (a) Single magnetic moment, (b) two identical
moments aligned parallel and (c) antiparallel to each other. Adapted from J. Bland Thesis M. Phys
(Hons)., 'A Mossbauer spectroscopy and magnetometry study of magnetic multilayers and oxides.' Oliver
Lodge Labs, Dept. Physics, University of Liverpool

Scenarios (b) and (c) are a simple representation of ferro- and antiferromagnetic ordering. Hence we
would expect a large magnetization in a ferromagnetic material such as pure iron and a small magnetization

http://cnx.org/content/m22749/1.4/



Connexions module: m22749 4

in an antiferromagnet such as γ-Fe2O3

3 Magnetic Response

When a material is passed through a magnetic �eld it is a�ected in two ways:

1. Through its susceptibility.
2. Through its permeability.

3.1 Magnetic susceptibility

The concept of magnetic moment is the starting point when discussing the behavior of magnetic materials
within a �eld. If you place a bar magnet in a �eld it will experience a torque or moment tending to align its
axis in the direction of the �eld. A compass needle behaves in the same way. This torque increases with the
strength of the poles and their distance apart. So the value of magnetic moment tells you, in e�ect, 'how
big a magnet' you have.

Figure 5: Schematic representation of the torque or moment that a magnet experiences when it is
placed in a magnetic �eld. The magnetic will try to align with the magnetic �eld.

If you place a material in a weak magnetic �eld, the magnetic �eld may not overcome the binding energies
that keep the material in a non magnetic state. This is because it is energetically more favorable for the
material to stay exactly the same. However, if the strength of the magnetic moment is increased, the torque
acting on the smaller moments in the material, it may become energetically more preferable for the material
to become magnetic. The reasons that the material becomes magnetic depends on factors such as crystal
structure the temperature of the material and the strength of the �eld that it is in. However a simple
explanation of this is that as the magnetic moment strength increases it becomes more favorable for the
small �elds to align themselves along the path of the magnetic �eld, instead of being opposed to the system.
For this to occur the material must rearrange its magnetic makeup at the atomic level to lower the energy
of the system and restore a balance.

It is important to remember that when we consider the magnetic susceptibility and take into account
how a material changes on the atomic level when it is placed in a magnetic �eld with a certain moment. The
moment that we are measuring with our magnetometer is the total moment of that sample.

http://cnx.org/content/m22749/1.4/
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where χ = susceptibility, M = variation of magnetization, and H = applied �eld.

3.2 Magnetic permeability

Magnetic permeability is the ability of a material to conduct an electric �eld. In the same way that materials
conduct or resist electricity, materials also conduct or resist a magnetic �ux or the �ow of magnetic lines of
force (Figure 6).

Figure 6: Magnetic ordering in a ferromagnetic material.

Ferromagnetic materials are usually highly permeable to magnetic �elds. Just as electrical conductivity
is de�ned as the ratio of the current density to the electric �eld strength, so the magnetic permeability, µ,
of a particular material is de�ned as the ratio of �ux density to magnetic �eld strength. However unlike in
electrical conductivity magnetic permeability is nonlinear.

µ = B/H
Permeability, where µ is written without a subscript, is known as absolute permeability. Instead a variant

is used called relative permeability.
µ = µo x µr
Absolute permeability is a variation upon 'straight' or absolute permeability, µ, but is more useful as

it makes clearer how the presence of a particular material a�ects the relationship between �ux density and
�eld strength. The term 'relative' arises because this permeability is de�ned in relation to the permeability
of a vacuum, µ0.

µr = µ/µo
For example, if you use a material for which µr = 3 then you know that the �ux density will be three

times as great as it would be if we just applied the same �eld strength to a vacuum.

3.2.1 Initial permeability

Initial permeability describes the relative permeability of a material at low values of B (below 0.1 T). The
maximum value for µ in a material is frequently a factor of between 2 and 5 or more above its initial value.

Low �ux has the advantage that every ferrite can be measured at that density without risk of saturation.
This consistency means that comparison between di�erent ferrites is easy. Also, if you measure the inductance
with a normal component bridge then you are doing so with respect to the initial permeability.

http://cnx.org/content/m22749/1.4/
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3.2.2 Permeability of a vacuum in the SI

The permeability of a vacuum has a �nite value - about 1.257 × 10-6 H m-1 - and is denoted by the symbol
µ0. Note that this value is constant with �eld strength and temperature. Contrast this with the situation
in ferromagnetic materials where µ is strongly dependent upon both. Also, for practical purposes, most
non-ferromagnetic substances (such as wood, plastic, glass, bone, copper aluminum, air and water) have
permeability almost equal to µ0; that is, their relative permeability is 1.0.

The permeability, µ, the variation of magnetic induction,

with applied �eld,
µ = B/H

4 Background contributions

A single measurement of a sample's magnetization is relatively easy to obtain, especially with modern
technology. Often it is simply a case of loading the sample into the magnetometer in the correct manner
and performing a single measurement. This value is, however, the sum total of the sample, any substrate or
backing and the sample mount. A sample substrate can produce a substantial contribution to the sample
total.

For substrates that are diamagnetic, under zero applied �eld, this means it has no e�ect on the measure-
ment of magnetization. Under applied �elds its contribution is linear and temperature independent. The
diamagnetic contribution can be calculated from knowledge of the volume and properties of the substrate
and subtracted as a constant linear term to produce the signal from the sample alone. The diamagnetic
background can also be seen clearly at high �elds where the sample has reached saturation: the sample
saturates but the linear background from the substrate continues to increase with �eld. The gradient of
this background can be recorded and subtracted from the readings if the substrate properties are not known
accurately.

5 Hysteresis

When a material exhibits hysteresis, it means that the material responds to a force and has a history of
that force contained within it. Consider if you press on something until it depresses. When you release
that pressure, if the material remains depressed and doesn't spring back then it is said to exhibit some type
of hysteresis. It remembers a history of what happened to it, and may exhibit that history in some way.
Consider a piece of iron that is brought into a magnetic �eld, it retains some magnetization, even after
the external magnetic �eld is removed. Once magnetized, the iron will stay magnetized inde�nitely. To
demagnetize the iron, it is necessary to apply a magnetic �eld in the opposite direction. This is the basis of
memory in a hard disk drive.

The response of a material to an applied �eld and its magnetic hysteresis is an essential tool of mag-
netometry. Paramagnetic and diamagnetic materials can easily be recognized, soft and hard ferromagnetic
materials give di�erent types of hysteresis curves and from these curves values such as saturation magnetiza-
tion, remnant magnetization and coercivity are readily observed. More detailed curves can give indications
of the type of magnetic interactions within the sample.

6 Diamagnetism and paramagnetizm

The intensity of magnetization depends upon both the magnetic moments in the sample and the way that
they are oriented with respect to each other, known as the magnetic ordering.

Diamagnetic materials, which have no atomic magnetic moments, have no magnetization in zero �eld.
When a �eld is applied a small, negative moment is induced on the diamagnetic atoms proportional to the
applied �eld strength. As the �eld is reduced the induced moment is reduced.

http://cnx.org/content/m22749/1.4/
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Figure 7: Typical e�ect on the magnetization, M, of an applied magnetic �eld, H, on (a) a paramagnetic
system and (b) a diamagnetic system. Adapted from J. Bland Thesis M. Phys (Hons)., 'A Mossbauer
spectroscopy and magnetometry study of magnetic multilayers and oxides.' Oliver Lodge Labs, Dept.
Physics, University of Liverpool

In a paramagnet the atoms have a net magnetic moment but are oriented randomly throughout the
sample due to thermal agitation, giving zero magnetization. As a �eld is applied the moments tend towards
alignment along the �eld, giving a net magnetization which increases with applied �eld as the moments
become more ordered. As the �eld is reduced the moments become disordered again by their thermal
agitation. The �gure shows the linear response M v H where µH � kT.

7 Ferromagnetism

The hysteresis curves for a ferromagnetic material are more complex than those for diamagnets or param-
agnets. Below diagram shows the main features of such a curve for a simple ferromagnet.
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Figure 8: Schematic of a magnetization hysteresis loop in a ferromagnetic material showing the satu-
ration magnetization, M s, coercive �eld, Hc, and remnant magnetization, M r. Virgin curves are shown
dashed for nucleation (1) and pinning (2) type magnets. Adapted from J. Bland Thesis M. Phys (Hons).,
'A Mossbauer spectroscopy and magnetometry study of magnetic multilayers and oxides.' Oliver Lodge
Labs, Dept. Physics, University of Liverpool

In the virgin material (point 0) there is no magnetization. The process of magnetization, leading from
point 0 to saturation at M = M s, is outlined below. Although the material is ordered ferromagnetically it
consists of a number of ordered domains arranged randomly giving no net magnetization. This is shown in
below (a) with two domains whose individual saturation moments, M s, lie antiparallel to each other.
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Figure 9: The process of magnetization in a demagnetized ferromagnet. Adaped from J. Bland Thesis
M. Phys (Hons)., 'A Mossbauer spectroscopy and magnetometry study of magnetic multilayers and
oxides.' Oliver Lodge Labs, Dept. Physics, University of Liverpool

As the magnetic �eld, H, is applied, (b), those domains which are more energetically favorable increase
in size at the expense of those whose moment lies more antiparallel to H. There is now a net magnetization;
M. Eventually a �eld is reached where all of the material is a single domain with a moment aligned parallel,
or close to parallel, with H. The magnetization is now M = M sCosΘ where Θ is the angle between M s along
the easy magnetic axis and H. Finally M s is rotated parallel to H and the ferromagnet is saturated with a
magnetization M = M s.

The process of domain wall motion a�ects the shape of the virgin curve. There are two qualitatively dif-
ferent modes of behavior known as nucleation and pinning, shown in Figure 8 as curves 1 and 2, respectively.

In a nucleation-type magnet saturation is reached quickly at a �eld much lower than the coercive �eld.
This shows that the domain walls are easily moved and are not pinned signi�cantly. Once the domain
structure has been removed the formation of reversed domains becomes di�cult, giving high coercivity. In a
pinning-type magnet �elds close to the coercive �eld are necessary to reach saturation magnetization. Here
the domain walls are substantially pinned and this mechanism also gives high coercivity.

8 Remnance

As the applied �eld is reduced to 0 after the sample has reached saturation the sample can still possess a
remnant magnetization, M r. The magnitude of this remnant magnetization is a product of the saturation
magnetization, the number and orientation of easy axes and the type of anisotropy symmetry. If the axis
of anisotropy or magnetic easy axis is perfectly aligned with the �eld then M r = M s, and if perpendicular
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M r= 0.
At saturation the angular distribution of domain magnetizations is closely aligned to H. As the �eld is

removed they turn to the nearest easy magnetic axis. In a cubic crystal with a positive anisotropy constant,
K1, the easy directions are <100>. At remnance the domain magnetizations will lie along one of the three
<100> directions. The maximum deviation from H occurs when H is along the <111> axis, giving a cone of
distribution of 55o around the axis. Averaging the saturation magnetization over this angle gives a remnant
magnetization of 0.832 Ms.

9 Coercivity

The coercive �eld, H c, is the �eld at which the remnant magnetization is reduced to zero. This can vary
from a few Am for soft magnets to 107Am for hard magnets. It is the point of magnetization reversal in the
sample, where the barrier between the two states of magnetization is reduced to zero by the applied �eld
allowing the system to make a Barkhausen jump to a lower energy. It is a general indicator of the energy
gradients in the sample which oppose large changes of magnetization.

The reversal of magnetization can come about as a rotation of the magnetization in a large volume or
through the movement of domain walls under the pressure of the applied �eld. In general materials with
few or no domains have a high coercivity whilst those with many domains have a low coercivity. However,
domain wall pinning by physical defects such as vacancies, dislocations and grain boundaries can increase
the coercivity.

Figure 10: Shape of hysteresis loop as a function of Θ H, the angle between anisotropy axis and applied
�eld H, for: (a) ΘH, = 0 ◦, (b) 45 ◦ and (c) 90 ◦. Adaped from J. Bland Thesis M. Phys (Hons)., 'A
Mossbauer spectroscopy and magnetometry study of magnetic multilayers and oxides.' Oliver Lodge
Labs, Dept. Physics, University of Liverpool

The loop illustrated in Figure 10 is indicative of a simple bi-stable system. There are two energy minima:
one with magnetization in the positive direction, and another in the negative direction. The depth of these
minima is in�uenced by the material and its geometry and is a further parameter in the strength of the
coercive �eld. Another is the angle, ΘH, between the anisotropy axis and the applied �eld. The above �g
shows how the shape of the hysteresis loop and the magnitude of H c varies with ΘH. This e�ect shows the
importance of how samples with strong anisotropy are mounted in a magnetometer when comparing loops.
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10 Temperature dependence

A hysteresis curve gives information about a magnetic system by varying the applied �eld but important
information can also be gleaned by varying the temperature. As well as indicating transition temperatures,
all of the main groups of magnetic ordering have characteristic temperature/magnetization curves. These are
summarized in Figure 11 and Figure 12. At all temperatures a diamagnet displays only any magnetization
induced by the applied �eld and a small, negative susceptibility.

The curve shown for a paramagnet (Figure 11) is for one obeying the Curie law,

and so intercepts the axis at T = 0. This is a subset of the Curie-Weiss law,

where θ is a speci�c temperature for a particular substance (equal to 0 for paramagnets).

Figure 11: Variation of reciprocal susceptibility with temperature for: (a) antiferromagnetic, (b) para-
magnetic and (c) diamagnetic ordering. Adaped from J. Bland Thesis M. Phys (Hons)., 'A Mossbauer
spectroscopy and magnetometry study of magnetic multilayers and oxides.' Oliver Lodge Labs, Dept.
Physics, University of Liverpool
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Figure 12: Variation of saturation magnetization below, and reciprocal susceptibility above Tc for:
(a) ferromagnetic and (b) ferrimagnetic ordering. Adaped from J. Bland Thesis M. Phys (Hons)., 'A
Mossbauer spectroscopy and magnetometry study of magnetic multilayers and oxides.' Oliver Lodge
Labs, Dept. Physics, University of Liverpool

Above TN and TC both antiferromagnets and ferromagnets behave as paramagnets with 1/χ linearly
proportional to temperature. They can be distinguished by their intercept on the temperature axis, T = Θ.
Ferromagnetics have a large, positive Θ, indicative of their strong interactions. For paramagnetics Θ = 0
and antiferromagnetics have a negative Θ.

The net magnetic moment per atom can be calculated from the gradient of the straight line graph of 1/χ
versus temperature for a paramagnetic ion, rearranging Curie's law to give

where A is the atomic mass, k is Boltzmann's constant, N is the number of atoms per unit volume and
x is the gradient.

Ferromagnets below TC display spontaneous magnetization. Their susceptibility above TC in the para-
magnetic region is given by the Curie-Weiss law

where g is the gyromagnetic constant. In the ferromagnetic phase with T greater than TC the magneti-
zation M (T) can be simpli�ed to a power law, for example the magnetization as a function of temperature
can be given by

where the term β is typically in the region of 0.33 for magnetic ordering in three dimensions.
The susceptibility of an antiferromagnet increases to a maximum at TN as temperature is reduced, then

decreases again below TN. In the presence of crystal anisotropy in the system this change in susceptibility
depends on the orientation of the spin axes: χ (parallel)decreases with temperature whilst χ (perpendicular)
is constant. These can be expressed as
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where C is the Curie constant and Θ is the total change in angle of the two sublattice magnetizations
away from the spin axis, and

where ng is the number of magnetic atoms per gramme, B' is the derivative of the Brillouin function with
respect to its argument a', evaluated at a'0, µH is the magnetic moment per atom and γ is the molecular
�eld coe�cient.
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Abstract

A brief outline of the practicalities of using a Superconductin Quantum Interference Device

SQUIDs o�er the ability to measure at sensitivities unachievable by other magnetic sensing methodologies.
However, their sensitivity requires proper attention to cryogenics and environmental noise. SQUIDs should
only be used when no other sensor is adequate for the task. There are many exotic uses for SQUID however
we are just concerned with the laboratory applications of SQUID.

In most physical and chemical laboratories a device called a MPMS (Figure 1) is used to measure the
magnetic moment of a sample by reading the output of the SQUID detector. In a MPMS the sample moves
upward through the electronic pick up coils called gradiometers. One upward movement is one whole scan.
Multiple scans are used and added together to improve measurement resolution. After collecting the raw
voltages, there is computation of the magnetic moments of the sample.

The MPMS measures the moment of a sample by moving it through a liquid Helium cooled, supercon-
ducting sensing coil. Many di�erent measurements can be carried out using an MPMS however we will
discuss just a few.

∗Version 1.2: May 23, 2009 7:19 am -0500
†http://creativecommons.org/licenses/by/3.0/
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Figure 1: A MPMS work station.

1 Using an magnetic property measurement dystem (MPMS)

1.1 DC magnetization

DC magnetization is the magnetic per unit volume (M) of a sample. If the sample doesn't have a permanent
magnetic moment, a �eld is applied to induce one. The sample is then stepped through a superconducting
detection array and the SQUID's output voltage is processed and the sample moment computed. Systems
can be con�gured to measure hysteresis loops, relaxation times, magnetic �eld, and temperature dependence
of the magnetic moment.

A DC �eld can be used to magnetize samples. Typically, the �eld is �xed and the sample is moved into
the detection coil's region of sensitivity. The change in detected magnetization is directly proportional to
the magnetic moment of the sample. Commonly referred to as SQUID magnetometers, these systems are
properly called SQUID susceptometers (Figure 2). They have a homogeneous superconducting magnet to
create a very uniform �eld over the entire sample measuring region and the superconducting pickup loops.
The magnet induces a moment allowing a measurement of magnetic susceptibility. The superconducting
detection loop array is rigidly mounted in the center of the magnet. This array is con�gured as a gradient
coil to reject external noise sources. The detection coil geometry determines what mathematical algorithm
is used to calculate the net magnetization.

An important feature of SQUIDs is that the induced current is independent of the rate of �ux change.
This provides uniform response at all frequencies i.e., true dc response and allows the sample to be moved
slowly without degrading performance. As the sample passes through a coil, it changes the �ux in that
coil by an amount proportional to the magnetic moment M of the sample. The peak-to-peak signal from a
complete cycle is thus proportional to twice M. The SQUID sensor shielded inside a niobium can is located
where the fringe �elds generated by the magnet are less than 10 mT. The detection coil circuitry is typically
constructed using NbTi (Figure 3). This allows measurements in applied �elds of 9 T while maintaining
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sensitivities of 10−8 emu. Thermal insulation not shown is placed between the detection coils and the sample
tube to allow the sample temperature to be varied.

Figure 2: Schematic diagram of a MPMSR. Adapted from L. Fagaly, Review of Scienti�c Instruments,

2006, 77, 101101.

The use of a variable temperature insert can allow measurements to be made over a wide range 1.8�400 K.
Typically, the sample temperature is controlled by helium gas �owing slowly past the sample. The temper-
ature of this gas is regulated using a heater located below the sample measuring region and a thermometer
located above the sample region. This arrangement ensures that the entire region has reached thermal equi-
librium prior to data acquisition. The helium gas is obtained from normal evaporation in the Dewar, and
its �ow rate is controlled by a precision regulating valve.
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Figure 3: Signal output of an MPMS. Adapted from L. Fagaly, Review of Scienti�c Instruments, 2006,

77, 101101.

2 Procedures when using an MPMS

2.1 Calibration

The magnetic moment calibration for the SQUID is determined by measuring a palladium standard over a
range of magnetic �elds and then by adjusting to obtain the correct moment for the standard. The palladium
standard samples are e�ectively point sources with an accuracy of approximately 0.1%.

2.2 Sample mounting considerations

The type, size and geometry of a sample is usually su�cient to determine the method you use to attach it
to the sample. However mostly for MPMS measurements a plastic straw is used. This is due to the straw
having minimal magnetic susceptibility.

However there are a few important considerations for the sample holder design when mounting a sample
for measurement in a magnetometer. The sample holder can be a major contributor to the background
signal. Its contribution can be minimized by choosing materials with low magnetic susceptibility and by
keeping the mass to a minimum such as a plastic straw mentioned above.

The materials used to hold a sample must perform well over the temperature range to be used. In a
MPMS, the geometric arrangement of the background and sample is critical when their magnetic suscep-
tibilities will be of similar magnitude. Thus, the sample holder should optimize the sample's positioning
in the magnetometer. A sample should be mounted rigidly in order to avoid excess sample motion during
measurement. A sample holder should also allow easy access for mounting the sample, and its background
contribution should be easy to measure. This advisory introduces some mounting methods and discusses
some of the more important considerations when mounting samples for the MPMS magnetometer. Keep in
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mind that these are only recommendations, not guaranteed procedures. The researcher is responsible for
assuring that the methods and materials used will meet experimental requirements.

2.2.1 Sample Mounts

2.2.1.1 Platform mounting

For many types of samples, mounting to a platform is the most convenient method. The platform's mass
and susceptibility should be as small as possible in order to minimize its background contribution and signal
distortion.

2.2.1.2 Plastic disc

A plastic disc about 2 mm thick with an outside diameter equivalent to the pliable plastic tube's diameter
(a clear drinking straw is suitable) is inserted and twisted into place. The platform should be fairly rigid.
Mount samples onto this platform with glue. Place a second disc, with a diameter slightly less than the inside
diameter of the tube and with the same mass, on top of the sample to help provide the desired symmetry.
Pour powdered samples onto the platform and place a second disc on top. The powders will be able to align
with the �eld. Make sure the sample tube is capped and ventilated.

2.2.1.3 Crossed threads

Make one of the lowest mass sample platforms by threading a cross of white cotton thread (colored dyes can
be magnetic). Using a needle made of a nonmagneticmetal, or at least carefully cleaned, thread some white
cotton sewingthread through the tube walls and tie a secure knot so that the thread platform isrigid. Glue
a sample to this platform or use the platform as asupport for a sample in a container. Use an additional
thread cross on top to holdthe container in place.

2.2.1.4 Gelatin capsule

Gelatin capsules can be very useful for containing and mounting samples. Many aspects of using gelatin
capsules have been mentioned in the section, Containing the Sample. It is best if the sample is mounted
near the capsule's center, or if it completely �lls the capsule. Use extra capsule parts to produce mirror
symmetry. The thread cross is an excellent way of holding a capsule in place.

2.2.1.5 Thread mounting

Another method of sample mounting is attaching the sample to a thread that runs through the sample tube.
The thread can be attached to the sample holder at the ends of the sample tube with tape, for example.
This method can be very useful with �at samples, such as those on substrates, particularly when the �eld is
in the plane of the �lm. Be sure to close the sample tube with caps.

• Mounting with a disc platform.
• Mounting on crossed threads.
• Long thread mounting.

2.2.2 Steps for inserting the sample

1. Cut o� a small section of a clear plastic drinking straw. The section must be small enough to �t inside
the straw.

2. Weigh and measure the sample.
3. Use plastic tweezers to place the sample inside the small straw segment. It is important to use plastic

tweezers not metallic ones as these will contaminate the sample.
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4. Place the small straw segment inside the larger one. It should be approximately in the middle of the
large drinking straw.

5. Attach the straw to the sample rod which is used to insert the sample into the SQUID machine.
6. Insert the sample rod with the attached straw into the vertical insertion hole on top of the SQUID.

2.3 Centre the sample

The sample must be centered in the SQUID pickup coils to ensure that all coils sense the magnetic moment
of the sample. If the sample is not centered, the coils read only part of the magnetic moment.

During a centering measurement the MPMS scans the entire length of the samples vertical travel path,
and the MPMS reads the maximum number of data points. During centering there are a number of terms
which need to be understood.

1. A scan length is the length of a scan of a particular sample which should usually try and be the
maximum of the sample.

2. A sample is centered when it is in the middle of a scan length. The data points are individual voltage
readings plotting response curves in centering scan data �les.

3. Autotracking is the adjustment of a sample position to keep a sample centered in SQUID coils. Auto-
tracking compensates for thermal expansion and contraction in a sample rod.

As soon as a centering measurement is initiated, the sample transport moves upward, carrying the sample
through the pickup coils. While the sample moves through the coils, the MPMS measures the SQUID's
response to the magnetic moment of the sample and saves all the data from the centering measurement.

After a centering plot is performed the plot is examined to determine whether the sample is centered in
the SQUID pickup coils. The sample is centered when the part of the large, middle curve is within 5cm of
the half-way point of the scan length.

The shape of the plot is a function of the geometry of the coils. The coils are wound in a way which strongly
rejects interference from nearby magnetic sources and lets the MPMS function without a superconducting
shield around the pickup coils.

2.4 Geometric considerations

To minimize background noise and stray �eld e�ects, the MPMS magnetometer pick-up coil takes the form
of a second-order gradiometer. An important feature of this gradiometer is that moving a long, homogeneous
sample through it produces no signal as long as the sample extends well beyond the ends of the coil during
measurement.

As a sample holder is moved through the gradiometer pickup coil, changes in thickness, mass, density,
or magnetic susceptibility produce a signal. Ideally, only the sample to be measured produces this change.
A homogeneous sample that extends well beyond the pick-up coils does not produce a signal, yet a small
sample does produce a signal. There must be a crossover between these two limits. The sample length
(along the �eld direction) should not exceed 10 mm. In order to obtain the most accurate measurements, it
is important to keep the sample susceptibility constant over its length; otherwise distortions in the SQUID
signal (deviations from a dipole signal) can result. It is also important to keep the sample close to the
magnetometer centerline to get the most accurate measurements. When the sample holder background
contribution is similar in magnitude to the sample signal, the relative positions of the sample and the
materials producing the background are important. If there is a spatial o�set between the two along the
magnet axis, the signal produced by the combined sample and background can be highly distorted and will
not be characteristic of the dipole moment being measured.

Even if the signal looks good at one temperature, a problem can occur if either of the contributions are
temperature dependent.

http://cnx.org/content/m22968/1.2/



Connexions module: m22968 7

Careful sample positioning and a sample holder with a center, or plane, of symmetry at the sample (i.e.
materials distributed symmetrically about the sample, or along the principal axis for a symmetry plane)
helps eliminate problems associated with spatial o�sets.

2.5 Containing the Sample

Keep the sample space of the MPMS magnetometer clean and free of contamination with foreign materials.
Avoid accidental sample loss into the sample space by properly containing the sample in an appropriate
sample holder. In all cases it is important to close the sample holder tube with caps in order to contain
a sample that might become unmounted. This helps avoid sample loss and subsequent damage during
the otherwise unnecessary recovery procedure. Position caps well out of the sample-measuring region and
introduce proper venting.

2.6 Sample preparation workspace

Work area cleanliness and avoiding sample contamination are very important concerns. There are many
possible sources of contamination in a laboratory. Use diamond tools when cutting hard materials. Avoid
carbide tools because of potential contamination by the cobalt binder found in many carbide materials. The
best tools for preparing samples and sample holders are made of plastic, titanium, brass, and beryllium
copper (which also has a small amount of cobalt). Tools labeled non-magnetic can actually be made of steel
and often be made "magnetic" from exposure to magnetic �elds. However, the main concern from these
"non-magnetic" tools is contamination by the iron and other ferrous metals in the tool. It is important to
have a clean white-papered workspace and a set of tools dedicated to mounting your own samples. In many
cases, the materials and tools used can be washed in dilute acid to remove ferrous metal impurities. Follow
any acid washes with careful rinsing with deionized water.

Powdered samples pose a special contamination threat, and special precautions must be taken to contain
them. If the sample is highly magnetic, it is often advantageous to embed it in a low susceptibility epoxy
matrix like Duco cement. This is usually done by mixing a small amount of diluted glue with the powder
in a suitable container such as a gelatin capsule. Potting the sample in this way can keep the sample from
shifting or aligning with the magnetic �eld. In the case of weaker magnetic samples, measure the mass of
the glue after drying and making a background measurement. If the powdered sample is not potted, seal it
into a container, and watch it carefully as it is cycled in the airlock chamber.

2.7 Pressure equalization

The sample space of the MPMS has a helium atmosphere maintained at low pressure of a few torr. An
airlock chamber is provided to avoid contamination of the sample space with air when introducing samples
into the sample space. By pushing the purge button, the airlock is cycled between vacuum and helium gas
three times, then pumped down to its working pressure. During the cycling, it is possible for samples to be
displaced in their holders, sealed capsules to explode, and sample holders to be deformed. Many of these
problems can be avoided if the sample holder is properly ventilated. This requires placing holes in the sample
holder, out of the measuring region that will allow any closed spaces to be opened to the interlock chamber.

2.8 Air-sensitive samples and liquid samples

When working with highly air-sensitive samples or liquid samples it is best to �rst seal the sample into a
glass tube. NMR and EPR tubes make good sample holders since they are usually made of a high-quality,
low-susceptibility glass or fused silica. When the sample has a high susceptibility, the tube with the sample
can be placed onto a platform like those described earlier. When dealing with a low susceptibility sample, it
is useful to rest the bottom of the sample tube on a length of the same type of glass tubing. By producing
near mirror symmetry, this method gives a nearly constant background with position and provides an easy
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method for background measurement (i.e., measure the empty tube �rst, then measure with a sample). Be
sure that the tube ends are well out of the measuring region.

When going to low temperatures, check to make sure that the sample tube will not break due to di�erential
thermal expansion. Samples that will go above room temperature should be sealed with a reduced pressure
in the tube and be checked by taking the sample to the maximum experimental temperature prior to loading
it into the magnetometer. These checks are especially important when the sample may be corrosive, reactive,
or valuable.

2.9 Oxygen contamination

This application note describes potential sources for oxygen contamination in the sample chamber and
discusses its possible e�ects. Molecular oxygen, which undergoes an antiferromagnetic transition at about
43 K, is strongly paramagnetic above this temperature. The MPMS system can easily detect the presence
of a small amount of condensed oxygen on the sample, which when in the sample chamber can interfere
signi�cantly with sensitive magnetic measurements. Oxygen contamination in the sample chamber is usually
the result of leaks in the system due to faulty seals, improper operation of the airlock valve, outgassing from
the sample, or cold samples being loaded.
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Abstract

A brief outline of the theory behind a Superconducting Quantum Interference Device of SQUID

1 Introduction

One of the most sensitive forms of magnetometry is SQUID magnetometry. This uses technique uses a com-
bination of superconducting materials and Josephson junctions to measure magnetic �elds with resolutions
up to ∼10-14 kG or greater. In the proceeding pages we will describe how a SQUID actually works.

2 Electron-pair waves

In superconductors the resistanceless current is carried by pairs of electrons, known as Cooper Pairs. A
Cooper Pair is a pair of electrons. Each electron has a quantized wavelength. With a Cooper pair each
electrons wave couples with its opposite number over a large distances. This phenomenon is a result of the
very low temperatures at which many materials will superconduct.

What exactly is superconductance? When a material is at very low temperatures, its crystal lattice
behaves di�erently than when it higher temperatures. Usually at higher temperatures a material will have
large vibrations called in the crystal lattice. These vibrations scatter electrons as they pass through this
lattice (Figure 1), and this is the basis for bad conductance.

∗Version 1.3: May 23, 2009 7:37 am -0500
†http://creativecommons.org/licenses/by/3.0/
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Figure 1: Schematic representation of the scattering of electrons as they pass through a vibrating
lattice.

With a superconductor the material is designed to have very small vibrations, these vibrations are lessened
even more by cooling the material to extremely low temperatures. With no vibrations there is no scattering
of the electrons and this allows the material to superconduct.

The origin of a Cooper pair is that as the electron passes through a crystal lattice at superconducting
temperatures it negative charge pulls on the positive charge of the nuclei in the lattice through coulombic
interactions producing a ripple. An electron traveling in the opposite direction is attracted by this ripple.
This is the origin of the coupling in a Cooper pair (Figure 2).

Figure 2: Schematic representation of the Cooper pair coupling model.

A passing electron attracts the lattice, causing a slight ripple toward its path. Another electron passing
in the opposite direction is attracted to that displacement (Figure 3).
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Figure 3: Schematic representation of Cooper pair coupling

Due to the coupling and the fact that for each pair there is two spin states (Figure 4).

Figure 4: Schematic representation of the condensation of the wavelengths of a Cooper pairs

Each pair can be treated as a single particle with a whole spin, not half a spin such as is usually the case
with electrons. This is important, as an electron which is classed in a group of matter called Fermions are
governed by the Fermi exclusion principle which states that anything with a spin of one half cannot occupy
the same space as something with the same spin of one half. This turns the electron means that a Cooper
pair is in fact a Boson the opposite of a Fermion and this allows the Coopers pairs to condensate into one
wave packet. Each Coopers pair has a mass and charge twice that of a single electron, whose velocity is that
of the center of mass of the pair. This coupling can only happen in extremely cold conditions as thermal
vibrations become greater than the force that an electron can exert on a lattice. And thus scattering occurs.

Each pair can be represented by a wavefunction of the form

where P is the net momentum of the pair whose center of mass is at r. However, all the Cooper pairs in
a superconductor can be described by a single wavefunction yet again due to the fact that the electrons are
in a Coopers pair state and are thus Bosons in the absence of a current because all the pairs have the same
phase - they are said to be "phase coherent"

This electron-pair wave retains its phase coherence over long distances, and essentially produces a standing
wave over the device circuit. In a SQUID there are two paths which form a circle and are made with the
same standing wave (Figure 5). The wave is split in two sent o� along di�erent paths, and then recombined
to record an interference pattern by adding the di�erence between the two.

http://cnx.org/content/m22750/1.3/



Connexions module: m22750 4

Figure 5: Schematic representation of a standing wave across a SQUID circuit.

This allows measurement at any phase di�erences between the two components, which if there is no
interference will be exactly the same, but if there is a di�erence in their path lengths or in some interaction
that the waves encounters such as a magnetic �eld it will correspond in a phase di�erence at the end of each
path length.

A good example to use is of two water waves emanating from the same point. They will stay in phase if
they travel the same distance, but will fall out of phase if one of them has to deviate around an obstruction
such as a rock. Measuring the phase di�erence between the two waves then provides information about the
obstruction.

3 Phase and coherence

Another implication of this long range coherence is the ability to calculate phase and amplitude at any point
on the wave's path from the knowledge of its phase and amplitude at any single point, combined with its
wavelength and frequency. The wavefunction of the electron-pair wave in the above eqn. can be rewritten
in the form of a one-dimensional wave as

If we take the wave frequency, V, as being related to the kinetic energy of the Cooper pair with a
wavelength, λ, being related to the momentum of the pair by the relation λ = h/p then it is possible to
evaluate the phase di�erence between two points in a current carrying superconductor.

If a resistanceless current �ows between points X and Y on a superconductor there will be a phase
di�erence between these points that is constant in time.

4 E�ect of a magnetic �eld

The parameters of a standing wave are dependent on a current passing through the circuit; they are also
strongly a�ected by an applied magnetic �eld. In the presence of a magnetic �eld the momentum, p, of a
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particle with charge q in the presence of a magnetic �eld becomes mV + qA where A is the magnetic vector
potential. For electron-pairs in an applied �eld their moment P is now equal to 2mV+2eA.

In an applied magnetic �eld the phase di�erence between points X and Y is now a combination of that
due to the supercurrent and that due to the applied �eld.

5 The �uxoid

One e�ect of the long range phase coherence is the quantization of magnetic �ux in a superconducting
ring. This can either be a ring, or a superconductor surrounding a non-superconducting region. Such an
arrangement can be seen in Figure 6 where region N has a �ux density B within it due to supercurrents
�owing around it in the superconducting region S.

Figure 6: Superconductor enclosing a non-superconducting region. Adaped from J. Bland Thesis M.
Phys (Hons)., 'A Mossbauer spectroscopy and magnetometry study of magnetic multilayers and oxides.'
Oliver Lodge Labs, Dept. Physics, University of Liverpool.

In the closed path XYZ encircling the non-superconducting region there will be a phase di�erence of the
electron-pair wave between any two points, such as X and Y, on the curve due to the �eld and the circulating
current.

If the superelectrons are represented by a single wave then at any point on XYZX it can only have
one value of phase and amplitude. Due to the long range coherence the phase is single valued also called
quantized meaning around the circumference of the ring ∆φ must equal 2πn where n is any integer. Due to
the wave only having a single value the �uxoid can only exist in quantized units. This quantum is termed
the �uxon, φ0, given by
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6 Josephson tunneling

If two superconducting regions are kept totally isolated from each other the phases of the electron-pairs in the
two regions will be unrelated. If the two regions are brought together then as they come close electron-pairs
will be able to tunnel across the gap and the two electron-pair waves will become coupled. As the separation
decreases, the strength of the coupling increases. The tunneling of the electron-pairs across the gap carries
with it a superconducting current as predicted by B.D. Josephson and is called "Josephson tunneling" with
the junction between the two superconductors called a "Josephson junction" (Figure 7).

Figure 7: Schematic representation of the tunneling of Cooper pairs across a Josephson junction.

The Josephson tunneling junction is a special case of a more general type of weak link between two
superconductors. Other forms include constrictions and point contacts but the general form is of a region
between two superconductors which has a much lower critical current and through which a magnetic �eld
can penetrate.

7 Superconducting quantum interference device (SQUID)

A superconducting quantum interference device (SQUID) uses the properties of electron-pair wave coherence
and Josephson Junctions to detect very small magnetic �elds. The central element of a SQUID is a ring of
superconducting material with one or more weak links called Josephesons Junctions. An example is shown in
the below. With weak-links at points W and X whose critical current, ic, is much less than the critical current
of the main ring. This produces a very low current density making the momentum of the electron-pairs small.
The wavelength of the electron-pairs is thus very long leading to little di�erence in phase between any parts
of the ring.
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Figure 8: Superconducting quantum interference device (SQUID) as a simple magnetometer. Adaped
from J. Bland Thesis M. Phys (Hons)., 'A Mossbauer spectroscopy and magnetometry study of magnetic
multilayers and oxides.' Oliver Lodge Labs, Dept. Physics, University of Liverpool.

If a magnetic �eld, Ba , is applied perpendicular to the plane of the ring (Figure 9), a phase di�erence is
produced in the electron-pair wave along the path XYW and WZX. One of the features of a superconducting
loop is that the magnetic �ux, Φ, passing through it which is the product of the magnetic �eld and the area
of the loop and is quantized in units of Φ0 = h/ (2e), where h is Planck's constant, 2e is the charge of the
Cooper pair of electrons, and Φ0 has a value of 2 × 10�15 tesla m2. If there are no obstacles in the loop,
then the superconducting current will compensate for the presence of an arbitrary magnetic �eld so that the
total �ux through the loop (due to the external �eld plus the �eld generated by the current) is a multiple of
Φ0.
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Figure 9: Schematic representation of a SQUID placed in a magnetic �eld.

Josephson predicted that a superconducting current can be sustained in the loop, even if its path is
interrupted by an insulating barrier or a normal metal. The SQUID has two such barriers or `Josephson
junctions'. Both junctions introduce the same phase di�erence when the magnetic �ux through the loop is 0,
Φ0, 2Φ0 and so on, which results in constructive interference, and they introduce opposite phase di�erence
when the �ux is Φ0/2, 3Φ0/2 and so on, which leads to destructive interference. This interference causes the
critical current density, which is the maximum current that the device can carry without dissipation, to vary.
The critical current is so sensitive to the magnetic �ux through the superconducting loop that even tiny
magnetic moments can be measured. The critical current is usually obtained by measuring the voltage drop
across the junction as a function of the total current through the device. Commercial SQUIDs transform
the modulation in the critical current to a voltage modulation, which is much easier to measure.

An applied magnetic �eld produces a phase change around a ring, which in this case is equal

where Φa is the �ux produced in the ring by the applied magnetic �eld. The magnitude of the critical
measuring current is dependent upon the critical current of the weak-links and the limit of the phase change
around the ring being an integral multiple of 2π. For the whole ring to be superconducting the following
condition must be met

where α and β are the phase changes produced by currents across the weak-links and 2πΦa/Φo is the
phase change due to the applied magnetic �eld.

When the measuring current is applied α and β are no longer equal, although their sum must remain
constant. The phase changes can be written as

http://cnx.org/content/m22750/1.3/
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where δ is related to the measuring current I. Using the relation between current and phase from the
above Eqn. and rearranging to eliminate i we obtain an expression for I,

As sinδ cannot be greater than unity we can obtain the critical measuring current, Ic from the above

which gives a periodic dependence on the magnitude of the magnetic �eld, with a maximum when this
�eld is an integer number of �uxons and a minimum at half integer values as shown in the below �gure.

Figure 10: Critical measuring current, Ic, as a function of applied magnetic �eld. Adaped from J. Bland
Thesis M. Phys (Hons)., 'A Mossbauer spectroscopy and magnetometry study of magnetic multilayers
and oxides.' Oliver Lodge Labs, Dept. Physics, University of Liverpool.
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A Practical Guide to Using the

Nanoscope Atomic Force Microscope
∗

Samuel Maguire-Boyle

Hannah Rutledge

Andrew R. Barron

This work is produced by The Connexions Project and licensed under the

Creative Commons Attribution License †

Abstract

This guide was written with the intent of helping �rst time users or users who have not used atomic
force microscopy in some time. It is not intended to replace formal training but is what it states a practical
guide. In particular this guide was written for use on Digital Instrument Nanoscope IIIA Atomic Force
Microscopes owed byWilliam Marsh Rice University and maintained by the Shared Equipment Authority.
For formal training please contact this organization. Due to the nature of research at Rice University
this guide has particular use when dealing with nanoparticle imaging and as such deals with the analysis
of nanoparticles on Mica surfaces.

The following is intended as a guide for use of the Nanoscope AFM system within the Shared Equip-
ment Authority at Rice University (http://sea.rice.edu/1 ). However, it can be adapted for similar AFM
instruments.

note: Please familiarize yourself with the Figures. All relevant parts of the AFM setup are shown.

1 Initial setup

Step 1. Sign in.
Step 2. Turn on each component shown in Figure 1.

a. The controller that powers the scope (the switch is at the back of the box).
b. The camera monitor.
c. The white light source.

Step 3. Select imaging mode using the mode selector switch is located on the left hand side of the atomic force
microscope (AFM) base (Figure 2), there are three modes:

a. Scanning tunneling microscopy (STM).
b. Atomic force microscopy/lateral force microscopy (AFM/LFM).
c. Tapping mode atomic force microscopy (TM-AFM).

∗Version 1.1: Feb 8, 2013 8:55 am -0600
†http://creativecommons.org/licenses/by/3.0/
1http://sea.rice.edu/
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Figure 1: Schematic representation of the AFM computer, light source, camera set-up, and sample
puck.
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Figure 2: Schematic representation of the AFM.

2 Sample preparation

Most particulate samples are imaged by immobilizing them onto mica sheet, which is �xed to a metal puck
(FIGURE 1). Samples that are in a solvent are easily deposited. To make a sample holder a sheet of Mica
is punched out and stuck to double-sided carbon tape on a metal puck. In order to ensure a pristine surface,
the mica sheet is cleaved by removing the top sheet with Scotch� tape to reveal a pristine layer underneath.
The sample can be spin coated onto the mica or air dried.

The spin coat method;

• Use double-sided carbon sticky tape to secure the puck on the spin coater.
• Load the sample by drop casting the sample solution onto the mica surface.
• The sample must be dry to ensure that the tip remains clean.

3 Puck and tip mounting

3.1 Puck mounting

Step 1. Place the sample puck in the magnetic sample holder, and center the sample.
Step 2. Verify that the AFM head is su�ciently raised to clear the sample with the probe. The sample plane

is lower than the plane de�ned by the three balls. The sample should sit below the nubs. Use the lever
on the right side of the J-scanner to adjust the height. (N.B. the labels up and down refer to the tip.
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�Tip up� moves the sample holder down to safety, and tip down moves the sample up. Use caution
when moving the sample up.)

Step 3. Select the appropriate cantilever for the desired imaging mode. The tips are fragile and expensive (ca.
$20 per tip) so handle with care.

� Contact AFM use a silicon nitride tip (NP).
� Tapping AFM use a silicon tip (TESP).

3.2 Tip mounting and alignment

Step 1. Mount a tip using the appropriate �ne tweezers. Use the tweezers carefully to avoid possible mis-
alignment. Work on a white surface (a piece of paper or a paper towel) so that the cantilever can be
easily seen. The delicate part of the tip the cantilever is located at the beveled end and should not be
handled at that end (shown in Figure 3). The tips are stored on a tacky gel tape. Use care, as dropping
the tip will break the cantilever. Think carefully about how you approach the tip with the tweezers.
Generally gripping it from the side is the best option. Once the tip is being held by the tweezers it
needs to be placed in the tip holder clamp. With one hand holding the tweezers, use the other hand
to open the clip by pressing down on the whole holder while it is lying on a �at hard surface. Once
the clip is raised by downward pressure insert the tip (Figure 4a). Make sure the tip is seated �rmly
and that the back end is in contact with the end of the probe groove, there is a circular hole in the
clamp. When the clamp holds the tip the hole should look like a half moon, with half �lled with the
back straight end of the tip. The groove is larger than the tip, so try to put the tip in the same place
each time you replace it to improve reproducibility.

Step 2. Carefully place the tip holder onto the three nubs to gently hold it in place. Bring the holder in at
angle to avoid scraping it against the sample (Figure 4b).

Step 3. Tighten the clamping screw located on the back of the AFM head to secure the cantilever holder and
to guarantee electrical contact. The screw is on the back of the laser head, at the center.

Step 4. Find the cantilever on the video display. Move the translational stage to �nd it.
Step 5. Adjust the focusing knob of the optical microscope (located above AFM head) to focus on the cantilever

tip. Tightening the focus knob moves the camera up. Focus on the dark blob on the right hand side
of the screen as that is the cantilever.

Step 6. Focus on the top mica surface, being careful not to focus on the bottom surface between the top of
the double-sided carbon tape and the mica surface. Generally you will see a bubble trapped between
the carbon tape and the mica surface. If you are focused on the top surface you can frequently see the
re�ection of the tip on the mica surface. The real focus is half way between the two cantilever focus
points.

Step 7. Slowly lower the tip down to the surface, if the camera is focused properly onto the surface the cantilever
tip will gradually come into view. Keep lowering until the two tips images converge into one. Please
note that you can crash the tip into the surface if you go past this point. This is damaging to the tip
and may not be possible to obtain an image if it happens, and the tip may have to be replaced. You
will know if this happens when looking at the cantilever tip if it goes from black to bright white. At
this point the tip is in contact with the surface and turns white as it is not re�ecting light back into
the photo-diode , but instead into the camera.

Step 8. Find the laser spot, it the spot is not visible on the camera screen look at the cantilever holder and see
if it was visible. It helps to lower the brightness of the white light, use the translational stage again to
search for it.

Step 9. Once the laser spot has been located use the X and Y laser adjustment knobs to align the laser spot
roughly onto the tip of the cantilever.

Step 10. Maximize the sum signal using the photo-detector mirror lever located on the back of the head and
the laser X and Y translation. The maximized sum value should be approximately 4 V.

Step 11. T ensure that the laser is centered on the photodiode, zero the detector signals using the mirror

http://cnx.org/content/m45758/1.1/



Connexions module: m45758 5

adjustment knobs located on the top and back of the head. The knob on the top of the head adjusts
vertical de�ection, and the knob at the rear of the head adjusts horizontal de�ection. The range is
-9.9 V and 9.9 V. The number will change slowly at the extremes of the range and quickly around 0 V.
Ideally, the zeroed signal should be between ±0.1 V. it will �uctuate during the experiment. If there is
stead drift, you can adjust it during the experiment. If the number won't settle down, the laser could
be at a bad position on the cantilever. Move the laser spot and repeat (Figure 5).

Step 12. Focus again on the sample surface.
Step 13. The sample surface can still be moved with respect to the camera via the sample stage. In choosing a

place to image nanoparticles, avoid anything that you can see on the sample surface. The scale on the
screen is 18 µm per cm.

Figure 3: Schematic views of the AFM tip.

Figure 4: Schematic view of (a) the tip holder and (b) the tip holder location in the AFM.
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Figure 5: Schematic of the laser set-up.

4 Tip tuning

Step 1. Log onto computer.
Step 2. The software is called Nanoscope. Close the version dialog box. Typically the screen on the left will

allow adjustment of software parameters, and the screen on the right will show the data.
Step 3. On the adjustment screen, the two icons are to adjust the microscope (a picture of a microscope) and

to perform data analysis (a picture of a rainbow). Click the microscope icon.
Step 4. Under the microscope pull down menu, choose pro�le and select tapping AFM. Don't use another users

pro�le. Use the �tapping� AFM.
Step 5. Before beginning tapping mode, the cantilever must be tuned to ensure correct operation. Each tip has

its own resonance frequency. The cantilever can be blindly auto-tuned or manually tuned. However
the auto-tuning scheme can drive the amplitude so high as to damage the tip.

4.1 Auto-tuning

Step 1. Click on the cantilever tune icon.
Step 2. Click the auto-tune button. The computer will enter the tuning procedure, automatically entering

such parameters as set point and drive amplitude. If tuned correctly, the drive frequency will be
approximately 300 Hz.

4.2 Manually tuning

Step 1. Click on the cantilever tune icon.
Step 2. Select manual tuning under the sweep controls menu.
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Step 3. The plot is of amplitude (white) and phase (yellow) versus frequency. The sweep width is the X-range.
The central frequency is the driving frequency which should be between 270-310 Hz. Typically the
initial plot will not show any peaks, and the X and Y settings will need to be adjusted in order to see
the resonance plot.

Step 4. Widen the spectral window to about 100 Hz. The 270 � 310 Hz window where the driving frequency
will be set needs to be visible.

Step 5. To zoom in use the green line (this software is not click and drag!):

� Left click separation.
� Left click position.
� Right click to do something.
� Right click to clear lines.

Step 6. If a peak is clipped, change the drive amplitude. Ideally this will be between 15 and 20 mV, and should
be below 500 mV. If a white line is not visible (there should be a white line along the bottom of the
graph), the drive amplitude must be increased.

Step 7. Ideally the peak will have a regular shape and only small shoulders. If there is a lot of noise, re-install
the tip and things could improve. (Be careful as the auto-tuning scheme can drive the amplitude so
high as to damage the tip.)

Step 8. At this point, auto-tuning is okay. We can see that the parameters are reasonable. To continue the
manual process, continue following these steps.

Step 9. Adjust the drive amplitude so that the peak is at 2.0 V.
Step 10. Amplitude set point while tuning corresponds to the vertical o� set. If it is set to 0, the green line is 0.
Step 11. Position the drive frequency not at the center of the peak, but instead at 5% toward the low energy

(left) of the peak value. This o�set is about 4/10
th of a division. Right click three times to execute

this change. This accounts for the damping that occurs when the tip approaches the sample surface.
Step 12. Left monitor - channel 2 dialogue box - click zero phase.

5 Image acquisition

Step 1. Click the eyeball icon for image mode.
Step 2. Parameter adjustments.

� Other controls.
� Microscope mode: tapping.
� Z-limit max height: 5.064 µm. This can be reduced if limited in Z-resolution.
� Color table: 2.
� Engage set point: 1.00.
� Serial number of this scanner (double check since this has the factory parameter and is di�erent
from the other AFM).

� Parameter update retract; disabled.

Step 3. Scan controls:

� Scan size: 2 µm. Be careful when changing this value � it will automatically go between µm and
nm (reasonable values are from 200 nm to 100 µm).

� Aspect ratio: 1 to 1.
� X and Y o�set: 0.
� Scan angle (like scan rotation): raster on the diagonal.
� Scan rate: 1.97 Hz is fast, and 100 Hz is slow.

Step 4. Feedback control:

� SPM: amplitude.
� Integral gain: 0.5 (this parameter and the next parameter may be changed to improve image).
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� Proportional gain: 0.7.
� Amplitude set point: IV.
� Drive frequency: from tuning.
� Drive amplitude: from tuning.

Step 5. Once all parameters are set, click engage (icon with green arrow down) to start engaging cantilever
to sample surface and to begin image acquisition. The bottom of the screen should be �tip secured�.
When the tip reaches the surface it automatically begins imaging.

Step 6. If the amplitude set point is high, the cantilever moves far away from the surface, since the oscillation
is damped as it approaches. While in free oscillation (set amplitude set point to 3), adjust drive
amplitude so that the output voltage (seen on the scope) is 2 V. Big changes in this value while an
experiment is running indicate that something is on the tip.

Step 7. Select channel 2 data type � amplitude and height. Amplitude looks like a 3D image and is an excellent
visualization tool or for a presentation. However the real data is the height data.

Step 8. Bring the tip down (begin with amplitude set point to 2). The goal is to tap hard enough to get a
good image, but not so hard as to damage the surface of the tip. Set to 3 clicks bellow jus touching by
further lowering amplitude set point with 3 left arrow clicks on the keyboard. The tip Z-center position
scale on the right hand screen shows the extension on the piezo scanner. When the tip is properly
adjusted, expect this value to be near the center.

Step 9. Select view/scope mode (the scope icon). Check to see if trace and retrace are tracking each other.
If so, the lines should look the same, but they probably will not overlap each other vertically or
horizontally. If they are tracking well, then your tip is scanning the sample surface and you may return
to view/image mode (the image icon). If they are not tracking well, adjust the scan rate, gains, and/or
set point to improve the tracking. If tracing and retrace look completely di�erent, you may need to
decrease the set point to improve the tracking. If trace and retrace look completely di�erent, you may
need to decrease the set point one or two clicks with the left arrow key until they start having common
features in both directions. Then reduce the scan rate: a reasonable value for scan sizes of 1-3 µm
would be 2 Hz. Next try increasing the integral gain. As you increase the integral gain, the tracking
should improve, although you will reach a value beyond which the noise will increase as the feedback
loop starts to oscillate. If this happens, reduce gains, if trace and retrace still do not track satisfactorily,
reduce the set point again. Once the tip is tracking the surface, choose view/image mode.

Step 10. Integral gain controls the amount of integrated error signal used in the feedback calculation. The
higher this parameter is set, the better the tip will track the same topography. However, if it is set too
high, noise due to feedback oscillation will be introduced into the scan.

Step 11. Proportional gain controls the amount of proportional arrow signal used in the feedback calculation.
Step 12. Once amplitude set point is adjusted with the phase data, change channel 2 to amplitude. The data

scale can be changed (it is the same as for display as it does not a�ect the data). In the amplitude
image, lowering the voltage increases the contrast.

Step 13. Move small amounts on the image surface with X and Y o�set to avoid large, uninteresting objects.
For example, setting the Y o�set to -2 will remove features at the bottom of the image, thus shifting
the image up. Changing it to -3 will then move the image one more unit up. Make sure you are using
µm and not nm if you expect to see a real change.

Step 14. To move further, disengage the tip (click the red up arrow icon so that the tip moves up 25 µm and
secures). Move upper translational stage to keep the tip in view in the light camera. Re-engage the
tip.

Step 15. If the shadow in the image is drawn out, the amplitude set point should be lowered even further. The
area on the image that is being drawn is controlled by the frame pull-down menu (and the up and
down arrows). Lower the set point and redraw the same neighborhood to see if there is improvement.
The proportional and integral gain can also be adjusted.

Step 16. The frame window allows you to restart from the top, bottom, or a particular line.
Step 17. Another way to adjust the amplitude set point value is to click on signal scope to ensure trace and

retrace overlap. To stop Y rastering, slow scan axis.
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Step 18. To take a better image, increase the number of lines (512 is max), decrease the speed (1 Hz), and lower
the amplitude set point. The resolution is about 10 nm in the X and Y directions due to the size of
the tip. The resolution in the Z direction is less than 1 nm.

Step 19. Changing the scan size allows us to zoom in on features. You can zoom in on a center point by using
zoom in box (left clicking to toggle between box position and size), or you can manually enter a scan
size on the left hand screen.

Step 20. Click on capture (the camera icon) to grab images. To speed things up, restart the scan at an edge to
grab a new image after making any changes in the scan and feedback parameters. When parameters
are changed, the capture option will toggle to � next�. There is a forced capture option, which allows
you to collect an image even if parameters have been switched during the capture. It is not completely
reliable.

Step 21. To change the �le name, select capture �lename under the capture menu. The �le will be saved in
the!directory which is d:\capture. To save the picture, under the utility pull-down menu select TIFF
export. The zip drive is G:.

6 Image analysis

Step 1. Analysis involves �attening the image and measuring various particle dimensions, click the spectrum
button.

Step 2. Select the height data (image pull-down menu, select left or right image). The new icons in the
�analysis� menu are:

� Thumbnails.
� Top view.
� Side view.
� Section analysis.
� Roughness.
� Rolling pin (�attening).
� Plane auto-�t.

Step 3. To remove the bands (striping) in the image, select the rolling pin. The order of �attening is the order
of the baseline correction. A raw o�set is 0 order, a straight sloping line is order 1. Typically a second
order correction is chosen to remove �scanner bow� which are the dark troughs on the image plane.

Step 4. To remove more shadows, draw exclusion boxes over large objects and then re-�atten. Be sure to save
the �le under a new name. The default is t overwrite it.

Step 5. In section analysis, use the multiple cursor option to measure a particle in all dimensions. Select �xed
cursor. You can save pictures of this information, but things must be written down! There is also a
particle analysis menu.

Step 6. Disengage the cantilever and make sure that the cantilever is in secure mode before you move the
cantilever to the other spots or change to another sample.

Step 7. Loosen the clamp to remove the tip and holder.
Step 8. Remove the tip and replace it onto the gel sticky tape using the �ne tweezers.
Step 9. Recover the sample with tweezers.
Step 10. Close the program.
Step 11. Log out of the instrument.
Step 12. After the experiment, turn o� the monitor and the power of the light source. Leave the controller on.
Step 13. Sign out in the log book.
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