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(57) ABSTRACT 

A transport of plasmonic particles through a mineral forma
tion is analyzed by flowing a plasmonic particles solution 
through an immobile phase (e.g., a mineral formation), deter
mining an absorbance of the plasmonic particles solution 
subsequent to flowing the plasmonic particles solution 
through the immobile phase, comparing the determined 
absorbance of the plasmonic particles solution with an absor
bance of the plasmonic particles solution determined previ
ous to flowing the plasmonic particles solution through the 
immobile phase, and determining an absorbance of the plas
monic particles to the immobile phase as a function of the 
comparison. The plasmonic particles solution may be pro
duced by dissolving or suspending plasmonic particles in a 
mobile phase. Flowing the plasmonic particles solution 
through the immobile phase may include injecting the plas
monic particles solution into the immobile phase, and then 
flushing the plasmonic particles solution through the immo
bile phase. 

18 Claims, 36 Drawing Sheets 
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105 

Compare the determined absorbance of the plasmonic 
particles solution with an absorbance of the plasmonic 

particles solution previous to flowing the solution through the 
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1 

ANALYZING THE TRANSPORT OF 
PLASMONIC PARTICLES THROUGH 

MINERAL FORMATIONS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority to U.S. Provisional Patent 
Application No. 61/350,836, filed on Jun. 2, 2010, which is 
hereby incorporated by reference. 

BRIEF SUMMARY 

Embodiments of the present invention analyze a transport 

2 
FIG. 5 is a TEM of 10 nm Fe20 3 lysine capped ferrite 

nanoparticles. 
FIG. 6 is a TEMof15 nmFe2 0 3 cysteic acid capped ferrite 

nanoparticles. 
FIG. 7 is a TEM image of silver nanoparticles made in 

accordance with Method 1 (as described in Example 1 ). The 
scale bar is 50 nm. 

FIG. 8 is a perspective view of an atomic force microscopy 
(AFM) image of silver nanoparticles. The nanoparticles were 

10 made in accordance with Method 1 (as described in Example 
1 ). 

FIG. 9 shows particle analysis of silver nanoparticles con
ducted using AFM. The nanoparticles were made in accor-

15 dance with Method 1 (as described in Example 1). 
of plasmonic particles through a mineral formation by flow
ing a plasmonic particles solution through an immobile phase 
(e.g., a mineral formation), determining an absorbance of the 
plasmonic particles solution subsequent to flowing the plas
monic particles solution through the immobile phase, com- 20 
paring the determined absorbance of the plasmonic particles 
solution with an absorbance of the plasmonic particles solu
tion determined previous to flowing the plasmonic particles 
solution through the immobile phase, and determining an 
absorbance of the plasmonic particles to the immobile phase 

FIG.10 shows a size distribution of nanoparticles, as deter
mined using small angle X-ray scattering. The nanoparticles 
were made in accordance with Method 1 (as described in 
Example 1). 

FIG. 11 is a UV-vis spectrum of silver nanoparticles show
ing strong absorbance at 400 nm. The nanoparticles were 
made in accordance with Method 1 (as described in Example 
1 ). 

FIG. 12 is a graph showing a change in nanoparticle mean 
25 diameter as a function of reagent concentration (i.e., the 

molar ratio of surfactant to that of silver). The nanoparticles 
were made in accordance with Method 1 (as described in 
Example 1). 

as a function of the comparison. The plasmonic particles 
solution may be produced by dissolving or suspending plas
monic particles in a mobile phase. Flowing the plasmonic 
particles solution through the immobile phase may include 
injecting the plasmonic particles solution into the immobile 
phase, and then flushing the plasmonic particles solution 
through the immobile phase. 

FIG. 13 is a TEM of silver nanoparticles made with a 3:1 
30 ratio of mercaptosuccinic acid (MSA):2-aminoethanethiol 

(AET). The nanoparticles are fused due to hydrogen bonding 
of carboxyl groups and amines. Scale bar is 50 nm. The 
nanoparticles were made in accordance with Method 2 (as Plasmonic particles of the present invention may be silver 

particles, gold particles, copper particles, or combinations 
thereof. The plasmonic particle may be a nanoshell material 35 

with a dielectric core surrounded by a shell, where the shell 
may be comprised of gold, silver, or copper. The plasmonic 
particle may have a size in the range of approximately 0.5 nm 

described in Example 1). 
FIG. 14 is an AFM image of silver nanoparticles that are 

cross-linked with each other due to the pH of the solution. The 
nanoparticles used in this example are end terminated with 
the carboxyl groups of the MSA. The nanoparticles were 
made in accordance with Method 1 (as described in Example to approximately 200 nm. 

In some embodiments, the mobile phase comprises hydro
carbons. In some embodiments, the immobile phase is a sub
terranean formation. In some embodiments, the immobile 
phase comprises at least one of sands, sandstones, carbonate 
rocks, shales, micas, aluminates, silicates, clays, or combina
tions thereof. In some embodiments, the immobile phase is 
packed in a colunm. Other embodiments of the present inven
tion pertain to apparatus for analyzing the transport of plas
monic particles through a mineral formation. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 is a flow diagram illustrating a method of analyzing 
a transport of plasmonic particles through a mineral forma
tion, in accordance with various embodiments of the present 
invention. 

FIG. 2 shows a schematic diagram of an apparatus for 
analyzing a transport of plasmonic particles through a min
eral formation, in accordance with various embodiments of 
the present invention. 

FIG. 3 is a schematic representation of functionalized 
nanoparticles. FIG. 3A is a schematic of a functionalized 
nanoparticle, where the nanoparticle is functionalized on its 
surface with functional groups X. FIG. 3B shows a schematic 
representation of a core shell nanoparticle with a noble metal 
shell and a dielectric core. 

FIG. 4 is a Transmission Electron Micrograph (TEM) of 10 
nm Fe2 0 3 glutamic acid capped ferrite nanoparticles. 

40 1). 
FIG. 15 is an example of a UV absorbance spectrum of 

plasmonic nanoparticles changing according to the size and 
shape of the nanoparticles. The diagram shows a comparison 
of the typical plasmonic response from a plasmonic nanopar-

45 ticle with an average diameter of approximately 10 nm with 
the plasmonic response of a nanoparticle with multiple poles. 

FIG. 16 shows UV absorbance spectra of injections of 
100% Fe20 3 nanoparticles capped with glutamic acid solu
tions at pH 7. The samples were injected into apparatus 10, as 

50 shown in FIG. 2 and described in Example 2. The spectra are 
shown in FIGS. 16A, 16B and 16C. 

FIG. 17 shows UV absorbance spectra of injections of 
100% Fe2 0 3 nanoparticles capped with lysine solution at pH 
7. The samples were pumped directly through a UV detector 

55 of apparatus 10, as shown in FIG. 2 and described in Example 
2. The spectra are shown in FIGS. 17A, 17B and 17C. 

FIG. 18 shows UV absorbance spectra of injections of 
100% Fe2 0 3 nanoparticles capped with cysteic acid solution 
at pH 7. The samples were pumped directly through a UV 

60 detector of apparatus 10, as shown in FIG. 2 and described in 
Example 2. The spectra are shown in FIGS. 18A, 18B and 
18C. 

FIG. 19 shows a UV absorbance spectrum of injections of 
100% Fe20 3 nanoparticles capped with glutamic acid solu-

65 tion at pH 7. The samples were passed through a column 
containing Ottawa sand, as illustrated in FIG. 2 and described 
in Example 2. 
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FIG. 20 shows a UV absorbance spectrum of injections of 
100% Fe20 3 nanoparticles capped with glutamic acid solu
tion at pH 7 containing 0.1 M NaCI. The samples were passed 
through a colunm containing Ottawa sand, as illustrated in 
FIG. 2 and described in Example 2. 

4 
solution at pH 7. The samples were passed through a mini
mum volume tube, as illustrated in FIG. 2 and described in 
Example 2. 

FIG. 34 shows a UV absorbance spectrum of injections of 
100% silver nanoparticle capped with mercaptosuccinic acid 
solution at pH 10.5. The samples were passed through a 
colunm containing Ottawa sand, as illustrated in FIG. 2 and 
described in Example 2. 

FIG. 21 shows a UV absorbance spectrum of injections of 
100% Fe20 3 nanoparticles capped with glutamic acid solu
tion at pH 7 containing 0.5 MNaCI. The samples were passed 
through a colunm containing Ottawa sand, as illustrated in 
FIG. 2 and described in Example 2. 10 

FIG. 35 shows a UV absorbance spectrum of injections of 
100% silver nanoparticles capped with mercaptosuccinic 
acid solution at pH 10.5. The samples were passed through a 
minimum volume tube, as illustrated in FIG. 2 and described 
in Example 2 

FIG. 22 shows a UV absorbance spectrum of injections of 
100% Fe20 3 nanoparticles capped with lysine at pH 7. The 
samples were passed through a colunm containing Ottawa 
sand, as illustrated in FIG. 2 and described in Example 2. 

FIG. 23 shows a UV absorbance spectrum of injections of 
100% Fe2 0 3 nanoparticles capped with a lysine solution at 
pH 7 containing 0.1 M NaCI. The samples were passed 
through a colunm containing Ottawa sand, as illustrated in 
FIG. 2 and described in Example 2. 

FIG. 24 shows a UV absorbance spectrum of injections of 
100% Fe2 0 3 nanoparticles capped with a lysine solution at 
pH 7 containing 0.5 M NaCI. The samples were passed 
through a colunm containing Ottawa sand, as illustrated in 
FIG. 2 and described in Example 2. 

FIG. 25 shows a UV absorbance spectrum of injections of 
100% Fe2 0 3 nanoparticles capped with cysteic acid solution 
at pH 7. The samples were pumped directly through a UV 
detector, as illustrated in FIG. 2 and described in Example 2. 

15 

20 

FIG. 36 shows a comparative absorbance curve as a func
tion of elution time for silver nanoparticles capped with mer
captosuccinic acid that were passed through a minimum vol
ume tube, as illustrated in FIG. 2 and described in Example 2. 

DETAILED DESCRIPTION 

It is to be understood that both the foregoing general 
description and the following detailed description are exem
plary and explanatory only, and are not restrictive of the 

25 invention, as claimed. In this application, the use of the sin
gular includes the plural, the word "a" or "an" means "at least 
one", and the use of"or" means "and/or", unless specifically 
stated otherwise. Furthermore, the use of the term "includ-

FIG. 26 shows a UV absorbance spectrum of injections of 30 

100% Fe2 0 3 nanoparticles capped with cysteic acid solution 

ing", as well as other forms, such as "includes" and 
"included", is not limiting. Also, terms such as "particle," 
"element," and "component" encompass particles, elements, 
and components, respectively, comprising one unit and par
ticles, elements, and components that comprise more than 
one unit, unless specifically stated otherwise. 

at pH 7 containing 0.1 M NaCI. The samples were passed 
through a colunm containing Ottawa sand, as illustrated in 
FIG. 2 and described in Example 2. 

FIG. 27 shows a UV absorbance spectrum of injections of 
100% Fe2 0 3 nanoparticles capped with cysteic acid solution 
at pH 7 containing 0.5 M NaCI. The samples were passed 
through a colunm containing Ottawa sand, as illustrated in 
FIG. 2 and described in Example 2. 

FIG. 28 shows a UV absorbance spectrum of injections of 
100% silver nanoparticles capped with mercaptosuccinic 
acid solution at pH 4. The samples were passed through a 
colunm containing Ottawa sand, as illustrated in FIG. 2 and 
described in Example 2. 

FIG. 29 shows a UV absorbance spectrum of an injection of 
100% silver nanoparticle capped with mercaptosuccinic acid 
solution at pH 4. The sample was passed through a minimal 
volume tube, as illustrated in FIG. 2 and described in 
Example 2. 

FIG. 30 shows a UV absorbance spectrum of injections of 
100% silver nanoparticle capped with mercaptosuccinic acid 
solution at pH 5 through an Ottawa sand colunm. The samples 
were passed through a colunm containing Ottawa sand, as 
illustrated in FIG. 2 and described in Example 2. 

FIG. 31 shows a UV absorbance spectrum of injections of 
100% silver nanoparticles capped with mercaptosuccinic 
acid solution at pH 5. The samples were passed through a 
minimum volume tube, as illustrated in FIG. 2 and described 
in Example 2. 

FIG. 32 shows a UV absorbance spectrum of injections of 
100% silver nanoparticles capped with mercaptosuccinic 
acid solution at pH 7. The samples were passed through a 
colunm containing Ottawa sand, as illustrated in FIG. 2 and 
described in Example 2. 

FIG. 33 shows a UV absorbance spectrum of injections of 
100% silver nanoparticle capped with mercaptosuccinic acid 

35 The section headings used herein are for organizational 
purposes only and are not to be construed as limiting the 
subject matter described. All documents, or portions of docu
ments, cited in this application, including, but not limited to, 
patents, patent applications, articles, books, and treatises, are 

40 hereby expressly incorporated herein by reference in their 
entirety for any purpose. In the event that one or more of the 
incorporated literature and similar materials defines a term in 
a manner that contradicts the definition of that term in this 

45 

application, this application controls. 
In order to maximize the recovery of oil and gas from 

subterranean formations and reservoirs, information on the 
flow characteristics and porosity of the rocks within the res
ervoir may be obtained. For instance, information on the 
permeability of a reservoir can be used to determine whether 

50 hydraulic fracturing and water flooding is needed, or if they 
have been successfully implemented. 

Methods have been described for characterizing fractured 
formation properties. For example, Nguyen eta!. (U.S. Patent 
App. Pub. No. 2005/0274510A1) describes the use of a con-

55 ductive polymer and/or conductive filler phase in a polymer
coated proppant to determine these parameters via an electric 
field based remote sensing procedure. In another example, 
Ayoub eta!. (U.S. Pat. No. 7,083,993 B2) makes use of either 
active or passive devices to characterize the fracture param-

60 eters. Likewise, McCarthy et a!. (US Pat. App. Pub. No. 
2006/01 02345A1) describes a proppant tracking and fracture 
zone characterization material. 

Additional reservoir characterization methodologies gen
erally include determining reservoir architecture, establish-

65 ing fluid-flow trends, constructing a reservoir model, and 
identifying reserve growth potential. Such goals have gener
ally been accomplished using techniques such as seismic 
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measurements and NMR well logging. However, these meth
ods have limitations that necessitate the development of new 
methods. 

For instance, the low porosity and permeability of many oil 
or gas reservoirs (even after hydraulic fracturing) means that 
any sensor or tracer material needs a size sufficiently small to 
allow for its transport through the rock formation. As such, 
nanoparticles represent a potential sensor material. In par
ticular, the special electrical and magnetic properties of cer
tain nanomaterials make them well suited for use as injected 
sensors and contrast agents. 

One of the issues with measuring the transport of nanopar
ticles proposed as sensors is that their absorbance is typically 
weak. For instance, the absorbance peak for iron oxide based 
particles is very weak, thereby leading to poor data acquisi
tion and spurious results. Thus, much higher concentrations 
of nanoparticles may be required to obtain valuable measure
ments. However, such concentrations may interfere with vari
ous downhole operations in various reservoirs and subterra
nean formations. 

Referring to FIG. 1, embodiments of the present invention 
analyze the transport of plasmonic particles through mineral 
formations that contain an immobile phase. In step 101, plas
monic particles are mixed (e.g., dissolved and/or suspended) 

6 
ments, the Combi Flash gear pump's dispensing arm (usually 
used to dispense into a tray containing test tubes) is modified 
such that the tube has been disconnected from the dispensing 
arm and connected to housing 32 and immobile phase colunm 
26. In some embodiments, such connections may be achieved 
via a plastic luer to a tygon tube that flows directly into 
housing 32 or immobile phase colunm 26. 

In some embodiments, consolidating container 16 may be 
connected to immobile phase colunm 26 through tubing 22. 

10 As discussed in more detail herein, immobile phase colunm 
26 may be any colunm that is packed with an immobile phase. 
In some embodiments, immobile phase colunm 26 may be a 
Redisep colunm that is approximately 2 em in diameter and 
approximately 6.5 em in length. The immobile phase colunm 

15 may be made of various materials, including inert materials 
such as nylons, glasses, plastics, and/or metals. Additional 
suitable immobile phase colunms may also be envisioned by 
persons of ordinary skill in the art. 

The immobile phase may contain any material that is typi-
20 cal of that found in a subterranean formation (e.g., any min

eral formation component, such as minerals, rocks, sand, and 
the like, such as found in an oil or gas reservoir). The immo
bile phase may contain a proppant material. The immobile 
phase may be configured to simulate the mineral formations 

25 of a subterranean formation (e.g., an oil, gas, or water reser
voir) under investigation. The immobile phase may contain a 
core obtained from a well bore. 

in a mobile phase to form a plasmonic particles solution. In 
step 102, the plasmonic particles solution is caused to flow 
through an immobile phase, such as a mineral formation, a 
sample core from a mineral formation, or a simulation of a 
mineral formation. In step 103, an absorbance of the plas
monic particles solution is determined subsequent to flowing 30 

the plasmonic particles solution through the immobile phase. 

As also shown in FIG. 2, immobile phase colunm 26 may 
be connected to housing 32 through tubing 28. In tum, hous
ing 32 may be connected to waste container 40 through tubing 
38. 

In step 104, the determined absorbance of the plasmonic 
particles solution is compared with an absorbance of the 
plasmonic particles solution determined previous to flowing 
the plasmonic particles solution through the immobile phase. 35 

In step 105, an absorbance of the plasmonic particles to the 
immobile phase is determined as a function of the compari
son. 

Housing 32 may contain UV detector 34 and computer 36. 
UV detector 34 may be any suitable UV detector, such as a 
UV spectrophotometer (e.g., a commercially available Agi
lent 8453 UV-Visible spectrophotometer, which uses a pho
todiode array (PDA)). Other suitable UV detectors may also 
be envisioned by persons of ordinary skill in the art. 

Computer 36 may utilize various software and/or hardware 
for detecting or analyzing the flow of nanoparticles. The 

40 software in computer 36 may be commercially availableAgi
lent ChemStation (kinetics version). The use of other soft
ware may also be envisioned by persons of ordinary skill in 
the art. 

Various apparatus may be used to analyze the transport of 
plasmonic particles through mineral formations. An appara
tus that may be used to analyze the transport of plasmonic 
particles through an immobile phase is shown in FIG. 2 as 
apparatus 10. In this embodiment, apparatus 10 includes a 
mobile phase container 12, plasmonic particle container 14, 
consolidating container 16, immobile phase colunm 26, hous- 45 

ing 32 containing UV detector 34 and computer 36, and waste 
container 40. 

Plasmonic particle container 14 contains plasmonic par
ticles, as described in more detail herein. The plasmonic 
particles may be suspended in various solvents and/or solu- 50 

In an operation according to embodiments of the present 
invention, the mobile phase in container 12 and the plasmonic 
particles in container 14 are released into consolidating con
tainer 16 through tubings 13 and 15, respectively. This results 
in the dissolving and/or suspending of the plasmonic particles 
in the mobile phase to form plasmonic particles solution (see 
step 101 of FIG. 1). The plasma particle solution is then 
caused to flow through immobile phase colunm 26 via tubings tions at various concentrations. 

Mobile phase container 12 contains a mobile phase, which 
may be any stock solution that can solvate or suspend plas
monic particles under investigation. As discussed in more 
detail below, the mobile phase may also be used to calibrate 
UV detector 34. 

Mobile phase container 12 and plasmonic particle con
tainer 14 may be connected to consolidating container 16 via 
tubings 13 and 15, respectively. Consolidating container 16 
may also contain flow rate meter 18 and flow rate adjuster 20. 
In some embodiments, flow rate meter 18 and flow rate 
adjuster 20 are electronic input devices that allow control of 
injections from mobile phase container 12 and plasmonic 
particle 14 at different ratios, times, and flow rates. 

In some embodiments, consolidating container 16 may be 
a modified Combi Flash gear pump (Serial Number 
204120171, Combi Flash Companion). In some embodi-

22 and 28 (see step 102 of FIG. 1). This flow may be con
trolled by valves 24 and/or 30. The flow may also be con
trolled by various pumps and actuators that are well known to 

55 persons of ordinary skill in the art. 
Plasmonic particles may absorb to contents in immobile 

phase colunm 26 as the plasmonic particles solution is flow
ing therethrough. Thereafter, the plasmonic particles solution 
is caused to flow into housing 32. UV detector 34 in housing 

60 32 may then be used to determine the absorbance of the 
plasmonic particles solution after it has passed through the 
immobile phase colunm 26 (see step 103 of FIG. 1). Alterna
tively, the plasmonic particles solution may be injected into a 
subterranean formation through a well bore (or a sample core 

65 taken from a well bore) and then retrieved (for example, via a 
second well bore in a vicinity of the first well bore in which 
the particles were injected). The retrieved plasmonic particles 
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solution is then inserted into consolidating container 16, and 
valves 24 and 30 directed such that the retrieved plasmonic 
particles solution in container 16 flows into housing 32 
through tubings 22 and 25. UV detector 34 is then used to 
determine the absorbance of the retrieved plasmonic particles 
solution, which is then compared to the absorbance of the 
plasmonic particles solution determined before the injection 
of the solution into the subterranean formation. 

8 
respectively. Thus, plasmons are collective oscillations of the 
free electron gas density, for example, at optical frequencies, 
such as in the ultraviolet range (UV). The UV wavelength is 
particularly resonant with the oscillating free electron gas of 
noble metal particles in the nanoscale range. 

Examples of plasmonic particles include silver particles, 
gold particles, copper particles, and combinations thereof. As 
set forth in more detail below, such plasmonic particles may 
have various shapes, sizes, and functional groups. 

By way of further information, and without being bound by 
theory, small particles (e.g., particles smaller than the wave
length oflight) have an incident electromagnetic field (EMF) 
that is generally uniform across the particle. Such EMF uni
formity causes surface electrons on the particles to move in 

As a pre-calibration step, the aforementioned process may 
also be conducted such that the plasmonic particles solution 10 

in consolidating container 16 bypasses immobile phase col
unm 26. For instance, valves 24 and 30 may be directed such 
that the plasmonic particles solution in container 16 flows into 
housing 32 through tubings 22 and 25. UV detector 34 may 
then used to determine the absorbance of the plasmonic par
ticles solution that did not pass through immobile phase col
unm 26 (see step 104 of FIG. 1). An output ofUV detector 34 
may be a set of absorbance data in raw format and/or in the 
form of a plot on a graph (e.g., FIGS. 11 and 15-36), which 
may be inputted into computer 36. 

15 phase. In addition, incident EMF radiation accelerates these 
electrons and causes them to circulate across the particle 
surface. The formation of quasi-dipoles results from the tem
porary charge differences that exist across the particle. In 
addition, the electrons oscillate periodically across the par-

20 ticle in resonance with the incident radiation. 
The absorbance of plasmonic particles onto the immobile 

phase may then be determined based on the comparison of the 
absorbance of the plasmonic particles solution that passed 
through the immobile phase colunm with the absorbance of 
the plasmonic particles solution that bypassed the immobile 
phase colunm (see step 105 of FIG. 1). Such a determination 
may be aided by the utilization of computer 36 with the aid of 
a software program. 

As a washing step, the aforementioned process may be 
repeated by flowing the mobile phase through the immobile 
phase column until the absorbance returns to its original 
absorbance. 

Referring to FIG. 36, line 3601 is a plot of an absorbance 
curve of plasmonic particles that were passed through immo
bile phase colunm 26. Line 3602 is a plot of an absorbance 
curve of the plasmonic particles that bypassed immobile 
phase colunm 26. The difference in trends between these two 
curves may be used to determine how the plasmonic particles 
deposit onto the contents in immobile phase colunm 26 (e.g., 
the "stickiness" of the plasmonic particles to the immobile 
phase). 

For instance, the absorbance of line 3601 at one or more 
particular times may be compared to the absorbance of line 
3602 at the same particular times. The absorbance of the 
plasmonic particles to the contents of immobile phase colunm 
26 may then be calculated at those times as a function of the 
comparison. 

The dipoles occur when electrons from the surface are 
drawn to one end of the particle, thereby leaving a temporary 
positive charge on the opposite side. As light passes over the 
particle, the electrons are drawn to the other end of the par-

25 ticle. This process can continue back and forth across the 
particle surface. 

The presence of a restoring force results from the polariza
tion of the light. This system of electrons sloshing back and 
forth is known as plasmonic, and the plasmon frequency is 

30 found to have discrete resonance frequencies with the inci
dent light. The incident light resonates with the surface elec
trons. The light in tum creates temporary positive charges on 
the opposite side of the particles that oscillate back and forth. 
This whole process is known as Surface Plasmon Resonance 

35 (SPR). 
SPR typically results in a sharp absorbance peak with a 

wavelength that depends on the dielectric function of the 
material and the solvent. Because the SPR of a nanoparticle is 
very discrete, it can be deliberately created in one part of the 

40 spectrum or another. 
For instance, silver nanoparticles with a mean diameter of 

20 urn have a well-defined peak at a "-absnp of 400 nm. In 
addition, the UV-vis spectrum for silver nanoparticles is 
unique on how it spans the visible part of the spectrum, and 

45 how a size increase can lead to a shift in the absorbance peak. 
See, e.g., Y. Zhao eta!., SpectrochimicaActa Part A, 2006, 65, 
1003. 

In some embodiments, the comparison may involve calcu
lating the difference in absorbance between line 3601 and line 
3602 at one or more particular times. In some embodiments, 50 

the comparison may involve determining the difference in the 
calculated concentrations of plasmonic particles in lines 3601 
and 3602 at one or more particular times. In some embodi
ments, the comparison may involve calculating the sticking 
coefficient of the plasmonic particles to immobile phase col- 55 

unm 26, as discussed in more detail below. FIG. 36 is also 
further discussed below. 

Other metals such as copper and gold have also been found 
to exhibit a strong SPR effect in the UV and visible spec
trums. In addition, the tuning of the SPR wavelength can be 
tailored by altering the aspect ratio of the materials. 

Iron-oxide nanoparticles have been directly measured to 
analyze the transport of nanoparticles. However, such meth
ods present various limitations, including measurement accu
racy and detection at low concentrations. In particular, iron
oxide nanoparticles generally have a weak tendency toward 
surface plasmon resonance in the UV-visible spectral range. 
In contrast, iron oxides generally exhibit a peak absorbance of 
around 3 70 nm. Since this peak absorbance is close to the cut 

Plasmonic Particles 
Embodiments of the present invention may utilize various 

plasmonic particles. Plasmonic particles generally refer to 
particles with plasmonic properties, such as Surface Plasmon 
Resonance (SPR), and the properties discussed in more detail 
below. 

By way of information, a plasmon is a quantum of plasma 
oscillation. The plasmon is a quasi-particle resulting from the 
quantization of plasma oscillations, just as photons and 
phonons are quantizations oflight and mechanical vibrations, 

60 off frequency of a UV-visible spectrometer (i.e., 200 nm), the 
iron-oxide nanoparticle surface plasmon resonance peak is 
often not fully presented in the spectra. 

Furthermore, the absorbance peak for iron oxide is very 
weak, thereby leading to poor data acquisition and spurious 

65 results that prevent systems from reaching a stable and con
tinuous plateau for determining a baseline value. In fact, for 
iron oxide, the absorbance usually does not reach a plateau 
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and instead continues to increase or decrease sporadically, 
even under controlled conditions. 

10 
colunm containing Ottowa sand of known size and porosity. 
The same experimental protocols described for FIG. 16 were 
also used for this experiment. FIGS. 16A, 16B, and 16C show examples of poor UV 

detection, baseline, and plateauing of injections of 100% 
Fe20 3 nanoparticles capped with glutamic acid solutions at 
pH 7 pumped directly through a UV detector, at 10 mL min- 1

. 

FIG. 4 is a Transmission Electron Micrograph (TEM) of 10 
nm Fe20 3 glutamic acid capped ferrite nanoparticles. The 
Agilent software was programmed for a 1 em cell. Absor
bance for the UV was programmed for 340 nm absorbance 
and for 12,600 seconds, data points were taken every 0.5 
seconds. HPLC grade Chromosolve H2 0 was used as stock 
solution. The gear pump software was programmed to inject 
40 mL of only 100% stock solution. Only 100% nanoparticles 
were then injected for 20 mins. This procedure was repeated 
3 times. Then, 100% stock solution was washed through the 
UV detector for 30 mins. to remove unbound nanoparticles. 

FIG. 24 shows an example of poor UV detection, no stable 
baseline, and no plateauing of injections of 100% Fe2 0 3 

nanoparticles capped with lysine solution at pH 7, 0.5 MNaCI 
pumped through a 6.5 em length 2.0 em diameter Redisep 
colunm containing Ottowa sand of known size and porosity. 
The same experimental protocols described for FIG. 16 were 

10 also used for this experiment. 
FIG. 25 shows an example of poor UV detection, baseline, 

and plateauing of injections of 100% Fe2 0 3 nanoparticles 
capped with cysteic acid solution at pH 7 pumped directly 

15 
through a UV detector, at 10 mL s- 1

. The same experimental 
protocols described for FIG. 16 were also used for this experi-

FIGS. 17 A, 17B and 17C also show examples of poor UV 
detection, baseline, and plateauing of injections of 100% 20 

Fe20 3 nanoparticles capped with lysine solution at pH 7 
pumped directly through a UV detector, at 10 mL min- 1

. 

Likewise, FIG. 5 is a TEM of 10 nm Fe2 0 3 glutamic acid 
capped ferrite nanoparticles. The same experimental proto
cols described for FIGS. 16 and 4 were also used for these 25 

experiments. 

ment. 
FIG. 26 shows an example of poor UV detection, baseline, 

and plateauing of injections of 100% Fe2 0 3 nanoparticles 
capped with cysteic acid solution at pH 7, 0.1 M NaCI 
pumped through a 6.5 em length 2.0 em diameter Redisep 
colunm containing Ottowa sand of known size and porosity. 
The same experimental protocols described for FIG. 16 were 
also used for this experiment. 

FIG. 27 shows an example of poor UV detection, baseline, 
and plateauing of injections of 100% Fe2 0 3 nanoparticles 
capped with cysteic acid solution at pH 7, 0.5 M NaCI 
pumped through a 6.5 em length 2.0 em diameter Redisep 
colunm containing Ottowa sand of known size and porosity. 

FIGS. 18A, 18B and 18C show examples of poor UV 
detection, baseline, and plateauing of injections of 100% 
Fe20 3 nanoparticles capped with cysteic acid solution at pH 7 
pumped directly through a UV detector, at 10 mL s- 1

. Like
wise, FIG. 6 is a TEM of 10 nm Fe20 3 cysteic acid capped 
ferrite nanoparticles. The same experimental protocols 
described for FIGS. 16 and 4 were also used for these experi
ments. 

30 The same experimental protocols described for FIG. 16 were 
also used for this experiment. 

Utilizing plasmonic particles provides a more accurate and 
sensitive analysis of the transport of particles through a min-

FIG. 19 shows an example of poor UV detection, no stable 
baseline, and no plateauing of injections of 100% Fe2 0 3 

nanoparticles capped with glutamic acid solution at pH 7 
pumped through a 6.5 em length 2.0 em diameter Redisep 
colunm containing Ottowa sand of known size and porosity. 
The same experimental protocols described for FIG. 16 were 
also used for this experiment. 

35 era! formation, even at low concentrations. Without being 
bound by theory, it is believed that such improvements are due 
to the efficiency of the plasmonic particle at absorbing UV 
radiation. 

For instance, silver nanoparticles display a very stable and 

FIG. 20 shows an example of poor UV detection, no stable 
baseline, and no plateauing of injections of 100% Fe2 0 3 

nanoparticles capped with glutamic acid solution at pH 7, 0.1 
M NaCI pumped through a 6.5 em length 2.0 em diameter 
Redisep colunm containing Ottowa sand of known size and 
porosity. The same experimental protocols described for FIG. 

40 consistent UV-visible absorbance with the peak absorbance 
occurring within a very narrow range centered at 400 nm. 
This range is well within the optical detection limits ofUV
visible spectrophotometers, thus ensuring that both the lead
ing and the trailing edges of the peaks become visible. When 

45 both the leading and trailing edges are present, then it is 
possible to make an optimal calculation of the Full Width at 
Half the Maximum (FWHM). 

16 were also used for this experiment. 
FIG. 21 shows an example of poor UV detection, no stable 50 

baseline, and no plateauing of injections of 100% Fe2 0 3 

nanoparticles capped with glutamic acid solution at pH 7, 0.5 
M NaCI pumped through a 6.5 em length 2.0 em diameter 
Redisep colunm containing Ottowa sand of known size and 
porosity. The same experimental protocols described for FIG. 55 

16 were also used for this experiment. 
FIG. 22 shows an example of poor UV detection, no stable 

baseline, and no plateauing of injections of 100% Fe2 0 3 

nanoparticles capped with lysine solution at pH 7 pumped 
through a 6.5 em length 2.0 em diameter Redisep column 60 

containing Ottowa sand ofknown size and porosity. The same 
experimental protocols described for FIG. 16 were also used 
for this experiment. 

FIG. 23 shows an example of poor UV detection, no stable 
baseline, and no plateauing of injections of 100% Fe2 0 3 65 

nanoparticles capped with lysine solution at pH 7, 0.1 M NaCI 
pumped through a 6.5 em length 2.0 em diameter Redisep 

Furthermore, silver nanoparticles have a strong peak absor
bance that can be detected at much lower concentrations than 
that of the iron oxide nanoparticles. In addition, the silver 
nanoparticles offer larger and more consistent peak absor
bance, thereby allowing more accurate detection of nanopar
ticles at low concentrations. 

For instance, in some embodiments, the detection range of 
plasmonic particles may be between 0.1 mg/L to 5 g/L. In 
some embodiments, the accuracy of the lower limit may be 
determined by the accuracy of the UV machine used and 
could be extended by adaptation of a flow cell and/or photo 
diode. An increase in the accuracy of the upper detection 
limits could also be achieved using the same methodologies. 

Moreover, as indicated in FIG. 15, the silver nanoparticle 
surface plasmon resonance can be tuned according to the size 
of the nanoparticle. In addition, the size of the nanoparticle 
can be determined by calculation using the FWHM. See, e. g., 
C. Okkyoung et a!., Water Research, 2008, 42, 3066. As set 
forth in more detail below, the surface functional groups of 
the silver nanoparticles can also be changed to tailor the 
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stickiness or solubility of the silver nanoparticles in a range of 
solvents, and under a variety of physical and chemical con
ditions. 

In addition to silver nanoparticles, various other plasmonic 
particles may be used in embodiments of the present inven
tion. In some embodiments, the plasmonic particles are made 
of gold and/or copper. 

In some embodiments, the plasmonic particle is a 
nanoshell material that comprises a dielectric core sur
rounded by a shell. In such embodiments, the shell may 
comprise at least one of gold, silver, or copper. An exemplary 
diagram of such a nanoparticle is shown in FIG. 3B as nano
particle 52, which has a dielectric core 56 and shell 54. In 
some embodiments, by using such a nanoparticle, the absor
bance ofUV light can be absorbed at different wavelengths as 
the free electron gas contained in the shell forms a different 
standing wave (depending on the dielectric core content and 
the depth of the shell). 

12 
Various techniques may also be used to tailor the choice of 

functional groups on plasmonic particles in order to ensure a 
desired solubility or immobile phase absorbance. For 
example, water solubility may be attained through the use of 
substituents that promote hydrogen bonding. See, e.g., R. L. 
Callender eta!., Aqueous synthesis of water soluble alumox
anes: environmentally benign precursors to alumina and alu
minum-based ceramics, Chern. Mater., 1997, 9, 2418. Also 
see C. D. Jones eta!., Synthesis and characterization of car-

lO boxylate-FeOOH nanoparticles (ferroxanes) and ferroxane
derived ceramics, Chern. Mater., 2002, 14, 621. In some 
embodiments, water solubility may be attained through the 
use of charged substituents. See, e.g., L. Zeng eta!., Tailoring 
aqueous solubility of functionalized single-wall carbon nano-

15 tubes over a wide pH range through substituent chain length, 
Nano Lett., 2005, 5, 2001. In some embodiments, the use of 
hydrophobic substituents allows for solubility within organic 
solvents. See, e.g., C. C. Landry et a!., From minerals to 
materials: synthesis of alumoxanes from the reaction ofboe-Plasmonic particles disclosed herein may also have various 

size ranges. In some embodiments, the plasmonic particles 
have a dimension (i.e., size) less than approximately 1000 
nm. In some embodiments, the plasmonic nanoparticles are 
plasmonic nanoparticles that have a size between approxi
mately 1 nm and approximately 100 nm. In some embodi
ments, the plasmonic particles have a size between approxi- 25 

mately 0.5 nm and approximately 200 nm. In some 
embodiments, the plasmonic nanoparticles may have a size in 
the range of approximately 5 nm to approximately 30 nm. In 
some embodiments, the plasmonic nanoparticles have a size 
between approximately 2 nm and approximately 20 nm. Plas
monic nanoparticles disclosed herein may or may not exhibit 
size-related properties that differ significantly from those 
observed in fine particles or bulk materials. 

20 hmite with carboxylic acids, J. Mater. Chern., 1995, 5, 331. 
Plasmonic particles disclosed herein may also have various 

shapes. For instance, in some embodiments, the plasmonic 
particles may be rod-like particles, spheroidal particles, oval 
shaped particles, and/or circular particles. 

The shapes of plasmonic particles can confer various ben-
efits. For instance, in the case of gold particles, a stronger SPR 
effect has been observed with gold rods. In addition, the 
number of peaks generally increases as the symmetry of the 
particles decreases. This is evident in the SPR spectra of 

30 materials containing prolate spheroidal particles. 
Plasmonic particles disclosed herein may be dissolved or 

suspended in various mobile phases to form plasmonic par
ticles solutions. Mobile phases may be any solvent or solution 
that can solubilize or dissolve plasmonic particles. In some In various embodiments, plasmonic particles may also 

include a functionalized surface. For instance, FIG. 3A 
depicts plasmonic particle 42 with functionalized surface 44 
that contains functional groups 46. In some embodiments, the 
functionalized surface may include hydrophilic functional 
groups, hydrophobic functional groups, anionic functional 
groups, cationic functional groups, and/or zwitterionic func
tional groups. In some embodiments, the functionalized sur
face may also include functional groups derived from car
boxylic acids, esters, amines, alcohols, alkanes, aryl groups, 
and combinations thereof. In some embodiments, the sur
faces of plasmonic particles may be functionalized by various 
amino acids. Non-limiting examples include glutamic acid, 
lysine, and cysteic acid. 

Without being bound by theory, it is believed that func
tional groups on the surface of plasmonic particles contribute 
to the solubility of the particles in the mobile phase, as well as 
in various solvents. For instance, in various embodiments, the 
surface functionalization of plasmonic particles may be cho
sen to promote the solubility or miscibility of the plasmonic 
particles in a desired solvent, such as a solvent with a desired 
pH and/or ionic concentration. In some embodiments, the 
solubility or miscibility of the plasmonic particles may be 
chosen to either promote solubility in water or in hydrocar
bons. In some embodiments, the functional groups on the 
plasmonic particles may be chosen to promote high transport 
through a specific rock formation, but not through other for
mations. 

The functional groups on the surface of plasmonic particles 
may also contribute to the absorbance characteristics of the 
particles onto the immobile phase. As such, the functional 
groups on the plasmonic particles may also be chosen to 
promote absorbance onto a specific rock formation, but not 
onto other formations. 

35 embodiments, the mobile phase may be water, hydrocarbons, 
or mixtures thereof. In some embodiments, the mobile phase 
is water with a pH that is comparable to that found in a 
subterranean reservoir or used during a recovery process, 
such as a water flood or a hydraulic fracture. In some embodi-

40 ments, the mobile phase is water with a pH range of approxi
mately 2 to approximately 11. 

In some embodiments, the mobile phase may comprise 
ionic compounds. Without being bound by theory, such ionic 
compounds may aid in the control of the ionic strength of the 

45 mobile phase. In some embodiments, the ionic compounds 
may comprise at least one of alkali metals, alkaline earth 
metals, halides, and carbonates. Various concentrations of 
ionic compounds may also be utilized. For instance, in some 
embodiments, the ionic compounds may have a concentration 

50 range between 0.1 M and 0.5 M. 
In some embodiments, the mobile phase may have at least 

one of surfactants or colloids. In various embodiments, such 
surfactants or colloids may be any chemical compositions 
containing aliphatic acids, aliphatic alcohols, glycol ethers, 

55 alkyl aryl polyethoxy ethers, alkyl aryl polyethoxy ethanol, 
alkyl aryl sulfonates, aromatic hydrocarbons, aromatic 
ketones, oxyalkylated compounds, alkyl phenols, petroleum 
blends, polyethoxylated alkanols, polymeric hydrocarbons, 
salt of amine-carbonyl condensates, salts of fatty acids, 

60 polyamine reaction products, carbohydrates, industrial sur
factant blends, and mixtures thereof. In some embodiments, 
the surfactants or colloids may include mercaptosuccinic acid 
(MSA), 2-aminoethanthiol, 11-mercapto-lundecanol, and 
combinations thereof. Such constituents may be mixed with 

65 the mobile phase at various concentrations and ratios. 
In various embodiments, the mobile phase is a premixed 

stock solution. In some embodiments, the premixed stock 
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solution may contain aqueous or organic solvents, salts, car
bonates, acids, and/or bases. In some embodiments, the pre
mixed stock solution may contain other particles or com
pounds that may be encountered or be of interest when 
studying nanoparticle mobility through subterranean envi
ronments. These may include, without limitation, shales, car
bonates, clays, silicates, and other geologic particulates. 

Mineral Formations and Immobile Phases 
Embodiments of the present invention may be applied to 

various mineral formations that comprise an immobile phase. 
Examples of such mineral formations include, without limi
tation, subterranean reservoirs, oil and gas wells, aquifers, 
source rocks, top soils, sand deposits, porous man-made 
structures such as concrete and asphalt barriers, and the like. 

In some embodiments, reservoir types include, without 
limitation, carbonates, silicates, tight, water drives, retro
grade gas condensates, water drive oil, heavy oil, and light oil. 

In some embodiments, the immobile phase may be the 
mineral formation in its native state. In some embodiments, 
the immobile phase may be an isolated composition that 
comprises one or more components of a mineral formation or 
a reservoir (e. g., an oil or gas reservoir). For instance, in some 
embodiments, the immobile phase may include one or more 
minerals found in subterranean reservoirs, such as alumi
nates, silicates, carbonates, sulfates, sulfides, and the like. In 
some embodiments, the immobile phase may comprise one or 
more of the following subterranean reservoir components: 
sands, sandstones, shales, micas, clays, rocks, and combina
tions thereof. 

14 
50 mL/min. In some embodiments, the flow rate may remain 
constant. In some embodiments, the flow rate may fluctuate. 

Absorbance ofPlasmonic Particles on Immobile Phases 
The absorbance of plasmonic particles onto immobile 

phases may be determined by various methods. In some 
embodiments, the absorbance determination involves com
paring the determined absorbance of the plasmonic particles 
solution before the above-mentioned flowing process (i.e., 
before flowing the plasmonic particles solution onto an 

10 immobile phase) with the determined absorbance of the plas
monic particles solution after the flowing process (i.e., after 
the plasmonic particles solution is eluted from the immobile 
phase). As noted above, and further below, with respect to 

15 
FIG. 36, a difference in trends between the absorbance curves 
can be used to determine how the plasmonic particles deposit 
onto the contents in the immobile phase. 

In some embodiments, the absorbance of the plasmonic 
particles solutions before and after the flowing process are 

20 
determined by a UV-detector, such as a UV-visible spectro
photometer. In some embodiments, the absorbance of the 
plasmonic particles solutions are determined as a function of 
time. 

In some embodiments, the absorbance of the plasmonic 

25 
particles solutions are determined at a wavelength character
istic of the most intense plasmon resonance of the plasmonic 
particle. In some embodiments, the absorbance of the plas
monic particles solutions are determined at a wavelength 
range of between approximately 300 nm and approximately 

The immobile phase may have many formations, sizes, and 30 

compositions. In some embodiments, the immobile phase has 

500nm. 
In some embodiments, the absorbance of plasmonic par

ticles onto immobile phases is determined by determining the 
sticking coefficient of the plasmonic particles onto the immo
bile phase. In some embodiments, the following formula may 

a generally uniform size, a uniform porosity, and a known 
volume. For instance, in some embodiments, the immobile 
phase has a particle size range of between approximately 1 
micrometer in diameter to approximately 100 micrometers in 35 

diameter. In some embodiments, the immobile phase has a 
particle size range ofbetween approximately 10 micrometers 

be used to determine the sticking coefficient: 

in diameter to approximately 50 micrometers in diameter. 
In some embodiments, the immobile phase is packed in a 

colunm, such as theimmobilephasecolunm26 shown in FIG. 40 

2. Such a colunm may be a sample core from the reservoir, or In this formula, a is the attachment efficiency factor, de is the 
diameter of a collector in the porous medium or immobile 
phase, E is the porosity of the medium, C and C0 are respec
tively the particle concentrations present at distance L and at 
L=O, and llo is the clean bed single collector efficiency that 
describes the particle transport to an individual collector 
geometry. SeeR. Yao eta!., Environ. Sci. Techno!. 1971, 5, 
1105. 

it may represent a simulation of the contents of the reservoir. 
In some embodiments, the colunm comprises an inert mate
rial, such as nylons, glasses, plastics, metals, and combina
tions thereof. Additional suitable colunms can also be envi- 45 

sioned by persons of ordinary skill in the art. 
Flowing Plasmonic Particles Solutions onto Immobile 

Phases 
Various methods may be used to flow plasmonic particles 

solutions onto immobile phases. In some embodiments, such 
methods comprise injecting plasmonic particles solutions 
into an immobile phase. In some embodiments, such methods 
comprise flushing the plasmonic particles solution through 
the immobile phase. For example, the plasmonic particles 
solution may be injected through a well bore of the subject 
reservoir. An embodiment of such a process may include 
combining the plasmonic particles solution with hydraulic 
fracturing fluid or drilling mud. 

Various apparatus may also be used to flow plasmonic 
particles solutions onto immobile phases. An example of a 
suitable apparatus is shown as apparatus 10 in FIG. 2, as 
previously described above. Other suitable apparatus can also 
be envisioned by persons of ordinary skill in the art. 

Various flow rates may also be utilized. For instance, in 
some embodiments, the plasmonic nanoparticles may be 
flushed or injected into immobile phases at flow rates in the 
range of between approximately 5 mL/min to approximately 

In addition, the clean bed collector efficiency can be deter-
50 mined as a function of the Darcy velocity, porous medium 

grain size, porosity, and temperature among other variables. 
SeeN. Tufenkji eta!., Environ. Sci. Techno!. 2004, 38, 529. 

In some embodiments, the attachment efficiency may be 
treated as an empirical parameter that captures all aspects of 

55 particle deposition not described by the more extensively 
validated particle transport models, assuming that sequential 
steps of transport and attachment are adequate to describe 
particle deposition. In addition, a mass balance of particles 
CIC0 over a differential volume of porous medium can be 

60 integrated over distance L within a homogeneous medium to 
yield an expression for the attachment efficiency factor. 

In some embodiments, experimental a values can be deter
mined for a given particle suspension using experimental 
CIC0 values (fraction of in-fluent particles remaining) and 

65 theoreticall] 0 values. Theoretically, values of the attachment 
efficiency determined from data obtained from experiments 
with one porous medium can be applied to another porous 
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medium of similar composition but different grain size, fluid 
flow rate, and porosity. Although the validity of interpreting 
CIC0 data to obtain an estimate of attachment efficiency has 
been established for nanoscale particles, this assumption has 
not yet been evaluated for engineered nanoparticles. See J. E. 
Tobiason eta!., J. Am. Water Works Assoc. 1988, 80, 54. 

16 
Embodiments of the present invention may have numerous 

applications. For instance, some embodiments of the present 
invention may be used to determine the suitable surface func
tionalization, particle size, and particle shape of plasmonic 
particles to be used as a tracer or contrast agent for down-hole 
applications in a particular mineral or rock formation. 
Embodiments of the present invention may also be used to 
determine the behavior of plasmonic nanoparticle functional 
groups under various downhole conditions, including condi-

10 tions of varying pH, ionic strength, and solvent. 

By way of information, and without being bound by theory, 
the relative mobility of a particle passing through a porous 
medium is linked to its tendency to deposit on immobile 
surfaces. Particles are transported to the surface of a collector 
when their encompassing solvent pass sufficiently close to the 
collector surface such that particles make contact with the 
surface. See J. Happel, AlChE J. 1958, 4, 197. Particles may 
also contact collectors due to the effects of gravity or Brown
ian diffusion. Transport nanoparticles are generally domi- 15 

nated by Brownian diffusion. Forces such as the London 
forces, van der Waals forces, and double-layer forces are 
typically considered as influencing particle attachment rather 
than transport. See, e.g., Derjaguin eta!., USSR Acta Physi
cochim. 1941, 14, 633. Also see E. J. W. Verwey eta!., Theory 20 

of the stability of Lyophobic Colloids; Elsevier: Amsterdam, 
1948. 

Embodiments of the present invention may also be used to 
determine the suitable functional group on a nanoparticle that 
will be used to trackandlortracethe characteristics of mineral 
or rock formation or a proppant pack. Such characteristics 
may include fracture height, fracture width, fracture depth, 
and fracture trajectory. 

Embodiments of the present invention may also be used to 
determine the suitable functionalization of a nanoparticle to 
allow for the accurate assessment of the geometry of a sub
terranean fracture. Such applications may allow for accurate 
determination of the transport ofnanoparticles through rock 
formations under various conditions employed downhole in 
the oil and gas industry. 

Embodiments of the present invention also have numerous 
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. See R. Rajagopalan et a!., AlCHe J., 
1976, 22, 523. Such calculations are expressed as the theo
retical single collector efficiency llo· Data for the deposition 

25 advantages. For instance, one of the advantages is that the 
mobility of a nanoparticle through a mineral stationary phase 
can be determined under conditions of temperature, concen
tration, pH, and salinity that are found in the downhole envi
ronment. A further advantage is that the enhanced detection 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. 
SeeK. M. Yao eta!., Environ. Sci. Techno!., 1971, 5, 1105. 
However, when particle attachment is not favorable, only a 
fraction of the collisions with the collector surface will result 35 

in particle deposition, and the single collector efficiency is 
typically modified. 

30 of the plasmon nanoparticles over the types of nanoparticles 
intended for downhole use allows for the measurement of the 
fine structure of the flow characteristics. 

Various embodiments of the present invention will now be 
described with respect to the Examples below. 

EXAMPLES 

Example 1 

Synthesis of Silver Nanoparticles 

The method used for the synthesis of silver nanoparticles in 
this Example employed a modified Lee and Meisel method. 
SeeP. C. Lee eta!., Absorption and surface-enhanced Raman 
of dyes on silver and gold sols, J. Phys. Chern., 1982, 86, 
3391. In particular, the method utilized a reduction technique 
with silver nitrate as the metal precursor. Silver nitrate was 
reduced by sodium borohydride and mercaptosuccinic acid 
(MSA) as a capping ligand. The synthesis may be carried out 

The ratio of the rate of particle deposition on a collector to 
the rate of collisions with that collector is referred to as the 
collision efficiency or attachment efficiency factor, llr· The 40 

attachment efficiency is a function of numerous phenomena, 
including van der Waals forces, electrical double-layer inter
actions, steric interactions, hydration forces, and particle/ 
surface hydrophobicity. The value of llr is unity when there 
are no barriers to particle deposition and attachment is 45 

favored but may exceed one if phenomena at small separation 
distances draw particles to the surface. See M. Elimelech, J. 
Colloid Interface Sci., 1994, 164, 190. Particle transport and 
attachment are often represented as the product of the attach
ment efficiency and the collector efficiency: llr =a llo 

Models such as DLVO theory, which consider the net par
ticle interaction potential as a function of distance separating 
particles and collector surfaces due to London-van der Waals 
forces and electric double-layer interaction forces, suggest 
that particle attachment under unfavorable conditions should 55 

be a strong function of particle size and ionic strength. How
ever, experimental evidence does not support these predic
tions. Moreover, models describing attachment efficiency, 
such as those that consider the balance between electrostatic 
and van der Waals forces, typically describe changes over 
length scales that may be many nanometers in size. Similarly, 
structural or hydration forces and steric interactions that 
affect particle stability may be effective over length scales 
that are large by comparison with some nanoparticle dimen
sions. Extensions or modifications of current theory may be 
needed to describe the attachment efficiency for some smaller 
nanomaterials. 

50 in a solvent of pure water, organic materials such as methanol, 
or a combination. 

Approximately 100 mL of a 0.3 M solution ofMSA was 
added to approximately 100 mL of a 1.2 M solution of silver 
nitrate using a magnetic stir bar to create agitation. To this 
mixture, approximately 25 mL of a 0.2 M sodium borohy
dride solution was added slowly, taking care not to increase 
the pH sharply, which would result in the silver precipitating 
from solution. The color changed very rapidly from a clear 
solution to a light yellow, then dark yellow, brown, and then 

60 black. To ensure product quality, the reaction was kept cov
ered. This prevented reduction or oxidation of the silver ions 
arising from stray light. The reaction was carried out at room 
temperature. 

The above method had several variations. Such variations 
65 are described below as Method 1, Method 2, and Method 3. 

Method 1. The total volume of the reaction was approxi
mately 200 mL in distilled water. MSA and AgN03 were 
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placed in a stirring Erlenmeyer flask. NaBH4 was then added 
to the stirring solution. The solution turned yellow, then 
brown, and then black. The reaction was left to stir for 2 hours 
at room temperature. The glassware was covered with foil. 
After 2 hours, the solution was centrifuged for 15 minutes at 
4400 rpm. The supernatant was discarded, and the pellet was 
re-suspended in DI water with the aid oflight bath sonication. 

Method 2. 2-Aminoethanethiol hydrochloride (AET) was 
used in conjunction with MSA. Sample preparation was iden
tical to Method 1. 

Method 3. 11-mercapto-1-undecanol was used in conjunc
tion with MSA. Sample preparation was identical to method 
1. 

Table 1 summarizes the different reactions conditions used 
in Example 1, as previously described. 

TABLE 1 

Method AgN03 (g) Surfactant (g) NaBH4 (g) 

Method 1 0.204 0.150 0.3783 
Method 1 0.204 0.450 0.3783 
Method 1 0.204 0.751 0.3783 
Method 1 0.410 0.450 0.3783 
Method 2 0.204 0.450 + 0.056 0.3783 
Method 2 0.204 0.450 + 0.114 0.3783 
Method 3 0.204 0.341 0.3783 
Method 3 0.204 0.613 0.3783 
Method 3 0.204 0.102 0.3783 

The particles were characterized by a combination of 
Atomic force microscopy (AFM), Transmission electron 
microscopy (TEM), Small angle X-ray scattering (SAXS) 
and UV-vis spectroscopy. FIG. 7 is a TEM image of silver 
nanoparticles made in accordance with Method 1. The scale 
bar is 50 run. FIG. 8 is a perspective view of an atomic force 
microscopy (AFM) image of the silver nanoparticles. FIG. 9 
shows particle analysis of the silver nanoparticles conducted 
usingAFM. 

More specifically, the particles were characterized by AFM 
in tapping mode with the sample drop cast onto a newly 
cleaved mica surface and spun down to dryness at 1400 rpm 
for 2 mins. The results are shown inFIG.14, which is anAFM 
image of the silver nanoparticles that are cross-linked with 
each other due to the pH of the solution. The nanoparticles 
used in this example are end terminated with the carboxyl 
groups of the MSA. 

18 
Control of the particle size was achieved by variation of the 

molar ratio of surfactant to the molar amount of silver ([S]/ 
[ Ag]). Increasing concentrations of the capping ligand cre
ated larger nanoparticles due to the formation of larger 
micelles in solution. Increasing the relative silver concentra
tion decreased particle sizes, primarily due to the increased 
number of nucleation sites that seeded nanoparticle growth. 
See V. T. Liveriri, "Controlled Synthesis ofNanoparticles in 
Microheterogeneuos Systems", Springer: New York, 2006. 

10 This method consistently made monodispersed uniform par
ticles with a mean diameter ofless than 30 run, primarily due 
to the strong reducing agent that was employed. See FIG. 12, 
which is a graph showing a change in nanoparticle mean 
diameter as a function of reagent concentration (i.e., the 

15 molar ratio of surfactant to that of silver). The nanoparticles 
were made in accordance with Method 1. 

Solubility in both organic and aqueous environments was 
possible through the use of MSA. In addition, a short alkane 
chain (0.6 run) on the ligand can afford favorable interactions 

20 with organic solvents, such as methanol. SeeK. Kimura eta!., 
"Self-Assembling of Gold and Silver Nanoparticles at a 
Hydrophilic/Hydrophobic Interface: A Synthetic Aspect and 
Superstructure Formation," Synth. React. Inorganic, Metal
Organic, Nano-Metal Chern., 2006, 36, 237. Likewise, two 

25 carboxylic acids can give ample opportunity for hydrogen 
bonding to the surrounding water molecules, making the par
ticles soluble in aqueous media and some polar organic sol
vents. Another strategy to control nanoparticle interactions 
with other media incorporates the use of a ligand with a 

30 different functional group, such as an amine or an alcohol. To 
achieve this, the nanoparticles were madeAET hydrochloride 
or 11-mercatoundecanol in place of MSA. 

The colloidal dispersion in aqueous environments of both 
the carboxyl and the amine-terminated nanoparticles are sub-

35 ject to the solution pH. There is a pH dependence on the 
samples due to the possibility for interparticle binding when 
the pH is larger than the pKa of the terminal functional group. 
For instance, at pH 4, it was shown that the carboxyl-termi
nated nanoparticles could be linked together and imaged 

40 under AFM. See FIG. 14. 

45 

Example 2 

Analysis of the Flow of Silver Nanoparticles through 
Immobile Phases 

The particles were analyzed by TEM on a JEOL 1230 
HC-TEM at a 120 KV acceleration voltage. The sample was 
cast onto a copper grid that was coated in amorphous carbon 
dried in vacuum. The results are shown in FIG. 13, which is a 
TEM of silver nanoparticles made with a 3: 1 ratio of MSA: 50 

AET. The nanoparticles are fused due to hydrogen bonding of 
carboxyl groups and amines. Scale bar is 50 run. The nano
particles were made in accordance with Method 2. 

Apparatus 10 shown in FIG. 2 was used to analyze the flow 
of silver nanoparticles through various immobile phases. An 
altered version of a Combi flash gear pump companion was 
used as consolidating container 16. In particular, the elec
tronic three-way flow switch from the gear pump was 
removed and replaced with a union PEEK lfs that bypassed 
the waste outlet. The tube outlet was disconnected from the 
dispenser arm and attached to immobile phase colunm 26, 
which was then connected to housing 32 containing UV
visible spectrometer 34. 

SAXS was conducted on a Rigaku SmartLab X-ray dif
fractometer with Cu X-ray tube. The sample was mounted in 55 

a liquid state onto a capillary tube. The diffuse pattern was 
analyzed using Nanosolver software. The results are shown in 
FIG. 10, which shows a size distribution of the nanoparticles 

The outlet of the housing was attached to a waste container 
40 through tubing 34. Mobile phase container 12 containing 
a stock solution was connected to consolidating container 16 as determined using small angle X-ray scattering. The nano

particles were made in accordance with Method 1. 
UV-VIS spectroscopy was conducted on anAgilent 8453 

UV-VIS analyzer. The sample was placed in a cuvette and 
analyzed from approximately 300 nanometers to approxi
mately 1100 nanometer wavelengths. The results are shown 

60 through tubing 13. The stock solution was used as the base 
line when calibrating the UV spectrophotometer. It was also 
used to flush the plasmonic nanoparticle solution through the 
immobile phase. 

in FIG. 11, which is a UV-vis absorbance spectrum of the 65 

silver nanoparticles showing strong absorbance at 400 run. 
The nanoparticles were made in accordance with Method 1. 

Plasmonic nanoparticle container 14 contains a stock solu
tion with a concentration of plasmonic nanoparticles in it. The 
concentration can vary and is only determined by the accu
racy of the UV detector. 
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Immobile phase 26 may be any mineral or rock for inves
tigation, which is ground to a known size and porosity. It was 
contained within a Redisep colunm that is 2 em in diameter 
and 6.5 em in length. 

UV detector 34 used in this study was the Agilent 8453 
UV-Visible spectrophotometer, which uses a photodiode 
array (PDA). The software used in computer 36 was the 
Agilent ChemStation Software (the kinetics version). A sum
mary of a typical set of flow conditions are shown in Table 2. 

Samples per run: 
Solvent delivery: 

Certification and 
compliance: 
Programmable gradients: 

Flow rate: 
RediSep Rf colunm sizes: 
Rated pressure: 
Liquid sample loading: 

Solid sample loading: 

On-line UV detection: 

Fraction collection: 

Optional tube sizes: 

Power options: 

System dimensions 
(HxWx D): 
Weight: 
Solvent reservoir 
level sensing: 
Samples per run: 
Solvent delivery: 

Certification and 
compliance: 
Programmable gradients: 

Flow rate: 
RediSep Rf colunm sizes: 
Rated pressure: 
Liquid sample loading: 

Solid sample loading: 

On-line UV detection: 

Fraction collection: 

Optional tube sizes: 

Power options: 

System dimensions 
(HxWx D): 
Weight: 
Solvent reservoir 
level sensing: 

TABLE2 

Two maintenance-free, valveless 
metering pwnps 
CE, CSA, IMERC 

2 solvent isocratic, linear and/or 
step gradients; optional4-solvent 
capability 
5 to 100 ml/min 
4gto 330 g 
50 psi (3.5 bar) 
Injection valve to load colunm 
directly 
Solid load cartridge for low
solubility samples 
Photodiode array absorbance 
detector (200-360 nm) 
Foxy fraction collector with 144 
tube capacity, nnlimited rack changes, 
optional 288 tube capacity 
Racks available for 12, 13, 16, 18, 
and 25 mm tubes, 480 ml bottles, 
and other containers 
100/117 VAC, 50/60Hz; 234 VAC, 
50/60Hz 
49 x 49 x 54 em 

27.2 kg 
optional 

Two maintenance-free, valveless 
metering pwnps 
CE, CSA, IMERC 

2 solvent isocratic, linear and/or 
step gradients; optional4-solvent 
capability 
5 to 100 mL/min 
4gto 330 g 
50 psi (3.5 bar) 
Injection valve to load colunm 
directly 
Solid load cartridge for low
solubility samples 
Photodiode array absorbance 
detector (200-360 nm) 
Foxy fraction collector with 144 
tube capacity, nnlimited rack changes, 
optional 288 tube capacity 
Racks available for 12, 13, 16, 18, 
and 25 mm tubes, 480 mL bottles, 
and other containers 
100/117 VAC, 50/60Hz; 234 VAC, 
50/60Hz 
49 x 49 x 54 em 

27.2 kg 
optional 

Apparatus 10 was used to conduct various experiments. 
These experiments are summarized below. 

Experiment 1. The software used wasAgilent ChemStation 
(the kinetics version). The software was programmed for a 1 
em cell. Absorbance was programmed to 400 nm absorbance, 
and for 12,600 seconds. The flow rate was 10 mL min- 1

. 

20 
HPLC grade Chromo solve H2 0 acidified to pH 4 with acetic 
acid was used as the stock solution. Silver mercaptosuccinic 
acid capped nanoparticle was used as the plasmonic nanopar
ticle. The Agilent ChemStation software was programmed to 
inject approximately 40 mL 100% stock solution for 20 mins. 
100% nanoparticle solution was then injected for approxi
mately 20 mins. This was repeated five times. 100% stock 
solution was washed through the immobile phase colunm for 
30 mins. The procedure was repeated with a 6.5 em length 2.0 

10 em diameter Redisep colunm, containing Ottawa sand. FIG. 
28 shows good UV detection, good stable base line, and a 
stable plateau. FIG. 29 shows UV detection of an injection of 
the same solution through a minimum volume tube under the 
same parameters. 

15 Experiment 2. The software used wasAgilent ChemStation 
(the kinetics version). The software was programmed for a 1 
em cell. Absorbance was programmed to 400 nm absorbance, 
and for 12,600 seconds. The flow rate was approximately 10 
mL min- 1

. HPLC grade Chromosolve H20 acidified to pH 5 
20 with acetic acid was used as stock solution. 24 nm silver 

marcaptosuccinic acid capped nanoparticle was used as the 
nanoparticle solution. TheAgilent ChemStation software was 
programmed to inject approximately 40 mL 100% stock solu
tion acidified with acetic acid for approximately 20 mins to 

25 pH of 5. 100% nanoparticle solution was then injected for 
approximately 20 mins. This was repeated five times. 100% 
stock solution was washed through the immobile phase col
unm for approximately 30 mins. The procedure was repeated 
with a 6.5 em length 2.0 em diameter Redisep colunm con-

30 taining Ottawa sand. FIG. 30 shows UV detection of the 
solution. FIG. 31 shows UV detection of an injection of the 
same solution through a minimum volume tube under the 
same parameters. 

Experiment 3. The software used wasAgilent ChemStation 
35 (the kinetics version). The software was programmed for a 1 

em cell. Absorbance was programmed to 400 nm absorbance, 
and for 12,600 seconds. The flow rate was approximately 10 
mL min- 1

. HPLC grade Chromo solve H20 acidified was 
used as a stock solution. 24 nm silver mercaptosuccinic acid 

40 capped nanoparticle was used as the nanoparticle solution at 
pH 7. The Agilent ChemStation software was programmed to 
inject approximately 40 mL 100% stock solution for approxi
mately 20 mins. 100% nanoparticle solution was then 
injected for approximately 20 mins. This was repeated five 

45 times. 100% stock solution was washed through the immobile 
phase column for 30 mins. The procedure was repeated with 
a 6.5 em length 2.0 em diameter Redisep colunm, containing 
Ottawa sand. FIG. 32 shows good UV detection, good stable 
base line, and a stable plateau. FIG. 33 shows UV detection of 

50 an injection of the same solution through a minimum volume 
tube under the same parameters. 

Experiment 4. The software used wasAgilent ChemStation 
(the kinetics version). The software was programmed for a 1 
em cell. Absorbance was programmed to 400 nm absorbance, 

55 and for 12,600 seconds. The flow rate was approximately 10 
mL min- 1

. HPLC grade Chromo solve H20 acidified was 
used as stock solution and adjusted with 1.0 N NaOH so ln. to 
pH 10.5. Silver mercaptosuccinic acid capped nanoparticle 
was used as the nanoparticle solution. TheAgilent ChemSta-

60 tion software was programmed to inject approximately 40 
mL 100% stock solution for approximately 20 mins. 100% 
nanoparticle solution was then injected for approximately 20 
mins. This was repeated five times. 100% stock solution was 
washed through the immobile phase colunm for approxi-

65 mately 30 mins. The procedure was repeated with a 6.5 em 
length 2.0 em diameter Redisep colunm, containing Ottawa 
sand. FIG. 34 shows good UV detection, good stable base 
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line, and a stable plateau. FIG. 35 shows UV detection of an 
injection of the same solution through a minimum volume 
tube under the same parameters. 

Without further elaboration, it is believed that one skilled 
in the art can, using the description herein, utilize the present 
invention to its fullest extent. The embodiments described 
herein are to be construed as illustrative and not as constrain
ing the remainder of the disclosure in any way whatsoever. 
While various embodiments have been shown and described 
many variations and modifications thereof can be made b; 10 

one skilled in the art without departing from the spirit and 
teachings of the invention. The disclosures of all patents, 
patent applications and publications cited herein are hereby 
incorporated herein by reference, to the extent that they pro
vide procedural or other details consistent with and supple- 15 

mentary to those set forth herein. 

What is claimed is: 

22 
3. The method of claim 1, wherein the plasmonic particle is 

sele~ted from the group consisting of silver particles, gold 
part1cles, copper particles, and combinations thereof. 

4. The method of claim 1, wherein theplasmonic particle is 
a nanoshell material comprising a dielectric core surrounded 
by a shell, wherein the shell comprises at least one of gold 
silver, or copper. ' 

5. The method of claim 1, wherein the plasmonic particle 
comprises a functionalized surface. 

6. The method of claim 5, wherein the functionalized sur
face .c~mprises functio~al groups selected from the group 
cons1stmg of carboxyhc acids, esters, amines, alcohols, 
alkanes, aryl groups, and combinations thereof. 

7. The method of claim 1, wherein the plasmonic particles 
have sizes in a range of0.5 nm to 200 nm. 

8. The method of claim 1, wherein the mobile phase com
prises hydrocarbons. 

9. The method of claim 1, wherein the mobile phase com
prises surfactants. 

1. A method for analyzing a transport of plasmonic par
ticles through a mineral formation comprising an immobile 
phase, wherein the method comprises: 

10. The method of claim 1, wherein the immobile phase is 
20 a subterranean formation. 

(a) dissolving or suspending plasmonic particles in a 
mobil~ phase to form a plasmonic particles solution; 

(b) flowmg the plasmonic particles solution through the 
immobile phase; 

(c) determining an absorbance of the plasmonic particles 
solution, wherein the determining occurs subsequent to 
flowing the plasmonic particles solution through the 
immobile phase; 

25 

(d) comparing the determined absorbance of the plasmonic 30 

particles solution with an absorbance of the plasmonic 
particles solution determined previous to flowing the 
plasmonic particles solution through the immobile 
phase; and 

11. The method of claim 1, wherein the immobile phase is 
selected from the group consisting of sands, sandstones, car
bonate rocks, shales, micas, aluminates, silicates, clays, and 
combinations thereof. 

12. The method of claim 1, wherein the immobile phase 
comprises a core extracted from the mineral formation 
wherein the core has a particle size range ofbetween approxi ~ 
mately 1 micrometer in diameter to approximately 100 
micrometers in diameter. 

13. The method of claim 1, wherein the immobile phase is 
packed in a column. 

14. The method of claim 1, wherein the mobile phase has a 
flow rate in a range of between approximately 5 mL/min to 
approximately 50 mL/min. 

15. The method of claim 1, wherein the determining of the 
absorbance of the plasmonic particles solution is performed 
using a UV-visible spectrophotometer. 

(e) determining an absorbance of the plasmonic particles to 35 

the immobile phase as a function of the comparison of 
the determined absorbance of the plasmonic particles 
solution with the absorbance of the plasmonic particles 
solution determined previous to flowing the plasmonic 
particles solution through the immobile phase. 

16. The method of claim 1, wherein the determining of the 
absorbance of the plasmonic particles solution is performed 

40 as a function of time. 

2. The method of claim 1, wherein flowing the plasmonic 
particles solution through the immobile phase further com
prises: 

(a) injecting the plasmonic particles solution into the 
immobile phase; and 

(b) flushing the plasmonic particles solution through the 
immobile phase. 

45 

17. The method of claim 1, wherein determining the absor
bance of the plasmonic particle to the immobile phase com
prises determining a sticking coefficient of the plasmonic 
particle to the immobile phase. 

18. The method of claim 1, wherein the mineral formation 
is a subterranean formation. 

* * * * * 


