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ABSTRACT 

Carbon Nanomaterials for Detection, Assessment and 
Purification of Oil and Natural Gas 

 by 

Chih-Chau Hwang 

This thesis studies several carbon nanomaterials. Their synthesis and 

characterization are studied as well as their potential applications to the oil industry. The 

carbon nanomaterials studied here include mesoporous carbon (CMK-3), sulfur- or 

nitrogen-doped porous carbon (SPC or NPC), and commercial carbon black (CB). 

Through appropriate functionalization, these carbon nanomaterials exhibit unique 

properties and their performances in detection, assessment as well as purification of oil 

and natural gas are studied and demonstrated. 

First, it was shown that amine-modified CMK-3 composites, polyethylenimine-

CMK-3 (PEI-CMK-3) and polyvinylamine-CMK-3 (PVA-CMK-3) can be synthesized 

through in situ polymerization of amine species within the channels of the CMK-3. The 

synthesis process results in the entrapped amine polymers interpenetrating the composite 

frameworks of the CMK-3, improving the CO2 capture performance and recycle stability. 

CO2 uptake by the synthesized composites was determined using a gravimetric method at 

30 °C and 1 atm; the 39% PEI-CMK-3 composite had ~12 wt% (3.1 mmol/g) CO2 uptake 

capacity and the 37% PVA-CMK-3 composite had ~13 wt% (3.5 mmol/g) CO2 uptake 

capacity. A desorption temperature of 75 °C was sufficient for regeneration. The CO2 
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uptake was the same when using 10% CO2 in a 90% CH4, C2H6 and C3H8 mixture, 

underscoring this composite’s efficacy for CO2 sequestration from natural gas.  

Secondly, nucleophilic porous carbons (SPC and NPC) were synthesized from 

simple and inexpensive carbon-sulfur and carbon-nitrogen precursors. A strong sorbate-

sorbent interaction between CO2 and nucleophilic centers in the porous carbon was 

established using spectroscopic and heat of sorption data. Raman spectroscopy supports 

the assertion that the nucleophilic centers react with the CO2 to produce carbonate anions 

that further cause polymerization in the porous carbon channels to form poly(CO2) under 

much lower pressure than previously reported for such polymer formation. Once returned 

to ambient conditions, the poly(CO2) depolymerizes during the pressure swing, leading to 

a sorbent that can be easily regenerated without the thermal energy input that is required 

for traditional liquid phase sorbents. The synergy between the nucleophilic centers and 

the high surface area porous carbon produces a sorbent with high CO2 capacity, 

selectivity, and volumetric efficiency, so that the materials have potential to be used for 

CO2 removal from natural gas streams. 

As energy demand continues to increase, it is desirable to produce as much oil as 

possible from existing oil wells.  Tracers have long been used to map entry/exit well 

correlations in the oil-field, but they do not provide any information about the 

environment between the entry and exit locations.  Hence, the third part of this thesis will 

show that nanoparticles possessing functionalized carbon black (fCB) cores and sulfated 

polyvinyl alcohol (sPVA) addends can be designed to transport hydrocarbon detection 

molecules through subsurface rock formations. The sPVA-fCBs are stable under high-

temperature and salinity conditions and are transported through a variety of oilfield rock 
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types. A non-radioactive probe molecule that is easily detectable by mass spectrometry, 

triheptylamine (THA), was adsorbed onto the sPVA-fCBs. The THA was selectively 

released when the nanoparticles were passed through a column of isooctane-containing 

crushed rock, providing a path to both entry and exit correlations and a measure of oil 

content. This study simulates detection and quantitative analysis of the hydrocarbon 

content in downhole rock formations, which is a critically needed assessment in older 

oilfields. 

Crude oil is classified as “sour” when it contains a total sulfur content greater than 

0.5%. Among these sulfur species, H2S is the one of main impurities in sour crude. The 

sour crude is toxic and corrosive to the materials of construction in pipelines and other 

holding and transportation vessels. Since the sulfur amount in a sample of crude depends 

on where it was found, if the concentration of the sulfur species in the subsurface could 

be accurately monitored, then geologists might be able to evaluate the quality of the 

crude before large scale extraction ensues. The last part of the thesis covers polyvinyl 

alcohol functionalized carbon black (PVA-CB). The particles have high stability under 

high temperature and salinity conditions, and they acts as a carrier to transport molecular 

cargo efficiently through simulated oilfield formations. After being functionalized with 

H2S-sensitive moieties, the functionalized PVA-CB can be pumped through H2S-

containing oil and water in porous rock and the H2S content can be determined based on 

the fluorescent enhancement of the H2S-sensitive addends. 
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Chapter 1 

             In situ Synthesis of Polymer-Modified
                             Mesoporous Carbon CMK-3

                Composites for CO2 Sequestration 

This chapter was copied from reference 1. 

1.1. Introduction 

Since the industrial revolution, CO2 emissions from fuel combustion have been 

growing rapidly. The increased CO2 concentration in the atmosphere might contribute to 

apparent global warming and serious climate change. Reducing CO2 emissions from 

industrial and natural gas streams therefore becomes an important issue. Furthermore, 

sequestration of CO2 from atmospheric pressure environments is important in life-support 

systems in space and under water where compression is discouraged due to the energy 

penalty.2 Recently, CO2 capture and sequestration have being receiving significant 

attention. Several chemical and physical methods were developed for CO2 separation at 

near atmospheric pressure. For instance, liquid sorbents made by aqueous amine species 

have been developed for commercial CO2 separation.3-4 Even though aqueous amines 

have low cost and high efficacy, their regeneration requires high energy input.  In 
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keeping with the worldwide trend toward safer and cleaner processes, more environment-

friendly and less energy intensive solid sorbents are being developed to replace the 

conventional liquid sorbents. Activated carbon, one of the most common solid sorbents, 

is an extremely porous material that has been widely used as an industrial sorbent 

because of its high surface area and relatively high CO2 capacity.4-5 Unfortunately, 

activated carbon has poorly controlled pore size distribution as well as a small pore 

volume, limiting its usefulness in CO2 sorption. The grafting of amine functionalities 

onto a well-ordered solid support with a high surface area would combine the attractive 

features of the liquid sorbents with those of the solid sorbents. Accordingly, many types 

of amine-functionalized porous materials, such as M41S mesoporous silicas,6-8 have been 

used for CO2 sequestration due to their high surface area and tunable pore sizes. Scaroni 

et al. invented “molecular basket” CO2 adsorbents based on the solid sorbent MCM-41 

modified with polyethylenimine; this material had a ~11.7 wt% CO2 capacity at 75 °C.8 

Because the amine species were physisorbed on the support through impregnation rather 

than covalent modification, there is concern regarding the materials’ long-term stability 

over many reuse cycles since desorption of the amine functionalization might occur. 

Metal organic frameworks (MOFs) are a class of sequestration materials that can reach 

26% CO2 uptake by weight at 25 °C and 1 atm,9-12 but their ability to sequester CO2 in 

the presence of small hydrocarbons might be limited because of their poorer selectivity. 

     Over the last few decades, there have been significant advances in the 

synthesis of mesoporous carbon materials, such as CMK-3 and CMK-5.13-15 Ryoo et al. 

proposed a practical method through in situ polymerization to synthesize polymer-CMK-

3 composites.16 The mesocarbon CMK-3 is different from conventional carbon materials 
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such as activated carbon due to its highly ordered meso-structure and high surface area.  

This allowed for the chemical properties of these composites to be maintained while 

greatly enhancing their thermal stability. Inspired by their work, we developed a route to 

synthesize polymer-mesocarbon composites that would lead to higher degrees of CO2 

sorption by the in situ polymerization of amine species to produce polyethylenimine (PEI) 

and polyvinylamine (PVA) inside the mesocarbon CMK-3. In addition to a high 

efficiency for CO2 capture, they should also exhibit high stability due to the formation of 

interpenetrating composite frameworks between the entrapped polymers and mesocarbon 

CMK-3. Moreover, their uptake of small hydrocarbons should be minimal, making them 

suitable for use in CO2 sequestration from natural gas streams.  

 

1.2. Experimental Section 

1.2.1. Preparation of Polymer-modified Mesoporous Carbon CMK-3.  

Mesoporous silica SBA-15 was used as a hard template to prepare mesocarbon 

CMK-3 as in the previous report.17 In a typical preparation of SBA-15, EO20PO70EO20 

(Pluronic P123, 4.0 g) was dissolved in a solution of water (30 mL) and 2 M HCl (100 

mL) with stirring at 35 °C. Tetraethylorthosilicate (TEOS, 8.50 g) was added into that 

solution with stirring at 35 °C for 20 h. The mixture was heated at 100 °C overnight 

without stirring. The solid product was recovered, washed, and vacuum dried at 100 °C. 

Calcination was carried out by slowly heating from room temperature in air to 500 °C 

over 8 h and then heating at 500 °C for 6 h. 
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The resulting mesoporous silica SBA-15 (0.50 g) was added to a solution of 

sucrose (0.625 g, 1.8 mmol, EMD Chemicals), H2SO4 (18 M, 0.04 mL, Fisher Scientific) 

and H2O (5 mL, 277.8 mmol) in a 20 mL sample vial. After stirring 2 h at room 

temperature, the white slurry was dried in the vial at 100 °C for 6 h and then at 160 °C for 

another 6 h under air. The product was light brown, and was removed from the vial, 

ground with a mortar and pestle, then placed back in the vial.  Second portions of sucrose 

(0.40 g, 1.2 mmol), water (5 mL, 277.8 mmol) and conc. H2SO4 (18 M, 0.03 mL) were 

added into the dried mixture, and the resulting dark brown slurry was stirred for 2 h at 

room temperature.  The mixture was heated again in the same vial in an oven at 100 °C 

for 6 h and then 160 °C under air. The black product was removed from the vial and 

powdered using a mortar and pestle, then the powder was placed in a ceramic boat in a 

furnace and carbonized at 900 °C for 6 h under Ar. After cooling, the carbonized black 

powder was poured into a polypropylene bottle with 10% aqueous HF (400 mL) and the 

slurry was stirred for 6 h to remove the SiO2. The slurry was filtered and the filter cake 

was washed with water until the filtrate was neutral by litmus paper.  The filter cake was 

dried at 100 °C in a vacuum oven overnight to yield mesocarbon CMK-3 (0.50 g). 

 

1.2.2. Syntheses of PEI-CMK-3 and PVA-CMK-3 Composites.  

For the synthesis of the PEI-CMK-3 composite, CMK-3 (0.50 g) was suspended 

in a solution containing 2-methyl-2-oxazoline (1.5 g, 18 mmol) and acetonitrile (1.85 g, 

45.1 mmol) in a 20 mL sample vial and the black slurry was stirred for 6 h at room 

temperature. Then the acetonitrile was evaporated in a vacuum oven overnight at 80 °C, 
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followed by adding a catalytic amount of BF3⋅Et2O (0.007 g, 0.05 mmol) to the product. 

The sealed vial was subsequently heated in an oven for 12 h at 90 °C for the 

polymerization step. The powder was transferred to a 250 mL round-bottom flask that 

contained 2 M aqueous NaOH (100 mL).  The mixture was stirred and heated at 90 °C 

for 12 h.  After cooling, the powder was recovered by filtration and the filter cake was 

washed with water until the filtrate was neutral to litmus paper. The product was dried in 

an oven at 100 °C overnight to yield ~0.70 g of PEI-CMK-3 composite. The PVA-CMK-

3 composite was synthesized in a similar fashion: CMK-3 (0.50 g), N-vinylformamide 

(0.30 g, 4.3 mmol) and 2,2′-azobis(2-methylpropionitrile) (AIBN, 0.03 g, 0.02 mmol) 

were mixed in THF (1.76 mL, 1.56 g, 21.7 mmol) and the mixture was stirred in a 20 mL 

sample vial for 6 h at room temperature. The vial was then heated in a 55 °C vacuum 

oven overnight.  Additional portions of N-vinylformamide (0.30 g, 4.3 mmol) and 2,2′-

azobis(2-methylpropionitrile) (AIBN, 0.03 g, 0.02 mmol) were added and the sealed vial 

was heated in a 90 °C oven for 12 h to produce a dark grey solid. The powder was 

transferred to a 250 mL round-bottom flask that contained 2 M aqueous NaOH (100 mL).  

The mixture was stirred and heated at 90 °C for 12 h.  After cooling, the powder was 

recovered by filtration and the filter cake was washed with water until the filtrate was 

neutral to litmus paper. The product was dried in a vacuum oven at 80 °C overnight to 

yield 0.70 g of PVA-CMK-3. 
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1.3. Results and Discussion 

Here, mesoporous silica SBA-15 synthesized by the surfactant-assisted method17 

was used as a hard template to prepare mesoporous carbon CMK-3 as in the previous 

report.18
 Figure 1.1 demonstrates the synthesis route to the desired polymer-mesocarbon 

composites PEI-CMK-3 and PVA-CMK-3. For the synthesis of the PEI-CMK-3 

composite, the as-synthesized CMK-3 was suspended in a solution containing 2-methyl-

2-oxazoline monomers and acetonitrile. The monomers started filling the mesopores by 

capillary condensation, and the wall surface of the CMK-3 was coated with a thin film of 

monomers after evaporation of the acetonitrile at 80 °C. BF3·Et2O as a catalyst was 

subsequently added for the polymerization step. A similar methodology was carried out 

for the PVA-CMK-3 synthesis except N-vinylformamide and 2,2′-azobis(2-

methylpropionitrile) (AIBN) were used as the monomer and catalyst, respectively. The 

polymer-CMK-3 composites needed to be further hydrolyzed, thus becoming the PEI-

CMK-3 and PVA-CMK-3 composites.  

 

Figure 1.1. Synthesis process to produce mesoporous polymer-carbon composites 

PEI-CMK-3 and PVA-CMK-3. 

Mesocarbon (CMK-3) CMK-3 containing monomers
(Monomers represented in yellow)

In situ polymerization 

and hydrolysis

Impregnated with 

monomers
PEI-CMK-3 and             
PVA-CMK-3 composites           

(Polymers represented as yellow lines)

O

11
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Figure 1.2. ATR-IR and solid-state 1H-13C CPMAS NMR spectra for PEI-CMK-3 

composite (a-c and g) and PVA-CMK-3 (d-f and h) during the synthetic processes. 

 

Attenuated total reflectance infrared (ATR-IR) analysis and 13C NMR analysis 

were chosen to monitor the resultant composites during the synthetic processes. Figure 

1.2a is the IR spectrum from CMK-3 impregnated with 2-methyl-2-oxazoline. The 

spectrum has a characteristic absorption band at 1673 cm-1 that can be assigned to a 

symmetric stretching mode of C=N from the 2-methyl-2-oxazoline. The presence of the 

N-substituted polyaziridine, generated from the ring-opening of 2-methyl-2-oxazoline, 

can be evidenced by a development of the characteristic C=O stretching at 1632 cm-1 as 

well as a disappearance of the original C=N vibration (Figure 1.2b). Figure 1.2c is a 

spectrum of the composite after hydrolysis with aqueous NaOH for 12 h; the 
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characteristic peaks of the N-substituted polyaziridine from Figure 1.2b are replaced by 

peaks at 3260 and 1605 cm-1 that are assigned to N-H stretching and bending, 

respectively, from the secondary amine. In Figure 1.2d, a sharp peak together with a 

shoulder appear at 1636 and 1670 cm-1, corresponding to the C=C and C=O symmetric 

stretching from the N-vinylformamide monomers in CMK-3. Figure 1.2e shows a strong 

peak centered at 1656 cm-1 that is due to C=O stretching from the poly(N-

vinylformamide) in the CMK-3 composite after the in situ polymerization. The structure 

of the PVA-CMK-3 composite was confirmed by the peaks around 3400 and 1605 cm-1 

in Figure 1.2f because of the N-H stretching and NH2 scissoring on the primary amine, 

respectively. 

The molecular structures of PEI-CMK-3 and PVA-CMK-3 composites were 

further investigated by solid-state NMR analysis. 13C MAS NMR spectra were acquired 

using 1H-13C cross polarization (CPMAS) with contact time of 1 ms. Figure 1.2g shows 

that the PEI-CMK-3 composite has two main signals observed at δ ~ 126 ppm and δ ~ 45 

ppm corresponding to sp2-carbons from CMK-3 itself and to the –CH2 – units of linear 

PEI, respectively. A minor shoulder around 165 ppm assigned to the carbamate16 is 

assumed through the composite reaction with CO2 from the atmosphere during its storage. 

For the PVA-CMK-3 composite, the three carbon atom resonance peaks shown in Figure 

1.2h were assigned as follows: a sp2-carbon peak (δ ~ 130 ppm) from CMK-3 itself, a 

strong (δ ~ 46 ppm) and a medium resonance (δ ~ 38 ppm) attributed to the methine- and 

methylene moieties of the PVA main chain. 

Transmission electron microscopy (TEM) and scanning electron microscopy 

(SEM) analyses were conducted to determine the morphologies and microstructures of  
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Figure 1.3. (a) TEM and (b) SEM images taken from the 39% PEI-CMK-3. The 

crystalline structure for the PEI-CMK-3 was observed by powder XRD (inset of a). 

(c) SEM image of the 37% PVA-CMK-3 composite. The scale bars for a-c are 50 nm, 

20 µm and 20 µm, respectively. 

!

the synthesized polymer-CMK-3 composites. A TEM image of the 39% PEI-

CMK-3 parallel to the pore direction is shown in the Figure 1.3a. The small angle X-ray 

diffraction pattern (inset) clearly reveals the presence of hexagonally ordered porous 

structures for the produced polymer-CMK-3 composites. These ordered porous structures 

remain even after polymerization and hydrolysis. Images b and c in Figures 1.3 are SEM 

images taken of PEI-CMK-3 and PVA-CMK-3, respectively. Little bulk aggregation of 

polymer was observed on the outer surface, which means that the polymerization of PEI 

and PVA is primarily confined within the pores of the CMK-3. The resultant polymers 

form interpenetrating and inseparable composite frameworks with CMK-3, in good 

agreement with the high stability results obtained from the CO2 sorption cycle study.    

 

 

a b c
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The porous nature of the polymer-CMK-3 composites was further characterized 

by nitrogen adsorption isotherms, which allow calculation of specific surface area, pore 

volume and pore size distribution (see Table 1.1). Pure CMK-3 has a high surface area of 

1350 m2/g with its pore volume of 1.40 cm3/g and pore diameter of 3.9 nm. The actual 

loading of each polymer in the CMK-3 was determined by thermogravimetric analysis 

(TGA). The PEI-CMK-3 and PVA-CMK-3 behave similarly as their loadings were 

increased up to ~40 wt%. As the polymer loading of CMK-3 increased, the more meso- 

and microchannels were occupied, leading to a corresponding decrease in the surface area 

and pore volume. As the polymer loading increased to over 50%, less than 1/10 original 

surface area and pore volume remained, causing mesopore blockage. 
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Table 1.1. Physical properties of selected polymer sorbents and corresponding CO2 

capacity 

Sorbents 

Surface 

area 

(m2/g) 

Pore 

volume 

(cm3/g) 

Pore 

size 

(nm) 

CO2 

capacity 

(mmol/g) 

CO2 

capacity 

(wt%) 

CMK-3 1352 1.40 3.9 1.55 6.4 

17% PEI-CMK-3 1248 1.26 3.4 2.00 8.1 

28% PEI-CMK-3 950 0.66 3.2 2.36 9.4 

39% PEI-CMK-3 774 0.49 2.9 3.13 12.1 

52% PEI-CMK-3 134 0.19 0.5 0.49 2.1 

21% PVA-CMK-3 1106 1.25 3.4 2.60 10.3 

30% PVA-CMK-3 868 0.61 3.1 3.49 13.3 

37% PVA-CMK-3 711 0.46 2.9 3.52 13.4 

54% PVA-CMK-3 112 0.20 0.3 0.54 2.3 

40% PEI-CMK-3 
(impregnated) 315 0.27 0.6 1.95 7.9 

40% PVA-CMK-3 
(impregnated) 237 0.22 0.6 1.48 6.1 
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In addition to the monomer-infused composites, we also tried direct polymer 

impregnation to yield PEI-CMK-3 (impregnated) and PVA-CMK-3 (impregnated). These 

latter polymer-impregnated composites had lower surface areas and pore volumes than 

those made by the original in situ polymerization (Table 1.1), hence channel blockage 

results from this approach. 

Thermogravimetric analysis (TGA) was applied to evaluate the potential sorption 

of CO2 for the PEI-CMK-3 and PVA-CMK-3 composites. All of samples were pretreated 

at 100 °C under argon to remove moisture and other adsorbates. Once the chamber was 

cooled and temperature equilibrium (30 °C) was achieved, the gas flow in the TGA 

instrument was switched to CO2 so as to pass through the sorbents. The CO2 capacities of 

the sorbents with various amine species and loadings were measured at 30 °C and 1 atm 

and the results are summarized in Table 1.1. A capacity of 6.4 wt% (1.55 mmol/g) was 

obtained after feeding CO2 to the pure CMK-3 over 30 min. In the case of PEI-CMK-3 

composites, the sorption quickly reached a plateau with CO2 uptake capacities between 

8.1 and 12.1 wt% (2.00 ~ 3.13 mmol/g) as the PEI loading of the CMK-3 increased from 

17 to 39 wt%. The capacities of the PVA-CMK-3 sorbents were improved from 10.3 to 

13.4 wt% (2.60 ~ 3.52 mmol/g) with respect to similar PEI loadings. The ability of the 

PEI- and PVA-CMK-3 sorbents to capture CO2 could be related to the number of amine 

groups for reaction. In addition, the CO2 capacities for the PEI-CMK-3 (impregnated) 

and PVA-CMK-3 (impregnated) were almost 2-fold less than that of PEI-CMK-3 and 

PVA-CMK-3 sorbents made through the in situ polymerization method. The decreases in 

their CO2 capacities were likely due to plugging of the pores by polymer chains. Since 

mesoporous carbon CMK-3 itself is hydrophobic in its framework, polymers with highly 
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hydrophilic nature might not be easily infiltrated to the mesoporous channels of CMK-3, 

resulting in polymer agglomeration outside the CMK-3. Higher loadings of polymers 

(such as 52% PEI-CMK-3 and 54% PVA-CMK-3) were also likely blocking the 

mesoporous channels causing CO2 diffusional limitations. These results are summarized 

in Table 1.1. 

In addition to the high CO2 capture efficiency, long-term stability and low-cost 

regeneration are also important concerns for any CO2 sequestration system. In our case, 

as CO2 was introduced into the sorbents, each CO2 uptake cycle is a two-stage process, 

with the mass increasing significantly in the first stage in less than 5 min, followed by a 

second much slower sorption process until a stable maximum was reached (Figure 1.4). 

This two-stage sorption kinetics had been observed in other amine-impregnated 

sorbents.20-22 Note that the capacity of the 37% PVA-CMK-3 is higher than 13 wt% (3.5 

mmol/g) within the first CO2 exposure stage. The amine-based polymers are known to 

react with CO2 to produce carbamates through the formation of zwitterionic intermediates. 

The rapid sequestration process is desirable for shortening the CO2 sorption time. To 

check the stability of the composite sorbents, after the first sorption cycle, the cycling 

was repeated by heating the PEI-CMK-3 and PVA-CMK-3 composites to 75 °C under 

argon gas for regeneration, followed by cooling to room temperature for another CO2 

capture. The 75 °C regeneration temperature is lower than that needed for silica-based 

amine sorbents, which is typically higher than 100 °C. 

 



!

! 14!

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Sorption cycles of CO2 studied by TGA at 30 °C on the 37% PVA-CMK-

3 sorbent. The composite was first pretreated at 100 °C under argon to remove 

moisture and residual CO2 followed by dosing with a 100% CO2 gas stream (30 °C, 

1 atm) for 30 min. After the first sorption cycle, the cycling was repeated by heating 

the adsorbent to 75 °C under argon for regeneration. The CO2 uptake capacity was 

calculated based on the difference between the weight before and after CO2 uptake 

using the raw data without further normalization.  
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It has been known that the CO2 sorption by “molecular baskets” is very sensitive 

to temperature.8 The 37% PVA-CMK-3 sorbent was exposed to pure CO2 at a 

temperature range from 30 to 75 °C. Clearly, as the temperature was increased, the 

composite reached a new sorption equilibrium. A plot of equilibrium CO2 sorption versus 

temperature is given in Figure 1.5. Furthermore, higher humidity improved the CO2 

capacity for amine-containing sorbents.23 Therefore we compared the CO2 uptake 

efficiency for the PVA-CMK-3 sorbent under dry and moist conditions at 30 °C (Figure 

1.6). Dry CO2 was fed to the sorbent with first and then CO2 was desorbed at 75 °C. After 

the weight of the composite was back to the original weight fraction at 30 °C, the CO2 

was bubbled through a water container before being fed into the TGA chamber for 

sorbent uptake at 30 °C.  No enhancement of CO2 uptake was observed. 

In addition to the 100% CO2 flow, we used a 10% CO2 in alkane gas (composed 

of 85% CH4, 3% C2H6 and 2% C3H8) in order to mimic a natural gas field. The result still 

showed ~12 wt% (3.1 mmol/g) maximum CO2 uptake capacity for PEI-CMK-3 and ~13 

wt% (3.5 mmol/g) for PVA-CMK-3 (Figures 1.7a and b). When CH4 was used as the 

pure gas feed, only 1.5 wt% CH4 capacity was observed (Figure 1.7c). Hence, there is 

selectivity between CO2 and CH4 gas.  
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Figure 1.5. TGA plot for 37% PVA-CMK-3 sorbent heated to 100 °C under argon, 

followed by exposure to pure CO2 at a range of temperatures between 30 and 75 °C, 

showing the decrease in CO2 sorption with increase in temperature. 
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Figure 1.6. CO2 uptake test over 37% PVA-CMK-3 sorbent under dry condition (I), 

and in the presence of moisture (II) at 30 °C.    
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!!

Figure 1.7. CO2 uptake tests on (a) PEI-CMK-3 and (b) PVA-CMK-3 composites. 

The first uptake used pure CO2, followed by the second uptake using 10% CO2 flow 

(the balance was 85% CH4, 3% C2H5 and 2% C3H8). (c) Pure methane adsorbed on 

the PVA-CMK-3 composite.     
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1.4. Conclusion 

In conclusion, we have synthesized new and efficient CO2 adsorbents based on 

amine-modified mesocarbon CMK-3 composites through in situ polymerization. The 

synthesis process results in the entrapped polymers interpenetrating the composite 

frameworks of the mesocarbon CMK-3. A CO2 sorption capacity of 13.4 wt% (3.52 

mmol/g) was obtained, which is more than twice that of the pure CMK-3. The sorbents 

are readily and fully regenerated at a relatively low temperature, they exhibit stability 

over repetitive sorption-desorption cycles, and there is CO2 selectivity over alkane gases. 
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Chapter 2 

!!Capturing Carbon Dioxide as a Polymer 
from Natural Gas 

This chapter was copied from an unsubmitted manuscript. 

2.1. Introduction 

An automobile operating on natural gas produces 30% lower CO2 emissions than 

when operating on gasoline,1 underscoring the potential of natural gas-powered 

automobiles for the reduction of greenhouse gases. At the same time, natural gas wells 

have typical CO2 concentrations of 10 to 20% by mole, and that can rise to as high as 

70% in some locations. The CO2 is generally vented into the atmosphere at natural gas 

collection stations, significantly offsetting the environmental advantages of using natural 

gas as a fuel. Typically, aqueous amine scrubbers are used to remove CO2 from natural 

gas, but aqueous amines are corrosive, and the CO2-containing liquid requires heating to 

125 to 140 °C to liberate the CO2 from the amine carbonate. This heating demands a high 

energy input and the scrubbers are not easily amenable to offshore use.2-3 The use of 

shape-selective materials in the trapping of gases, as in metal oxide frameworks (MOFs), 

is less suitable for CO2 separation from methane (the major constituent of natural gas) 

due to the comparable molecular sizes between methane and CO2. Even though MOFs 

generally have good thermal stability, they suffer a fundamental drawback due to their 
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poor hydrolytic stability, resulting in rapid framework decomposition when exposed to 

small amounts of water, and they have low densities, leading to low volumetric 

efficiencies.4 Importantly, MOFs are generally far too expensive to justify use in CO2 

capture.5 

We have developed new materials whereby CO2 can be separated from natural 

gas using simple and inexpensive carbon-sulfur or carbon-nitrogen solid sorbents, and 

0.82 g CO2 per g of support (82 wt %) can be captured.  A new mechanism is described 

wherein CO2 is polymerized in the channels of the support, as initiated by the sulfur or 

nitrogen atoms that are part of the carbon framework. There is no temperature swing 

needed. The process uses the inherent natural gas-well pressure as a driving force during 

the polymerization. By lowering the pressure back to ambient conditions after CO2 

uptake, the poly(CO2) is then depolymerized where it can be off-loaded, or pumped back 

downhole into the structures that had held it for geological timeframes. 

 

2.2. Experimental section  

2.2.1. Synthesis of S-containing Porous Carbon (SPC) 

   Poly[(2-hydroxymethyl)thiophene] (PTh) (Sigma-Aldrich) was prepared using 

FeCl3. In a typical synthesis, 2-thiophenemethanol (1.5 g, 13.1 mmol) in CH3CN (10 mL) 

was slowly added under vigorous stirring to a slurry of FeCl3 (14.5 g, 89.4 mmol) in 

CH3CN (50 mL). The mixture was stirred at room temperature for 24 h. The polymer 
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(PTh) was separated by filtration over a sintered glass funnel, washed with distilled water 

(~1 L) and then with acetone (~200 mL).  The polymer was dried at 100 °C for 12 h to 

afford (1.21 g, 96% yield) of the desired compound.  

   The PTh was activated by grinding PTh (500 mg) with KOH (1 g, 17.8 mmol) 

with a mortar and pestle and then heated under Ar at 600 °C in a tube furnace for 1 h.  

The Ar flow rate was 500 sccm. After cooling, the activated sample was thoroughly 

washed 3× with 1.2 M HCl (1 L) and then with distilled water until the filtrate was pH 7. 

The SPC sample was dried in an oven at 100 °C to afford 240 mg of the black solid SPC. 

The BET surface area and pore volume were 2497 m2/g and 1.57 cm3/g, respectively.   

 

2.2.2. Synthesis of N-containing Porous Carbon (NPC) 

   Commercial polyacrylonitrile (PAN, 500 mg, average Mw 150,000, Sigma-

Aldrich) powder and KOH (1500 mg, 26.8 mmol) were ground to a homogeneous 

mixture in a mortar. The mixture was subsequently carbonized by heating to 600 °C 

under Ar (500 sccm) in a tube furnace for 1 h. The carbonized material was washed 3× 

with 1.2 M HCl (1 L) and then with distilled water until the filtrate was pH 7. Finally, the 

carbon sample was dried in an oven at 100 °C to afford 340 mg of the solid black NPC. 

To produce R-NPC, the activated material (270 mg) was further reduced by 10% H2 

(H2:Ar = 50:450 sccm) at 600 °C for 1 h to provide 255 mg of the final material. The 

BET surface area and pore volume were 1449 m2/g and 1.43 cm3/g, respectively. 
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2.3. Results and Discussion 

 

Figure 2.1. The synthetic scheme and micrographic images. (a) Synthesis of SPC or 

NPC by treating poly[(2-hydroxymethyl)thiophene] or poly(acrylonitrile) with KOH, 

followed by pyrolysis at 600 °C. The NPC is further reduced using 10% H2 at 600 °C 

to form R-NPC. The synthetic details are described in supplemental information. (b) 

SEM image of NPC. Scale bar = 100 µm. (c) SEM image of SPC. Scale bar is 500 nm. 

(d) TEM image of the SPC. Scale bar is 25 nm.  

 

Recently, much attention has been focused on developing N, B, and S 

heteroatom-doped carbon frameworks; the presence of the heteroatom can tremendously 

alter the physical and electrochemical properties of the resulting porous carbon 

materials.6-7 Accordingly, we chose a straightforward method to synthesize S- or N-

b c d
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doped porous carbons (SPC and NPC, respectively) by treating poly[(2-

hydroxymethyl)thiophene] or poly(acrylonitrile) with an activating agent, KOH, followed 

by pyrolysis at 600 °C (Figure 2.1a). The resulting products were solid porous carbon 

materials with homogeneously distributed sulfur or nitrogen atoms incorporated into the 

carbon framework. They exhibited pores and channel structures as well as high surface 

areas of 2497 and 1486 m2 g-1 (BET) for the SPC and the NPC, respectively. The 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

images are shown in Figures 2.1b-d. X-ray photoelectronic spectroscopy (XPS) analysis 

indicates 13.3 atomic% of S in the SPC precursor and 22.4 atomic% of N in the NPC 

precursor, while the resulting SPC and NPC then had 8.1 atomic% of S content and 6.2 

atomic% of N content, respectively. The S2p XPS peak from the SPC corresponded to 

thiophenic sulfur atoms incorporated into porous carbon framework.6 The N1s peak of the 

NPC could be attributed to pyridinic nitrogen and pyrrolic nitrogen atoms since the NPC 

was derived from the carbonization of poly(acrylonitrile), a process that is well-studied in 

making carbon fiber (Figure 2.2).8  

 

Within fossil fuels, natural gas is considered a clean fuel. However, the crude 

natural gas from the underground reservoir is not free of impurities. Although the natural 

gas is primarily composed of methane, ethane and propane, it also contains He, N2, H2S 

and CO2. The concentration of these gases varies widely depending upon geographical 

location. Of all the impurities, CO2 is, by far, the most abundant. Well-head pressures are 

often 200 to 300 bar, hence we will use those inherent pressures to our advantage in 

removing the CO2 from the hydrocarbon fuel. 
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Figure 2.2. The S2p and N1s XPS peaks taken from the SPC and NPC. The S2p core 

splits into two main peaks 163.7 (2p3/2) and 164.8 eV (2p1/2), which corresponds to 

thiophenic sulfur atoms incorporated into the porous carbon framework via the 

formation of C-S-C bond. The N1s reflects two different chemical environments: 

pyridinic nitrogen (N-6) and pyrrolic nitrogen (N-5) atoms. 

!

Volumetric analysis is a technique that is used for gas sorption measurements 

under high pressure. The change in gas pressure in a known confined volume that 

contains an adsorbent is determined.9-11 In the case of higher pressure CO2 sorption, 

although the CO2 has no liquid state at ambient conditions, it can easily liquefy when the 

system pressure is higher, which could cause a serious analytical error during the 

volumetric measurement. Lab-to-lab variability can be severe with CO2 uptake 
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determinations, especially due to line liquification at higher pressures. Hence, to reduce 

lab-to-lab error, analyses of the same samples using different volumetric analysis 

instruments were performed at Rice University and at the National Institute of Standards 

and Technology (NIST) to assure that the CO2 uptake results were consistent. Since there 

are presently no accepted standards for CO2 uptake measurements, we sought extreme 

verification. Hence volumetric measurements were complemented with gravimetric 

uptake determinations. 
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Figure 2.3. CO2 uptake measurements. (a) Volumetric and gravimetric uptake of 

CO2 on SPC at different temperatures and pressures. Those designated with (*) 

were done volumetrically at Rice University. Those designated with (#) were 

performed volumetrically at NIST. Those designated (+) were measured 

gravimetrically at NIST. (b-d) Three consecutive CO2 sorption-desorption cycles on 

the SPC over a pressure range from 0 to 30 bar at 30 °C. All solid spots indicate 

CO2 sorption, while the empty ones designate the desorption process. (e-f) 

Volumetric SPC CO2 sorption isotherms at 23 °C and 50 °C. The uptake 

experiments were carried out under two pressure ranges including (e) lower surface 

coverage (≤ 1 bar) and (f) higher surface coverage (≤ 30 bar).   

 

Figure 2.3 shows the pressure-dependent CO2 uptake for the SPC adsorbent at 

different temperatures. The uptake efficiency was observed to be directly proportional to 

the system pressure. In addition, as the temperature was increased, the SPC reached a 
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new adsorption equilibrium. A maximum CO2 uptake capacity of 18.6 mmol CO2 g-1 of 

adsorbent (82 wt%) was observed for SPC at 22 °C and 30 bar at Rice University (Figure 

2.3a). The uptake data from NIST demonstrated nearly the same results under similar 

conditions; the difference in the higher pressure range could be attributed to a small 

difference in temperature. At 50 °C, the maximum adsorption capacity reached 12.7 

mmol g-1 (56 wt%) and 11.9 mmol g-1 (52 wt%) measured by the volumetric and the 

gravimetric analyses at 30 bar, respectively. The gravimetric measurement could be 

subject to error due to the need to make an accurate buoyancy correction, especially at 

higher pressure.12 The sorption results measured either by the volumetric or by the 

gravimetric analysis were comparable, as were those measurements on the two 

volumetric instruments. We chose 30 bar as the upper pressure limit because a 300 bar 

well-head pressure at 10% CO2 concentration would have a CO2 partial pressure of 30 

bar. 

In addition, gravimetric analysis was used to monitor the cyclicality after CO2 

sorption. The CO2-filled SPC returned to its initial weight without the aid of any heat 

treatment when vented to atmospheric pressure. Figure 2.3b-d shows three consecutive 

CO2 sorption-desorption cycles on SPC over a pressure range from 0 to 30 bar, which 

indicates that the SPC could be regenerated using a pressure swing process while 

retaining its original CO2 sorption capability. Heat treatment is required with 

conventional CO2 sorbents, making them more energy demanding to remove the CO2 gas.  

The heat of adsorption is a key thermodynamic parameter used as an indication of 

the strength of the interaction between the sorbate and the sorbent. It also determines the 

extent of sorbent temperature change during the sorption and desorption processes, which 
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is important for the design of gas separation equipment used in the thermal and pressure 

swing processes.13 To calculate the heat of CO2 adsorption (QCO2), CO2 adsorption 

isotherms measured at two different temperatures, 23 °C and 50 °C (Figure 2.3e-f), were 

input into the Clausius-Clapeyron equation.14 At lower surface coverage (≤ 1 bar), which 

could be expected to be more indicative of the sorbate-sorbent interaction, the SPC 

exhibits a heat of CO2 sorption of 57.8 kJ mol-1, while the QCO2 values decrease with 

increasing surface coverage and they reach a value of ~20 kJ mol-1 at 30 bar. Likewise, 

the maximum QCO2 values for nucleophile-free porous materials, such as activated carbon, 

Zeolite 5A and zeolitic imidazolate framework (ZIF-8, a class of the MOFs) were 

measured to be 28.4, 31.2, 25.6 kJ mol-1, respectively, at low surface coverage. Based on 

this data, the SPC possesses the highest CO2 sorption enthalpy among competing 

sorbents, suggesting that a stronger sorbate-sorbent interaction exists between CO2 and 

the SPC.       

To better understand the adsorption mechanism during the CO2 uptake, a surface-

sensitive quantitative technique, attenuated total reflectance infrared spectroscopy (ATR-

IR), was used to characterize the properties of the sorbents before and after the CO2 

uptake. A sample vial with ~100 mg of the SPC was loaded into a 0.8 L stainless steel 

autoclave equipped with a pressure gauge and a valve. Before the autoclave was sealed, 

the chamber was flushed with CO2 (99.99%) to remove residual air, and the system was 

pressurized to 10 bar (pressure limitation). The adsorbent was therefore isobarrically 

exposed to CO2 in the closed system at room temperature. After 15 min, the system was 

vented to ambient pressure and the sorbent vial was immediately removed from the 

chamber for the ATR-IR and Raman analyses. Figure 2.4a-b show the ATR-IR spectra  
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Figure 2.4. Spectral changes during sorption and desorption. (a-b) ATR-IR and (c) 

Raman spectra for the SPC before and after CO2 sorption at 10 bar and room 

temperature. All analyses were taken at the elapsed time indicated on the graph 

after the SPC sorbent was returned to ambient pressure. A mechanism that 

illustrates the poly(CO2) formation in (d) SPC or (e) NPC in a higher pressure CO2 

environment. With the assistance of the nucleophile, such as S or N, the CO2 

polymerization reaction is initiated under relatively lower pressure, and then 

further stabilized by the van der Waals interactions in the pores.    
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before (black line) and after the SPC was exposed to CO2 for 15 min, followed by 

venting to ambient pressure at room temperature. The samples were removed from the 

chamber and aged at ambient conditions for the indicated times before the ATR-IR or 

Raman spectra were taken. The two regions that appeared in the ATR-IR spectra 

(outlined by the dashed-line boxes) after the CO2 adsorption were of interest. The first IR 

peak, located at 2345 cm-1, was assigned to the anti-symmetric CO2 stretch, confirming 

that CO2 was physisorbed and evolving from the SPC adsorbent. The other IR band, 

centered at 1730 cm-1, was attributed to the C=O symmetric stretch from the captured 

CO2 molecules on the SPC. Interestingly, this carbonyl peak was only observed with the 

porous heteroatom-doped carbon, such as the SPC and NPC. Other porous adsorbents 

without nucleophilic species, such as ZIF-8 and activated carbon, only showed the 

physisorbed evolving CO2 peak (~2345 cm-1) (Figure 2.5 and 2.6). Once the CO2-filled 

SPC returned to ambient pressure, the IR peaks attenuated over time and disappeared 

after 20 min. Based on this data, the ATR-IR study confirmed the poly(CO2) formation. 

Raman spectroscopy was further used to probe individual chemical bond vibrations of the 

sorbent and the sorbate. As shown in Figure 2.4c, apart from the two peaks at 1590 and 

1350 cm-1 that are the known peaks of the graphite structure-derived G-band and defect-

derived D-band,15-16 the other notable peak at 798 cm-1 can be attributed to the symmetric 

stretch of the C-O-C bonds,17 which was not observed for the other nucleophile-free 

porous materials, suggesting that the poly(CO2) –(O-C(=O))n– moiety was formed. The 

nucleophiles within the channels of the SPC and NPC were in the initiation points for the 

CO2 polymerization.  
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Figure 2.5. (a) ATR-IR and (b) Raman spectra for the ZIF-8 before and after CO2 

adsorption at 10 bar. All spectra were recorded 3 and 20 min after the ZIF-8 

sorbent was back to ambient pressure at room temperature. 

  

  

 

 

 

 

Figure 2.6. (a) ATR-IR and (b) Raman spectra for the activated carbon before and 

after CO2 adsorption at 10 bar. Spectra were taken 3 min and 20 min after the 

activated carbon was back to ambient pressure at room temperature. 
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Compared to shape selective adsorbents (MOFs) and amine-based adsorbents, 

whose maximum capture efficiency is 0.5 mol CO2 per mol N (2 RNH2 + CO2 ! RNH3
+ 

-O2CNHR), the SPC and NPC demonstrate a unique mechanism during the CO2 uptake 

process in terms of their remarkably higher CO2 capacities vs. disproportionate S or N 

content in the porous carbon substrates (8.1 atomic% of S and 6.2 atomic% of N in the 

SPC and NPC, respectively). Here a possible mechanism is proposed to illustrate this 

CO2-fixation by polymerization phenomenon (Figure 2.4d-e). The high heat of CO2 

sorption produces the thermodynamically favorable sorption of CO2 on the SPC and NPC. 

The sorbed CO2 molecules are activated by nucleophiles, interacting with the next CO2 

molecule to form oligomers and then polymers. Each CO2 monomer was consequently 

linked via the C-O-C bond to form poly(CO2), as confirmed by the spectroscopic study 

(Figure 2.4c). Polymeric CO2 has been detected before, but only at extremely high 

pressure of ~15,000 bar.17 Surprisingly, when combining nucleophilic atoms such as 

sulfur or nitrogen, with pores and channel structures, the CO2 polymerization reaction is 

apparently facilitated at lower pressure, thereby increasing uptake since gaseous CO2 is 

converted to a fixed polymeric non-gaseous material. When the poly(CO2) returns to 

atmospheric pressure, it depolymerizes and then desorbs out of the sorbent during the 

pressure swing process, in spite of there being no thermal energy input.  

 

!

!

!
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Figure 2.7. Volumetric gas uptake data. (a) Volumetric CO2 uptake performance at 

30 °C of SPC, NPC, R-NPC and traditional adsorbents: activated carbon, ZIF-8, 

and zeolite 5A. Al foil was used as a reference to ensure no CO2 condensation was 

occurring in the system at this temperature and pressure. Volumetric CO2 and CH4 

uptake tests at 23 °C on (b) SPC, (c) activated carbon and (d) ZIF-8 sorbents.  

 

A series of porous materials with and without the nucleophilic heteroatoms were 

tested to compare their CO2 capture performance up to 30 bar at 30 °C (Figure 2.7a). The 

SPC had the highest CO2 capacity; the NPC, activated carbon, zeolite 5A and ZIF-8 had 

lower capacities. Although NPC had significantly lower CO2 capacity than SPC, its 

uptake performance could be improved by 21% after H2 reduction at 600 °C, producing 

reduced-NPC (R-NPC) (Figure 2.1a) with an uptake of 14.7 mmol g-1 (64.7 wt%). R-

NPC had a higher CO2 capacity than the SPC in the lower pressure region. This 

phenomenon could be explained due to the formation of secondary amine groups after the 
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H2 reduction. These reduced moieties stabilize polymeric CO2 better than the pyridine or 

pyrolic-like nitrogen atoms present in NPC,8 since NPC is derived from the thermal 

treatment of poly(acrylonitrile). Even though the surface area of R-NPC is only slightly 

greater than that of the activated carbon (1449 m2 g-1 vs. 1427 m2 g-1), the presence of the 

amine groups induces the formation of the poly(CO2) under pressure, remarkably 

promoting the CO2 adsorption efficiency of the R-NPC. The synergy between the 

nucleophile and the porous carbon substantially enhances the stability of the poly(CO2), 

thereby resulting in the CO2 polymerization taking place under relatively mild pressure. 

To evaluate performance for a CO2 capture agent in natural gas, not only the 

uptake capacity is important, but selectivity is essential. Purification of natural gas from 

wells relies upon a highly CO2-selective sorbent, especially in a CH4-rich environment. 

Thus, CH4 uptake experiments were carried out on three different types of porous 

materials, SPC, activated carbon and ZIF-8. Figure 2.7b-d compares CO2 and CH4 

sorption over a pressure range from 0 to 30 bar at 23 °C. In contrast to the CO2 sorption, 

the CH4 isotherms for these three adsorbents reached equilibrium while the system 

pressure was approaching 30 bar. The order of the CH4 uptake capacities was correlated 

to the surface area of the adsorbents. Comparing these sorbents, the observed molecular 

ratio of adsorbed CO2 to CH4 (nCO2 / nCH4) for the SPC (2.6) was greater than that for the 

activated carbon (1.5) and ZIF-8 (1.9). Here, the SPC exhibits not only high CO2 uptake 

performance but also better CO2 selectivity than the other two sorbents. In addition, the 

density of the SPC calculated using volumetric analysis is nearly 6-fold higher than the 

ZIF-8 (2.21 vs. 0.35 g cm-3) and 3-fold higher than the zeolite 5A (2.21 vs. 0.67 g cm-3). 

The high CO2 capacity and high density observed for SPC greatly increase the volume 
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efficiency, which would reduce the volume of the sorption material for a given CO2 

uptake production rate. 

In order to mimic a gas well environment and further characterize the SPC’s 

selectivity to CO2, a premixed gas (85 mol% CH4, 10 mol% CO2, 3 mol% C2H6 and 2 

mol% C3H8, Applied Gas Inc.) and a quadrupole mass spectrometer were adopted. The 

mass spectrometer was connected to the gas uptake system so that it could monitor the 

gas effluent from the SPC throughout the entire sorption-desorption experiment. Figure 

2.8 shows the mass spectrum recorded during the sorption process. The peaks at 15 and 

16 amu are corresponding to fragment ions from CH4, while the peaks at 28 and 44 amu 

are from CO2 in the premixed gas. Other minor peaks can be assigned to fragment ions 

from C2H6 and C3H8 that occupied the premixed gas in smaller amounts. Although the 

peak at 44 amu can also come from C3H8 fragment ions, the contribution is small and 

negligible because of the lower C3H8 concentration in the mixed gas and the 

fragmentation ratios in MS (C3H8: m/z = 29(100), 44 (30); CO2: 44 (100)). The observed 

intensity ratio of two peaks at 16 and 44 amu (I16 / I44 = 9.1) indicates the abundance of 

CH4 vs. CO2 during the adsorption and also reflects the relative amount of CH4 and CO2 

in the premixed gas (Figure 2.8a). Once the sorption reached equilibrium under 30 bar, 

the desorption process was subsequently taking place. Interestingly, the I16 / I44 ratio 

drastically reduced to ~0.7, suggesting that more CO2 desorbed from the SPC than CH4 

(Figure 2.8b). The SPC has been shown to have 2.6-fold higher CO2 binding energy than 

CH4 capacity at 30 bar when using pure CO2 and CH4 as feed gases (Figure 2.7b). If the 

partial pressure of CH4 vs. CO2 in the premixed gas is considered (PCH4 / PCO2 = 8.5), the 

amount of adsorbed CH4, theoretically, should be ~3.3-times more than that of the  
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Figure 2.8. MS data. (a) MS was taken while the system was being pressurized with 

a premixed gas of CO2 in natural gas during the uptake process. (b) MS was 

recorded while the premixed gas-filled SPC was desorbing from 30 bar.  

 

adsorbed CO2. Here, the SPC demonstrates much higher CO2 capacity than the expected 

value, since the polymerizing CO2 displaces sorbed CH4 from the channels. Hence, the 

SPC is highly CO2-selective even in the CH4-rich environment. 

 

2.4. Conclusion 

In conclusion, SPC and NPC can be made from inexpensive carbon-sulfur and 

carbon-nitrogen precursors. The materials have the potential to be used for purification of 

crude natural gas by removing the CO2. A new mechanism was observed for the 
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nucleophilic porous carbons that involves the formation of the poly(CO2) during the 

pressurized CO2 uptake process with the assistance of nucleophilic heteroatoms. The 

synergy between the nucleophile and the high surface area porous carbon support 

substantially enhances the stability of the poly(CO2), thereby inducing CO2 

polymerization at much lower pressure than formerly reported. Furthermore, the SPC, 

NPC and R-NPC adsorbents need little thermal energy input, as required for the 

traditional liquid phase absorbents, but they can be easily regenerated by lowering the 

pressure back to ambient conditions. Further use of the NPC and R-NPC for capture of 

H2S is being investigated. Through development of these enhanced stationary phase 

sorbents, capture and reinjection of CO2 at the natural gas sites could be realized, thereby 

leading to greatly reduced CO2 emissions from fossil fuel sources.       
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2.6. Experimental Contributions 

Chih-Chau Hwang designed and synthesized S-doped and N-doped porous carbon 

materials, performed gas uptake measurements and executed spectroscopic experiments. 

Josiah J. Tour conducted some of the CO2 uptake experiments. Carter Kittrell helped to 

perform to the uptake analyses at Rice University. Dr. Laura Espinal performed the 

volumetric and gravimetric uptake experiments at NIST.  
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Chapter 3 

 Highly Stable Carbon Nanoparticle Designed
 for Downhole Hydrocarbon Detection 

This chapter was copied from reference 1. 

3.1. Introduction 

Nanomaterials have a much larger surface area relative to traditional polymers 

presently used for the transport of hydrophobic cargo and are expected to have 

significantly different transport behavior in porous media as a result of their more rigid 

structures.1 The design of nanoparticles (NPs) with efficient terrestrial subsurface 

transport is an ongoing challenge. For example, water-dispersible aggregates of C60 

fullerenes can flow through sand samples and glass beads, but the breakthrough of the 

fullerenes is very low at early pore volumes and gradually increases over time.2-3 The use 

of a water-soluble fullerene derivative, as opposed to the water-dispersible aggregates, 

showed improved breakthrough for a column of glass beads.4 Single-walled carbon 

nanotubes (SWCNTs) can also be either wrapped by a surfactant or bound with humic 

acid, improving their mobility in porous media.5 Similar behavior has been observed for 

silica and iron, as functionalization of the particles with a hydrophilic polymer, either 

polyethylene glycol (PEG) or carboxymethyl cellulose, reduces their affinity for 

aggregation and improves their transport through porous media.6-9 
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Injection of NPs through downhole porous media represents an innovative 

approach for subsurface oil detection and enhanced oil recovery (EOR) due to their 

unique transport properties.10-11 We have evaluated several alternative carbon materials 

for use as the core of the NPs to deliver probe molecules to downhole rocks, including 

graphene oxide nanoribbons,12 graphene oxide flakes,13 carbon nanotubes and oxidized 

carbon black (OCB).14 The latter structure, OCB, is derived from the readily available 

and non-toxic carbon black, making it most attractive. Furthermore, the polyvinyl 

alcohol-modified OCB (PVA-OCB) NPs demonstrated the best breakthrough efficiency 

and stability in seawater. Unfortunately, they still suffered from thermal stability 

problems, such as being prone to agglomeration in seawater at higher temperatures (70 

°C), and they also demonstrated poor breakthrough efficiency in certain charged porous 

media such as dolomite and calcite rocks.14 Therefore, designing alternative NPs that can 

simultaneously endure high temperature and high salinity, and are capable of being 

transported through a variety of porous media, is an important goal. 

One possible method to enhance the thermal stability of the PVA-OCB NPs was 

to choose appropriately sized molecular weight PVA for functionalization, thereby 

keeping the PVA-OCB NPs stable at higher temperature. Since different rocks have 

different surface properties, the negatively charged OCB NPs demonstrated lower 

mobility in positively charged porous media such as dolomite or calcite rocks. Instead of 

OCB-containing NPs, our approach here to solve the mobility problem is to use a 

carboxyl group-functionalized carbon black (fCB) as the NP core. The fCB is less 

oxidized than the OCB core, resulting in a surface charge close to zero for fCB-

containing NPs in neutral aqueous solution. Thus the PVA-modified fCB exhibits 
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improved performance when moving through charged rocks. Because ionic surfactants 

are not as temperature sensitive as non-ionic surfactants,15 the PVA-fCB NPs were also 

sulfated to provide NPs with slightly ionic properties. Sulfated PVA-fCB (sPVA-fCB) 

NPs used here show tolerance against agglomerating under high temperature and high 

salinity conditions, and are capable of breaking through most subsurface rocks such as 

sandstone, dolomite and calcite. This finding is extraordinary and it has implications in 

downhole oil detection, enhanced oil recovery and environmental remediation of organic-

contaminated land. 

Radioactive 2,2’,5,5’-tetrachlorobiphenyl (PCB*) was used in our first laboratory 

simulations of hydrocarbon detection by PVA-OCBs,14 however the use of PCB* in the 

field is unacceptable.16 Thus in the present research, triheptylamine (THA) was used 

instead of PCB*. The THA/sPVA-fCBs (here we use the convention that “/” indicates a 

non-covalent attachment while “-” indicates a covalent attachment) were found to 

efficiently transport THA through columns that simulate subsurface formations and 

selectively release the THA into hydrocarbon-containing rocks. THA/sPVA-fCBs could 

be used as second generation nanoreporters that not only provide subsurface formation 

entry/exit correlations but also an assessment of stranded downhole oil content. 

 

 

 

 



! !

! 45!

3.2. Experimental Section 

3.2.1. Synthesis of Functionalized Carbon Black (fCB)  

  4,4’-Azobis(4-cyanopentanoic acid) (ACPA) was used for the introduction of 

carboxyl groups onto the carbon black surface. Typically, 3.0 g of carbon black and 6.0 g 

of ACPA were added to 120 mL of THF. The solution was keeping stirring at 65 °C 

under nitrogen for 24 h. The resulting mixture was consequently filtered and the filter 

cake was washed with excess THF, followed by being dried at 100 °C in a vacuum oven 

overnight to yield carboxyl group-functionalized carbon black (fCB).  

 

3.2.2. Synthesis of Polyvinyl Alcohol Grafted fCB (PVA-fCB) 

The as-synthesized fCB (15 mg) was dispersed in a 100 mL round bottom flask 

with anhydrous DMSO (25 mL) by sonication overnight. The other flask containing 

polyvinyl alcohol (1.0 g, Mw ~ 50,000) and DMSO (25 mL) was heated to ~70 °C until 

all the PVA was dissolved in the DMSO. When the PVA solution cooled down to room 

temperature, it was transferred to the original round bottom flask with fCB in DMSO, and 

then N,N’-Dicyclohexylcarbodiimide (DCC, 140 mg) and 4-Dimethylaminopyridine 

(DMAP, 20 mg) were added. The reaction mixture kept stirring at room temperature for 

24 h, followed by transferred to a dialysis bag and dialyzed in standing DMSO for 3 days 

then in running DI water for 1 week to furnish PVA-fCB aqueous solution.  
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3.2.3. Synthesis of Sulfated Polyvinyl Alcohol Grafted fCB (sPVA-fCB) 

As the method to synthesize PVA-fCB, before the second dialysis in running DI 

water, the resulting PVA-fCB in DMSO was further treated with 1 M 

ClSO3H/CH3COOH (3.0 mL) at 60 °C for 30 min to yield lightly sulfonated PVA-fCB 

(LsPVA-fCB), while the highly sulfonated PVA-fCB (HsPVA-fCB) could be obtained by 

treating 1M ClSO3H/CH3COOH (4.5 mL) at 75 °C for 90 min. After sulfonation, the 

resulting solution was neutralized to ~7.0 with 1M NaOH(aq) until the pH ~7.0. The 

LsPVA-fCB or HsPVA-fCB aqueous solution could be obtained after dialysis under 

running DI water for another 1 week. 

         

3.2.4. Preparation of THA/LsPVA-fCB Nanoreporter  

Triheptylamine (THA), a highly hydrophobic molecule due to its long alkyl 

chains, features odd number of nitrogen atom, which can be easily distinguished by mass 

spectrometry according to the nitrogen rule. Here, we stirred 50 mL of the LsPVA-fCB 

solution with trace amount of THA (~5 µL) for one day, and then passed the solution 

through a size exclusive column (PD-10) in order to remove any unbound THA. The 

remained THA could be therefore thought to physically adsorb on the LsPVA-fCB 

hydrophobic domains, so that they would not be filtered out by the PD-10 column. 
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3.2.5. Preparation of API Brine 

CaCl2·2H2O and NaCl were added to deionized water to prepare a solution with 

the following concentrations: CaCl2 (2%, w/w) and NaCl (8%, w/w). 

 

3.2.6. Transport Study 

3.2.6.1. General Column Preparation 

  Ground rock grains were slowly packed into the glass column with a length 

about 6-7 cm (Omnifit borosilicate glass columns with an adjustable end piece, cross 

sectional area = 0.34 cm2, Bio-Chem Valve Inc., Boonton, NJ). The packed rock 

materials were retained by 10 µm stainless steel screens (Valco Instruments Inc., Houston, 

TX) on both sides of the column. A three-way valve was used to connect a 60 mL plastic 

syringe and the column. The whole system was connected by PTFE tubing (Omnifit). 

The packed columns were flush with CO2 (purity > 99%) for 30 min to remove the 

trapped air bubbles. Then the columns were flushed with API brine at a flow rate of 8 

mL/h for 24h to stabilize rock grains. Tritiated water, as a non-reactive tracer, was 

injected into the columns to characterize the porosity and dispersity of the column. The 

pH of influent solutions in all column experiments was 6.4. 

3.2.6.2. Nanomaterial Sample Breakthrough 

  The nanopaticles were suspended in the API brine and was filtered through a 

PES filter of 0.45 µm pore size (Whatman, USA). Then nanoparticles suspension was 
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pumped (New Era Pump System Inc., Wantagh, N.Y.) to the columns at a linear average 

velocity of 9.3m/d. The effluent was collected in a 2 mL glass vial. The concentration of 

nanoparticles was measured by UV-visible spectrophotometer (DR/4000, HACH 

Company, Loveland, CO) at 232 nm. When the breakthrough reached a plateau, the 

column was flushed with API brine.  

 

3.2.6.3. Oil-containing Column Preparation  

  After flushed with API brine for 24h, calcite column was then flooded with 

isooctane (Fisher Scientific, USA) at the flow rate of 6 mL/h until no water was produced. 

Next API brine was injected into the column at 8 mL/h until no more oil was produced. 

The volume of oil injected into the column was calculated by measuring the amount of 

oil produced from the water flood. Residual oil saturation is the ratio of the volume of 

isooctane to the predetermined pore volume. 

 

3.3. Results and Discussion 

Oil production can be enhanced if the degree of oil content in the downhole 

environment can be determined. Presently, the oil industry uses “tracers” which only give 

information regarding entry and exit locations, but no information regarding downhole oil 

content. Our recently disclosed approach was the injection of a nanoreporter into the 

subsurface formation that would be recovered at the production well and analyzed for 

information about the subsurface oil content.14 Figure 3.1 outlines the use of a  
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Figure 3.1. Schematic diagram of subsurface oil detection by nanoreporters. 

Nanoreporters transport probe molecules through downhole rocks followed by 

selectively releasing them when the rock contains oil. The interrogation of the 

nanoreporter at the production well will give quantitative information of the oil 

content based upon the amount of the probe molecule remaining on the 

nanoreporter. 
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nanoreporter that can be extended to efficiently transport hydrophobic compounds (probe 

molecules) through rock formations followed by selectively releasing them when the rock 

contains oil. The hydrophobic compound serves as a probe during its downhole journey, 

reflecting the oil content in the oilfield rocks. If more oil is present, more probe 

molecules are released from the nanoreporter, and interrogation of the nanoreporter at the 

production site will give quantitative information regarding the oil content based upon the 

amount of probe molecules remaining on the nanoreporter. To develop a useful 

nanoreporter, the carrier should be stable to the subsurface conditions, able to endure 

harsh conditions such as high temperatures and salinities and should have mobility 

through different rocks.  

Accordingly, a new type of NP was designed and synthesized to solve the 

problem that the OCB-containing NPs had relatively poorer mobility in positively 

charged rocks such as dolomite or calcite due to electrostatic attraction. Since the CB 

lacks active groups on its surface, it is difficult to directly graft polymers onto its surface 

without any pretreatment. Hence, a radical initiator 4,4’-azobis(4-cyanopentanoic acid) 

(ACPA) was used to introduce carboxyl groups onto the CB, forming carboxyl group-

functionalized CB (fCB) (Figure 3.2a).17 The grafting of PVA onto the fCB surface was 

achieved by the condensation of hydroxyl groups of the PVA with carboxyl groups on the 

fCB using a N,N’-dicyclohexylcarbodiimide (DCC) coupling reaction (Figure 3.2b). 

Unbound PVA was removed after dialysis against running DI water. Finally the PVA-

grafted fCB (PVA-fCB) was obtained. 
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Figure 3.2. Synthesis of (a) functionalized carbon black (fCB); (b) PVA-modified 

fCB (PVA-fCB) and (c) sulfonated PVA-fCB (sPVA-fCB). Sulfation yields units 

with -OSO3H pendants. The particle size of the carbon black is ~15 nm. 

 

For optimization, we further changed the surface properties of the PVA-fCB NP 

by sulfonation (Figure 3.2c).18 It has been demonstrated that sulfonation could 

significantly improve the stability of surfactants in high-temperature and high-salinity 

environments.19 Here, 3.0 mL 1 M ClSO3H was added to the as-synthesized PVA-fCB in 
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DMSO and then the mixture was heated at 60 °C for 30 min to obtain lightly sulfonated 

PVA-fCB (LsPVA-fCB). Highly sulfonated PVA-fCB (HsPVA-fCB) was prepared by 

adding 4.5 mL 1 M ClSO3H and heating for 60 min at 75 °C.    

Figure 3.3 shows ATR-IR and XPS spectra for the PVA(50k)-fCB NPs before 

and after sulfation. In addition to the vibrational bands that are in common, such as νO-H 

and νC-H, the peaks at 1024 cm-1, which are only found in the LsPVA(50k)-fCB and the 

HsPVA(50K)-fCB, are attributed to S=O stretching from the sulfated PVA.18 The peak 

intensity then reflects the different extent of sulfation. The S2p XPS spectra of the 

LsPVA-fCB and the HsPVA-fCB is further evidence that the HsPVA-fCB has almost 

twice the sulfur content of the LsPVA-fCB (2.2 atomic % vs. 1.3 atomic %, respectively, 

Figure 3.3e and f, insets).  

Thermogravimetric analysis (TGA) can be further used to provide evidence for 

PVA or sPVA on the fCB core. Figure 3.4 shows typical TGA plots from the 

LsPVA(50k)-fCB, the HsPVA(50k)-fCB and the PVA(50k)-fCB NPs. Prior to running 

the TGA, the NPs were heated at 120 °C to remove adsorbed water and then cooled to 30 

°C under argon. The sample was then heated to 800 °C at a rate of 3 °C min-1. The TGA 

indicated that the weight loss of the PVA-fCB (94%) was slightly higher than the PVA-

OCB (86%) recorded in our previous report,14 which indicates that the fCB cores are 

viable replacements for the OCB cores due to their high degrees of functionalization. 

Compared to the PVA-fCB, both highly and lightly sulfated PVA-fCB NPs are expected 

to have larger weight loss due to the addition of sulfate groups. However, the TGA 

weight loss for the LsPVA-fCB and HsPVA-fCB NPs was 78% and 81%, respectively.  
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Figure 3.3. ATR-IR spectra of the (a) PVA(50k)-fCB; (b) LsPVA(50k)-fCB and (c) 

HsPVA(50k)-fCB. XPS spectra of (d) the PVA(50k)-fCB; (e) LsPVA(50k)-fCB; and 

(f) HsPVA(50k)-fCB. The insets in (e) and (f) are the high resolution S2p XPS 

spectra of LsPVA(50k)-fCB and HsPVA(50k)-fCB NPs, respectively. All XPS peaks 

were normalized with respect to the C=C peak at 284.8 eV. 

 

The PVA polymers were grafted onto the fCB surface via carboxylic ester bonds. The 

sulfation agent, chlorosulfonic acid, not only sulfates the PVA, but it could also damage 

the carboxylic esters. We speculate that part of the grafted PVA was lost during the 

sulfation process. After dialysis in running DI water, these unbound PVA were therefore 

removed, leading to the diminished PVA weight loss in the sPVA-fCB NPs.     
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Figure 3.4. Thermogravimetric analysis (TGA) of the LsPVA(50k)-fCB, the 

HsPVA(50k)-fCB and the PVA(50k)-fCB NPs. Samples were pretreated at 120 °C 

for dehydration prior to being heated to 800 °C at a rate of 3 °C min-1 in Ar. 

 

Figure 3.5. SEM images and enlarged insets of (a) PVA(50k)-fCB; (b) LsPVA(50k)-

fCB and (c) HsPVA(50k)-fCB. The scale bar for each main image is 4 µm and 2 µm 

for each inset. 
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Figure 3.5 shows SEM images of three different fCB-containing NPs. 50,000 

molecular weight PVA was coupled to the fCB to provide PVA(50k)-fCB NPs with a 

particle size from 200 to 300 nm as shown in Figure 3.5a. These NPs appear 

agglomerated because they were precipitated from acetone. Even so, each NP has the 

spherical shape of carbon black. After the PVA-fCB NP was lightly sulfated by ClSO3H, 

the resulting LsPVA(50k)-fCB has a particle size distribution in a range between 100 and 

200 nm. The HsPVA(50k)-fCB particles are almost twice as large (200 ~ 400 nm) as the 

LsPVA(50k)-fCB. The zeta potential (ζ) of HsPVA(50k)-fCB was ~ -52 mV; they are 

much more negatively charged than LsPVA(50k)-fCB (ζ ~ -10 mV) and PVA(50k)-fCB 

(ζ ~ 0 mV). These negatively charged sulfated PVA polyelectrolytes carry a high net 

charge; the particle size of the HsPVA-fCB NPs is larger than that of PVA-fCB or 

LsPVA-fCB NPs because the expansion of the polyelectrolyte particle increases with the 

higher degree of ionization due to Coulombic repulsion between the ionized groups. 

Dynamic light scattering (DLS) data of the NPs in DI H2O at 25 °C also support the 

SEM results for particle size trends (see Figure 3.6). 
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Figure 3.6. Dynamic light scattering (DLS) plots for the PVA(50k)-coated fCB NPs 

before and after the treatment with light or high sulfonation. All NPs were dispersed 

in deionized water and the temperature was controlled from 25 °C to 70 °C. 

 

  In the next phase of research, a different brine solution, certified by the 

American Petroleum Institute (API), was used to disperse the fCB NPs. API standard 

brine (pH 6.4) has much higher salinity than the synthetic seawater typically used to 

disperse the OCB NPs in our previous work, providing a more vigorous environment for 

maintaining dissolution. As Figure 3.7a shows, when the temperature was elevated to 100 

°C, the PVA(50k)-fCB NPs that were stable in synthetic seawater quickly precipitated 

and could not be redispersed in the API standard brine solution on cooling to room 

temperature. The LsPVA(50k)-fCB NPs did not precipitate but were stable at 100 °C 
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(Figure 3.7b). However, the HsPVA(50k)-fCB was unstable in the API brine and formed 

a suspension (Figure 3.7c), indicating that light sulfation produces the best results. The  

 

 

 

 

 

Figure 3.7. Photographs taken of the (a) PVA(50k)-fCB; (b) LsPVA(50k)-fCB and (c) 

HsPVA(50k)-fCB at 100 °C. All NPs were suspended in API standard brine solution. 

The API standard brine solution was composed of 90% H2O, 8% NaCl and 2% 

CaCl2. 

 

DLS data over a temperature range of 25-70 °C (instrument limit) confirm the non-

aggregation of the LsPVA(50k)-fCB (Figure 3.6). 

 

In order to evaluate the fCB-containing NPs under more realistic conditions, 

transport of these NPs through porous media that mimic natural rocks in oil-fields20 was 

attempted. Sandstone and calcite, predominantly silica and calcium carbonate, which are 

often found in oil-rich environments, were ground and sieved to ~106-250 µm particles, 

then packed into a glass column. Sandstone is composed of silica mineral which is 

�  �  �  
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negatively charged at neutral pH, whereas calcite is a carbonate mineral with a positive 

charge. After each column was prepared, the volume of liquid contained in the fully 

saturated column (pore volume) was calculated. The breakthrough efficiency of the PVA-

fCB NPs was estimated by measuring the concentration of the PVA-fCB in the effluent 

(C) relative to the concentration in the influent (C0) as a function of the amount of 

solution passed through the column measured in pore volumes (PVs). The API brine was 

used to evaluate the breakthrough performance the fCB NPs. Figure 3.8 demonstrates the 

relative breakthrough efficiencies of three different fCB NPs when they were passed 

through either sandstone- or calcite-packed columns at 70 °C. The LsPVA(50k)-fCB NPs 

in API brine showed breakthrough in both rock types in spite of the harsh environment. 

The breakthrough in the sandstone quickly reached greater than 95% at ~4 PV, while the 

breakthrough in the calcite initially approached only 85% at similar PV and then 

gradually increased to complete breakthrough. The phenomenon that retards NP 

breakthrough in the calcite could be attributed to the bridging surface interactions 

between the LsPVA-fCB NPs, the salts in brine solution and the calcite surface. The zeta 

potential of the LsPVA(50k)-fCB was -9.6 mV, while the HsPVA(50k)-fCB was -51.5 

mV, providing a rationale for the fact that HsPVA(50k)-fCB NPs blocked the column and 

had poorer transporting performance in both rocks (see Figure 3.8 inset). HsPVA-fCB 

NPs started to aggregate due to its high zeta potential, leading to intermolecular bridging 

with calcium ions. The LsPVA-fCB NPs were largely unaffected due to the lower charge 

and lower concentration of sulfate groups. Although the PVA(50k)-fCB NPs had almost 

zero surface charge, the presence of highly concentrated salts in the API brine apparently 

causes the PVA-fCB to become unstable. Compared to the fCB-based NPs, the OCB 
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surface is highly negatively charged (ξ = -30.0 mV), probably due to the functionality 

introduced by the oxidative synthesis. However, the negatively charged surface is 

apparently shielded by the grafted polymer (PVA), decreasing the zeta potential of the 

PVA(50k)-OCB to -0.6 mV, similar to that of the PVA(50k)-fCB. The sulfation then 

produced a negatively charged NP (ξ = -34.8 mV) for the HsPVA(50k)-OCB. Strong 

interactions between the HsPVA(50k)-OCBs, the electrolytes in the brine and the 

positively charged rocks retard the breakthrough efficiency of the sPVA(50k)-OCBs.    

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Breakthrough tests of PVA(50k)-fCB, LsPVA(50k)-fCB and 

HsPVA(50k)-fCB NPs in (a) sandstone and (b) calcite-packed columns at 70 °C. API 

standard brine solution was used as aqueous carrier solution, and NPs were injected 

into column at a flow rate of 8 mL/h and a linear velocity of 9.3 m/24 h. The inset in 

(b) shows that the HsPVA(50k)-fCB NPs block the column (black band at the top of 

the column), resulting in little breakthrough after ~ 6 PV. 
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Based on the testing data, the LsPVA-fCB NPs are good candidates for 

hydrocarbon detection due to their thermal stability and efficient mobility under critical 

environments. Thus, instead of the radioactive molecule PCB*, triheptylamine (THA) 

was selected as a model compound for hydrocarbon detection. The THA was adsorbed 

onto the LsPVA(50k)-fCB NPs to yield the THA/LsPVA(50k)-fCB nanoreporter by 

mixing THA (~5 µL) and 50 mL LsPVA(50k)-fCB aqueous solution. After keeping 

stirring for 1 day, the resulting solution was passed through a size exclusive column (PD-

10) in order to remove any unbound THA. The remained THA was adsorbed on the 

hydrophobic domains of the LsPVA(50k)-fCB, so that it was not available out for 

removal by the PD-10 column. A control experiment was done using a brine solution of 

THA without any LsPVA(50k)-fCB NPs. The result showed extremely low levels of 

THA after the PD-10 column filtration, which means that the fCB core of NPs is required 

for the efficient transport of THA through the PD-10 column. 

For laboratory detection and quantitative analysis of the hydrocarbon content in 

downhole rocks, the THA/LsPVA(50k)-fCB nanoreporter was first diluted to ~20 ppm 

with the API brine and the solution was pumped through a calcite-packed column by an 

automatic injection system (Figure 3.9). The recovered solution was dual monitored by 

UV-vis and electrospray mass spectroscopy (ESI-MS) separately. The LsPVA(50k)-fCB 

NP in the effluent was measured by its UV absorbance at 232 nm, while the ESI-MS 

THA was detected by the ESI-MS by observing the protonated molecular ion (m/z = 

312.4). 
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Figure 3.9. Configuration of the apparatus for laboratory detection and quantitative 

analysis of the hydrocarbon content in downhole rocks. A 20 ppm of the 

THA/LsPVA-fCB in API brine was loaded into the plastic syringe and it was 

pumped breakthrough to a calcite-packed column with a given concentration of 

isooctane and the breakthrough volume was measured. The effluent was recovered 

and analyzed independently. The C/C0 of the LsPVA(50k)-fCB NP was measured by 

its UV absorbance at 232 nm, while the C/C0 of THA was measured by electrospray 

mass spectroscopy (ESI-MS) by observing the protonated molecular ion (m/z = 

312.4).   

 

The THA/PVA(50k)-fCB nanoreporters were subsequently pumped through a 

calcite column impregnated with isooctane from 0 to 52% “oil saturation” to simulate 

trapped oil in the formation. Oil saturation is a measurement of the degree of saturation of 

reservoir pore structure by reservoir oil; in this case, it is a measure of the degree of 
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column pore saturation by the isooctane. The 52% oil saturation corresponds to 10 wt% 

isooctane. Based on the results, the pore volume breakthrough of the LsPVA(50k)-fCB 

NPs was independent of the isooctane oil saturation concentration, showing >95% 

breakthrough after 5 pore volumes. However, the amount of THA that was released from 

the THA/LsPVA(50K)-fCB NPs (Figure 3.10b to c) depended directly on the isooctane 

oil saturation concentration in the column (Figure 3.10). 

!

!

!

 

  

 

 

Figure 3.10. Breakthrough of THA/LsPVA(50k)-fCB nanoreporters in calcite-

packed columns at 25 °C (a) without isooctane, (b) with 26% isooctane oil saturation 

in the column and (c) with 52% isooctane oil saturation in the column. The black 

arrows indicate when the flow was switched from the THA/LsPVA-fCB solution to 

API brine. (d) Correlation between the C/C0 value of THA and isooctane saturation 

in calcite columns.  
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 In our previous work, the PVA-OCB NPs demonstrated an ability to deliver the 

hydrophobic PCB* through rock columns and selectively release PCB* into the oil 

phase.14 The LsPVA(50k)-fCB NPs here also efficiently transport the mass-tagged THA 

probe molecules through downhole porous media for hydrocarbon detection despite 

higher temperature and salinity in most types of rocks. 

 

3.4. Conclusion 

In conclusion, we solved the stability problem of the PVA-OCB NPs at high 

temperatures by choosing appropriately sized (molecular weight) PVA for 

functionalization. The OCB core was replaced by the fCB composite core without 

changing its intrinsic properties. After sulfation, the sPVA-fCB NPs exhibited stability at 

the high temperature and high salinity conditions expected in the downhole rock 

environment. The sPVA-fCB NPs efficiently transported mass-tagged probe molecules 

through a variety of oil-field rock types and selectively released the probe molecules into 

hydrocarbon-containing rocks. Based on the recovery of nanoreporters, one could 

quantitatively analyze the stranded downhole oil content. 
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3.6. Experimental Contributions 

Chih-Chau Hwang synthesized PVA-fCB nanoparticles and did sulfation 

experiment to improve the thermal stability of the nanoparticles. Gedeng Ruan helped to 

scale up the nanoparticles for breakthrough study. Lu Wang executed a series of 

breakthrough studies. Changsheng Xiang took SEM images.    
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Chapter 4 

     Carbon-based Nanoreporters Designed for
    Subsurface Hydrogen Sulfide Detection 

This chapter was copied from a submitted manuscript. 

4.1. Introduction 

Hydrogen sulfide is considered a broad spectrum poison that can adversely affect 

several different systems in the human body.1 The toxicity of H2S is even stronger than 

that of hydrogen cyanide in terms of the half maximal inhibitory concentration (IC50).2 It 

is worth noticing that the human nose quickly becomes desensitized to H2S, leading to an 

inability to detect higher concentrations of H2S that could cause death within just a few 

breaths. After exposure to nonlethal levels of H2S, humans may suffer sore throats, 

shortness of breath, and dizziness.3  

   The presence of H2S also has a significant impact on the quality of crude oil in 

which it is found. Decayed organic material (kerogen) that is found in sedimentary rock 

formations can have high sulfur content. During thermal decomposition of the kerogen 

into crude oil or natural gas, H2S can be one the products.4 As a result, crude oil and 

natural gas inherently contain varying amounts of H2S depending on the original sulfur 

content of the kerogen.4 Crude oil is classified as “sour” when it contains a total sulfur 

content greater than 0.5%.5-6 Among these sulfur species, H2S is the one of main 
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impurities in sour crude. The sour crude is toxic and corrosive to the materials of 

construction in pipelines and other holding and transportation vessels. The sulfur 

impurities must be reduced to varying levels by additional refining steps. The reduction 

levels depend upon regulations and the targeted project slate before being refined into 

distilled products. These extra steps normally result in higher priced fuel products than 

those made from “sweet”, or low-sulfur content, crude oil.7 Today's oil refineries are 

facing a problem as they have limited capacities to process the increasing amounts of 

sour crude being produced, especially regarding the processing of the heavier sour grades 

of crude oil.7 Since the sulfur amount in a sample of crude depends on where it was found, 

if the concentration of the sulfur species in the subsurface could be accurately monitored, 

then geologists might be able to evaluate the quality of the crude before large scale 

extraction ensues. 

   Recently, nanomaterials have been studied for transport through porous media8-

15 and they are expected to have significantly different transport behaviors than traditional 

polymers. For instance, injecting nanoparticles (NPs) through simulated downhole porous 

media provides an innovative approach for subsurface oil detection and enhanced oil 

recovery.11-12, 16-17 Among these techniques, however, the design of a NP with an 

acceptable terrestrial transport efficiency is considered a formidable challenge because 

the NPs are prone to aggregation in the downhole environment of high temperature and 

high salinity, which could greatly restrain NP transport, decreasing the breakthrough 

efficiency.  

   In recent work, we developed a carbon black (CB)-based NP with high mobility 

and thermal stability that survives high temperature and high salinity conditions so that it 
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could efficiently transport the cargo molecules through simulated downhole formations, 

effectively conducting subsurface exploration as a nanoreporter.17 These results have 

implications in downhole oil detection, enhanced oil recovery and environmental 

remediation of contaminated land.  

   Here, we synthesized a newly designed nanoreporter by attaching H2S-sensitive 

probe molecules onto the NPs; these functionalized NPs have the potential to detect H2S 

downhole with real-time assessment upon return to the surface. Based on prior work, the 

functionalized NPs should have high mobility and stability in the downhole environment. 

Figure 4.1 is a scheme that outlines the use of a nanoreporter to detect subsurface H2S. 

When the nanoreporter is pumped downhole, the H2S-responsive nanoreporter would 

react with H2S trapped in the water and oil deposits. The fluorescent properties of the 

functionalized NP would change, based on the concentration of the H2S and the degree of 

functionalization. By interrogation of the nanoreporter in the effluent at the production 

well, analysis of the fluorescent absorbance could give quantitative information regarding 

the downhole H2S content.  
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Figure 4.1. Schematic diagram of subsurface H2S detection by nanoreporters 

bearing fluorescent probe molecules that are transported through rocks in the 

subsurface by pumping. The fluorescent properties of the functionalized NP would 

change based on the concentration of H2S and the degree of functionalization of the 

NP. By the interrogation of the nanoreporter in the effluent at the production well, 

analysis of the fluorescence emission could give quantitative information regarding 

the H2S content.  
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4.2. Experimental Section 

4.2.1. Synthesis of Carboxyl-functionalized CB. 

3 g of 15 nm carbon black (Monarch 1100, Cabot) was added to 100 mL THF in a 

250 mL round-bottom flask fixed with a stir bar and a rubber septum. The mixture was 

bath-sonicated (Cole-Parmer ultrasonic cleaner) for 3 h and then 6 g (21 mmol) of 4,4′-

azobis(4-cyanopentanoic acid) (ACPA) (2.0 g, 7.0 mmol) was added to the flask. Then 

reaction mixture was stirred at 65 to 70 °C for 3 days and a second portion of ACPA (2.0 

g, 7.0 mmol) and a third portion (2.0 g, 7.0 mmol) was added on day 2 and day 3. After 

reaction, the mixture was filtered through a 0.45 µm PTFE member and the black solid 

was washed with THF (3x), ethanol (3x) and acetone (3x). Then the solid was dried at 60 

°C under vacuum (100 Torr). 

 

4.2.2. Synthesis of PVA-grafted Carboxyl-functionalized CB (PVA-CB). 

25 mg of carboxyl-functionalized CB and 1 g of PVA (PVA(2k), PVA(10k), 

PVA(50k) or PVA(100k)) were added to 25 mL of anhydrous DMSO in a 50 mL round-

bottom flask. The mixture was sonicated for 3 h until carboxyl-functionalized CB and 

PVA were well-dispersed (for PVA(50k) and PVA(100k), the mixture was heated at 90 

°C to dissolve the PVA and then cooled to room temperature and sonicated (Cole-Parmer 

ultrasonic cleaner) for 1 h). Then 0.2 g (0.97 mmol) of N,N'-dicyclohexylcarbodiimide 

(DCC) and 0.02 g (0.16 mmol) of 4-dimethylaminopyridine (DMAP) were added. The 

reaction mixture was stirred at room temperature for 24 h, transferred to a dialysis bag 
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(MWCO = 300 k) and dialyzed in running DI water for 1 week. The product was filtered 

through a 0.22 µm Millipore Express PES membrane filter to obtain the PVA-CB 

solution (approximate 200 mL, 120 ppm). 

 

4.2.3. Preparation of the Probe Molecule 6-(5-(hydroxyamino)-1,3-dioxo-1H-

benzo[de]isoquinolin-2(3H)-yl)hexanoic Acid, Compound 3. 

!

3-Nitro-1,8-naphthalic anhydride (1) (1.08 g, 4.44 mmol) and 6-aminocaproic 

acid (1.165 g, 8.88 mmol) were added to 50 mL anhydrous DMF and the mixture was 

heated to 120 °C for 5 h. Then the DMF was evaporated at 90 °C under vacuum using a 

rotary evaporator equipped with a mechanical pump. The product was purified by silica 

gel chromatography (CH2Cl2 : CH3OH = 100 : 2) to give compound 2, 1.265 g, 80% 

yield of the intermediate, 6-(5-nitro-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-

yl)hexanoic acid. FTIR(neat): 1530, 1598, 1625, 1658, 1700, 2620, 2867, 2947, 3075 cm-

1. 1H NMR (500 MHz, DMSO-d6, 293 K): δ 12.01 (br, 1H), 9.48 (d, J = 2.3 Hz, 1 H), 

8.96 (d, J = 2.3 Hz, 1 H), 8.78 (dddd, J = 8.3, 1.2, 0.4 Hz, 1 H), 8.68 (dd, J = 7.3, 1.2 Hz, 

1 H), 8.06 (dd, J = 8.2, 7.3 Hz, 1 H), 4.05 (t, J = 7.4 Hz, 2 H), 2.21 (t, J = 7.3 Hz, 2 H), 
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1.65 (quin, J = 7.5 Hz, 2 H), 1.55 (quin, J = 7.5 Hz, 2 H), 1.36 (m, 2 H). MS (ESI) m/z 

calcd for [M - H]- C18H15N2O6 355.10, found 355.10.  

Compound 2 (300 mg, 0.84 mmol) and Rh/C (5%, 50 mg) were mixed in 50 mL 

THF at 0 °C, followed by the addition of hydrazine hydrate solution (80%, 60 µL, 62 mg, 

1.93 mmol) to the mixture with vigorous stirring for another 5 h at 0 °C. The THF was 

evaporated and the product, 6-(5-(hydroxyamino)-1,3-dioxo-1H-benzo[de]isoquinolin-

2(3H)-yl)hexanoic acid, was purified by silica chromatography (CH2Cl2 : CH3OH = 10 : 

1). The yield of 3 was 109 mg, 38%. FTIR(neat): 1592, 1625, 1660, 1695, 2647, 2869, 

2889, 2981, 3074, 3270 cm-1. 1H NMR (500 MHz, DMSO-d6, 293 K): δ = 1.34 (m, 2 H), 

1.54 (quin, J = 7.5 Hz, 2 H), 1.62 (quin, J = 7.5 Hz, 2 H), 2.19 (t, J = 7.3 Hz, 2 H), 4.01 (t, 

J = 7.5 Hz, 2 H), 7.68 (d, J = 2.1 Hz, 1 H), 7.72 (dd, J = 8.2, 7.3, 1 H), 8.02 (d, J = 2.3, 1 

H), 8.20 (dd, J = 7.3, 1.2 Hz, 1 H), 8.24 (dddd, J = 8.3, 1.2, 0.4 Hz, 1 H), 8.87 (s, 1H), 

9.07 (s, 1 H), 12.01 (br s, 1 H). MS (ESI) m/z calcd for [M - H]- C18H17N2O5 341.12, 

found 341.12. 
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Figure 4.2. ATR-IR spectra for (a) the starting material 1, (b) intermediate 2, and (c) 

product 3. 
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Figure 4.3. Electrospray ionization mass spectrometry (ESI-MS) was used to 

characterize (a) compound 2 and (b) compound 3. Analyses in negative ion mode 

showed two dominant peaks of the mass-to-charge ratio (m/z) at 355.10 and 341.12 

that could be exactly matched to the parent ions of 2 and 3 after deprotonation. 
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Figure 4.4. 1H NMR (500 MHz, DMSO-d6, 293 K) of compound 2. 
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Figure 4.5. 1H NMR (500 MHz, DMSO-d6, 293 K) of compound 3. 
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4.3. Results and Discussion 

To prepare the thermally stable and mobile CB-based NPs, 15-nm CB (Cabot) 

was first functionalized with carboxylic groups by using the radical initiator 4,4’-

azobis(4-cyanopentanoic acid) (ACPA) that produces a carboxyl group-functionalized 

CB.17-18 2,000 molecular weight polyvinyl alcohol (PVA(2k)) was subsequently grafted 

onto the carboxyl-functionalized CB core by the condensation of hydroxyl groups of the 

PVA with the carboxyl groups through a N,N’-dicyclohexylcarbodiimide (DCC) coupling 

reaction. Unbound PVA was removed by dialysis of the reaction product against running 

DI water. The PVA(2k) grafted-CB (PVA(2k)-CB) was finally obtained. The detailed 

synthetic processes is in Supplemental Information.      

Figure 4.6A shows the attenuated total reflectance infrared (ATR-IR) spectra of 

the CB after the PVA(2k) modification. The PVA(2k)-CB spectrum was observed to 

have two broad peaks centered at 3320 and 2920 cm-1 that correspond to the stretching 

modes of the O-H and C-H, respectively, groups on the PVA.19 The peak at 1735 cm-1 

was assigned to carbonyl vibrations of the ester groups on the PVA(2k)-CB NPs, which 

confirmed that the PVA was grafted through chemical functionalization to the CB surface 

instead of only being physisorbed.17 Extended dialysis treatment (7 days) was assumed to 

have removed all non-covalently bound PVA. The adsorption band from 1000 to 1300 

cm-1 was attributed to C-O-C and C-OH stretching due to ester, ether and carbinol 

moieties. High resolution X-ray photoelectron spectroscopy (XPS) was further used to 

analyze the surface chemical structures on the PVA(2k)-CB so as to corroborate the 

ATR-IR analysis. The C1s XPS spectrum of the PVA(2k)-CB (Fig. 4.6A, inset) showed  
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Figure 4.6. (A) ATR-IR spectra of the PVA(2k)-CB NPs, including an inset that is 

the high resolution C1s XPS of the NPs. (B) TGA of the PVA(2k)-CB NPs and the 

PVA(2k) as a control group. Samples were pretreated at 120 °C for dehydration 

prior to being heated to 900 °C at a rate of 3 °C/min in argon. 

 

 

two apparent peaks at 284.8 and 286.2 eV, which can be attributed to the sp2-carbon on 

the carboxyl-functionalized CB and the carbon attached to the OH group, respectively.20 

Also, a weak band ~289.0 eV can be assigned to the carbon in the ester group, further 

evidence that the PVA polymers were covalently attached to the CB surface. Since the 

polymer brushes are assumed to surround the CB core via the ester linkages and therefore 

create a thick protective shell, the corresponding XPS signal from the ester group was 

weakened. Thermogravimetric analysis (TGA) also provides evidence for the amount of 
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the PVA on the CB cores (Fig. 4.6B). The PVA(2k)-CB showed 87 wt% loss from 250 to 

500 °C, which is reasonably attributed to the decomposition of the PVA(2k)-CB as 

compared to the profile of the starting polymer PVA(2k). 

 

 

Figure 4.7. SEM images taken from the PVA(2k)-CB. The NPs originally dispersed 

in aqueous solution were concentrated, followed by being precipitated through the 

addition of acetone. The scale bar for each image from left to right is 20, 5 and 1 µm, 

respectively.  

 

Figure 4.7. shows scanning electron microscopy (SEM) images of the PVA(2K)-

CB. These NPs samples were prepared by precipitating the concentrated PVA(2k)-CB in 

500 mL acetone followed by filtration and drying of the filter cake under vacuum (~100 

Torr) overnight at ambient temperature. Even though these NPs showed agglomeration 

due to the bridging effect between the polymers in the acetone, they still retained the 

spherical shape characteristic of carbon black.  

 

20 µm 5 µm 1 µm



! !

! 79!

 

 

 

 

 

 

Figure 4.8. Photographs taken from (A) the carboxyl-functionalized CB dispersed in 

DI-water after sonication. (B) After 6 h without sonication, the carboxyl-

functionalized CB NPs precipitated from the suspension. (C) In spite of sonication, 

the carboxyl-functionalized CB NPs could not be dispersed in synthetic seawater. (D) 

After functionalization with the PVA(2k) polymer brushes, the PVA(2k)-CB NPs 

were stable in synthetic seawater without precipitation at room temperature. (E) 

When the temperature was elevated to 70 °C, the colloidal system became cloudy as 

the temperature reached the cloud point of the PVA(2k) and the particles 

precipitated. Both (F) PVA(50k)-CB and (G) PVA(100k)-CB were stable colloidal 

systems in synthetic seawater at 100 °C.   

 

 

A colloidal system can be stable if the repulsive forces that exist between the 

particles prevail over the attractive forces as the particles approach one another. The CB 

bearing carboxyl groups could be expected to have negative surface charges under neutral 

pH; therefore, the electrostatic repulsion between those charged NPs provides a 

stabilizing mechanism in the colloidal system. It is therefore possible for the carboxyl-

A B C D E F G 
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functionalized CB to be dispersed in deionized water after sonication (Fig. 4.8A). After 6 

h without sonication, the carboxyl-functionalized CB particles precipitated as a result of 

insufficient electrostatic stabilization (Fig. 4.8B). This assumption could be indirectly 

supported by dispersing the carboxyl-functionalized CB into a synthetic seawater solution 

because these charge-stabilized NPs are sensitive to addition of salt, in particular high 

valency counter ions.21 When the electrolyte concentration increases, the corresponding 

Debye length of the colloidal system lessens, and the decay of the electrostatic 

stabilization rapidly causes the NPs to agglomerate (Fig. 4.8C).22 When the carboxyl-

functionalized CB was further functionalized with PVA(2k), the colloidal system was 

stabilized via the steric repulsive force between the polymer brushes (Fig. 4.8D). 

Unfortunately, the PVA(2k)-FCB did not remain well-dispersed and the solution became 

turbid as the temperature was elevated to 70 °C, the cloud point of the PVA(2k), above 

which aggregations of the NPs could be expected (Fig. 4.8E).23-24 Functionalization with 

longer chain stabilizing polymers, such as PVA(50k) and PVA(100k), with cloud points 

that are higher than that of the PVA(2k), the CB colloidal system remained stable in 

synthetic seawater at high temperature (100 °C, Fig. 4.8F,G). 
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Figure 4.9. Temperature-dependent DLS measurements for the CB NPs after being 

modified with a variety of PVA molecular weights. All of the PVA-CB NPs were 

purified by filtration through a 0.22 µm membrane filter, followed by dispersion in 

seawater before the DLS measurement. The system temperature was elevated from 

25 to 70 °C at a heating rate of ~ 5 °C/min. 

 

To quantify particle size at different temperatures, dynamic light scattering (DLS) 

was applied to observe the changes in particle sizes of the PVA-CB over a temperature 

range from 25 to 70 °C (Figure 4.9). All NPs were purified by filtration through a 0.22 

µm Millipore Express PES membrane filter, followed by dispersion in the synthetic 

seawater prior to the light scattering measurements. The PVA-CB, hydrodynamic radii 

were all similar at 25 °C. However, the particle size of the PVA(2k)-CB and the 

PVA(10k)-CB drastically increased with elevated temperature as expected by the Stokes-

Einstein equation; their particle sizes increased to 530 and 500 nm, respectively, at 70 °C. 
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Compared to PVA(2k) and PVA(10k), PVA(50k) and PVA(100k) provided CB with 

sufficient steric repulsion so that the functionalized CB NPs were stable with no apparent 

agglomeration. The instability at lower molecular can be attributed to the thermal-

induced loss of the water molecules surrounding the smaller PVA polymer chain, 

resulting in aggregation.  

In order to evaluate the PVA-CB NPs under more challenging conditions, the NPs 

were pumped through sandstone, a natural rock that is commonly found in oil fields, to 

mimic an oilfield environment.25 The ground sandstone (89-251 µm) was packed into a 

glass column. The corresponding pore volume (PV) of the sandstone-packed column 

could be calculated by saturating the column with liquid. The concentration of the PVA-

CB NPs in the effluent (C) relative to the initial concentration in the influent (C0) was 

measured by its UV absorbance at 232 nm and the C/C0 ratio was then used to evaluate 

the transport efficiency for the PVA-CB NPs. Figure 4.10 shows the relative 

breakthrough performances of the PVA-CB modified by different molecular weight PVA, 

while they were pumped through the sandstone-packed column at 70 °C. The PVA(50k)-

CB and the PVA(100k)-CB yielded asymmetrical breakthrough curves that reached ~ 

80% in 7 PV; PVA(2k)-CB and PVA(10k)-CB did not smoothly flow through but 

blocked the column, finally resulting in limited breakthrough efficiencies. These 

outcomes were in agreement with the DLS results. According to the data, the PVA(50k)-

CB and the PVA(100k)-CB NPs would be the better transporter candidates for 

nanoreporter downhole exploration because of their thermal stabilities and efficient 

mobilities under critical environmental conditions. 
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Figure 4.10. Breakthrough studies for PVA-CB NPs in sandstone-packed columns. 

Synthetic seawater prepared to be equivalent to seawater was chosen as the carrier 

solution for the NPs. The temperature remained at 70 °C during the injection 

process and transport, with a flow rate of 8 mL/h and a linear velocity of 9.3 m/d. 

The percentage of PVA-CB NPs in the effluent (C) relative to the influent (C0) was 

determined by UV spectroscopy. The arrows indicate when the flow was switched 

from the PVA-CB NPs to pure synthetic seawater.         

 

The PVA-CB NPs were next functionalized to monitor H2S concentration 

downhole. This was done using molecules designed for selective imaging of H2S in living 

cells, a probe reported to afford highly sensitive and selective monitoring of H2S by a  
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Figure 4.11. (A) Synthetic route to the H2S-responsive fluorescent probe molecule 3. 

(B) The fluorescent probes were condensed with PVA-CB to produce a 

nanoreporter (FP-PVA-CB) that was purified by dialysis. The picture only shows 

the FP at the end of the polymer chains; however, they are functionalized 

throughout.  

 

turn-on fluorescence signal enhancement.26 Inspired by the structure of the new probe, a 

naphthalimide-based molecule was selected as a model compound to functionalize the 

PVA(50k)-CB. The combination was anticipated to have the potential for monitoring H2S 

in the subsurface.  
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Commercially available 3-nitro-1,8-naphthalic anhydride (1, Figure 4.11A) was 

chosen as the starting material. It could be converted to a naphthalimide by the addition 

of 6-aminocaproic acid. The extended aliphatic moiety in 2 was designed to covalently 

bond to the PVA chains of the PVA-CB via ester bond linkages. The naphthalimide 

bearing a 3-nitro electron-withdrawing group (EWG) was non-fluorescent because of the 

EWGs from the imide and the 3-nitro resulting in a “pull-pull” configuration, making the 

intramolecular charge transfer (ICT) process forbidden.27 Upon conversion of the nitro 

group to a nitroamine by catalytic reduction, an electron-donating group (EDG), the ICT 

process would be restored, leading to a large fluorescent enhancement through the push-

pull configuration.26 The nitro group was converted to a hydroxylamine 3, a relatively 

stable intermediate that is easily reduced by H2S. Figure 4.11A shows the synthesis of the 

probe molecule 3 and how the PVA-CB was functionalized with the fluorescent probe 

(FP) to produce the nanoreporter FP-PVA-CB (Figure 4.11B). 

The nanoreporter FP-PVA(50k)-CB and a series of given concentrations of 

Na2S(aq) (commonly used as H2S precursor at these concentrations) were separately 

dissolved in seawater before the solutions were simultaneously injected into a sandstone-

packed column by an automatic injection system (Figure 4.12). The pump rate was 

controlled at 0.6 mL/h for each syringe pump, for the reduction reaction to occur in the 

column. The recovered solution was subsequently monitored by fluorescence 

spectroscopy, and the change in the fluorescence after each breakthrough study was 

recorded in Figure 4.13.  



! !

! 86!

 

Figure 4.12. Configuration of the apparatus for the laboratory detection and 

quantitative analysis of hydrogen sulfide content in simulated downhole rocks. The 

nanoreporter FP-PVA(50k)-CB and the Na2S (H2S precursor at these 

concentrations) were diluted into seawater before simultaneous injection into a 

sandstone-packed column at a pump rate = 0.6 mL/h. The concentration of the 

nanoreporter was measured by the UV-vis absorbance at 412 nm (ε = 33,832 M-1 

cm-1). 50 µM of the FP-PVA(50k)-CB and various concentrations of Na2S(aq) (from 0 

to 170 µM) were recovered and the amount of H2S monitored through fluorescence 

spectroscopy. 
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Figure 4.13. A: Fluorescence spectra of the 50 µM FP-PVA(50k)-CB nanoreporter 

after pumping through the sandstone-packed columns containing different 

concentrations of H2S(aq). The fluorescence experiment was conducted at 25 °C with 

an excitation λex = 420 nm. B: Correlation of the H2S concentration vs. the 

fluorescence intensity taken at λem = 550 nm. 

!

Figure 4.13 illustrates that the fluorescence change when 50 µM of the FP-

PVA(50k)-CB was reacted with a series of concentrations of H2S(aq) from 0 to 170 µM in 

the sandstone-packed column. Na2S is commonly used as a replacement for the H2S since 

both form HS- in solution. Indeed, fluorescence enhancement was observed when treating 

the nanoreporter with the H2S(aq).  
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Figure 4.14. The change of the functional groups on the nanoreporter during the 

H2S detection process.  

 

The change in fluorescence intensity was found to be in direct proportion to the 

introduced concentration of the H2S(aq), reaching an 11-fold enhancement at ~70 µM of 

the H2S concentration, which is close to the higher-end H2S concentration in sour 

oilfields. While the higher concentration of the H2S (170 µM) was added to react with the 

nanoreporter, the enhancement of the fluorescence intensity plateaued. This suggests that 

the probe molecules on the nanoreporters were fully reduced by the H2S. 
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Figure 4.15. (A) Breakthrough study for the FP-PVA(50k)-CB nanoreporter. The 

column was packed with dolomite from Kuwait oil field and Berea sandstone in 

order to mimic real oilfield environment. Prior to the breakthrough study, all the 

rock samples were ground and sieved to obtain 89~251 µm rock grains. Rock gains 

were further washed by 1 mM acetic acid (Fisher Scientific, USA) five times and 

with deionized water to remove fine particles and impurities. The dolomite has 

crude oil trapping on the surface and the total organic carbon of dolomite was 

4.97%, analyzed by Galbraith Laboratories Inc. The dolomite with crude oil was 

termed as “oil-dolomite” in the paper. The FP-PVA(50k)-CB and 65 µM Na2S in the 

synthetic seawater were simultaneous injected to the oil-dolomite column. Figure 

4.15B shows the relative breakthrough performance while the nanoreporter was 

pumped through the column. The FP-PVA(50k)-CB not only had >95% 

breakthrough efficiency in 6 PV, but also exhibited an obvious change in fluorescent 

enhancement before and after reacting with the H2S.  

132

A! B!
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A new column that was packed with Kuwaiti oilfield dolomite and Berea 

sandstone was used to replace the original sandstone-packed column in order to better 

simulate the oilfield environment. As Figure 4.15B shows, the FP-PVA(50k)-CB not only 

had > 95% breakthrough efficiency in 6 PVs, but also exhibited good response to the H2S. 

The fluorescent enhancement was comparable to that from the nanoreporter in the 

sandstone-backed column containing the same H2S concentration (Figure 4.13B), 

suggesting that the PVA-coated nanoreporter is not trapped by crude oil. Additionally, 

the change in fluorescence enhancement depends upon the concentration of H2S in the 

column and not the type of rock formation. 

 

4.4. Conclusion 

In conclusion, PVA-CB NPs were synthesized and they exhibited efficient 

mobility as well as thermal stability under simulated downhole environments. The PVA-

CB NP was subsequently functionalized with a H2S-sensitive probe molecule to show 

H2S detection in a simulated subsurface system. By taking advantage of the reducing 

efficiency of H2S, the ICT of π-conjugate push-pull properties of the probe molecule 

resulted in fluorescence enhancement. The FP-PVA-CB nanoreporter gave quantitative 

information of the H2S content based upon fluorescence enhancement.    
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