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(57) ABSTRACT 

Various embodiments of the present disclosure pertain to 
nanocomposites for detecting hydrocarbons in a geological 
structure. In some embodiments, the nanocomposites 
include: a core particle; a polymer associated with the core 
particle; a sulfur-based moiety associated with the polymer; 
and a releasable probe molecule associated with the core 
particle, where the releasable probe molecule is releasable 
from the core particle upon exposure to hydrocarbons. Addi
tional embodiments of the present disclosure pertain to meth
ods of detecting hydrocarbons in a geological structure by 
utilizing the nanocomposites of the present disclosure. 
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NANOCOMPOSITE OIL SENSORS FOR 
DOWNHOLE HYDROCARBON DETECTION 

2 
based moiety is a sulfonate moiety with the following chemi
cal formula: -S03 R, where R is one ofH, Na, K, Li, NH4 , 

alkyl groups, aryl groups, phenyl groups, and combinations 
thereof. In some embodiments, the sulfur content of the nano-CROSS-REFERENCE TO RELATED 

APPLICATIONS 5 composites of the present disclosure is less than about 2 
atomic%. 

In some embodiments, the present disclosure pertains to 
systems and methods for detecting hydrocarbons in a geo
logical structure by utilizing the nanocomposites of the 

This application claims priority to U.S. Provisional Patent 
Application No. 61/614,631, filed on Mar. 23, 2012. This 
application is also related to U.S. patent application Ser. No. 
13/378,440, filed on Feb. 23, 2012, which is a national stage 
entry of PCT/USl0/38363, filed on Jun. 11, 2010, which 
claims priority to U.S. Provisional Patent Application No. 
61/187,971, filed on Jun. 15, 2009. The entirety of each of the 
aforementioned applications is incorporated herein by refer
ence. 

10 present disclosure. In some embodiments, the systems and 
methods include: injecting the nanocomposites into the geo
logical structure; collecting a sample of the nanocomposites 
after flow through the geological structure; determining the 
amount of the releasable probe molecules associated with the 

BACKGROUND 

Current sensors to detect hydrocarbons in geological struc
tures have numerous limitations in terms of stability, durabil
ity, and breakthrough efficiency. Therefore, more effective 
sensors are desired for detecting hydrocarbons in geological 
structures. 

15 nanocomposites in the collected sample; comparing the 
determined amount with the amount ofreleasable probe mol
ecules associated with the nanocomposites prior to injection 
into the geological structure; and correlating the compared 
amount to presence of hydrocarbons in the geological struc-

20 ture. In some embodiments, the releasable probe molecule is 
triheptylamine ("THA"). In some embodiments, a decrease in 
the amount of releasable probe molecules associated with 
nanocomposites in the collected sample is indicative of the 
presence of hydrocarbons in the geological structure. 

SUMMARY 25 

In some embodiments, the present disclosure provides 
nanocomposites for detecting hydrocarbons in a geological 
structure. In some embodiments, the nanocomposites 
include: a core particle; a polymer associated with the core 30 

particle; a sulfur-based moiety associated with the polymer; 
and a releasable probe molecule associated with the core 
particle, where the releasable probe molecule is releasable 
from the core particle upon exposure to hydrocarbons. In 
some embodiments, the releasable probe molecule is trihep- 35 

tylamine ("THA"). In some embodiments, the nanocompos
ites of the present disclosure have a neutral charge or a sub
stantially neutral charge. 

In some embodiments, the core particle may include at 
least one of carbon black, functionalized carbon black, oxi- 40 

dized carbon black, carboxyl functionalized carbon black, 
carbon nanotubes, functionalized carbon nanotubes, 
graphenes, graphene oxides, graphene nanoribbons, 
graphene oxide nanoribbons, metal nanoparticles, silica 
nanoparticles, silicon nanoparticles, silicon oxide nanopar- 45 

ticles, silicon nanoparticles bearing a surface oxide, and com
binations thereof. 

In some embodiments, the releasable probe molecule is 
non-covalently associated with the core particle. 

BRIEF DESCRIPTION OF THE FIGS. 

FIG. 1 provides a scheme (FIG. lA) and a diagram (FIG. 
lB) of systems and methods for detecting hydrocarbons in a 
geological structure through the use of nanocomposites. 

FIG. 2 provides schemes for the synthesis of various nano
composites for hydrocarbon detection in geological struc
tures, including functionalized carbon black ("fCB") (FIG. 
2A); polyvinyl alcohol-modified fCB ("PVA-fCB") (FIG. 
28) and sulfated PVA-fCB ("sPVA-fCB") (FIG. 2C). Sulfa
tion yields units with---OS03 H pendants. The particle size of 
the carbon black may be -15 nm. 

FIG. 3 provides spectral analyses of various nanocompos
ites, including attenuated total reflection infrared ("ATR-IR") 
spectrum of PVA(50k)-fCB (FIG. 3A); ATR-IR spectrum of 
low sulfatedPVA(50k)-fCB ("LsPVA(50k)-fCB") (FIG. 38); 
ATR-IR spectrum of high sulfated PVA(50k)-fCB ("HsPVA 
(50k)-fCB") (FIG. 3C); X-ray photoelectron spectroscopy 
("XPS") spectrum of the PVA(50k)-fCB (FIG. 3D); XPS 
spectrum of the LsPVA(50k)-fCB (FIG. 3E); and XPS spec
trum of the HsPVA(50k)-fCB (FIG. 3F). The insets in FIGS. 
3E-3F are the high resolution S2p XPS spectra of LsPVA 
(50k)-fCB and HsPVA(50k)-fCB nanocomposites, respec
tively. All XPS peaks were normalized with respect to the 

50 C=C peak at 284.8 eV. In some embodiments, the polymer is covalently associ
ated with the core particle. In some embodiments, the poly
mer may include at least one of poly( viny 1 alcohol) ("PVA"), 
poly( ethylene glycol) ("PEG"), poly(propylene glycol) 
("PPG"), poly( ethylene imine) ("PEI"), sorbitol, polysaccha
rides, polylactone, polyacrylonitrile ("PAN"), polyethylene 55 

("PE"), poly(vinyl chloride) ("PVC"), poly(acrylic acid) 
("PAA"), polystyrene ("PS"), high impact polystyrene 
("HIPS"), polypropylene ("PP"), polyester, poly(hydroxy
alkyl ester), poly(butadiene) vinyl polymers, condensation 
polymers, and combinations thereof. In some embodiments, 60 

the polymer is poly(vinyl alcohol) ("PVA"). 
In some embodiments, the sulfur-based moiety is 

covalently associated with the polymer. In some embodi
ments, the sulfur-based moiety is a sulfate moiety with the 
following chemical formula: ---OS03R, where R is one ofH, 65 

Na, K, Li, NH4 , alkyl groups, aryl groups, phenyl groups, and 
combinations thereof. In some embodiments, the sulfur-

FIG. 4 provides thermogravimetric analysis ("TGA") of 
LsPVA(50k)-fCB, HsPVA(50k)-fCB and PVA(50k)-fCB. 
Samples were pretreated at 120° C. for dehydration prior to 
being heated to 800° C. at a rate of3° C./minute in Ar. 

FIG. S provides scanning electron micrograph ("SEM") 
images and enlarged insets of PVA(50k)-fCB (FIG. SA); 
LsPVA(50k)-fCB (FIG. SB); and HsPVA(50k)-fCB (FIG. 
SC). The scale bar for each main image is 4 µm and 2 µm for 
each inset. 

FIG. 6 provides dynamic light scattering ("DLS") plots for 
the PVA(50k)-coated fCB nanocomposites before and after 
the treatment with light or high sulfation. All nanocomposites 
were dispersed in deionized water. The temperature was con
trolled from 25° C. to 70° C. 

FIG. 7 provides photographs taken of the PVA(50k)-fCB 
(FIG. 7A); LsPVA(50k)-fCB (FIG. 78); and HsPVA(50k)
fCB (FIG. 7C) at 100° C. All nanocomposites were sus-
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pended in API standard brine solution. The API standard 
brine solution was composedof90% H20, 8% NaCl, and2% 
CaC12 . 

FIG. 8 provides breakthrough tests for PVA(50k)-fCBs, 
LsPVA(50k)-fCBs and HsPVA(50k)-fCBs in sandstone 5 

(FIG. SA) and calcite-packed colunms at 70° C. (FIG. SB). 
API standard brine solution was used as aqueous carrier solu
tion, and nanocomposites were injected into colunm at a flow 
rate of8 mL/hour and a linear velocity of9.3 m/24 hours. The 
inset in FIG. SB shows that the HsPVA(50k)-fCBs block the 10 

colunm (black band at the top of the colunm), resulting in 
little breakthrough after -6 PV. 

FIG. 9 provides additional breakthrough tests for PVA 
(50k)-fCBs, LsPVA(50k)-fCBs andHsPVA(50k)-fCBs. FIG. 
9A provides breakthrough tests for components of nanore- 15 

porters in calcite-packed colunms at 25° C. ofLsPVA(50k)
fCB without isooctane or triheptylamine ("THA") (plot (a)); 
LsPVA(50k)-fCB associated with THA without isooctane 
("THA/LsPVA(50k)-fCB") (plot (b )); THA/LsPVA(50k)
fCB with 5 wt% isooctane (plot (c)); and THA/LsPVA(50k)- 20 

fCB with 10 wt% isooctane (plot ( d) ). The C/C0 value of the 
LsPVA(50k)-fCB was then determined by its UV absorbance 
at 232 nm, while the THA concentration was measured by 
electrospray mass spectrometry ("ESI-MS"). FIG. 98 is a 
graph showing the correlation between the C/C0 value of 25 

THA and isooctane concentration in calcite colunms. 

4 
and the use of"or" means "and/or", unless specifically stated 
otherwise. Furthermore, the use of the term "including", as 
well as other forms, such as "includes" and "included", is not 
limiting. Also, terms such as "element" or "component" 
encompass both elements or components comprising one unit 
and elements or components that comprise more than one unit 
unless specifically stated otherwise. Parameters disclosed 
herein (e.g., temperature, time, concentrations, etc.) may be 
approximate. 

The section headings used herein are for organizational 
purposes and are not to be construed as limiting the subject 
matter described. All documents, or portions of documents, 
cited in this application, including, but not limited to, patents, 
patent applications, articles, books, and treatises, are hereby 
expressly incorporated herein by reference in their entirety 
for any purpose. In the event that one or more of the incorpo-
rated literature and similar materials defines a term in a man
ner that contradicts the definition of that term in this applica
tion, this application controls. 

As energy demand continues to increase, it is desirable to 
produce as much oil as possible from existing and new oil 
wells. Tracers have been used to map entry and exit well 
correlations in the oil-field. However, many of the existing 
tracers do not provide any information about the environment 
between the entry and exit locations. 

Oil production can be enhanced if the geology of oil fields 
can be accurately mapped out, and if flow from injection wells 
to production wells can be characterized. In particular, an 
approach is desired in which a sensor can be injected down
hole, recovered at the production well, and analyzed for infor
mation about the subsurface. Though various sensors are 
available for such purposes, they have limited stability, dura
bility, and breakthrough efficiency in geological structures. 

For instance, in Applicants' previous work, the polyvinyl 

FIG. 10 provides a scheme of an apparatus for simulating 
the detection and quantitative analysis of hydrocarbon con
tents in downhole rocks. 20 ppm ofTHA/LsPVA-fCB inAPI 
brine was loaded into the plastic syringe and injected into a 30 

calcite-packed colunm with a given concentration of isooc
tane. The effluent was recovered and analyzed independently. 
The C/C0 ofLsPVA( 50k)-fCB was measured by its UV absor
bance at 232 nm. The THA was detected by ESI-MS by 
observing the protonated molecular ion (m/z=312.4). 

FIG. 11 provides additional breakthrough tests for THAI 
LsPVA( 50k )-fCB nanoreporters in calcite-packed colunms at 
25° C. without isooctane (FIG. llA), with 26% isooctane 
saturation (FIG. l1B), and with 52% isooctane saturation 
(FIG. llC). The arrows indicate when the flow was switched 40 

from the THA/LsPVA-fCB solution to API brine. FIG. llD 

35 alcohol-modified oxidized carbon black ("PVA-OCB") dem
onstrated the best breakthrough efficiency and stability in 
seawater. However, such compositions had thermal stability 
limitations, such as being prone to agglomeration in seawater 

shows the correlation between the C/C0 value of THA and 
isooctane saturation in calcite colunms. 

FIG. 12 provides DLS plots of oxidized carbon black 
("OCB") lightly sulfated with PVA (50k) ("LsPVA(50k)
OCB") at different temperatures. The plots were measured by 
ZetaPALS and FOQELS inAPI brine. Hydrodynamic diam
eter ("D/') is volume-based. The results show that the size of 
LsPVA(50k)-OCBs increases gradually with increased tem
peratures. 

FIG. 13 shows the breakthrough studies of LsPVA(50k)
OCB and HsPVA(50k)-OCB in API brine in a sandstone 
colunm at 70° C. The concentration of nanocomposites was 
20 mg/L, and the flow rate was 8 mL/hour (linear velocity 
12.2 m/day). The results show that more than 95% ofLsPVA 
(50k)-OCBs can flow through the sandstone colunm after 3 
pore volumes. The results also show that about 80% of 
HsPVA-OCBs can flow through the colunm after 8 pore vol
umes. 

DETAILED DESCRIPTION 

It is to be understood that both the foregoing general 
description and the following detailed description are illus
trative and explanatory, and are not restrictive of the subject 
matter, as claimed. In this application, the use of the singular 
includes the plural, the word "a" or "an" means "at least one", 

at higher temperatures ( e.g., 70° C.). In addition, the compo
sitions demonstrated limited breakthrough efficiency in cer
tain charged porous media, such as dolomite and calcite 
rocks. 

Therefore, it is desirable to design sensors that have 
enhanced stability, durability, and breakthrough efficiency in 

45 geological structures. In particular, sensors are desired that 
can simultaneously endure high temperature and high salinity 
while being transported through a variety of porous media. 
Various embodiments of the present disclosure address the 

50 

foregoing. 
In embodiments, the present disclosure pertains to systems 

and methods for detecting hydrocarbons in a geological struc
ture by utilizing the nanocomposites of the present disclosure. 
As illustrated in FIG. lA, systems and methods of the present 
disclosure can be performed by injecting the nanocomposites 

55 into the geological structure (step 10); collecting a sample of 
the nanocomposites after flow through the geological struc
ture (step 12); determining the amount of the releasable probe 
molecules associated with nanocomposites in the collected 
sample (step 14); comparing the determined amount with the 

60 amount of releasable probe molecules associated with nano
composites prior to injection into the geological structure 
(step 16); and correlating the compared amount to the pres
ence of hydrocarbons in the geological structure (step 18), 
where a decrease in the amount of releasable probe molecules 

65 associated with nanocomposites in the collected sample is 
indicative of the presence of hydrocarbons in the geological 
structure. 
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diameters that are about 100 nm to about 200 nm. In some 
embodiments, the core particles of the present disclosure can 
have diameters that range from about 10 nm to about 50 nm. 

The core particles of the present disclosure can also have 
various arrangements. For instance, in some embodiments, 
the core particles of the present disclosure may be individu
alized. In some embodiments, the core particles of the present 
disclosure may be in aggregates or clusters. In some embodi
ments, the core particles of the present disclosure may be in 
the form of clusters, where each cluster has about 3 to 5 core 
particles that are associated with one another. 

The core particles of the present disclosure may also have 
various charges. For instance, in some embodiments, the core 
particles of the present disclosure may be positively charged. 

FIG. lB provides a scheme of an exemplary system and 
method of utilizing the nanocomposites of the present disclo
sure to detect hydrocarbons in a geological structure contain
ing downhole rocks. In this example, the nanocomposites 
contain a carbon black core particle that is associated with 5 

sulfated polymer chains and a hydrophobic probe molecule 
that is releasable from the core particle upon exposure to 
hydrocarbons. The hydrophobic probe molecule serves as a 
probe during its downhole journey through the geological 
structure. If oil is present, then probe molecules are selec- 10 

tively released from the nanocomposites. Interrogation of the 
nanocomposites at the production site can then provide quan
titative information regarding the oil content based upon the 
amount of hydrophobic probe molecules remaining on the 
nanoparticle. 15 In some embodiments, the core particles of the present dis

closure may be negatively charged. In some embodiments, 
the core particles of the present disclosure may be neutral. In 
some embodiments, the core particles of the present disclo
sure may include functionalized carbon blacks that are neu-

As set forth in more detail herein, various nanocomposites 
may be utilized to detect hydrocarbons in various geological 
structures. In addition, various systems and methods may be 
utilized to detect the presence of hydrocarbons in geological 
structures. 20 tral in charge. 

Core Particles 
Core particles generally refer to particles that can be trans

ported through a geological structure. In some embodiments, 

Polymers 
The core particles of the present disclosure may be associ

ated with various polymers. In some embodiments, the poly
mers may include, without limitation, amphiphilic polymers, it is desirable for the core particles to be stable to subsurface 

conditions. In some embodiments, it is also desirable for the 
core particles to endure various conditions in geological 
structures, such as high temperatures and salinities. In some 
embodiments, it is also desirable for the core particles to have 
mobility through different rocks in geological structures. 

25 hydrophobic polymers, hydrophilic polymers, and combina
tions thereof. In some embodiments, the core particles of the 
present disclosure may be associated with polymers through 
covalent bonds. In some embodiments, the core particles of 
the present disclosure may be associated with polymers 

30 through non-covalent bonds, such as ionic interactions, acid
base interactions, hydrogen bonding interactions, pi-stacking 
interactions, van der Waals interactions, adsorption, phys
isorption, self-assembly, sequestration, and combinations 
thereof. 

The nanocomposites of the present disclosure may include 
various types of core particles. In some embodiments, the 
core particles may include, without limitation, carbon black, 
functionalized carbon black, oxidized carbon black, carboxyl 
functionalized carbon black, carbon nanotubes, functional
ized carbon nanotubes, graphenes, graphene oxides, 35 

graphene nanoribbons, graphene oxide nanoribbons, metal 
nanoparticles, silica nanoparticles, siliconnanoparticles, sili
con oxide nanoparticles, silicon nanoparticles bearing a sur
face oxide, and combinations thereof. In some embodiments, 
the core particles may include functionalized carbon black 40 

("fCB"), such as carboxyl-functionalized carbon black or 
oxidized carbon black. 

In some embodiments, polymers may include, without 
limitation, poly(vinyl alcohol) ("PVA"), poly(ethylene gly
col) ("PEG"), poly(propylene glycol) ("PPG"), poly(ethyl
ene imine) ("PEI"), sorbitol, polysaccharides, polylactone, 
polyacrylonitrile ("PAN"), polyethylene ("PE"), poly(vinyl 
chloride) ("PVC"), poly(acrylic acid) ("PAA"), polystyrene 
("PS"), high impact polystyrene ("HIPS"), polypropylene 
("PP"), polyester, poly(hydroxyalkyl ester), poly(butadiene ), 
vinyl polymers, step growth polymers, condensation poly
mers, and combinations thereof. In some embodiments, the 

45 core particles of the present disclosure may be associated 
with PVA. In some embodiments, the core particles of the 
present disclosure may be associated with PAA. 

In various embodiments, functionalized ( e.g., oxidized) 
core particles may be prepared by reacting a dispersion of 
core particles with a mixture offuming sulfuric acid and nitric 
acid. In some embodiments, oxidized carbon black may be 
prepared by a reaction of carbon black particles with an 
oxidizing agent, such as KMn04 in sulfuric acid or in a 
mixture of sulfuric acid and phosphoric acid. In some 
embodiments, the oxidized carbon black molecules may be 50 

highly oxidized and contain various oxidized functionalities, 
such as, for example, carboxylic acids, ketones, hydroxyl 
groups, and epoxides. 

Sulfur-Based Moieties 

In some embodiments, the core particles of the present 
disclosure may be uncoated. In some embodiments, the core 55 

particles of the present disclosure may be coated with various 
coatings, such as polymers, surfactants, and combinations 
thereof. 

In various embodiments, the polymers of the present dis
closure may be associated with one or more sulfur-based 
moieties. Sulfur-based moieties generally refer to molecules 
with at least one sulfur atom. Without being bound by theory, 
the use of polymers with sulfur-based moieties can enhance 
the flow and penetration of nanocomposites into various geo-
logical structures. 

In some embodiments, the sulfur-based moiety is a sulfate 
moiety with the following chemical formula: -OS03R. In 
some embodiments, R in the sulfate moiety may be at least 
one ofH, Na, K, Li, NH4 , alkyl groups, aryl groups, phenyl The core particles of the present disclosure can have vari

ous sizes. For instance, in some embodiments, the core par
ticles of the present disclosure can have diameters that range 
from about 1 nm to about 1 µm. In some embodiments, the 
core particles of the present disclosure can have diameters 
that range from about 1 nm to about 500 nm. In some embodi
ments, the core particles of the present disclosure can have 
diameters that are less than about 200 nm. In some embodi
ments, the core particles of the present disclosure can have 

60 groups, and combinations thereof. In some embodiments, the 
sulfur-based moiety is a sulfonate moiety with the following 
chemical formula: -S03R. In some embodiments, R in the 
sulfonate moiety may include at least one of H, Na, K, Li, 
NH4 , alkyl groups, aryl groups, phenyl groups, and combi-

65 nations thereof. 
In some embodiments, sulfur-based moieties may be 

covalently associated with polymers. In some embodiments, 
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probe molecules may include metal nanoparticles and mol
ecules that are sensitive to the presence of heavy metals ( e.g., 
chelating ligands). In some embodiments, the releasable 
probe molecules are non-radioactive. In some embodiments, 

sulfur-based moieties may be non-covalently associated with 
polymers, such as through ionic interactions, acid-base inter
actions, hydrogen bonding interactions, pi-stacking interac
tions, van der Waals interactions, adsorption, physisorption, 
self-assembly, sequestration and combinations of such inter
actions. 

In some embodiments, the polymer is a sulfated polyvinyl 
alcohol ("sPVA"), where one or more sulfate moieties are 
covalently linked to the polyvinyl alcohol. In some embodi
ments, the sulfated polyvinyl alcohol may be covalently 
linked to a core particle, such as a functionalized carbon 
black. 

5 the releasable probe molecules are radioactive and thus 
detectable by a scintillation counter. 

Hydrocarbon Detection 

The sulfur-based moieties of the present disclosure may 
yield nanocomposites with various sulfur contents. For 
instance, in some embodiments, the nanocomposites of the 
present disclosure may have a sulfur content of less than 
about 2 atomic%. In some embodiments, the nanocomposites 

The nanocomposites of the present disclosure may be uti
lized to detect hydrocarbons in various geological structures. 

10 Such hydrocarbon detection techniques can also have various 
embodiments. In particular, various systems and methods 
may be utilized to inject nanocomposites into geological 
structures, collect nanoparticle samples after flow through the 

of the present disclosure may have a sulfur content from about 

15 
geological structures, and analyze the collected samples for 
the presence of hydrocarbons in the geological structures. 
Furthermore, embodiments of the present disclosure may be 
applied to various types of geological structures. 

1 atomic% to about 1.5 atomic%. In some embodiments, the 
nanocomposites of the present disclosure may have a sulfur 20 

content of about 1.3 atomic %. 
Releasable Probe Molecules 

Geological Structures 
Embodiments of the present disclosure may be applied to 

various geological structures. In some embodiments, the geo
logical structures may include a downhole environment, such 
as an oil well or a subterranean or subsurface formation. In 
some embodiments, the geological structures of the present 

The core particles of the present disclosure may also be 
associated with one or more releasable probe molecules. 
Releasable probe molecules generally refer to probe mol
ecules that are releasable from core particles upon exposure to 
hydrocarbons (e.g., oil, natural gas). 

25 disclosure may be associated with various types of rocks, 
such as sandstone, dolomite, calcite, neutral formations, cat
ionic formations, anionic formations, clays, shale, and com
binations thereof. In some embodiments, the releasable probe molecules are 

non-covalently associated with core particles, such as 
through ionic interactions, acid-base interactions, hydrogen 30 

bonding interactions, pi-stacking interactions, van der Waals 
interactions, adsorption, physisorption, self-assembly, 
sequestration and combinations of such interactions. In some 
embodiments, the releasable probe molecules are covalently 
associated with core particles. In some embodiments, the 35 

releasable probe molecules are covalently associated with 
core particles through disulfide bonds or ester bonds. In some 
embodiments, the disulfide or ester bonds are cleavable upon 
exposure to hydrocarbons. 

Various releasable probe molecules may be associated with 40 

the core particles of the present disclosure. In some embodi
ments, the releasable probe molecules may include at least 
one of fluorescent molecules, UV-active molecules, isotopi
cally enriched molecules ( e.g., molecules having mass spec-
tra distinct form non-isotopically enriched molecules), radio- 45 

labeled molecules, radioactive molecules, metal 
nanoparticles, hydrophobic molecules, hydrophilic mol
ecules, and combinations thereof. 

In some embodiments, the releasable probe molecules are 
hydrophobic molecules. In some embodiments, the releas- 50 

able probe molecules are hydrophobic molecules that are 
sequestered within hydrophobic regions of the core particles. 

In some embodiments, the geological structures pertaining 
to embodiments of the present disclosure may be penetrated 
by at least one vertical well. In some embodiments, the geo
logical structures of the present disclosure may be penetrated 
by at least one horizontal well. In some embodiments, the 
geological structures of the present disclosure may be pen-
etrated by at least one vertical well and at least one horizontal 
well. 

The geological structures of the present disclosure may 
also be associated with various types of hydrocarbons. In 
some embodiments, the hydrocarbons may be associated 
with oil deposits. In some embodiments, the hydrocarbons 
may be derived from petroleum sources. Additional hydro-
carbon sources can also be envisioned. 

Nanoparticle Injection 
Various systems and methods may also be utilized to inject 

nanocomposites into geological structures. In some embodi
ments, the injection may occur by pumping the nanocompos
ites into a geological structure. In some embodiments, the 
injection may occur by physically pouring the nanocompos
ites into a geological structure. 

In some embodiments, the nanocomposites of the present 
disclosure may be dispersed in a fluid prior to injection into a 
geological structure. In some embodiments, the fluid may 
include at least one of water, brine, proppant, drilling mud, 
fracturing fluid, and combinations thereof. In some embodi-

In some embodiments, the releasable probe molecules are 
hydrophilic molecules that are sequestered within hydro
philic regions of the core particles. 55 ments, the nanocomposites may be injected into a geological 

structure while dispersed in a substantially aqueous medium 
(i.e., >50% water). In other embodiments, the nanocompos
ites may be injected into a geological structure while dis-

In some embodiments, the releasable probe molecules 
include triheptylamine ("THA"). THA is a highly hydropho
bic molecule due to its long alky 1 chains. Furthermore, THA' s 
nitrogen atoms can be easily distinguished by mass spectrom
etry according to the nitrogen rule, where an odd number of 60 

nitrogen atoms will afford an odd mass. 
In some embodiments, releasable probe molecules may 

include fluorescent dyes, such as 1,5-diphenyloxazole or 
fluorescein. In some embodiments, the releasable probe mol
ecules may be non-isotopically enriched molecules that are 65 

easily detectable by their mass spectra or other unique spec
troscopic signature. In some embodiments, the releasable 

persed in a substantially organic medium (i.e., >50% organic 
solvent). 

In some embodiments, the nanocomposites may be 
injected into a geological structure while dispersed in an 
emulsion, such as an oil in water emulsion, where water is the 
continuous phase. In some embodiments, the nanocompos
ites may be injected into a geological structure while dis
persed in an invert emulsion, such as a water in oil emulsion, 
where oil is the continuous phase. 
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Sample Collection 
Various systems and methods may also be used to collect 

nanoparticle samples after flow through geological struc
tures. In some embodiments, the nanocomposites of the 
present disclosure may be injected into a geological structure 5 

in a first location (e.g., an injection well) and recovered in a 
second location (e.g., a production well). In some embodi
ments, the nanocomposites of the present disclosure may be 
injected into a geological structure and recovered from the 
geological structure in the same location. 10 

Detection of Hydrocarbons 
Various systems and methods may also be used to detect 

hydrocarbons in geological structures. Such systems and 
methods generally include a determination of the amount of 

15 
releasable probe molecules associated with nanocomposites 
in the collected sample, a comparison of the determined 
amount with the amount of releasable probe molecules asso
ciated with nanocomposites prior to injection, and a correla
tion of the compared amount to the presence of hydrocarbons 20 

in the geological structure. In general, a decrease in the 
amount of releasable probe molecules associated with nano
composites in the collected sample corresponds to the pres
ence of hydrocarbons in the geological structure. 

Various systems and methods may be used to determine the 25 

amount of releasable probe molecules associated with nano
composites. In some embodiments, the analysis may occur by 
mass spectrometry, such as electrospray mass spectrometry 
("ESI-MS"). In some embodiments, the analysis may occur 
by spectroscopy, such as UV-vis spectroscopy. In some 30 

embodiments, the analysis may occur by fluorescence spec
trometry. In some embodiments where the releasable probe 
molecule is radioactive, the detection may occur through 
detection of radioactivity using, for example, a scintillation 

35 
counter. 

Applications and Advantages 

10 
disclosure herein is for illustrative purposes only and is not 
intended to limit the scope of the claimed subject matter in 
anyway. 

Example 1 

Highly Stable Carbon Nanocomposites Designed for 
Downhole Hydrocarbon Detection 

In this Example, Applicants demonstrate that sulfated 
polyvinyl alcohol functionalized carbon black, stable under 
high temperature and high salinity conditions, efficiently car
ries a hydrophobic compound through a variety of oil-field 
rock types and releases the compound when the rock contains 
hydrocarbons. In particular, Applicants show in this Example 
that nanocomposites possessing functionalized carbon black 
("fCB") cores and sulfated polyvinyl alcohol ("sPVA") 
addends were designed to transport hydrocarbon detection 
molecules through subsurface rock formations. The sPVA
fCBs are stable under high-temperature and salinity condi-
tions and are transported through a variety of oilfield rock 
types. A non-radioactive probe molecule that is easily detect
able by mass spectrometry, triheptylamine ("THA"), was 
adsorbed onto the sPVA-fCBs. The THA was selectively 
released when the nanocomposites were passed through a 
column of isooctane-containing crushed rock, providing both 
entry and exit correlations and a measure of oil content. 

In this Example, Applicants utilized a carboxyl group
functionalized carbon black ("fCB") as the core nanoparticle 
("NP"). The fCB is less oxidized than the OCB core, resulting 
in a surface charge close to zero for fCB-containing nano
composites in neutral aqueous solutions. Thus, the PVA
modified fCB exhibits improved performance when moving 
through charged rocks. Because ionic surfactants are not as 
temperature sensitive as non-ionic surfactants, the PVA-fCB 
nanocomposites were also sulfated to provide nanocompos
ites with slightly ionic properties. Sulfated PVA-fCB 
("sPVA-fCB") nanocomposites used here show tolerance 

40 against agglomerating under high temperature and high salin
ity conditions. Furthermore, it is shown herein that sPVA
fCBs are capable of breaking through many subsurface rocks, 
such as sandstone, dolomite and calcite. 

As set forth in more detail in the Examples herein, the 
nanocomposites of the present disclosure provide enhanced 
stability, durability, and breakthrough efficiency in various 
geological structures. For instance, the nanocomposites of the 
present disclosure can display effective flow through posi
tively charged subsurface rocks, such as dolomite or calcite. 
Furthermore, the nanocomposites of the present disclosure 
can show tolerance against agglomerating under high tern- 45 

perature and high salinity conditions. 
As such, the nanocomposites of the present disclosure can 

be used to more effectively detect the presence of hydrocar
bons in various geological structures for numerous purposes. 
For instance, the nanocomposites of the present disclosure 50 

can be used in downhole oil detection, enhanced oil recovery, 
and environmental remediation of organic-contaminated 
land. In some embodiments, the nanocomposites of the 
present disclosure can be used to provide an effective assess-

55 
ment of stranded downhole oil content within various geo
logical formations. In further embodiments, the nanocom
posites of the present disclosure can provide a quantitative 
analysis of the hydrocarbon content in downhole rock forma
tions associated with older oilfields. Additional applications 60 
can also be envisioned. 

EMBODIMENTS 

Reference will now be made to various embodiments of the 65 

present disclosure and experimental results that provide sup
port for such embodiments. However, Applicants note that the 

Example 1.1 

Synthesis and Characterization ofTHA/sPVA-fCBs 

In this Example, triheptylamine ("THA") was used as the 
probe molecule. The THA/sPVA-fCBs were found to effi
ciently transport THA through columns that simulate subsur
face formations and selectively release the THA into hydro
carbon-containing rocks. Here, Applicants use the 
convention that"/" indicates a non-covalent attachment while 
"-" indicates a covalent attachment. 

Since the CB lacks active groups on its surface, it is difficult 
to directly graft polymers onto its surface without any pre
treatment. Hence, as illustrated in FIG. 2A, 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"). 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 (FIG. 28 ). Unbound PVA was removed after dialysis 
against running DI water. Thereafter, the PVA-grafted fCB 
("PVA-fCB") was obtained. 
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For optimization, Applicants further changed the surface 
properties of the PVA-fCB nanocomposite by sulfation (FIG. 
2C). Here, 3.0 mL of 1 M ClS03H was added to the as
synthesized PVA-fCB in DMSO. Next, the mixture was 
heated at 60° C. for 30 minutes to obtain lightly sulfated 5 

PVA-fCB ("LsPVA-fCB"). Highly sulfated PVA-fCB 
("HsPVA-fCB") was prepared by adding 4.mL of 1 M 
ClS03 H and heating for 60 minutes at 75° C. 

a high net charge. The degree of expansion of the polyelec
trolyte configuration increases as the degree of ionization 
increases due to Coulomb repulsion between the ionized 
groups. This explains why the particle size of the HsPVA-fCB 
nanocomposites is larger than that of PVA-fCB or LsPVA
fCB nanocomposites. Dynamic light scattering ("DLS") data 
of the nanocomposites in DI water at 25° C. also support the 
SEM results for particle size trends (see FIG. 6). 

Example 1.2 

Dispersion and Flow Characteristics of fCBs 

API standard brine was used to disperse the fCB nanocom-
posites. API standard brine (pH 6.4) has much higher salinity 
than the synthetic seawater typically used to disperse oxi
dized carbon black NPs, thereby providing a more vigorous 
environment for maintaining dissolution. As FIG. 7 A shows, 

FIG. 3 shows ATR-IR and XPS spectra for the PVA(50k)
fCB nanocomposites before and after sulfation. Besides cer- 10 

tain vibrational bands in common, such as v o-H and v c-H, the 
peaks at 1024 cm-1, which are only found in the LsPVA(50k)
fCB and the HsPVA(50K)-fCB, could be attributed to S=O 
stretching from the sulfated PVA. The peak intensity then 
reflects the different extent of sulfation. The S2p XPS spectra 15 

of the LsPVA-fCB and the HsPVA-fCB provide further evi
dence that the HsPVA-fCB has almost twice the sulfur con
tent of the LsPVA-fCB (2.2 atomic % vs. 1.3 atomic %, 
respectively, FIGS. 3E-F, insets). 

20 when the temperature was elevated to 100° C., the PVA(50k)
fCB nanocomposites (that had been stable in synthetic sea
water) quickly precipitated in the API brine at that tempera
ture, and further could not be redispersed in the API standard 
brine solution upon cooling to room temperature. The LsPVA 

Thermogravimetric analysis ("TGA") can be further used 
to provide evidence for PVA or sPVA on the fCB core. FIG. 4 
shows typical TGA plots from LsPVA(50k)-fCBs, HsPVA 
(50k)-fCBs, and PVA(50k)-fCBs. Prior to running the TGA, 
the nanocomposites 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./minute. 
The TGA indicated that the weight loss of the PVA-fCB 
(94%) was slightly higher than the weight loss for oxidized 
carbon black ("OCB") functionalized with PVA ("PVA
OCB") (86%), as recorded in Applicants' previous reports. 
See, e.g., U.S. patent application Ser. No. 13/378,440 and 
PCT/USl0/38363. Such findings indicate that the fCB cores 
are viable replacements for the OCB cores due to their high 
degrees of functionalization. The TGA weight loss ofLsPVA
fCBs and HsPVA-fCBs was 78% and 81 %, respectively. 

Compared to the PVA-fCBs, both highly and lightly sul
fated PVA-fCBs were expected to have larger weight loss due 
to the addition of sulfate groups. However, the TGA weight 
loss for the LsPVA-fCBs and HsPVA-fCBs was 78% and 
81 %, respectively. The PVA polymers were grafted onto the 
fCBs surface via ester bonds. From the chemical aspect, the 
sulfating agent, chlorosulfonic acid, not only sulfates the 
PVA, but it could also damage the ester bonds under strong 
base and acid condition. Without being bound by theory, 
Applicants believe that part of the grafted PVAs were lost 
during the sulfation process. After dialysis in running DI 
water, these unbound PVAs were therefore removed, causing 
the diminished PVA weight loss in the sPVA-fCBs. An alter
native sulfation method that can be utilized is the commercial 
complex between pyridine and S03 • See Example 1.12. 

FIG. 5 shows scanning electron micrograph ("SEM") 
images of three different fCB-containing nanocomposites. 
50,000 molecular weight PVA was coupled to the fCB to 
provide PVA(50k)-fCB nanocomposites with a particle size 
from 200 nm to 300 nm, as shown in FIG. SA. These nano
composites appear agglomerated because they were precipi
tated from acetone. Even so, each nanocomposite has the 
spherical shape of carbon black. After the PVA-fCB nano
composite was lightly sulfated by ClS03H, the resulting 
LsPVA(50k)-fCB has a particle size distribution in a range 
between 100 nm and 200 nm. The HsPVA( 50k)-fCB particles 
are almost twice as large (i.e., -200 nm to -400 nm) as the 
LsPVA(50k)-fCB. According to the zeta potential results, the 
HsPVA(50k)-fCB was measured to be --52 mV, which was 
much more negatively charged than LsPVA( 50k )-fCB ( --10 
m V) and PVA(50k)-fCB (-0 m V). These polyelectrolytes are 
made by negatively charged PVA due to the sulfation carrying 

25 (50k)-fCB nanocomposites did not precipitate but was stable 
at 100° C. (FIG. 78). However, the HsPVA(50k)-fCB was 
unstable in theAPI brine and formed a suspension (FIG. 7C), 
indicating that light sulfation produces the best results. The 
DLS data over a temperature range of 25° C. 70° C. (instru-

3o ment limit) confirm the non-aggregation of the LsPVA(50k)
fCB (FIG. 6). 

35 

In order to evaluate the fCB-containing nanocomposites 
under more realistic conditions, transport of these nanocom
posites through porous media that mimic natural rocks in 
oilfields was conducted. Sandstone and calcite, predomi-
nantly 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. After each 

40 column was prepared, the volume of liquid contained in the 
fully saturated colunm (pore volume) was calculated. The 
breakthrough efficiency of the PVA-fCB nanocomposites 
was estimated by measuring the concentration of the PVA
fCB in the effluent (C) relative to the concentration in the 

45 influent (C0 ) as a function of the amount of solution passed 
through the column measured in pore volumes ("PY s"). The 
API brine was used to evaluate the breakthrough performance 
the fCB nanocomposites. 

FIG. 8 demonstrates the relative breakthrough efficiencies 
50 of three different fCB nanocomposites when they were 

passed through either sandstone- or calcite-packed colunms 
at 70° C. The LsPVA(50k)-fCB nanocomposites inAPI brine 
showed breakthrough in both rock types in spite of the harsh 
environment. The breakthrough in the sandstone quickly 

55 reached greater than 95% at-4 PY, while the breakthrough in 
the calcite initially approached only 85% at similar PV and 
then gradually increased to complete breakthrough. 

Without being bound by theory, it is believed that the 
phenomenon that retards nanocomposite breakthrough in the 

60 calcite could be attributed to the bridging surface interactions 
between the LsPVA-fCB nanocomposites, 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 m V, providing a rationale for the fact that HsPVA 

65 (50k)-fCB nanocomposites blocked the colunm and had 
poorer transporting performance in both rocks (FIG. 8). 
Although the PVA(50k)-fCB nanocomposites had almost 
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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 nanocomposites, the OCB 
surface (as described in U.S. patent application Ser. No. 5 

13/378,440 and PCT/USl0/38363) is highly negatively 
charged (s=-30.0 mV), probably due to the functionality 
introduced by the oxidative synthesis. In particular, OCBs can 
be made by treating carbon black with KMn04 in sulfuric or 
sulfuric and phosphoric acid mixtures, or treating carbon 10 

black with sulfuric and nitric acid mixtures (as described in 
U.S. patent application Ser. No. 13/378,440 and PCT/USlO/ 
38363). Thus, the OCBs bear many carboxylate groups, ren
dering the nanocomposites highly negatively charged. 

Furthermore, the negatively charged surface of OCBs is 15 

apparently shielded by the grafted polymer ("PVA"), decreas
ing the zeta potential of the PVA(50k)-OCB to -0.6 mV, 
similar to that of the PVA(50k)-fCB. The sulfation then pro
duced a negatively chargednanocomposite (s=-34.8 m V) for 
the HsPVA(50k)-OCB. Strong interactions between the 20 

HsPVA( 50k)-OCBs, the electrolytes in the brine and the posi
tively charged rocks retard the breakthrough efficiency of the 
sPVA(50k)-OCBs. 

However, the fCBs as described in this Example are only 
sparsely carboxylated via a radical addition. Hence, the fCBs 25 

are nearly neutral, so they do not stick to positively charged 
formations, as shown here. And since neutral, they will also 
have little affinity to negatively charged or near-neutrally 
charged formations. 

14 
concentration ofisooctane in the colunms (FIG. 98). Overall, 
these results indicate that LsPVA( 50k)-fCBs efficiently trans
port the mass-tagged THA probe molecules through down-
hole porous media for hydrocarbon detection, despite higher 
temperature and salinity in most types of rocks. Furthermore, 
the more oil present in the downhole porous media, the more 
the THA molecules are removed from the nanocomposites. 

For laboratory detection and quantitative analysis of the 
hydrocarbon content in downhole rocks, THAILsPVA(50k)
fCBs were first diluted to -20 ppm with the API brine. Next, 
the solution was pumped through a calcite-packed colunm by 
an automatic injection system (FIG. 10). The recovered solu
tion was dual monitored by UV-vis (for polymer-fCB detec
tion) and electrospray mass spectroscopy ("ESI-MS") (for 
THA detection). The LsPVA( 50k )-fCB content in the effluent 
was measured by its UV absorbance at 232 nm, while the 
THA was detected by ESI-MS by observing the protonated 
molecular ion (m/z=312.4). 

The THAILsPVA(50k)-fCBs were subsequently pumped 
through a calcite colunm impregnated with isooctane from 0 
to 52% 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 Example, oil 
saturation is a measure of the degree of colunm pore satura-
tion by the isooctane. The 52% oil saturation corresponds to 
10 wt% isooctane. Based on the results shown in FIG. 11, the 
pore volume breakthrough of the LsPVA(50k)-fCBs was 
independent of the isooctane oil saturation, showing over 
95% breakthrough after 5 pore volumes (FIG. llA). How-

Example 1.3 

Use ofTHAILsPVA(50k)fCBs as Hydrocarbon 
Probes 

30 ever, the amount of THA that was released from the THAI 
LsPVA(50K)-fCBs (FIGS. 118-llC) depended directly on 
the isooctane oil saturation concentration in the colunm (FIG. 
llD). 

35 

Based on the testing data, LsPVA-fCBs are good nanore
porter candidates for hydrocarbon detection. In particular, 
their thermal stability and efficient mobility under harsh envi
ronments can allow them to effectively flow through various 
geological structures. Instead of the radioactive molecule 40 

PCB* (as described in U.S. patent application Ser. No. 
13/378,440 and PCT/US! 0/38363), triheptylamine ("THA") 
was selected as a model compound for these hydrocarbon 
detection tests. The THA probe molecules could be adsorbed 
onto the LsPVA(50k)-fCB nanocomposites to yield the THAI 45 

LsPVA(50k)-fCB nanoreporter by mixing trace amount of 
THA (-5 µL) and 50 mL LsPVA(50k)-fCB aqueous solution. 
After stirring for one day, the resulting solution was passed 
through a size exclusive colunm (PD-10) in order to remove 
any unbound THA. The remaining THA was physisorbed 50 

onto the LsPVA(50k)-fCB hydrophobic domains, so that they 
would not be filtered out by the PD-10 column. A control 
experiment was done using a brine solution ofTHA without 
any LsPVA(50k)-fCB nanocomposites. The result showed 
low levels of THA after the PD-10 column filtration. Such 55 

results indicate that the fCB core is required for the efficient 
transport of probe molecules (such as THA) through the 
PD-10 colunm. 

Example 1.4 

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 (21 mmol) 
of ACPA were added to 120 mL oftetrahydrofuran ("THF") 
(10.7 g, 148 mmol). The solution was stirred at 65° C. under 
nitrogen for 24 hours. The resulting mixture was filtered and 
the filter cake was washed with -1 L THF. This was followed 
by drying at 100° C. in a vacuum oven (-100 Torr) for 24 
hours to yield carboxyl group-functionalized carbon black 
(fCB, 2.9 g). 

Example 1.5 

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 soni
cation (Cole-Parmer ultrasonic cleaner) overnight. The other 
flask containing polyvinyl alcohol (1.0 g, Mw -50,000) and 
DMSO (25 mL, 27 .5 g, 352 mmol) was heated to 70° C. until The THAILsPVA(50k)-fCBs were subsequently flowed 

through a calcite column impregnated with a series of con
centrations of isooctane from Oto 10 wt% to simulate trapped 

60 all the PVA was dissolved in the DMSO. When the PVA 

oil in the formation. The LsPVA(50k)-fCBs had higher than 
95% breakthrough at 25° C. (FIG. 9A, plot (a)). However, the 
THA adsorbed on the LsPVA(50K)-fCBs had different 
degrees of breakthrough that depended upon the isooctane 65 

concentration (FIG. 9A, plots (b)-(d)). The percentage of 
THA released to the isooctane phase correlated closely to the 

solution cooled down to room temperature, it was transferred 
to the original round bottom flask with fCB in DMSO. Next, 
N,N'-dicyclohexylcarbodiimide ("DCC", 140 mg, 0.68 
mmol) and 4-dimethylaminopyridine ("DMAP", 20 mg, 0.16 
mmol) were added. The reaction mixture kept stirring at room 
temperature for 24 hours. This was followed by transfer to a 
dialysis bag (MWC0=300 k). The mixture was then dialyzed 
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in standing DMSO for 3 days. This was followed by dialysis 
in running DI water for 1 week to furnish a PVA-fCB aqueous 
solution (approximate 200 mL, 120 ppm). 

16 
TABLE 1 

Flow rate Dispersion Coefficient 
(m/24 h) (cm2 /min)" Porosity 

Example 1.6 5 Sandstone 9.3 
9.3 

0.0245(0.0026) 
0.0416(0.0032) 

0.4795(0.0017) 0.998 
0.4500(0.0016) 0.998 

Synthesis of Sulfated Polyvinyl Alcohol Grafted fCB 
("sPVA-fCB") 

10 

Before the second dialysis in running DI water, the result
ing PVA-fCB in DMSO was further treated with 1 M 
CIS03 H/CH3 COOH (3.0 mL) at 60° C. for 30 min to yield 
lightly sulfated PVA-fCB ("LsPVA-fCB"). The highly sul
fated PVA-fCB ("HsPVA-fCB") was obtained by treating 1 15 

M CIS03H/CH3COOH (4.5 mL) at 75° C. for 90 minutes. 
After sulfation, the resulting solution was neutralized to -7.0 
with IM NaOH(aq) until the pH reached -7.0. The LsPVA
fCB or HsPVA-fCB aqueous solution was obtained after 
dialysis (MWC0=300k) under running DI water for another 20 

1 week (final solution: approximately 200 mL, 120 ppm). 

Example 1.7 

25 

Preparation ofTHA/LsPVA-fCB Nanoreporter 

Here, 50 mL of the LsPVA-fCB solution was stirred with a 
trace amount ofTHA (-5 µL, 4 mg, 0.013 mmol) forone day. 
The solution was then passed through a size exclusive column 30 

(PD-10) in order to remove any unbound THA. The remain
ing THA was physisorbed onto the LsPVA-fCB hydrophobic 
domains, so that they would not be filtered out by the PD-10 
colunm. 

Calcite 

aNumbers in parentheses are the standard deviations 

Example 1.10 

Nanomaterial Sample Breakthrough 

The nanocomposites were suspended in the API brine and 
filtered through a PES filter of0.45 µm pore size (Whatman, 
USA). The nanocomposites suspension was then pumped 
(New Era Pump System Inc., Wantagh, N.Y.) through the 
colurmis at a linear average velocity of9.3 m/day. The effluent 
was collected in a 2 mL glass vial. The concentration of 
nanocomposites was measured by UV-visible spectropho
tometer (DR/4000, HACH Company, Loveland, Colo.) at 232 
nm. When the breakthrough reached a plateau, the colurmi 
was flushed with API brine. 

Example 1.11 

Oil-Containing Colunm Preparation 

After being flushed withAPI brine for 24 hours, the calcite 
colurmi was then flooded with isooctane (Fisher Scientific, 
USA) at a flow rate of 6 mL/hour until no water was produced. 
Next, API brine was injected into the colunm at 8 mL/hour 
until no more oil was produced. The volume of oil injected 
into the colurmi was calculated by measuring the amount of 

Example 1.8 

35 oil produced from the water flood. Residual oil saturation is 
the ratio of the volume ofisooctane to the predetermined pore 
volume. 

Preparation of API Brine 

CaCl2 .2H2 0 and NaCl were added to deionized water to 
prepare a solution with the following concentrations: CaCl2 

(2%, w/w) and NaCl (8%, w/w). 

40 
Example 1.12 

Synthesis ofsPVA-fCBs by Use of Pyridine-S03 

50 mg offCB (15 nm) and 50 mL of anhydrous DMSO (0.7 
mo!) were dissolved in a dry 100 mL round bottom flask fixed 

Example 1.9 

General Colunm Preparation 

45 with a stir bar. The solution was then bath-sonicated for 3 
hours. Next, 500 mg of PVA (50 k) (0.01 mmol) was added to 
the solution and heated at 80° C. for 0.5 hours to dissolve the 
PVA (50 k). After cool down, about 200 mg (0.97 mmol) of 
DCC and 20 mg (0.10 mmol) of DMAP were added. The 

50 solution was then stirred for 12 hours at room temperature. 
After heating the solution to 65° C., 362 mg (2.27 mmol) of 
sulfur trioxide pyridine complex was added. The solution was 
then stirred for 3 hours before being neutralized by 1 M 
NaOH (-2 mL). Next, the solution was transferred to a dialy-

Ground rock grains were slowly packed into the glass 
colunm with a length of about 67 cm (Onmifit borosilicate 
glass colunms with an adjustable end piece, cross sectional 
area=0.34 cm2

, Bio-Chem Valve Inc., Boonton, N.J.). The 
packed rock materials were retained by 10 µm stainless steel 
screens (Valeo Instruments Inc., Houston, Tex.) on both sides 

55 sis bag (MWC0=50 k) and dialyzed against running DI water 
for 1 week. Next, the solution in the dialysis bag was filtered 
through a 0.22 µm filter unit. of the colunm. A three-way valve was used to connect a 60 mL 

plastic syringe and the colunm. The whole system was con
nected by PTFE tubing (Onmifit). The packed colunms were 
flush with CO2 (purity >99%) for 30 minutes to remove the 60 

trapped air bubbles. Next, the colunms were flushed withAPI 
brine at a flow rate of8 mL/hour for 24 hours to stabilize rock 
grains. Tritiated water, as a non-reactive tracer, was injected 
into the columns to characterize the porosity and dispersity of 
the colunm. The pH of influent solutions in all colunm experi- 65 

ments was 6.4. The colurmi properties are summarized in 
Table 1. 

Example 1.13 

Preparation of sPVA-OCB by Use of Pyridine-S03 

In this example, sulfated PVA-grafted OCB ("sPVA
OCB") was synthesized by using sulfur trioxide pyridine 
complex as the sulfationreagent. First, OCB was prepared, as 
previously described. See Berlin et al., Energy Environ. Sci., 
2011 ( 4): 505-509. Briefly, a mixture of sulfuric acid (98%, 
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180 mL, 3.3 mo!) and phosphoric acid (85.8%, 20 mL, 0.34 
mo!) was added to carbon black ("CB", 15 nm, 1 g). Next, the 
mixture was stirred. Potassium permanganate (6 g, 38 mmol) 
was added in 3 portions over 15 minutes to the reaction 
mixture. After 15 minutes, the mixture was heated to 58° C. 5 

and stirred at that temperature for 1 hour. The reaction mix
ture was cooled to room temperature and poured onto ice 
containing 10 mL of hydrogen peroxide (30% ). Sodium 
hydroxide (-300 g, 7.62 mo!) was slowly added as a fine 
powder into the acidic reaction mixture until the OCB pre- 10 

cipitated out as a black solid. The OCB was collected by 
centrifuging at 4100 r.p.m. for 90 minutes. After the solution 
was decanted, the resulting wet OCB was re-dispersed in 150 
mL of 10% hydrochloric acid and centrifuged again. This 
process was repeated twice more. Then the wet OCB was 15 

dispersed in 50 mL DI water and transferred to a dialysis bag 
(MWC0=2000) and dialyzed in running DI water for 1 week 
to remove the residual acid and inorganic salts. The water was 
removed under reduced pressure and the damp OCB was 
dried in a vacuum oven (-100 Torr) at 70° C. for 16 hours to 20 

provide OCB (0.51 g). 
Next, the OCB was used to prepare both LsPVA(50k)

OCB and HsPVA(50k)-OCB. This was done by adding 50 mg 
ofOCB (15 nm) and 50 mL (0.7 mo!) of anhydrous DMSO to 
a dry 100 mL round bottom flask containing a stir bar. The 25 

solution was bath sonicated for 3 hours. Next, 500 mg (0.01 
mmol) of PVA (50 k) was added to the solution. This was 
followed by heating at 80° C. for 0.5 hours to dissolve PVA 
(50 k). The solution was then cooled down. Thereafter, 200 
mg (0.97 mmol) of DCC and 20 mg (0.10 mmol) ofDMAP 30 

were added to the solution. The solution was then stirred for 

18 
fating a small portion of the PVA hydroxyl units. The OCB 
core was replaced by the fCB composite core without chang
ing its intrinsic properties. After sulfation, the sPVA-fCB 
nanocomposites exhibited stability at the high temperature 
and high salinity conditions expected in the downhole rock 
environment. The sPVA-fCB nanocomposites 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 can quantitatively analyze the 
stranded downhole oil content. This can be applied to down
hole embodiments for determining the amount of oil down
hole. 

The embodiments described herein are to be construed as 
illustrative and not as constraining the remainder of the dis
closure in any way whatsoever. While the embodiments have 
been shown and described, many variations and modifica-
tions thereof can be made by one skilled in the art without 
departing from the spirit and teachings of the invention. 
Accordingly, the scope of protection is not limited by the 
description set out above, but is only limited by the claims, 
including all equivalents of the subject matter of the claims. 

Concentrations, amounts, and other numerical data may be 
presented herein in a range format. It is to be understood that 
such range format is used merely for convenience and brevity 
and should be interpreted flexibly to include not only the 
numerical values explicitly recited as the limits of the range, 
but also to include all the individual numerical values or 
sub-ranges encompassed within that range as if each numeri
cal value and sub-range is explicitly recited. For example, a 
numerical range of approximately 1 to approximately 4.5 
should be interpreted to include not only the explicitly recited 
limits of 1 to approximately 4.5, but also to include individual 
numerals such as 2, 3, 4, and sub-ranges such as 1 to 3, 2 to 4, 
etc. The same principle applies to ranges reciting only one 
numerical value, such as "less than approximately 4.5," 
which should be interpreted to include all of the above-recited 
values and ranges. Further, such an interpretation should 
apply regardless of the breadth of the range or the character
istic being described. Any steps recited in any method or 

12 hours at room temperature. The solution was then heated to 
65° C. Next, 362 mg (2.27 mmol) of sulfur trioxide pyridine 
complex was added to the solution. The solution was stirred 
for 3 hours before being neutralized (pH=7 monitored by pH 35 

meter) by 1 M NaOH (-2 mL). The solution was then trans
ferred to a dialysis bag (MWC0=50 k) and dialyzed against 
running DI-water for 1 week. Next, the solution in the dialysis 
bag was filtered through a 0.22 µm filter unit. 200 mL (220 
ppm) ofLsPVA(50k)-OCB solution was obtained. 40 process claims may be executed in any order and are not 

limited to the order presented in the claims. To prepare HsPVA( 50k)-OCB, the adding amount of sulfur 
trioxide pyridine complex was increased to 724 mg ( 4.54 
mmol). In addition, the amount of 1 M NaOH was increased 
to about 4 mL. The other steps remained the same. 

Example 1.14 

Characterization of sPVA-OCBs 

What is claimed is: 
1. A nanocomposite suitable for detecting hydrocarbons in 

a geological structure, wherein the nanocomposite com-
45 prises: 

a core particle; 
a polymer associated with the core particle; 
a sulfur-based moiety associated with the polymer; and 

To characterize the formed sPVA-OCBs, DLS was done at 50 

25° C., 50° C., 75° C., 100° C., 125° C. and 150° C. inAPI 
brine. As illustrated in FIG. 12, the particle size of the LsPVA 
(50k)-OCB shows a gradual increase depending upon 
increased temperatures. In addition, the zeta potentials of 
LsPVA(50k)-OCB and HsPVA(50k)-OCB are -9.5 mV and 55 

-20 .1 m V in DI water at room temperature, respectively. 

a releasable probe molecule associated with the core par
ticle, 

wherein the releasable probe molecule is releasable from 
the core particle upon exposure to hydrocarbons, 
wherein the releasable probe molecule is triheptylamine 
("THA"). 

2. The nanocomposite of claim 1, wherein the core particle 
is selected from the group consisting of carbon black, func
tionalized carbon black, oxidized carbon black, carboxyl 
functionalized carbon black, carbon nanotubes, functional
ized carbon nanotubes, graphenes, graphene oxides, 

The breakthrough studies of sPVA-OCB were carried out 
in sandstone colunm at 70° C. The concentration of nanocom
posites was 20 mg/Land the Flow rate was 8 mL/hour (linear 
velocity 12.2 m/day). As shown in FIG. 13, LsPVA(50k)
OCB reaches the highest breakthrough efficiency (more than 
95%) after 3 pore volumes. However, HsPVA-OCB reaches 
the highest value (about 80%) after 8 pore volumes. 

With respect to embodiments of the present invention, 
Applicants have developed PVA-fCB nanocomposites that 
remain stable at high temperatures by choosing appropriately 
sized (molecular weight) PVA for functionalization and sul-

60 graphene nanoribbons, graphene oxide nanoribbons, metal 
nanoparticles, silica nanoparticles, silicon nanoparticles, sili
con oxide nanoparticles, silicon nanoparticles bearing a sur
face oxide, and combinations thereof. 

3. The nanocomposite of claim 1, wherein the sulfur-based 
65 moiety is a sulfate moiety with the following chemical for

mula: 
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wherein R is selected from the group consisting ofH, Na, 
K, Li, NH4 , alkyl groups, aryl groups, phenyl groups, 
and combinations thereof. 

4. The nanocomposite of claim 1, wherein the sulfur-based 
moiety is a sulfonate moiety with the following chemical 5 

formula: 

-S03R, 

wherein R is selected from the group consisting ofH, Na, 
K, Li, NH4 , alkyl groups, aryl groups, phenyl groups, 10 

and combinations thereof. 
5. The nanocomposite of claim 1, wherein the nanocom

posite has a neutral charge. 
6. A method for detecting hydrocarbons in a geological 

structure, wherein the method comprises: 15 

injecting nanocomposites into the geological structure, 
wherein the nanocomposites each comprise: 
a core particle, 
a polymer associated with the core particle, 
a sulfur-based moiety associated with the polymer, and 20 

a releasable probe molecule associated with the core 
particle, wherein the releasable probe molecule 
releases from the core particle upon exposure to 
hydrocarbons within the geological structure, 
wherein the releasable probe molecule comprises tri- 25 

heptylamine ("THA"); 
collecting a sample of the nanocomposites after flow 

through the geological structure; 
determining an amount of the releasable probe molecules 

associated with the nanocomposites in the collected 30 

sample; 
comparing the determined amount with an amount of 

releasable probe molecules associated with the nano
composites prior to injection into the geological struc-
ture; and 35 

correlating the compared amount to presence of hydrocar
bons in the geological structure, wherein a decrease in 
the amount of releasable probe molecules associated 
with nanocomposites in the collected sample relative to 
the amount of the releasable probe molecules associated 40 

with the nanocomposites prior to injection into the geo
logical structure is indicative of the presence of hydro
carbons in the geological structure. 

7. The method of claim 6, wherein the releasable probe 
molecule is non-covalently associated with the core particle. 45 

8. The method of claim 6, wherein the releasable probe 
molecule is hydrophobic. 

9. The method of claim 6, wherein the releasable probe 
molecule is non-radioactive. 

10. The method of claim 6, wherein the polymer is poly 50 

(vinyl alcohol) (PVA). 
11. The method of claim 6, wherein the sulfur-based moi

ety is a sulfate moiety with the following chemical formula: 

-OS03R, 

wherein R is selected from the group consisting ofH, Na, 
K, Li, NH4 , alkyl groups, aryl groups, phenyl groups, 
and combinations thereof. 

12. The method of claim 6, wherein the sulfur-based moi-
ety is a sulfonate moiety with the following chemical for-
mula: 

-S03R, 

55 

60 

wherein R is selected from the group consisting ofH, Na, 65 

K, Li, NH4 , alkyl groups, aryl groups, phenyl groups, 
and combinations thereof. 

20 
13. The method of claim 6, wherein: 
the polymer is sulfated or sulfonated polyvinyl alcohol, 
the core particle is functionalized carbon black, and 
the sulfated or sulfonated polyvinyl alcohol is covalently 

associated with the functionalized carbon black. 
14. The method of claim 6, wherein the determining of the 

amount of releasable probe molecules associated with nano
composites in the collected sample is determined by mass 
spectrometry. 

15. The method of claim 6, wherein the nanocomposites 
have a neutral charge. 

16. A system for detecting hydrocarbons in a geological 
structure, wherein the system comprises: 

nanocomposites to be injected into the geological structure 
in combination with measurement equipment config
ured to determine an amount of releasable probe mol
ecules associated with the nanocomposites, wherein the 
nanocomposites each comprise: 
a core particle, 
a polymer associated with the core particle, 
a sulfur-based moiety associated with the polymer, and 
a releasable probe molecule associated with the core 

particle, wherein the releasable probe molecule con
figured to release from the core particle upon expo
sure to hydrocarbons within the geological structure, 
wherein the releasable probe molecule comprises tri
heptylamine ("THA"); 

equipment configured to inject the nanocomposites into the 
geological structure; 

equipment configured to recover a sample of the nanocom
posites after flow through the geological structure; 

measurement equipment configured to determine an 
amount of the releasable probe molecules associated 
with the nanocomposites in the collected sample; 

comparing the determined amount with an amount of 
releasable probe molecules associated with the nano
composites prior to injection into the geological struc
ture; and 

equipment configured to correlate the compared amount to 
presence of hydrocarbons in the geological structure, 
wherein a decrease in the amount of releasable probe 
molecules associated with nanocomposites in the col
lected sample relative to the amount of the releasable 
probe molecules associated with the nanocomposites 
prior to injection into the geological structure is indica
tive of the presence of hydrocarbons in the geological 
structure. 

17. The system of claim 16, wherein the sulfur-based moi
ety is a sulfate moiety with the following chemical formula: 

---OS03R, 

wherein R is selected from the group consisting ofH, Na, 
K, Li, NH4 , alkyl groups, aryl groups, phenyl groups, 
and combinations thereof. 

18. The system of claim 16, wherein the sulfur-based moi
ety is a sulfonate moiety with the following chemical for
mula: 

-S03R, 

wherein R is selected from the group consisting ofH, Na, 
K, Li, NH4 , alkyl groups, aryl groups, phenyl groups, 
and combinations thereof. 

19. The system of claim 16, wherein: 
the polymer is sulfated or sulfonated polyvinyl alcohol, 
the core particle is functionalized carbon black, and 
the sulfated or sulfonated polyvinyl alcohol is covalently 

associated with the functionalized carbon black. 
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20. The system of claim 16, wherein the measurement 
equipment configured to determine the amount of releasable 
probe molecules associated with nanocomposites comprises 
a mass spectrometer. 

* * * * * 
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