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ABSTRACT: Fluids with thermally conductive nanopar-
ticles can provide improved heat transfer. Practical nano-
fluids will be likely based on lubricating oils for the
continuous phase and systems that have extended service
temperature ranges. A model system based on poly(a-ole-
fin) synthetic base oil modified with poly(dimethylsilox-
ane) to lower the mixture’s pour point with graphite as a
conductive additive was studied. Phase separation of the
oligomer mixture occurred at temperatures less than -
15�C. Graphite particles were etched using citric acid pre-
treatment to create hydroxyl and carboxyl groups on their
surfaces. A coupling reaction between the hydroxyl groups
on graphite and chloro groups on silanes gave rise to

poly(a-olefin)-philic graphite particles. Similarly, a cou-
pling reaction between the carboxyl groups on graphite
surface and amine groups on silanes gave rise to poly(di-
methylsiloxane)-philic graphite particles. SEM, FT-IR, and
TG-MS measurements were used to verify the presence of
coupling agents on the surface and to estimate the thick-
ness of the coatings. Upon separation of the mixture, each
functionalized graphite type migrated exclusively to its
preferred phase. VC 2011 Wiley Periodicals, Inc. J Appl Polym
Sci 125: 165–174, 2012
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INTRODUCTION

Nanofillers are inorganic nanoparticles, fibers, nano-
clays, carbon-based material, other polymers that
have one dimension of 100 nm or less. When nano-
fillers are added to polymer matrices, the resulting
composite may have much different mechanical, op-
tical, electrical, magnetic, and thermal properties
than the neat polymer.1–6 Nanofluids have nanofil-
lers dispersed in a continuous liquid phase and may
also have significantly different properties than the
neat liquid based on the characteristics of fillers
added.7 When the continuous phase is lubricating
oil and the nanofiller are thermally conductive solid,
the nanofluid has the potential to improve local heat
transfer while reducing friction and providing pro-
tection from wear. Nanofluids with improved heat
transfer have applications in moving mechanical
components in metallurgy, machinery, automotives,
railroads, and thermal systems. Nanoparticles, such
as multi-walled carbon nanotubes (MWCNT), fuller-
ene, copper oxide, silicon dioxide, and silver, has
been used with base fluids (DI water, ethylene gly-
col, oil, silicon oil, poly-a-olefin) to produce ther-

mally conductive lubricating nanofluids.8 This intro-
duction addresses practical factors for developing
lubricant nanofluids for improved heat transfer,
explains the choice of graphite as the particulate
additive, and explains how the surface density of
functional groups was estimated.

Lubricant nanofluids for improved heat transfer

Developing lubricating nanofluids for improved heat
transfer remains a significant challenge. Commercial
lubricating oils are complex mixtures of base oils
and additives intended to reduce friction and protect
metal surfaces from wear and corrosion, transfer
heat from critical parts, and suspend particulate
impurities, among other things. As the additives are
often dissimilar chemically from the base oils, phase
separation is a potential issue that needs to be pre-
vented in oil formulation. A recent article on nano-
fluids for heat transfer has recognized the impor-
tance of colloid stability, phase diagrams, and
rheology.9 Should liquid-liquid phase separation
occur, it is likely that conventionally dispersed nano-
particles would partition selectively into one phase,
reducing the heat transfer properties of the other.
Furthermore, there is increasing demand to develop
universal base oils that could work over wide tem-
perature ranges.
One approach for developing universal base oils is

to combine oligomer lubricants with operating
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temperature characteristics that complement each
other. This approach was explored using a model
system, an oligomer mixture with high thermal con-
ductivity nanoparticles for enhanced heat transfer.
Graphite was chosen as filler in a dispersion me-
dium of two-phase mixture: poly(a-olefin) and pol-
y(dimethylsiloxane). Poly(a-olefin) is commonly
used in synthetic lubricant composition as a syn-
thetic lubricant base stock.10 Poly(dimethylsiloxane)
oligomers typically have very low viscosities down
to their pour points (generally lower than -80�C) and
have good shear and thermal stability. A 50 : 50
blend of poly(a-olefin) : poly(dimethylsiloxane)
oligomers was chosen for this study as it had lower
pour points than the neat poly(a-olefin) oligomer.
Phase separation occurs at temperatures less than -
15�C. A detailed analysis on the partitioning of this
oligomer mixture is reported elsewhere.11 Oligomer
blends of two chemically different materials provide
an interesting option for varying lubricant properties
for a variety of applications. A critical challenge for
such mixtures is controlling their emulsion stability
and achieving multiple properties at the same time,
thermal conductivity and viscosity in this case.

Graphite particles for thermally conductive
dispersions

Graphite particles are dispersed in different medium
for commercial applications because of their excel-
lent thermal, electrical, mechanical and magnetic
properties. Graphite has good thermal conductivity
along its basal planes but much lower thermal con-
ductivity perpendicular to these planes, i.e., across
its edges.12 For high heat transfer coefficients during
flow, nanoparticles must be above their percolation
limit. In this respect, either disk-like or rod-like par-
ticles reach their percolation limits at much lower
volume fractions than spherical particles. Uniform
dispersions are usually preferred and can be assisted
with functional groups on the nanoparticle surfaces.
However, high densities of functional groups on the
graphite surface can reduce heat transfer by reduc-
ing particle-to-particle interactions.

Commercial graphite is chemically inert and
comes in varying sizes. Nano-sized graphite par-
ticles can be made using different grinding and mill-
ing techniques, but graphite’s low coefficient of fric-
tion makes these processes slow and inefficient.
Bead milling of graphite in fluids can be used to
achieve dispersions with long-term stability. Graph-
ite dispersion in this work was achieved by creating
reactive groups on the carbon surface, followed by
either chemical coupling or use of commercial dis-
persants. Ultrasonication was used to improve parti-
cle dispersion. Functionalization alters the surface of
the particle and governs particle dispersion, whereas

ultrasonication prevents agglomeration and controls
particle morphology. Until recently, the only practi-
cal functionalization methods reported for graphite
involved strong acids or oxidants, similar to the
methods used to functionalize carbon nanotubes.
Strong acids like H2SO4 and strong oxidizing agents
like KMnO4 have been used to create high polarity
functional groups on carbon materials.13 These sur-
face oxidation methods are exothermic and also
require extensive post-treatment clean-up, including
heating, filtration, and washing. Citric acid, a weak
organic acid, has been used to create hydroxyl and
carboxyl groups on the surface of carbon nanotubes
and carbon black.14,15 It is reportedly used in the
functionalization of silica,16–19 titania,20–22 and other
metal oxide nanoparticles as well. Citric acid treat-
ment does not require complex post treatment. Citric
acid has also been used as an acid stabilizer in nano-
particle (alumina, cerium oxide, iron oxide, gold)
synthesis.23–26

Surface group analysis

The number density of functional groups on the
nanoparticle (#/nm2) is a critical characterization of
the actual surface ‘‘seen’’ by the solvent. TG experi-
ments, in which water is a leaving group, have been
used to estimate the number density of hydroxyl
groups on metal oxide nanoparticles. At elevated
temperatures, surface hydroxyl groups will undergo
condensation, leaving an oxygen bonded to several
metal atoms and generating water. The number of
hydroxyl groups per unit mass of nanoparticles is:

#OH ¼ 2ða=18ÞN
b

(1)

where N is the Avogadro’s number, a is the weight
loss of water during thermal condensation, and b is the
nanoparticle weight. The specific surface area (SSA) of
nanodisks (nm2/g) can be calculated by eq. (2):

SSA ¼ 2pðrhþ r2Þ
pr2hq

¼ 2ðhþ rÞ
rhq

(2)

where r, h, and q are the radius, thickness, and den-
sity of nanoparticles. The surface density of hydroxyl
groups is equal to the ratio of #OH and SSA.
Thus, the objectives of this work are summarized

as:

1. To determine the conditions for controlled etch-
ing of graphite (create hydroxyl and carboxyl
groups on its surface),

2. To measure the number density of hydroxyl
groups before and after functionalization
(extent of reaction taking place),
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3. To find functionalization pathways to attach
coupling agents that enhance the dispersion of
graphite nanoparticles in each phase mixture,
and

4. To develop functionalized graphite that selec-
tively partition into either poly(a-olefin) or
poly(dimethyl siloxane) at phase separation
conditions.

The materials described here have not been opti-
mized for specific service conditions, which would
be a development effort modifying the morphology
of the surface to balance heat transfer and dispersion
stability requirements. However, they do provide
increased thermal conductivity while ensuring that
graphite particles are in each phase if the system
should separate under operating conditions.

EXPERIMENTAL

Materials

The oligomer base fluid mixture chosen for this study
is poly(dimethylsiloxane) (CAS # 42557-10-8, SK96-
10, trimethylsilyl endgroups, GE Silicones, USA)
hereafter PDMS and poly(a-olefin) (CAS # 68037-01-
4, Chevron Phillips Chemical Company LP, USA)
hereafter PAO6. Graphite disks (hexagonal graphite
with (002) reflection peak and an interlayer spacing
of 0.337 nm)27 were obtained from GrafTech Interna-
tional. Nano-sized graphite can be used but are not
reported here. Analytical grade granular citric acid
monohydrate (C6H8O7�H2O, Formula weight ¼
210.14) were obtained from Mallinckrodt Chemicals
Inc., USA. N-octadecyltrichlorosilane (CAS # 112-04-
9, molecular weight ¼ 387.93) and amino propyl ter-
minated poly(dimethylsiloxane) (CAS # 106214-84-0,
molecular weight ¼ 3000) were obtained from Gelest
Inc, USA. Heptane, toluene, and distilled water were
analytical grade from Fischer Scientific Inc, USA.

Functionalization

The reaction scheme followed to achieve PAO6-phi-
lic and PDMS-philic graphite particles is shown in
Figure 1(a) and a detailed description in Figure 1(b).
The first step of the functionalization process was
generation of hydroxyl and carboxyl groups on the
graphite surface; 2 g of citric acid monohydrate was
added to 10 ml of distilled water to form an aqueous
solution; 100 mg of graphite nanodisks (Sample A)
was dispersed into this citric acid solution through
ultrasonication at 200 W for 10 min. The dispersion
was dried naturally into paste. This paste was
heated in the oven at 300�C (decomposition of citric
acid takes place around 250�C, Fig. 4) for 30 min.
Then it was washed with water (twice) and ethanol

(once) to remove any unreacted citric acid (Sample
B). At this temperature, citric acid is liquid and the
graphite surface is exposed to a high molar concen-
tration of the oxidizing specie to form a covalent
bond through condensation reaction.
Silanes can react directly with the hydroxyl and

carboxyl groups created on the nanoparticle surfa-
ces. Hydrogen chloride is a convenient leaving
group for this reaction. For synthesizing PAO6-philic
graphite, 0.01 mol n-octadecyltrichlorosilane was dis-
solved in heptane; 60 mg of Sample B was added
into this beaker and stirred at 300 rpm. The mixture
was refluxed at 80�C for 12 h. The product was
rinsed with heptane twice to remove the unreacted
silanes and dried at 110�C for 1 h to remove the sol-
vents (Sample C). For synthesizing PDMS-philic
graphite, amino propyl terminated PDMS with 0.004
mol amine groups were dissolved in toluene; 60 mg
of Sample B was added into this beaker and stirred
at 300 rpm. The mixture was refluxed under 110�C
for 12 h. The product was rinsed with toluene twice
to remove the unreacted silanes and dried at 110�C
for 1 h to remove the solvents (Sample D).

Figure 1 (a) Reaction scheme for PAO6-philic and
PDMS-philic graphite particles. (b) Functionalization pro-
cedures for PAO6-philic and PDMS-philic graphite
particles.
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Characterization

Particle morphology, surface functionality, and dis-
persion are characterized through scanning electron
microscopy (SEM), Fourier transform infrared spec-
troscopy (FT-IR), thermogravimetric analysis system
attached to a mass spectrometer (TG-MS) and parti-
tioning images. Since graphite is nonsperical disk-
like particles, it is hard to get accurate particle size
distribution information from traditional light scat-
tering devices. Particle morphology of the graphite
particles was evaluated using SEM (Model name:
Hitachi 3200). The graphite particles were dried at
120�C for 30 min and placed on a conductive carbon
tab which was then put over the specimen stub. The
samples were blown under dry air for 3 min before
being sputter-coated by Au/Pd. A NEXUS 470 FT-IR
spectrometer with an ATR accessory suitable for liq-
uid and powder samples was used to identify the
types of chemical bonds on a molecule. The window
material was ZnSe with a DTGS KBr detector. Potas-
sium bromide (KBr) was used as pellet packing ma-
terial for powdered samples. Being purely ionic, KBr
displays no absorption peaks over the infra-red
region. All the graphite samples and KBr were
heated in vacuum oven at 120�C for 2 h to remove
moisture; 3 mg of graphite particles and 600 mg KBr
were mixed; 100 mg of the mixture was pressed to
make pellets. The pellets were also then heated at

120�C for 5 min to remove excess moisture if any.
The pellets were then scanned through 400–4000
cm�1 wavelength range.
TG-MS is used to determine the degradation tem-

perature and number density of hydroxyl groups on
the surface of nanoparticles before and after func-
tionalization. TG was operated using a continuous
flow of Helium at 100 ml/min metered at standard
conditions of 10�C per minute to 100�C, hold 30 min
at 100�C, 10�C per minute to 800�C. Empty pan
baseline was subtracted from each TG run to elimi-
nate any baseline variation resulting from buoyancy
effects. For mass spectrometry, 0–50 amu were
scanned using both Faraday and SEM detectors. Par-
titioning of functionalized graphite was observed by
using equal volume two-phase mixtures of PAO6
and PDMS; 10 mg of the functionalized graphite
particles were dispersed in 6 ml of the two-phase
mixture. The sample was ultrasonicated at 200 W for
3 min and then set inside a refrigerating unit at
�18�C for an hour. Images were taken before and
after cooling.

RESULTS AND DISCUSSION

Morphology

Figure 2 shows the images so obtained of (a) neat
graphite, (b) citric acid treated graphite, (c) PAO6-

Figure 2 SEM images of (a) as obtained graphite; (b) citric acid treated graphite; (c) PAO6-philic graphite; (d) PDMS-
philic graphite.

168 KANNIAH ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



philic graphite and (d) PDMS-philic graphite. The
neat graphite disks [Fig. 2(a), length scale ¼ 20 lm]
had an average diameter and thickness of 2.9 lm
and 50 nm, respectively. These disks dispersed uni-
formly on the conductive carbon tab, suggesting that
there were not strong particle-to-particle interactions.
The citric acid treated graphite [Fig. 2(b), length
scale ¼ 10 lm] showed agglomerates with typical
dimensions of � 20 lm, about an order of magni-
tude larger than the individual graphite particles.
Since polar groups have been generated on these
nanoparticle surfaces, they tend to self-associate
rather than interact with the non-polar carbon tab.
The PAO6-philic [Fig. 2(c), length scale ¼ 5 lm] and
PDMS-philic graphite [Fig. 2(d), length scale ¼ 10
lm] also appear to self-associate but do not form
compact agglomerates as did the citric acid treated
sample. The two silane coupling agents, one with
alkyl chain and the other with an amine-terminated
chain with dimethyl siloxane segments, appear to
provide coatings that have altered the surface
characteristics.

Surface groups—qualitative

Fourier transform infrared spectroscopy (FT-IR) was
used to certify the functional groups created through
qualitative analysis. FT-IR absorbance spectra of neat
PAO6 and neat PDMS oligomers are shown in Fig-
ure 3(a). Neat PAO6 oligomer has double peaks at
2840 and 2910 cm�1, corresponding to the stretching
vibration of methyl groups (ACH3) or methylene
groups (ACH2A). The peak at 1450 cm�1 corre-
sponds to the bending vibration of ACH2A and the
peak at 720 cm�1 corresponds to this group’s rock-
ing vibration.28 Neat PDMS has a sharp peak near
800 cm�1 corresponding to asymmetric stretching
vibration of SiACH3

29 The sharp peak near 1100
cm�1 corresponds to symmetrical SiAOASi stretch-
ing,30 while the narrow peak at 1245 cm�1 corre-
sponds to asymmetric CASiAO stretching.31 The
double peaks at 2890 and 2950 cm�1 correspond to
the stretching vibration of the methyl groups
(ACH3) attached to each silicon atom in the dime-
thylsiloxane group.

The spectra of neat graphite, citric acid treated
graphite, PAO6-philic graphite, and PDMS-philic
graphite is shown in Figure 3(b). Neat graphite has
only modest absorbance in this IR range, with no
sharp peaks. Citric acid treated graphite showed
AOH stretching at � 3300 cm�1, which is absent in
neat graphite. The peak at 1630 cm�1 corresponds to
carboxyl groups created by citric acid. PAO6-philic
graphite showed a distinct peak at � 2850 cm�1 that
corresponds to ACH3, ACH2 stretching. The broad
peak from 1050 cm�1 to 1300 cm�1 corresponds to
asymmetric stretching of CAOASi, generated by the

coupling agent’s covalent bonds to the graphite sur-
face.32 The peak near 3400 cm�1 corresponds to
hydroxyl groups (not associated to absorbed water
since the sample preparation took care of it). This was
not expected; rather, we anticipated that the chloro
groups on the silane would attach to the surface of the
nanoparticles.33 The presence of hydroxyl groups will
be discussed as part of the TG-MS results.
PDMS-philic graphite had a narrow peak at 800

cm�1 (asymmetric stretching of SiACH3), a sharp
peak near 1140 cm�1 (symmetrical SiAOASi), and a
narrow peak at 1263 cm�1 (asymmetric CASiAO
stretching). These peaks also appear in the FT-IR
spectrum of neat PDMS. The peak near 3400 cm�1

for hydroxyl groups also appears, as not all surface
hydroxyl groups reacted with the coupling agent.

Surface groups—quantitative

The TG-MS data were taken under a helium
purge. Under these conditions, the stiochiometry of
the decomposition products should closely mirror

Figure 3 FT-IR absorbance spectra of (a) neat PAO6 and
neat PDMS. (PAO6 ¼ dash line; PDMS ¼ solid line). (b)
As obtained graphite, citric acid treated graphite, PAO6-
philic graphite, and PDMS-philic graphite. (As obtained
graphite ¼ dash dot line; citric acid treated graphite ¼
round dot line; PAO6-philic graphite ¼ dash line; PDMS-
philic graphite ¼ solid line).
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the stiochiometry of the surface groups (citric acid
adducts and silane coupling agents). Figure 4 shows
TG curves of percent weight loss with temperature
for neat graphite and citric acid. Neat graphite did
not have any significant weight loss until 800�C
because of its high thermal stability. Citric acid melts

at � 153�C and decomposes before it boils, typically
in the range of 250�C. The TG curve for citric acid
shows that it is essentially lost at temperatures
above 300�C. Evaluation of differential weight loss
curves (TG-DTG) and volatile components identified
by mass spectroscopy (TG-MS) can lead to quantita-
tive evaluation of surface groups on nanoparticles.
Inverse (negative) peaks in the differential weight
loss curves show the temperature range over which
the weight loss is occurring, while Figures 5–7 show
such curves for citric acid treated graphite, PAO6-
philic graphite, and PDMS-philic graphite, respec-
tively. Based on TG-MS, a detailed composition of
weight loss for (a) neat graphite, (b) citric acid
treated graphite, (c) PAO6-philic graphite, and (d)
PDMS-philic graphite is reported in Table I.
Neat graphite had a minimal weight loss (0.64%),

possibly from dehydration and other decomposition
reactions, between 100�C and 750�C. Citric acid
treated graphite [Fig. 5(a)] showed several weight
loss events. Absorbed water was lost between 50�C
and 100�C, with the center of the differential peak at
75�C. The corresponding mass spectrometric peak
[Fig. 5(b)] for atomic mass 18 verifies that water was

Figure 4 TG curves of as obtained graphite and citric
acid. (As obtained graphite ¼ dash line; citric acid ¼ long
dash line).

Figure 5 TG-DTG curves and TG-MS curves of citric
acid treated graphite. (TG curve ¼ solid line; DTG curve
¼ dash line; amu 18 ¼ round dot line; amu 28 ¼ square
dot line; amu 44 ¼ long dash line).

Figure 6 TG- DTG curves and TG-MS curves of PAO6-
philic graphite. (TGA curve ¼ solid line; DTG curve ¼
dash line; amu 18 ¼ round dot line; amu 28 ¼ square dot
line; amu 29 ¼ dash dot line; amu 44 ¼ long dash line).
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lost (2.58% weight loss). Additional water is lost
between the range of 100�C and 300�C (1.27% weight
loss), which was likely due to dehydration reactions.

The major weight loss occurred between 300�C and
750�C, with the center of the peak near 540�C. There
are a number of possible decomposition products
that would depend on the degradation mechanism.
If citric acid followed a pathway that generated ita-
conic acid (plus water and carbon dioxide as inter-
mediate products), which further decomposed to
form more carbon dioxide plus ethylene, the
observed products would be:

C6H8O7 �����!thermal C5H6O4 þ CO2 þH2O

C5H6O4 �����!thermal 2CO2 þ 3=2 �H2C ¼ CH2

This mechanism is consistent with the atomic
mass units observed (18 amu (water), 28 amu (ethyl-
ene), and 44 amu (carbon dioxide)). The total
amount of weight lost to decomposition products
was 15.7%. The silane coupling agent for PAO6-phi-
lic graphite had a long alkane chain (C18). One possi-
ble degradation pathway could involve decomposi-
tion to ethylene (C2H4, amu 28) and/or ethane
radicals (CH3CH2�, amu 29). If this were the case,
then the ratio of ethylene : ethane radicals would be
8 : 1 based on the octadecane chain. Water could be
lost as a dehydration product of hydroxyls on the
silicon atom of the silane. For PAO6-philic graphite
(Fig. 6), the amount of weight loss through desorp-
tion of water was 1.27%, less than citric acid treated
graphite. This finding is consistent with a functional-
ization procedure that has created hydrophobic
surfaces. However, the amount of water formed by
dehydration of hydroxyl groups increased to 1.71%.
This was not expected since the silane was expected
to couple with surface hydroxyl groups. But other

Figure 7 TG-DTG curves and TG-MS curves of PDMS-
philic graphite. (TGA curve ¼ solid line; DTG curve ¼
dash line; amu 18 ¼ round dot line; amu 28 ¼ square dot
line; amu 29 ¼ dash dot line; amu 44 ¼ long dash line).

TABLE I
Composition of Weight Loss Based on TGA-MS. Citric Acid Treated Graphite, Poly(a-olefin)-philic Graphite, and

Poly(dimethylsiloxane)-philic Graphite

Temp (�C) DTG peak (�C) Reaction TG-MS peak % Weight loss

Plain graphite
100-300 Dehydration 0.27
300-750 Other decomposition 0.37

Citric acid treated graphite
<100 75 Desorption of water water (amu 18) 2.58
100–300 Dehydration water (amu 18) 1.27
300–750 540 Citric acid decomposition water (amu 18), ethylene (amu 28),

CO2 (amu 44)
15.7

Poly(a-olefin)-philic graphite
<100 75 Desorption of water water (amu 18) 1.27
100–300 Dehydration water (amu 18) 1.71
300–750 520 Decomposition of alkane, citric acid

decomposition
ethylene (amu 28), ethane free
radical (amu 29), CO2 (amu 44)

25.6

Poly(dimethylsiloxane)-philic graphite
<100 50 Desorption of water water (amu 18) 1.28
100–300 Dehydration, decomposition of

CO-NH
water (amu 18), ethylene (amu 28) 2.47

300–750 530; 620 Decomposition of PDMS chains30,34;
citric acid decomposition

Not evaluated (amu > 50) 35.6
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researchers using TG to study functionalized titania
have also reported higher than expected levels of
hydroxyl groups.33 It should be from the hydrolysis
of remained methoxyl groups in the silane attached
on the surface of nanoparticles. A significant weight
loss of 25.6% was observed at 520�C. This peak with
amu 29 corresponds to the formation of ethylene
free radical (CH3CH2�) from the decomposition of
alkane chain created.

For PDMS-philic graphite (Fig. 7), the amount of
weight loss through desorption of water was 1.28%.
This is less than the citric acid treated graphite but
the same as PAO6-philic graphite. This means we
created hydrophobic surfaces by attaching PDMS
chains. There were some dehydration reactions and
decomposition of COANH at the temperature from
100�C to 300�C which led to 2.47% weight loss. It
may arise from the decomposition of amide contain-
ing tail of the silane. At 530�C there is a broad peak
in DTG and a very sharp decrease of mass (35.6%)
in TG-MS associated with the decomposition of
PDMS chains. It was the formation of cyclic species
form the depolymerization of PDMS.30,34 TG-MS
results shows there was formation of water (amu
18), CO (amu 28), and CO2 (amu 44). There is a
modest trace of ammonia, but no significant peak
associated with its detection.

Surface density of hydroxyl groups

Measuring the surface density of hydroxyl groups is
important for tailoring functionalization strategies to
meet application needs as well as for post-functional-
ization characterization of the nanoparticle surface.
For many applications, the user will want to know
what surface groups are available for attachments or
chemical interactions as well as the number of such
sites per unit area. After functionalization, it is im-
portant to know what surface chemistries have been
constructed and which surface groups may still be
available for interacting with solvents or other mole-
cules in solution. Key steps of this process are identi-
fying which chemical groups are present, determin-
ing at what conditions, i.e., temperature, specific
groups are degraded, determining what the decom-
position products might be, and then relating specific
portions of the weight loss curves to these steps.

For citric acid treated graphite, the total weight
loss of water by dehydration reaction is from 100�C
to 300�C in the TG curve. The total weight loss is
1.27%, which is higher than the weight loss of neat
graphite (0.27%). Thus, the surface density of
hydroxyl groups on citric acid treated graphite and
neat graphite are 57.4/nm2 and 10/nm2, respec-
tively. The material balance suggests that about 30%
of hydroxyl units on the citric acid have condensed,
making this coating lightly crosslinked. This clearly
indicates more hydroxyls formed on the surface of
graphite nanodisks through citric acid treatment. It
is likely that not all of the citric acid carboxyl groups
are coupled to the graphite surface. The citric acid
coating thickness can be estimated using the weight
loss data of Table I and the density of solid citric
acid (1.665 g/cm3) through the simple relation, mass
¼ volume � density. For graphite nanodisks with
surface coating, the average original height of graph-
ite disks increases by twice the coating thickness,
whereas the average original radius of graphite
disks increases by the coating thickness. Using the
difference in weight loss accompanied with the dif-
ference in volume, the coating thickness is deter-
mined by direct calculation assuming a uniform
thickness on all disk surfaces for each treatment
steps (Table II). The citric acid layer is 15.7 wt % of
the functionalized particle weight and has an esti-
mated thickness of 6 nm determined from the mass
volume relation. Therefore, it should be difficult to
observe in the SEM photomicrograph (Fig. 2). The
molecular diameter of citric acid is in the order of �
0.7 nm35; a shell thickness of 6 nm suggests that
about eight monolayers of citric acid are on the par-
ticle surface. This estimate is consistent with a par-
tially crosslinked shell of citric acid. The citric acid
shell sorbs water at typical lab conditions (� 16.4 wt
%) suggesting that it is fairly hydrophilic.
PAO6-philic graphite released more water of de-

hydration, � 1.7%. The surface density of hydroxyl
groups calculated from this weight loss is 87/nm2

which is more than the surface density of citric acid
treated graphite (57.4/nm2). This was unexpected
since the silane molecule should substitute some
hydroxy groups on the surface. Rather, they under-
went hydrolysis themselves. This phenomenon was
observed in the TG analysis of functionalized titania

TABLE II
Coating Morphology

Coating
Wt % on

NP

Wt % of citric
acid, (coating
thickness, nm)

Wt % of silane
(coating

thickness, nm)
Total coating
thickness, nm

% Water
uptake

(from Table I)

Surface density of
hydroxyl groups,/
nm2 (from TGA)

# of
monolayers

Citric acid � 16 (15.7) 16 (6 nm) – 6 16.4 (2.58/15.7) 57.4 � 8 (6/0.72)
PAO6-philic � 26 (25.6) 16 (6 nm) 10 (9 nm) 15 5 (1.27/25.6) 87 � 3 (9/2.62)
PDMS-philic � 36 (35.6) 16 (6 nm) 20 (21 nm) 27 3.6 (1.28/35.6) 147 –
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in literature as well.33 The coating thickness can be
estimated using the method described previously.
The citric acid treated graphite with the PAO6-philic
silane coating is 25.6 wt % of the functionalized
nanoparticle weight. Subtracting the loading of the
citric acid, the weight loss of alkane chain is 10%
(Table II). If we assume that the SiA(O)3AX group
remained on the surface while the alkane part
(CH3(CH2)17, molecular weight ¼ 253) decomposed,
then the surface density of alkane chains on the sur-
face is 21/nm2 [eq. (2)]. Closely packed hydroxyl
groups on a flat surface would have a surface den-
sity of 10–12 (AOH)/nm2. If a trifunctional silane
group reacted completely, then the surface density
of its alkane chains should be � 4/nm2. Since the
surface density of hydroxyl groups on the citric acid
treated graphite is 57/nm2, the citric acid coating
must be multilayered and contain unreacted
hydroxyl groups.

We assume that the silanes react with the outer sur-
face of the citric acid shell. The densities of the citric
acid and silane shells are taken to their solid and liq-
uid densities, respectively. Based on these assump-
tions, the citric acid contributes 6 nm and the PAO6-
philic silane contributes an additional 9 nm to the
coating (total thickness of 15 nm). However, the sil-
ane layer sorbs a much smear fraction of water (5 wt
%) than the citric acid layer, suggesting that it is less
hydrophilic. Also, the 6 nm thick citric acid surface
coating corresponds to 31 citric acid molecules (mass
� N/molecular weight). The theoretical hydroxyl sur-
face density is 124/nm2 (since four hydroxy groups
are present in each citric acid molecule) as opposed

to the experimentally (from weight loss) determined
hydroxyl surface density of 57.4/nm2. This suggests
that not all hydroxyl groups on the citric acid-treated
surface reacted with silanes. The citric acid coating is
probably crosslinked with only half of the actual
hydroxyls being available for coupling reaction.
For PDMS-philic graphite, the dehydration weight

loss occurred over a temperature region (100–300�C)
in which the coating was also decomposing. So cal-
culating the surface density of hydroxy groups
based on this weight loss gives an overestimate
(147/nm2). Also, above the dehydration temperature,
prior work on the degradation of PDMS in the ab-
sence of oxygen has shown that multimer siloxanes
are formed, with a six member ring being pre-
ferred.30 At a heat rate of 10�C/min, the maximum
rate of PDMS decomposition occurred at 611�C,30

similar to 620�C in this work. The citric acid along
with PDMS-philic coating was 36% of the functional-
ized nanoparticle weight. Unlike PAO6-philic graph-
ite, the decomposition of PDMS chains involves
complex mechanism and some compound with
SiAO bond may not decompose. It is thus hard to
determine the amount of PDMS chains created on
the surface. The total coating thickness estimate of
27 nm would include 6 nm attributable to citric acid
and 21 nm attributable to the silane. This composite
coating absorbed even less water (3.6 wt%) than the
PAO6-philic coating. The differences in water sorp-
tion by each of these coatings are significant and
suggested that sorption of small molecules might be
an effective way to investigate the solvency proper-
ties of coatings on nanoparticles.

Figure 8 Images of the functionalized particles before and after partitioning in an equal volume PAO6: PDMS oligomer
blend. (a) Temp. ¼ 23�C and (b) Temp. ¼ -18�C. Top phase ¼ PAO6 oligomer; bottom phase ¼ PDMS oligomer in each
tube. Left tube ¼ PAO6-philic graphite; Right tube ¼ PDMS-philic graphite. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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The number of citric acid, octadecyltrichlorosilane,
and poly(dimethylsiloxane) molecules per nm2 over
neat graphite are � 31, � 13, and � 4 in their 6 nm,
9 nm, and 21 nm coating over graphite. Citric acid
has a corresponding sphere diameter of 0.72 nm35

and octadecyltrichlorosilane has an extended mole-
cule length of 2.62 nm.36 Thus, the number of mono-
layers of citric acid molecules on graphite is � 8 (6/
0.72) and octadecyltrichlorosilane chains on graphite
is 3 (9/2.62) (Table II).

Partitioning of functionalized graphite

Partitioning of functionalized graphite particles
before and after partitioning in an equal volume
PAO6 : PDMS oligomer blend at (a) Temp. ¼ 23�C
and (b) Temp. ¼ -18�C is shown in Figure 8. For
both Figure 8(a,b), the left tube has PAO6-philic
graphite and the right tube has PDMS-philic graph-
ite particles. At room temperature, the oligomer
blend remains miscible as in Figure 8(a). In Figure
8(b) as the temperature is reduced to -18�C: PAO6-
philic graphite partitions toward PAO6 in top phase
and PDMS-philic graphite partitions toward PDMS
in bottom phase. The functionalized nanoparticle
disperses uniformly and individually in the PAO6-
PDMS blend: there were no agglomerates. This was
accomplished by tailoring the silane levels in the
coupling reactions to the available hydroxyl groups
on the surface. This confirms that the functionaliza-
tion provides some control over phase separation at
low temperatures.

CONCLUSION

Graphite nanoparticles were functionalized to dis-
perse into each phase of a two-phase mixture. A
simple and scalable citric acid pretreatment method
was used to create hydroxyl and carboxyl groups on
graphite surface for functionalization. The etching
and silanization processes were not necessarily opti-
mized. The citric acids etch resulted in a 6-nm layer
on the graphite surface, greater than a monolayer of
this weak acid. Silane levels were tailored to the
available hydroxyl groups on the surface, as esti-
mated from TG measurements. Both the PAO6-philic
graphite and the PDMS-philic graphite are visible in
the blend at room temperature (which is miscible)
and partition into the appropriate phase when phase
separation occurs at low temperature. All three coat-
ings showed different levels of water absorption,
suggesting a method for evaluating the solvency
properties of coatings on nanoparticles.

As the authors are not Government employees, this docu-
ment was only reviewed by OPSEC for export controls, and
improper Army association or emblem usage considerations.

All other legal considerations are the responsibility of the
authors. The authors also thank the Center of Applied
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