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Abstract

This pH-potentiometric study explores the factors influencing the surface charge developed in aqueous dispersions of graphite
oxide (GO) after a series of oxidation treatments. Surface charging curves demonstrate that lamellar surfaces of GO are negatively
charged in the entire pH range studied. While these curves were found to be independent from the concentration of the GO suspen-
sions, they were greatly affected by the solution conditions: increasing the pH and the ionic strength promotes the dissociation of
acidic surface sites as weaker functional groups progressively participate in the ion exchange process, and the electrolyte provides an
effective shielding for the surface charge. Surface densities of dissociated functional groups were determined by the proton binding
isotherms and the specific surface areas of GO samples. BET surface areas provided irrationally high values for site densities, while
surface areas calculated by geometrical considerations gave acceptable site densities. Formation of more and more oxygen-contain-
ing groups upon the subsequent oxidation steps, detected by IR spectroscopy and elemental analysis, resulted in the enhanced aci-

dity of graphite oxide.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Subjection of graphite to exhaustive oxidation under
drastic conditions (e.g. NaClO3;/HNO3) leads to its total
molecular dissolution with ultimate products of mellitic
acid and CO; [1]. In case the oxidation is terminated at
less prolonged reaction times a graphite compound can
be separated as an intermediate oxidation product that
is referred to as graphite oxide (GO). It is a non-stoichi-
ometric material in which the lamellar structure of
graphite is conserved, but its polyaromatic character is
lost due to chemisorption of different oxygen-containing
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functional groups (C-OH, COOH, etc.) [2-4]. The rela-
tive amount of these groups covalently attached to the
carbon grid of trans linked cyclohexane chairs depends
on the degree of oxidation [5].

The increasing interest for graphite oxide may be ex-
plained by the fact that invocation of chemical or elec-
trochemical oxidation seems to be the only approach
for the preparation of a kinetically stable colloidal dis-
persion of quasi two-dimensional carbonaceous sheets.
Aqueous GO suspensions were used for making gra-
phitic film in industrial scale [6-9], for depositing ultra-
thin self-assembled graphitic films [10,11] and their
excellent swelling/exfoliation properties were exploited
to make polymer nanocomposites of GO [12-14].

It was observed a long time ago by Clauss et al. [2]
that GO can be disaggregated in dilute alkaline solu-
tions, and the as-prepared stable suspension coagulates
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instantly by acidification. This behavior implies that pH
plays an important role in the exfoliation/restacking
processes of GO lamellae. Extensive studies on the
acid—base properties of diverse carbons are described
in the literature [15-19], yet, only very limited work
has been reported on the explanation and quantification
of the above mentioned phenomena for graphite oxide.
Mainly the classical approach of Boehm (based on back
titration of excess amounts of acids and bases of differ-
ent strength) was used for GO [2,20], while its direct
titrations were limited to the determination of cation-ex-
change capacity (CEC) values from the inflection points
of alkalimetric titration curves [21,22]. In addition, ionic
strength dependence of the CEC has been disregarded at
all.

However, precise knowledge of the surface charge
properties is a necessary first step towards understand-
ing many of the experimental observations concerning
the colloidal stability, rheological, adsorption and elec-
trokinetic properties, etc., of GO suspensions. These is-
sues, along with the examples quoted above, point out
that sophisticated characterization of the pH- and ionic
strength dependent surface charge state of graphite
oxide is a challenging scientific task with major practical
implications. Earlier pH-potentiometric studies of our
laboratory on various inorganic (metal oxides [23-25],
clays [23], activated carbons [26,27]) and organic col-
loids (humic acids [25]) demonstrate the excellent suit-
ability of this method for the quantitative description
of the surface charge formation of these materials. The
aim of this study is to extend this technique to graphite
oxide as well. Acid-base titration is a powerful tool to
the determination of surface excess amounts of protons
or surface densities of charged functional groups that
are essential for the description of colloidal stability of
aqueous GO suspensions, but inaccessible with other
methods.

2. Experimental section
2.1. Preparation of a graphite oxide series

Four samples of progressively oxidized graphite oxi-
des were prepared from natural graphite flakes (Kro-
pfmiihl AG, Germany) based on Brodie’s method [28].
Ten grams of graphite (99.98 wt% C, 250-500 um frac-
tion) and 85 g of NaClO; were mixed in a flask in an
ice-bath. Sixty milliliter of fuming HNO; was then
added dropwise. Another portion of acid (40 mL) was
added after 16 h and the slurry was heated to 60 °C
and kept for 8 h. Heating rate (1.5 °C/min) was con-
trolled to avoid dangerous deflagration. The reaction
was terminated by transferring the mixture into 1 L of
distilled water. The suspension was washed with
5% 200 mL of 3M HCI solution and with a copious

amount of distilled water until the supernatant had a
specific conductivity of 10 pS/cm. The residual graphite
oxide was decanted and dried. This first specimen of the
graphite oxide series (GO-1) was oxidized forth (to
GO-2) applying the same procedure, except a triple quan-
tity (30 g) of GO-1 was used instead of graphite. Then,
the whole oxidation procedure was repeated twice more
in the same fashion to obtain the graphites with the
highest degree of oxidation. The four samples will be de-
noted as GO-1, GO-2, GO-3 and GO-4 where 1-4 cor-
respond to the number of subsequent oxidation steps.

2.2. Procedures

2.2.1. Potentiometric acid-base titrations

The pH-dependent surface charge was determined by
potentiometric acid—base titration under CO,-free atmo-
sphere using 0.1 M of KOH, NaOH and HCI, and back-
ground electrolytes (KNO3, NaCl) by which three ionic
strength values (0.005, 0.05 and 0.5 M) were kept con-
stant during the experiments. Before the titrations GO
samples were ground and equilibrated with the electro-
lyte solutions, sonicated and prepurged with purified
N,. Equilibrium titration was performed by a home-
made, computer-controlled titration system. The pH
electrode of the potentiometer was activated and cali-
brated with three buffer solutions to check its Nernstian
response. For maintaining quasi-equilibrium condition
during the titration, a criterion for pH settling (pH
change in time less than a preset value) was introduced:
the next titrant portion (0.01-0.1 mL) was added if the
criterion (0.03 pH/min) was fulfilled. The intervals be-
tween adding titrant doses were maximally 10 min, but
in most cases less time was enough for the establishment
of the equilibrium. Parallel to the suspension titrations,
background electrolyte titrations were also performed to
convert the electrode output to hydrogen ion concentra-
tion. The determination of the net proton surface excess
amounts was based on the calculation of the material
balance for H"/OH ™ ions, including the determination
of their experimental activity coefficients. The net pro-
ton surface excess amount (or net proton consumption),
An° is characteristic for the surface charging and is de-
fined as the difference between H™ (n;+) and OH™
(ndy-) surface excess amounts related to the unit mass
of solid. The surface excess amount (n7) of a solute i
can be determined from the initial (c;) and the equilib-
rium concentration (c;,)

¢ V(Ci,o - Ci,e)

n; = m (1)
where V' is volume of the liquid phase and m is the mass
of the adsorbent [29]. The values of (nf.) and (ny-)
were calculated at each point of the titration from the
initial and equilibrium concentrations of the H" and
OH"™ ions using the actual activity coefficients deter-
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mined from the corresponding background electrolyte
titrations. It is noteworthy that this method is based
on the determination of change in H"/OH ™ concentra-
tion in liquid phase due to interfacial protolytic pro-
cesses, thus, any acid/base impurities of the titrated
sample cause a mistake.

2.2.2. Additional characterization of GO

TEM images of GO-1 were taken with a Philips CM-
10 electron microscope. Samples of sonicated suspen-
sions (0.1 g/L) were dropped on copper grids coated
by Formvar film. IR spectra were collected with a Bio-
rad FTS-60A FT-IR instrument in diffuse reflectance
mode. Elemental analysis was carried out by a Perkin-
Elmer 2400 Series II. CHNS/O Analyzer. Specific sur-
face area (¢°) was determined by N, adsorption using
a Micrometrics Gemini Il 2375 surface area apparatus.
Analysis was performed on GO specimens freeze-dried
from dilute (0.2 g/L) suspensions of pH = 9-11.

3. Results and discussion
3.1. Base induced delamination of graphite oxide

A dilute (0.1 g/L, pH = 4.5) aqueous suspension of
GO-1 was examined visually and by means of electron
microscopy. Although increased laser light scattering
of the supernatant indicated the partial disaggregation
of GO-1 to form a fine colloid, its coarse particles were
still visible, settling down in a short time. The photo-
graph of the suspension is presented in Fig. 1 (left im-
age); a clear supernatant and a compact sediment was
obtained after 1 day aging. Neither prolonged stirring,
nor ultrasonic agitation could cleave the crude platelet
aggregates. Added NaOH, however, caused rapid and
spontaneous exfoliation, resulting in the formation of
a stable suspension as seen obviously from its more
intensive light scattering (right hand side photograph
in Fig. 1; no sediment after aging for 1 day).

This phenomenon can also be observed by TEM. A
typical image of the GO at pH =4.5 (Fig. 2a) shows
some coarse slabs as well as finer lamellae with mi-
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Fig. 1. Stability and laser light scattering of GO suspensions at pH = 4
and pH = 10.

Fig. 2. TEM images of GO-1 suspension at pH=4.5 (a) and at
pH =10 (b).

cron-sized or smaller lateral dimensions, being charac-
teristic for the polydisperse acidic suspension. Upon
NaOH addition (pH = 10), only very thin carbon foils
in random spatial arrangement and crumpled conforma-
tion were observed that is indicative of a delaminated
GO structure (Fig. 2b).

3.2. Origin of surface charge and the pH and ionic
strength dependent colloid stability of GO

If graphite oxide is dispersed in aqueous medium,
surface charge is generated on its platelets and at the
edges by any surface sites or chemical groups that can
undergo dissociation or are capable of ion adsorption
from the solution. Taking into account the potential
acid/base reactions of GO functional groups based on
its structural models [2-5,20], the possible charging
mechanisms of the GO surface are the following:

(i) deprotonation of carboxylic groups: — C-COOH
+H,0 < — C-COO + H;0",

(i1) deprotonation of enolic and phenolic groups:
>C=C“OH + H,0 <= >C=C“0" + H;0",
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(ii1) proton complexation of the m electron system of
graphite planes acting as Lewis basic sites:
C,+2H,0 < C,H;0"+OH", and

(iv) protonation of various Bronsted basic oxygen spe-
cies (ethers, carbonyl groups).

The first two reactions afford negative surface
charges, while (iii) and (iv) produce positive charges.
Further investigations are needed to prove which of
these reactions have chemical reality in the case of
GO, i.e. whether these functionalities can be detected
by any methods.

Graphite oxide consists of C, O and H atoms found
by elemental analysis. Table 1 gives the empirical chemi-
cal formulae of the GO samples after taking into
account the physically adsorbed water content deter-
mined from the difference between the masses of
air-dry and anhydrous GO (samples dried over 96%
H,SO,4 for 1 month). Both oxygen and hydrogen con-
tent, along with the amount of H,O, increase with the
progressive oxidation treatment, indicating the forma-
tion of a hydrophilic graphite compound with more
and more functional groups attached to the carbon skel-
eton. DRIFTS (Diffuse Reflectance FT-IR Spectros-
copy) measurements substantiate these findings and
provide some information on the evolution of the sur-
face speciation of GO. While pristine graphite has a fea-
tureless spectrum (not shown), several characteristic
peaks develop in the course of oxidation (Fig. 3). There
is a collection of overlapping bands in the 3800-
2200 cm ™! range of the spectra. They correspond to
the O-H stretching vibrations of adsorbed water mole-
cules and structural hydroxyl groups. Existence of more
than two peaks suggests that OH groups are attached to
the carbon layers in various forms, most probably as ter-
tiary alcohols, enols, phenols, and COOH groups. The
1730 cm ™' band belongs to the C=O stretching vibra-
tion of COOH groups and/or ketones. Carboxylic and
phenolic groups are located at the edges of the GO
sheets [2], while the other species can be developed on
the basal planes too. Finally, there is a band located
near 1620 cm™' that has a controversial assignment
[30]. It can be attributed either to oxygen surface com-
pounds, like cyclic ethers, or to the bending vibration
of H,O molecules. Moreover, ring vibrations of the
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Fig. 3. DRIFT spectra of the graphite oxide samples.

basal plane appear very close, near 1590-1600 cm .
Since a shoulder at the lower frequency side of the peak
can be identified for GO-1 (see the inset of Fig. 3), we
assign the main peak to epoxide (cyclic 1,2-ether) groups
and to the water content of GO, and the weaker, over-
lapping band at 1600 cm ™' to graphitic regions. In gen-
eral, the intensities of all peaks increase from GO-1 to
GO-4, especially that of C=0 vibrations, in good agree-
ment with the results of the water content and elemen-
tary analysis. On the contrary, the graphitic shoulder
appears only in the spectrum of GO-1. The most impor-
tant issues of the above experiments are that reactions
(1)—(1v) are all potential charging reactions and that the
amount of acidic groups increases, while that of the
graphite regions decreases upon progressive oxidation.

It is evident that each of the above equilibrium reac-
tions involves either H;O" or OH ™ ions. These ions are
referred to as potential-determining ions in the literature
since their concentration will directly determine the elec-
tric potential (o) and, indirectly, the charge density (o)
at the particle surface. At low potentials [31]

Table 1

Chemical formulae, intercalated H,O content, and specific surface area (measured by N, adsorption and calculated in Appendix) of GO samples

Sample Chemical H,O content ey as, An’® ) E/An”
formula (Wt%0) (m?/g) (m?/g) (mmol/g) (1/nm?) a.u.

GO-1 COy390Ho 15 7.7 26 1807 —1.33 0.44 100

GO-2 COg.45Hp 17 10.0 40 1712 —1.85 0.65 106

GO-3 COy.46Ho.20 10.4 43 1695 -2.02 0.72 108

GO-4 COy.49Ho 20 11.2 30 1657 —2.33 0.85 110

Net proton surface excesses (An°) and surface densities of charged groups (Z) are compared at pH 10 and 0.005 M ionic strength.
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a0 = ek, (2)

where ¢ is the permittivity, x is linearly proportional to
the ionic strength (I = 1/2X¢;z7, ¢; and z; being the con-
centration and charge number of the ion 7). For charged
colloids like GO, the repulsive term of the total potential
energy of interaction [32] between flat lamellar surfaces
is due to the interaction between their electric double
layer (EDL), which is influenced by both the I ionic
strength and, through the y, surface potential, the pH.
Now it is easy to understand why added electrolytes,
acids and bases affect the surface charge and govern col-
loid stability.

3.3. Potentiometric acid-base titration of graphite oxides
from subsequent oxidation steps

Initial pH-s of 0.1% suspensions of the graphite oxide
series are plotted in Fig. 4. At each ionic strengths, there
is a linear decrease of pH with the degree of oxidation.
This indicates, in accordance with the DRIFT spectra,
that the number of acidic surface sites linearly increases
upon the number of oxidative treatments of graphite.

Cation-exchange capacities of graphite oxides are
most commonly determined from the inflection points
of titration curves [21,22]. To illustrate the influence of
conditions under which the titration of GO is per-
formed, and the ill-defined character of the titration
curves, we show an example among our several titra-
tions (GO-1 samples of 50 mg titrated with 0.1 M
NaOH in NaCl solutions of different ionic strengths).
As presented in Fig. 5, the waves of the titration curves,
along with the positions of the inflection points, shifted
towards higher titrant consumptions with increasing
ionic strength. The question may arise which of these
curves is the one characterizing the acid-base behavior
of the sample and how to determine a titration end-
point for such featureless curves. We point out that aci-
dity and cation exchange on GO cannot be character-
ized by a single value, since it is considered to be a
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Fig. 4. Initial pH values of 0.1 g/100 cm® GO suspensions at different
ionic strengths of the background NaCl.
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Fig. 5. Titration curves of GO-1 (50 mg) with 0.1 M NaOH at
different ionic strengths.

weakly acidic cation exchanger [33], and thus its CEC
depends on the pH and the salt concentration of the sus-
pension. At high pHs and ionic strengths, though, there
is a saturation for the CEC.

Three different weights of GO-1 (10 mg; 25 mg and
50 mg) were titrated with KOH in 50 mL of 0.05M
KNO;. Although air-dry samples were used in all the
experiments, An® values were calculated using the masses
of the corresponding anhydrous graphite oxides. An° vs
pH curves (also referred to as proton binding isotherms)
are presented in Fig. 6. Negative An® values were mea-
sured in the entire pH range studied which indicates
net base consumption, i.e. release of protons of the acidic
sites, described by reactions (i) and (ii). This implies
either the lack of polyaromatic regions in case of the
highly oxidized samples (in accordance with the IR re-
sults) or that the number and extension of the graphitic
islands and the amount of weakly basic oxygen species
are too small to affect the interfacial protolytic processes
even at the lowest pHs. Thus, reaction (iii) and (iv) has
no significant contribution to surface charge.

20 A
4 10 mg GO-1 (pH = 4.438)
5 B 25 mg GO-1 (pHi= 4.136) %
3 151 ¢ 50mgGO-1 (pHyy=3.880) 1!3
E 0
E ] »?
& 1.0 bt
c
< bQ;
| #
b::: -0.5 &
a w‘w&aﬁ
3 —

3 4 5 6 7 8 9 10

Fig. 6. pH-dependence of net proton surface excess amount of GO-1
at different suspension concentrations (0.05M KNO; background
electrolyte).
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The inherent pHs of the GO-1 suspensions are
around 4, and the An® values are very low. Since An’
is linearly proportional to the surface density of charged
species (), it is concluded that relatively few groups are
deprotonated at this acidic pH. As the pH is increasing
in the course of the titration, concentration of the
protons in the liquid phase is decreasing due to the
neutralization reaction with the added OH™ ions.
Consequently, equilibrium reactions (i) and (ii) tend to-
wards the right, generating more and more dissociated
surface moieties as shown by the higher An® values.
The proton binding curves do not exhibit distinctive
inflection points, bending smoothly upwards instead.
The reason is that the ionizable groups located in differ-
ent parts of GO lamellae (e.g. enolic groups of basal
planes, or COOH groups at the edges of the layers) are
in different environments at molecular level, therefore
the GO surface is inherently heterogeneous in a chemical
point of view. Although the various acidic groups have
different pK, values, an overlapping of their broad pK,
distribution functions (due to the surface heterogeneity)
is one of the probable reasons that no discrete inflection
points appear on the surface charging curves [34,35]. An-
other plausible explanation is that the generated electro-
static field is homogeneous, since all the acidic groups are
more or less randomly distributed on the carbon skeleton
and hydration and ion adsorption smear out the electro-
static potential difference over the entire surface so the
individual feature of surface sites vanishes [36]. The
charge—potential curves obtained for the three different
weights of GO-1 are essentially the same, except the ini-
tial pH-s are different (since the concentration of the
“solid acid” GO is varying). At higher pH values, the
small deviation for the smallest amount of GO titrated
can be attributed to the increased error of mass measure-
ment. The fact that the net proton surface excess
amounts are independent of the suspension concentra-
tion means that potentiometric acid—base titration is
suitable for the quantitative characterization of the acid-
ity and provides a convenient measure for the pH-depen-
dent surface charge state of GO.

Next, GO-1 suspensions of the same concentrations
(50 mg sample in 50 mL solution) were titrated in two
different background electrolytes (KNO3z and NaCl) to
study the influence of their chemical quality on surface
charging. Ions near the interface of a charged colloid
(i.e. in the electric double layer) are classified into two
types in the literature: (a) ions of an indifferent electrolyte
whose distribution in the EDL is only governed by the lo-
cal electric field and the random thermal motion, and (b)
specifically adsorbed ions that are strongly bound to the
surface by any chemical interactions (or dimensional fac-
tors, such as the affinity of K™ ions to montmorillonite).
Potential specific ion adsorption could be observed by a
difference in the initial pHs of suspensions containing the
two types of ions. The reason is that if ions capable of
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Fig. 7. Surface charging curves of GO-1 (0.1 g/100 cm® suspension) in
different background electrolytes (KNO3 and NaCl, ¢ = 0.5 M).

specific interaction with the surface sites are present in
the liquid phase, they will rapidly exchange the protons
since they have higher affinity towards the surface and
hence, a decrease in pH occurs. Fig. 7 shows the surface
charging curves of GO-1in both KNO; and NaCl of
0.5 M concentration; to avoid input of ions other than
K" and Na™, the titrants were KOH and NaOH, respec-
tively. The proton binding isotherms run together and
start from exactly the same pH (difference between them
is 0.005 pH unit which is inside the error limits of pH and
mass measurement). Thus, all of the studied ions (K™,
Na®, CI™ and NO;) proved to be indifferent, forming
just ion pairs with the charged sites.

The following experiments were performed with
NaCl as background electrolyte and the titrant was
NaOH. Each member of the GO series (50 mg) was ti-
trated in NaCl solutions (50 mL) of three different ionic
strengths. The surface charging curve of GO-1 is pre-
sented in Fig. 8 (curves of the other GO samples are
not shown as they are very similar). Besides the conven-
tional An’ vs pH representation, surface density of
charged species (Z) is also plotted on the right scale axis.
Z (in 1/nm?) can be calculated from An° (in mmol/g) by
means of the specific surface area (¢°, m%/g) and Avoga-
dro’s constant (N4, 1/mol)

AI/IUNA
T ©

Specific surface areas of freeze-dried GO samples
determined by N, adsorption are collected in Table 1.
Substitution of these values into (3) gives = as high as
76/nm? in case of GO-4 (pH = 10, in 0.5 M NaCl). This
value is totally unrealistic: according to our calculation
(in the Appendix), the hypothetic maximum amount of
OH groups of GO surfaces is 18/nm”. But even this
number is too high, since it is hard to imagine that such
a high number of surface species could be dissociated,
generating a tremendously high surface potential. Thus,
we have reconsidered the validity of the BET surface
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Fig. 8. Proton binding isotherms of the GO-1 at different NaCl
concentrations. Surface densities of charged species (Z) are plotted in
the right hand scale.

areas for the interpretation of our results (most proba-
bly nitrogen molecules cannot penetrate into the interla-
mellar space of freeze-dried graphite oxide), and came to
the conclusion that the acid-base processes in aqueous
GO dispersions take place on much greater surfaces.
Note that accessibility of water molecules and oxonium
ions into the intergallery space of GO (therefore, to the
total surface) is an experimental fact substantiated by
numerous XRD measurements [2,37,38]. Geometrical
considerations of the structure of graphite oxide (de-
tailed in the Appendix) led us to give calculated specific
surface areas for the GO series (Table 1). These values
agree very well with that (1760 m?/g) found by the anal-
ysis of liquid (ethanol/cyclohexane) sorption isotherms
of GO [37,39]. Application of these calculated specific
surface areas in (3) produces densities in the Z range
of 0.001-1.4 charged species/nm?, which are in the same
magnitude as reported by Clauss et al. [2] and Cassag-
neau et al. [21], although the way how they obtained
their results is not detailed. We must also note here that
Z refers only to a mean density of charged species on the
surface, which is proportional to the surface charge den-
sity, assuming a homogeneous spatial distribution of
dissociated surface sites.

For each sample, there is a marked difference between
the proton binding isotherms: the higher the ionic
strength is, the higher the An’ and & values are. The
experimental fact that the measured charge—potential
curves depend on the ionic strength provides a conclu-
sive proof that the above reactions are exclusively
responsible for the surface charge generation and base
consumption, and no other reactions (e.g. neutralization
of any acidic impurities) occur. It is explained in terms
of Eq. (2): as the surface potential (1) is determined
by the H"/OH ™ concentration (hence they are called po-
tential-determining ions), it is constant at a given pH.
Adding indifferent electrolyte (i.e. increasing the ionic
strength) increases k and results in a simultaneous in-

crease of the surface charge density (oo, C/m>, which is
proportional to =, 1/nm?) caused by the adsorption/
desorption of sufficient H" ions to keep v, constant.
In a practical point of view, we point out that the cation
exchange capacity of GO can be increased only by add-
ing indifferent salts to the solution; it may be beneficial
in such cases when high pH should be avoided (e.g.
ion-exchange with metal ions/complexes that readily
hydrolyze).

Fig. 9 shows the surface charging curves of the GO
series in 0.005 M NaCl. As expected, there are signifi-
cant differences between them. The initial pHs are lower
while the corresponding proton surface excess amounts
are higher for the most oxidized graphites (An° and =
for each specimens at pH = 10 and the smallest ionic
strength are compared in Table 1). These values are
essentially lower than those obtained from the classical
Boehm titration results by Scholz and Boehm [20]. This
apparent contradiction can be explained by the fact that
the tabulated An” and Z values are collected at pH = 10,
so the solution conditions (pH and ionic strength) are
not the same as in the Boehm titrations (0.1-2M
NaOH), in which, as a consequence of the higher pH,
and the high ionic strength, much more acidic surface
groups are evidently measured. The gradient of the
curves in the acidic region also increases with the pro-
gressive oxidation. All these are in consistency with
the infrared and elemental analysis results, pointing
out that more and more acidic sites develop in the
course of the oxidative treatment of graphite. The split-
ting of the curves are more pronounced if Z is plotted
against the pH (not shown), because the differences be-
tween the specific surface areas cause higher deviations
in the charged site densities calculated by (3). This can
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Fig. 9. pH-dependence of net proton surface excess amounts of the
GO series at cnac) = 0.005 M.
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be clearly seen from the increase of Z/An” (its values in
arbitrary units, which are proportional to the reciprocal
of the calculated surface area, are in Table 1).

Finally, it is worth focusing again in Fig. 4 showing
the initial pH-s of the suspensions as a function of the
number of oxidation steps. As mentioned before, pro-
longed oxidation affords higher acidic strengths for the
graphite oxides, resulting in a nearly linear decrease of
pH. The other important feature is that increasing ionic
strength causes a concomitant decrease of pH. It can be
explained by the well known charge screening effect of
electrolytes [40]: the separation of each subsequent pro-
ton from the graphite oxide surface is resisted by the
electric field created by the species which are already
ionized. Increasing amount of added electrolyte, how-
ever, provides more and more effective shielding of
charged surface, which allows the dissociation of further
protons.

4. Conclusion

The present work provides evidence that potentio-
metric acid-base titration can be applied for the quanti-
tative characterization of the pH-dependent charge
formation on graphite oxide surfaces. Proton binding
isotherms, along with infrared spectroscopic evidence,
reveal that in the studied pH range the surface charge
development on GO occurs in two equilibrium reac-
tions: dissociation of (i) COOH and (ii) enolic and phe-
nolic groups. The so called surface heterogeneity, along
with the polyfunctional nature of graphite oxide, results
in the overlap of individual functional group pK, values
and the lack of well-defined inflection points on the pro-
ton binding isotherms. Ions of KNO; and NaCl were
found to be indifferent, playing no specific interaction
with the functional groups of GO. Titration results have
also shown that acidities of the graphite oxides increase
with the progressive oxidation. Particular attention was
paid for the pH and ionic strength dependence of the net
proton surface excess amounts of graphite oxide: higher
densities of deprotonated surface sites (found in the
alkaline region at higher salt concentrations) are ex-
plained by the influence of the decreasing H' concentra-
tion on the interfacial acid-base reactions and the
charge-screening effect of background electrolytes,
respectively. These issues point out that ion-exchange
on GO surfaces cannot be characterized by a single va-
lue of cation-exchange capacity, since it highly depends
on the solution conditions, i.e. the pH and ionic
strength. Boehm’s method proves to be very useful for
the quantification and comparison of the acid-base
properties of activated carbons and graphite oxides,
but it provides information on the surface acidity at cer-
tain, often very high pHs. Thus, neglecting the major
influence of the above mentioned factors in any studies

(e.g. adsorption from solutions) in which ion-exchange
of graphite oxide is relevant may cause serious ambigu-
ities at the interpretation of the experimental data or
lead to false conclusions. Although all of these problems
have been overcome by means of the delicate evalua-
tion of the titration data, we are planning additional
experiments to combine these results with those of
streaming and (-potential measurements and pH-static
investigations.
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Appendix

Specific surface areas and maximum surface density of
OH groups were calculated on the basis of the chemical
formulae of graphite oxide and the geometrical parame-
ters of its structural model proposed by Ruess [41].
According to the Ruess model, graphite oxide consists
of wrinkled carbon sheets composed of trans linked
cyclohexane chairs, and the fourth valencies of the car-
bon atoms are bound to axial OH-groups and ether oxy-
gen atoms in 1,3-positions.

The projected area of a cyclohexane chair is hexago-
nal. It can be considered as a unit cell for the calcula-
tions since it is the simplest repeating unit of the
carbon skeleton The side length (a) of one hexagon is
0.1456 nm, considering the C-C bond distance
(0.1545 nm) and the angle of inclination between the
plane assigned to two parallel bond axes and the equa-
torial plane of the cyclohexane ring (19.5°). Therefore,
the surface area of one hexagon (syex) 18

6v3a’
Shex = Ta (4)

which is 0.05508 nm?, but it has to be doubled since the
carbon plane has two sides, so the total surface of a unit
cell is 0.11016 nm?. The mass of the unit cell needs to be
calculated next. Each cyclohexane unit possesses six car-
bon atoms, but all of them belong to two other rings, so
two carbon atoms are attributed to an individual unit
cell. For the subsequently oxidized graphite oxides, con-
tributions of heteroatoms (in this case oxygen and
hydrogen) can be taken into account by the correspon-
ding chemical formulae. According to these, masses of
the unit cells are 6.09x 107>, 6.43x 107>, 6.49 x
1072* and 6.64 x 103 g for GO-1, GO-2, GO-3 and
GO-4, respectively. Finally, specific surface area of the
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unit cell (which equals to that of the bulk substances,
Table 1) is obtained by division of its total surface
(0.11016 nm?) by these mass values.

The maximum surface density of OH groups can be
calculated assuming that only OH groups are bound
to the basal planes of the carbon layers (no unoxidized,
graphitic regions or other functional groups are present;
note that COOH groups are located at the edges of the
GO sheets). In this case, since 2 OH groups belong to
each of the cyclohexane rings (having 0.11016 nm? sur-
face area), a 1 nm” surface contains 18 OH groups.
Thus, if all of these species were deprotonated,
Z = 18/nm? would be obtained.
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