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This study provides a comparative framework on the elucidation of analogies and differences in the interfacial
protolytic processes and the associated colloidal behaviour of a typical humic acid (HA) and a set of single-
layer graphene oxide (SLGO) and (multi-layered) graphite oxide samples in aqueous electrolyte media. The pH
dependence of the surface charge densities of HA and SLGO was explored at three different salt concentrations
by potentiometric acid-base titration, along with simultaneous determination of zeta potential and hydrody-
namic sizes. Charging curves obtained in the pH range of 3 to 10 by cyclic titrations reveal the presence of a
small hysteresis, proving the chemical stability of SLGO and graphite oxides in weakly acidic and alkaline solu-
tions. HA and SLGO display a parallel shift of the pH-dependencies of their negative charge densities with increas-
ing ionic strength, demonstrating a unique combination of particle and polyelectrolyte-like behaviour, which is
absent for multi-layered graphite oxide exhibiting charging curves that resemble to “classical” colloidal particles.
An accurate purification of SLGO results in inherent change in its surface properties; however, the salt tolerance
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of aqueous HA solutions is still superior to that of SLGO dispersions.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Ubiquitous soil organic matter and the recently highlighted
graphene-based materials constitute, according to the contemporary
scientific consideration, very different classes of materials. However, a
remarkable linkage between them stems from their formation process,
which is most often related to chemical oxidation. The oxidation of
graphite by strong oxidants in harsh acidic environment (mainly Brodie
[1] and Hummers [2] methods and their modifications) leads to the for-
mation of graphite oxide (GO), which is the direct precursor of single-
layer graphene oxide (SLGO). On the contrary, humic substances (HS)
naturally form from coal by atmospheric oxidation [3] or from dead
plant matter through oxidative microbial degradation of organic tissues
to “monomers” of poorly definable structure, followed by the polymer-
ization of these monomeric substances into high molecular weight
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compounds [4]. Their structure and origin have been poorly understood
and were always subject to dispute [5]. Despite their commonly
established polymeric nature, their basic properties such as elemental
composition, molecular weight, or the types and amounts of moieties
vary widely [5]. HS are inherently heterogeneous materials both in
chemical and in structural points of view; the fractionation of HS ex-
tracted from various sources (e.g., soil, coal, peat) is generally accepted
and operationally defined. The fractions obtained based on their solubil-
ity in water as a function of pH are fulvic acids (FA - soluble at all pHs),
humic acids (HA - precipitate below pH ~1) and humins (HMN, not sol-
uble at all) [6].

In 1937, Thiele published a paper on the ion exchange properties of
graphite oxide (GO), in which he mentioned that, with alkaline oxidiz-
ing agents, HA can be obtained under special conditions as an interme-
diate stage of the oxidation of graphite [7], pointing out the theoretical
possibility for the conversion of “Graphitsdure” (meaning “graphitic
acid”, one of the old names of graphite oxide) into HA. This potential
was also suggested by Dimiev et al. [8] but by a different means: trans-
formation into HA-like structures by degradation of GO flakes over
prolonged exposure to water. The opposite pathway, that is, the synthe-
sis of few-layer graphene oxide from HA has been published recently by
Huang et al. [9]. However, they failed to confirm the typical layered
structure of the “HA-converted GO” as indicated by the absence of the
characteristic reflection at basal spacings of ca. 6 A. Therefore, apart
from a study on the dispersibility of HA, lignin and graphitic acids
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published several years later than Thiele's note [10], it seems that no ex-
perimental work was reported in the past 80 years, regarding the explo-
ration of the analogous behaviour of natural HA and manmade graphite
oxide and its exfoliated derivative, SLGO. Based on our long-standing
experience on the colloidal behaviour of HS [11,12] and GO [13-15],
we discovered that, by evaluating the pH-dependent charging and col-
loidal stability of a SLGO sample, striking analogies and peculiarities
exist between GO and HA, particularly with those of coal origin.

GO and HA have a similarly ill-defined polycondensed, partially aro-
matic ring-system skeleton with ionic moieties. The polyionic structure
emerges in pH-dependent protonation/deprotonation of the O-
containing aliphatic and phenolic groups such as hydroxyls and car-
boxyls. The mainly anionic nature of humic acids and graphene oxides
at neutral and basic pHs makes both appropriate for binding inorganic
and organic cationic pollutants in either natural or waste waters
[16,18-20]. These functional groups are also exploited in chemical mod-
ification of graphene oxides for applications in diverse technological,
biotechnical and biomedical processes [21-27]. Other O-containing
groups (e.g., keto, carbonyl, ester and ether), enhance their

hydrophilicity and dissolution in aqueous media. Fig. 1 represents the
relative H/C and O/C ratio of SLGO as compared to organic compounds
with several compound classes represented by circles overlain on the
graph (A) and to humic materials (B) and the generalized structure of
HA (C) and GO (D,E) with the O-containing functional groups.

Humic acids and graphene oxide are, therefore, quite similar in their
chemical composition, but achieve this state in opposite processes. In
the natural formation of HA, organic matter condenses to develop a par-
tially aromatic skeleton from small molecules as precursors. In the arti-
ficial production of SLGO, the graphene layers of precursor graphite,
which originally contain a fully aromatic, condensed ring system, lose
part of their aromatic structure and obtain a similarly partially aromatic
skeleton as that of HA. Since both processes take place in oxidative con-
ditions, the O-containing functionality of HA and SLGO should also be
greatly similar. Oxidation of graphite generates oxidative debris (or
FA) [28] that should be removed by washing. During the purification
of SLGO from oxidative debris we also experienced [15] very similar
pH-dependent behaviour as in the separation of HA from FA occurring
in the natural mixture of HS. The removal of low molecular weight
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Fig. 1. (A) The H/C vs. O/C (Van Krevelen) diagrams of organic compounds [30,31] and (B) humic substances [32] with data points of a series of GO overlain on the diagram based on our
previous publication [13]. (C) The O-containing acidic groups of the carbon skeleton of HS developing charges in pH-dependent dissociation [33] and (D) the Lerf-Klinowski structural
model of GO [34,35] in comparison with (E) the structural motives proposed by Szabé et al. [36]. A was reproduced from [31] and C was reproduced from [33] with permission from
John Wiley and Sons. B was reproduced from [32] with permission of Elsevier. D was reproduced from [36] with permission of ACS.
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components decreased the total acidity and enhanced the pH threshold
of aqueous solubility of both materials. The similarity between HS and
GO can also be expected based on the work of Dong and co-workers
[29] detecting carbon-based nanostructures in the structure of humic
acids of different origin, river, peat, soil and a Leonardite sample.

The importance of reactive, mainly oxygen containing groups on the
aromatic skeleton in both HA and SLGO in defining their hydrophilicity,
pH-dependent charging, and reactions with metal ions both in aqueous
phase and at solid interfaces dictates that well-defined potentiometric
experiments must be carried out in order to correctly characterize
their charging behaviour [13-15]. Unfortunately, several works have al-
ready misinterpreted charging or cation complexation of SLGO and used
inadequate modelling not relying on its exact chemical speciation and
colloidal properties [37,38]. First, the net proton consumption data are
not suitable for, and the titration curve in [37] measured only at a single
concentration of background electrolyte is not enough to i) determine
the pHpzc [39] and ii) model surface protonation processes to calculate
intrinsic acidity constants. This incorrect use of fitting software (Fiteql
3.1) leads to the strange conclusion about the formation of positively
charged sites on GO nanosheets. Regarding the study of Gu et al. [38],
four acidic sites on multilayered GO were supposed for metal ion com-
plexation. Surface complexation modelling of pH-dependent adsorption
data of several metal ions seems to be a fitting exercise searching for the
best-fitting model involving all or only some of the binding sites. This
practice resulted in either non-converging simulations in several cases
or larger differences in stability constants calculated at different concen-
trations of metal ions.

In this work, we present the comparative study of the pH- and ionic
strength dependent charge formation and colloidal stability of HA and
GO in aqueous solutions. Potentiometric acid-base titration was used
to quantify the dissociation of O-containing functional groups and to
check the reversibility of deprotonation/protonation processes and the
corresponding charge state was characterized by electrophoretic mobil-
ity measurements in parallel with colloidal stability tests. The effect of
oxidative debris from SLGO synthesis on surface charging was also stud-
ied by titration and zeta potential measurement and supported by ATR-
FTIR spectra of original and purified samples from suspensions at differ-
ent pHs.

2. Materials and methods
2.1. Materials used

Single layer graphene oxide (SLGO) was obtained from Cheap Tubes
Inc. (Cambridgeport, VT, USA) and was used both as received (referred
as original, oSLGO) and after purification (referred to as pSLGO) to re-
move potential oxidative debris. The approximate atomic composition
is C35-42%, 0 45-55% and H 3-5% and the X-ray photoelectron spectra
provided by the supplier [40] indicate the presence of C=0, C—O and
0-C=0 type bonds besides the C—C bonds of both sp? and sp> hybrid-
ization. For purification, the 0SLGO was titrated with 0.1 M KOH solution
to pH ~10 and back with 0.1 M HCl solution to pH ~3 several times (3-6
times). The settled suspension was cleaned from the excess salt by
washing three times with dilute HCl (pH ~ 2) and centrifuging. Finally,
ultrapure water was used to wash out any chloride residual according
to AgNOs test and the separated pSLGO was freeze-dried to obtain dry
solid sample.

Another batch of SLGO sample was synthesized for coagulation ki-
netics measurements, according to the Hummers-Offeman method.
1 g of graphite (SGA-20; Kropfmiihl GmbH, Germany) and 1 g of
NaNO; were mixed in a flask before the addition of 30 mL of cc.
H,S0,4. This slurry was stirred and 3 x 1 g of KMnO4 was added in
three portions in 2 h at 50 °C, and it was kept at this temperature for an-
other 2 h after the addition of the last portion of potassium permanga-
nate. The reaction was terminated by adding 30 mL of ~1-2 °C water
and then H,0; solution (~3-4 mL) was gradually added until the

suspension turned to golden brown. The acidic slurry was then centri-
fuged for 10 min at 3400 rpm, the supernatant was removed, the sedi-
ment was washed with water and this washing process was repeated
3-4 times. The final wet sediment was transferred to dialysis bags and
dialyzed for ca. 30 days with periodic change of deionized water until
its conductivity dropped below 10 uS/cm. The GO sample was then
stored as aqueous suspension, the concentration of which was deter-
mined by evaporating a known mass of dispersion to air-dry state.

Graphite oxide (GO) was also prepared according to the method of
Brodie [1] as detailed in [9] for the moderately oxidized batch of “GO-
1” with C/O ratio of 2.56. The Brodie GO sample used in the present
study is also low-oxidized and has a similar chemical composition
(COg.414H0.202 x 0.0878 H,0) and C/O ratio (2.42). Briefly, graphite
was mixed with NaClO5 and reacted with fuming HNO3 at room tem-
perature. After ageing for 18 h, the temperature was raised to 60 + 1
°Cand kept for 8 h. The product was transferred into water and washed
several times with HCl and deionized water until the specific conductiv-
ity dropped below 10 pS/cm. The GO settled from the aqueous suspen-
sion was dried at 60 °C.

The HA was extracted from brown coal (Dudar, Hungary) by a tradi-
tional alkaline extraction procedure using 0.1 M NaOH solution and pu-
rified thoroughly [11]. The ash content of raw HA was reduced by HF/
HCl treatment. The dried, ground HA was extracted with benzene/etha-
nol in a Soxhlet apparatus for 72 h to remove tar components. Na-
humate solution was prepared from the dried HA sample dissolved it
in a calculated amount of NaOH to be equivalent to the total acidity of
HA measured by potentiometric titration. The HA solution was prepared
by cation exchange from Na-humate solution.

Ultrapure water obtained by the Zeener Power I water purification
system (Human Corporation, Seoul, South Korea) was used in all exper-
iments. Salts, acids and bases KCl, NaCl, HCl, KOH, NaOH, and the
chemicals of GO synthesis (NaNOs, cc. H,SO4, KMnOg4, NaClO3 HNO;
and H,0,) were analytical grade reagents form Molar, Hungary.

2.2. Experimental methods

Titrations of the original HA, the as-prepared GO, the oSLGO and
pSLGO samples were performed by an automatic titration system. The
main components are the two automatic burettes (Dosimat 665,
Metrohm AG, Switzerland), a high precision potentiometer with pH
preamplifier (home-made), a combined glass pH-electrode (Radelkis,
Hungary) and process control by using the GIMET1 software (home de-
signed), as described in more detail previously [39]. The electrode was
calibrated both against pH buffers (pH = 2.07, 7.10 and 9.31 of Radelkis
Ltd. Hungary, RK-21, RK-71 and RK-91, respectively) and background
electrolytes NaCl and KCl at three different concentrations. The potenti-
ometer readings were correlated with the international pH-scale
through buffer calibrations and with the actual proton (or hydroxide
ion at pHs above 7) concentration in the medium of the titrated samples
through the background electrolyte calibrations. The actual amount of
protons adsorbed on or desorbed from the sample surface, i.e., the ex-
tent of proton association/dissociation (or alternatively, net surface pro-
ton excess or net proton consumption) was calculated in the course of
the titrations via the proton/hydroxyl mass balance equation nfj on—
= (V/m) x (Con+/0n— — Cen+/0u—). Here, V/m means volume/mass,
that is, the solid to liquid phase ratio, and ¢+ /on— and Cep/on— are
the proton/hydroxide ion concentrations in the solution phase after ti-
trant addition (0.1 M HCl or 0.1 M NaOH or KOH) and after the estab-
lishment of interfacial proton equilibria, respectively. CO, free
condition was maintained via the preparation of NaOH and KOH titrants
free from CO,, by air connecting the base titrant container through a CO,
absorber, by frequent testing of the base titrants with hydrazine sulfate
using freshly boiled ultrapure water and by applying a constant flow of
N, in the titration vessel.

The FTIR-ATR spectra were measured in the 400-4000 cm™ ! wave-
number range with a resolution of 2 cm ™! by a Bio-Rad Digilab Division
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FTS-65A/896 spectrometer equipped with a Harrick's Meridian Split Pea
Diamond ATR accessory. Single reflection mode was used to accumulate
256 scans for each spectrum. The background spectra were measured
on the clean and dry diamond crystal. SLGO dispersions were prepared
by weighing ~0.5 mg of the original or purified samples into 4 mL of
0.5 M KCl solution, the pH of which was adjusted to 3.05, 5.84, 7.15
and 9.69, respectively. One drop from the sediments of the suspensions
was cast to the diamond crystal surface for the experiments.

Electrophoretic mobility (zeta potential) was measured with a Nano
ZS apparatus (Malvern) in disposable zeta cells (DTS 1060). The accu-
racy of zeta potential measurements was +5 mV as given by the manu-
facturer. The dispersion concentrations in 0.01 and 0.1 M electrolytes
(NaCl and KCl media, respectively, for the HA and SLGO samples)
were set to produce the optimal intensity of 105 counts per seconds.
The pH of the dispersions was varied between pH ~2 and ~10.
Ultrasound-assisted contactless stirring of the samples provided a ki-
netically stable state prior to the measurements. The zeta potential
values were calculated by using the Smoluchowski equation.

The dynamic light scattering size measurements were performed by
a Zetasizer Nano ZS apparatus (Malvern) with He—Ne laser (A =
633 nm, max 4 mW), operating in backscattering mode at an angle of
173°. The HA and SLGO dispersions were prepared at 10 mM and
100 mM ionic strength (NaCl) and the concentrations were identical
to those used in the zeta potential experiments. The pH of the samples
was adjusted to values between 1 and 10.5 just before the measure-
ments. The samples were homogenized in an ultrasonic apparatus for
10 s and the measurements were initiated after 60 s of relaxation. The
intensity average (Z average) values were chosen to characterize the
size of the dynamic units, calculated via the second order cumulant fit
of the autocorrelation functions [41].

Coagulation kinetics were studied in dilute systems of 0.25 g/L HA
and 0.001 g/L GO mass concentrations at pH = 4.5 & 0.1 and 5 £ 0.1,
respectively, at different NaCl concentrations up to 1.5 M. We measured
the change in the Z,,. (average hydrodynamic diameter) values with
time by using a Nano ZS (Malvern, UK) apparatus in backscattering
alignment (scattering angle of 173°). In a typical experiment, data
were collected for 15 min with a time resolution of 60 s. The polydisper-
sity indices (PDIs) were <0.3 for HA and GO samples, except for the non-
coagulating HA samples, where the PDIs increased to 0.7. Plots of the
stability ratios (W) as a function of the electrolyte concentration (c,
Nacl) in logarithmic representation were used to find critical coagulation
concentrations (CCCs), which characterize the salt tolerance of the col-
loid systems. The stability ratio is a quantity that primarily depends on
the concentration of the salt (coagulant) and reaches its maximum
value of 1, when the coagulant concentration exceeds the CCC and the
dispersion undergoes fast (diffusion controlled) aggregation. The latter
condition was achieved at ¢ = 1 M NaCl for Hummers-GO and 1.5 M
for HA, respectively. Therefore, values of W were calculated as the initial
slope of the kinetic curve (dZ,,./dt = f (t)) measured at the highest salt
concentration (1.5 M NaCl for HA and 1.0 M for GO), divided by the ini-
tial slope determined at the actual ¢,yac [42,43]:

. dZave
llmt gt (fast)
W(c)= W (0) 1)
dt

t—0

3. Results and discussion

3.1. pH-dependent dissociation of acidic functionalities on HA and SLGO at
different ionic strengths

The evaluation of acid-base titration results allows to calculate
values of net surface proton excess (Ang},on, mol/g), which reflect the

extent of dissociation/association of protons from/to dissociable surface
groups. The negative net surface proton excess of organic acids is equiv-
alent to the amount of negatively charged groups, i.e.,, OH™ consump-
tion in the deprotonation reaction of acidic, e.g., carboxylic groups
(negative net proton consumption):

S-COOH + OH ™ <$-C00™ + H,0 2)
or
S-COOH + H,0e5S-C00~ + H30" 3)

where S stands for the surface atom to which the acidic moiety is linked,
carbon in this case. The net proton consumption vs. pH curves
representing the pH dependent charging behaviour of HA and pSLGO
at various ionic strengths are shown in Fig. 2. The main characteristics
of the deprotonation process are found to be similar for the studied ma-
terials according to the following aspects:

(i) the original pH of the purified samples is around pH = 3;

(ii) the order of magnitude of the titratable groups at pH = 10 is the
same for HA (4-5 mmol/g) and SLGO (2.8-4 mmol/g) being one
order of magnitude higher than that of common sparingly solu-
ble colloidal metal oxides [44], but substantially smaller than
that of highly charged polyelectrolytes such as poly(acrylic
acid), which is fully deprotonated at pH = 10 [45] and carries
ca. 13.9 mmol/g carboxylate groups, as calculated from its molec-
ular structure;

(iii) there is a small but characteristic hysteresis between the up (to-
wards higher pHs) and down (the reverse branch) parts of cyclic
titration results obtained by the addition of base and acid titrants,
respectively;

(iv) theionic strength dependence of the net proton consumption of
PSLGO is very similar to that of HA;

and dissimilarity is only revealed in terms of the

(v) small, but clearly distinguishable hump for the curves of HA at
around pH = 6, while the curves of pSLGO are completely
featureless.

The probable reason of hysteresis is that conformational changes of
the relatively rigid carbon skeleton are slow and deprotonation from
the originally more compact structure of HA and SLGO (weakly charged
at low pH) is somewhat retarded as compared to the titration from op-
posite direction, i.e., the protonation of the originally open structure
(highly charged at high pHs) [14,15]. The ionic strength dependence
of protonation/deprotonation of HA is studied exhaustively [46]. The
parallel shift in the curves is due to the increased electrostatic charge
compensation caused by the increased concentration of background
electrolyte.

Comparison of the proton consumption data at constant pH reveals
that, in general, the screening effect should also become more pro-
nounced with increasing surface charge density, similarly to the case
of sparingly soluble metal oxide colloids and polyelectrolytes [44,45].
However, the pH-dependence of charge screening cannot be observed
in the case of HA titrations and it is also very weak in the SLGO titrations.
The almost complete independence of charge screening on the surface
charge density can be explained by the non-uniform charging of both
materials due to their chemical heterogeneity (see Fig. 1). Contrary to
oxides and polyelectrolytes, the local charge density of HA and SLGO
can adjust to pH changes since, with opening of the skeleton with in-
creasing pH, charges originally forming a local electrostatic double
layer can move away from each other thereby disrupting the continuous
potential field.

The presence of discontinuous and heterogeneous surface potential
fields and the pH-dependent conformational changes of SLGO
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sign “~” indicates proton release, i.e., the formation of negative charges. Bottom: Derivative net proton consumption vs. pH curves of (C) HA and (D) pSLGO.

nanosheets have been modelled in molecular dynamic and ab initio
simulations [15]. This behaviour is close to the behaviour of connected
polyelectrolyte gels and thus, the Donnan model has been successfully
applied to describe the ionic strength dependence of charging of HA ma-
terials [47]. Master curves of HA titrations have also been derived to sep-
arate the electrostatic effect from the deprotonation processes [48].

In order to demonstrate the effect of the relatively flexible carbon
skeleton on the charging of SLGO, we titrated the same way a graph-
ite oxide sample prepared by the Brodie protocol, which disperses
less readily in water and may remain partially delaminated (multi-
layered) in non-alkaline media [43]. The net surface proton excess
vs. pH curves of this sample (Supporting Fig. S1A) possesses the
same type of pH-dependence as other solid surfaces with variable
surface charges [49], as indicated by the clearly observable diver-
gence of the curves, in contrast to the typical, parallelly running
charging curves for polyelectrolytes. Thus, an important assertion
can be established in the dispersion state of the GO particles in aque-
ous electrolyte solutions: the determination of the charging curves at
least at two different salinities can indirectly indicate if a fraction of
particles exists in a multi-layered state without the need of e.g. direct
thickness distribution evaluation by tedious atomic force microscopy
measurements.

Finally, it is worth mentioning that, especially in the low pH-range,
the net proton consumption values are much higher for the pSLGO sam-
ple (Fig. 2B), than for Brodie graphite oxide (Supporting Fig. S1A). This

observation is well explained by the presence of covalent sulfate groups
[50] for any samples, the synthesis protocol of which (Staudenmaier,
Hummers-Offeman or any of their modifications) involved sulfuric
acid. The covalent sulfates, thus, contribute additionally to the integral
acidity of the pSLGO sample, in contrary to Brodie-GO, which lacks
any sulfurous reagents upon its synthesis.

The heterogeneous structure of SLGO sheets has been demonstrated
in scanning tunnelling and high-resolution transmission electron mi-
croscopic studies as well [51,52]. Unoxidized islands of ordered hexago-
nal lattice of graphene can decorate the oxidized amorphous regions in
a random fashion and nanometric holes that result from the
“overoxidation” of graphite may also be present. Oxidation, in essence,
leads to ruptures in the lattice order.

Differentiation of the featureless protonation/deprotonation curves
of HA and SLGO can be used to estimate the most probable types of dis-
sociable groups (see in Fig. 2C, D and Supporting Fig. 1B). The peak in-
tensities of the differentials are related to the amount of carboxyl
groups with conditional (i.e., ionic strength dependent) pK, values at
the corresponding pHs. The down curves obtained during the proton-
ation of highly negatively charged and expanded HA and SLGO were ap-
propriate for evaluation, while the differentials of the up curves
(deprotonation of weakly charged and collapsed HA and SLGO) gave
scattered results (not shown here). The latter behaviour reflects also
the sterically hindered deprotonation as compared to the equilibrated
process of protonation of freely accessible sites. The gross charging
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curves of HA (Fig. 2A) suggest the presence of two separate dissociable
groups, generally assigned to -COOH and phenolic —~OH, respectively
[53]. The pK, values of HA (Fig. 2C) are in the range of 4-6 (carboxylic
groups) and 10-11 (phenolic OH groups). An additional characteristic
peak appears at pH ~8 independently of ionic strengths that can be
assigned to the acid-base equilibrium of N-containing heterocycles.
The spread of the pK, values of ~-COOH groups between pH 4 and 6
can be explained by the differences in the local molecular environment
of the individual carboxylic moieties. The ionic strength dependence of
the derivative curves in this range shows that the increase in charge
screening shifts the pK, values by more than one pH unit.

Although the charging of SLGO seems to be fully nonspecific with no
hint of separate pKj, values (Fig. 2B), differentiation reveals a broad but
well-discernible peak and a shoulder in the net surface proton excess vs.
pH curves (Fig. 2D). The broad peak refers to a wide distribution of pK,
values between ~5 and ~8, resembling to that of the carboxylic groups of
HA although ionic strength dependence is not observed in this case. The
shoulder at pH 3.5-4, which is also independent of the ionic strength, is
completely absent from the derivative of HA charging curves. This peak
is hardly associated with carboxylic groups, but its pK, of ~3.8 is also rel-
atively far from the negative logarithm of the second dissociation con-
stant of sulfuric acid (pK,> = 2.0). However, we think that the
assignment as a sulfate half-ester is still more likely because the
organosulfate groups are expected to exhibit an acidic strength similar
to that of a HSOZ anion. This assumption is also supported by the fact
that the derivative charging function of Brodie-GO (Supporting
Fig. S1B) does not have any indication of this shoulder at low pHs, but
only shows a carboxylate-related peak between pH 4 and 7. In conclu-
sion, acid-base titrations of both SLGO and graphite oxide suggest the
presence of Brgnsted acidic centers in large quantities, which is contrary
to the commonly accepted picture that the acidic groups are located pri-
marily at the edges but not on the planes of the nanosheets
[34,35,54,55] as it is suggested in [36] for phenolic groups.

Comparing the acid-base titration results of non-purified and puri-
fied SLGO samples, we found that some weakly acidic-type organic de-
bris was removed by the applied procedure because the large step in the
down curves in the range of pH ~6.5 to ~5.5 was minimized (see in
Figs. 3A and 2B). The hysteresis loops between the up and down titra-
tions were also reduced and the remaining loops were stable during fur-
ther up and down titration cycles of pSLGO. This is a strong
experimental argument against the suggestions of Dimiev et al. [8]
that single layered graphene oxide materials would be chemically
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unstable in aqueous medium and that they would undergo irreversible
degradation during acid-base titrations.

The net negative charge of the SLGO sample at pH ~10 decreased
by ~0.5-1.0 mmol/g due to purification (Fig. 3B). This suggests the
presence of a considerable amount of acidic impurity in 0SLGO. The
presence of impurity in graphene oxide materials as oxidative debris
is widely accepted and purification is performed mainly by washing
the as-prepared (acidic) samples with water [16,35,56]. As it can be
deduced from our titration results, however, it is impossible to elim-
inate all impurities in this way. In order to access all the removable
small molecules, the graphene oxide sheets should be fully unfolded
by increasing the pH to ~10. Our purification procedure was success-
ful, because before washing with water, the alkaline solution was ap-
plied and the impurities from the open SLGO sheets could be
removed completely. Faria et al. [55] also applied 0.1 M NaOH solu-
tion to SLGO nanosheets and obtained chemically pure material.
The definite dependence of the purification efficiency on pH and
the stable residual hysteresis between the up and down titration
curves support the earlier results of modelling conformational
changes of SLGO sheets [15].

3.2. FTIR characterization of the functional moieties of SLGO

To shed more light and find spectroscopic indication of the presence
of carboxyl functional groups, FTIR-ATR spectra were taken in function
of pH of both the 0SLGO and pSLGO samples (Fig. 4). The original spectra
were shifted to zero absorbance value in the range of 1900-1800 cm ™!
(no absorption of infrared radiation) and normalized relative to the
heights of the characteristic bands at 1597 cm™~'. Normalization was
necessary because the amount of SLGO dried from aqueous dispersion
on the surface of the diamond crystal was different and uncontrollable.

The spectra of oSLGO (Fig. 4A) featured several characteristic ab-
sorption bands in the mid-wavelength IR region: 1726 cm~! (-C=0
stretching), 1367 cm ™! (symmetric carboxylate ~-COO ™ stretching),
1246 cm™! (comprised of a mixture of C—O stretch and C-O-H
bend), and finally one peak at 1597 cm™'. The latter is a complex
band, to which several vibration modes may contribute: vC=C skeletal
band of aromatic domains, Boy of water and v,5 of COO ™. This overlap of
the asymmetric carboxylate stretching with the signal of adsorbed H,0
molecules, does not allow for clarification of its dissociation state. How-
ever, this evaluation can be unambiguously performed by considering
the vs of COO™ peak and the peak of the carbonyl stretch. Accordingly,
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Fig. 3. (A) The hysteresis loops between the two parts of the cyclic titration curves: towards higher pHs (“up”) and the return run towards decreasing pHs (“down”) of the 0SLGO sample at
three different ionic strengths of 5; 50 and 500 mM, and (B) the decrease in the amounts of the acidic groups of the SLGO sample as a result of purification seen as the downshift in the net

proton consumption vs. pH curves of pSLGO as compared to oSLGO.
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Fig. 4. FTIR-ATR spectra of (A) oSLGO and (B) pSLGO samples measured at different pHs.

the absorbance of the band of the protonated form at 1726 cm ™ was di-
vided by that of the asymmetric carboxylate at 1367 cm™! to obtain the
ratio denoted as o, which is plotted as a function of pH in Supporting
Fig. S2. Remarkably, the peak ratio gradually decreased with the pH, giv-
ing a spectroscopic evidence of the carboxylic groups that undergo
base-induced dissociation. However, it is noteworthy that the
1726 cm ™! peak has not disappeared even at pH > 10, where most of
the carboxylic groups are expected to be dissociated. This is a clear indi-
cation, in line with our earlier DRIFT study on Brodie graphite oxide [57],
that SLGO involves carbonyl structural motifs which are not sensitive to
pH changes; such as those in isolated ketone, quinone or enone (alkene
conjugated to ketone) groups.

Regarding the purified (pSLGO) sample, it yields absorption bands
corresponding to the same wavenumbers as found for oSLGO
(Fig. 4B). No remarkable changes were observed in the peak intensities
either; the absorbance ratios of carboxylate-related bands fall close to
that of the original sample as shown in Supporting Fig. S2. While the
possibility of the removal of some highly carboxylated carbonaceous
fragments cannot be ruled out by FTIR, it confirms that the pSLGO is dec-
orated by a considerable amount of COOH groups, and the purification
process has not influenced the ratio of different types of functional
groups of GO.

3.3. pH-dependent charge state and colloidal stability of HA and SLGO

The electrophoretic mobility (electrokinetic potential) measure-
ment results are demonstrated in Fig. 5A and B. The zeta potential
of both HA and pSLGO is negative all over the studied pH range,
which indicates the presence of excess negative charges even at
very low pH values in harmony with the titration results (Figs. 2
and 3). The negative zeta potential values could originate not only
from acidic dissociation of functional groups with low pK, values,
but also from permanent negative charges embedded in the skeletal
structure (such as in the case of clay minerals [58] and other cation
exchangers [59]), which are unresponsive to acid/base addition
and thus are undetectable by titration but can be detected by electro-
kinetic measurements. However, the fact that the titration-derived
charging curves and the zeta potential-pH functions simultaneously
start from slightly negative values and then their absolute values in-
crease in the same manner clearly implies that permanent negative
charges are absent from both HA and GO. It is important to highlight
the parallelism between the pH-dependencies of the ¢-potentials of
these materials (absolute values at the same pH and ionic strength
are slightly greater for HA), which also supports the striking similar-
ity of pSLGO and humic acids. This is in full harmony with their
charging properties quantified as the net proton consumption in

acid-base titrations, e.g., ~5 mmol/g and ~4 mmol/g for HA and
pPSLGO, respectively, at the highest pH values measured and I =
0.5 M (Fig. 2). The effect of purification of SLGO on the pH depen-
dence of zeta potential is seen by contrasting with the oSLGO in
Fig. 5B. With increasing pH, the electrokinetic potential of the
oSLGO is significantly higher (in absolute value) than that of the pu-
rified sample (compared at 10 mM ionic strength), indicating the
presence of highly carboxylated carbonaceous fragments in the
unpurified material.

At low pHs (<3-4), the amount of the negative charge from disso-
ciated, anionic forms of strongly acidic sites is not sufficient to keep
the dispersions in colloidally stable state, as indicated by the values
of zeta potential to be less than ~—30 mV at the ionic strength of
our experiments (I = 10 and 100 mM). In general, +~25 mV is the
limit of colloidal stabilization in aqueous media. As the pictures in
Fig. 5 (bottom panel) indicate, HA becomes fully stabilized above
pH = 1 at low salt concentrations and even at pHs > 2 in 100 mM
NaCl. Regarding SLGO, it also remains dispersed in progressively in-
creasing quantities from low to high pHs, at 10 mM ionic strength.
In high-salt environment, however, only a small fraction of the
SLGO platelets remain suspended, but most of them settle down in
one day. One might assume that this separation of particles is the re-
sult of particle aggregation. However, a suspension may also exhibit
sedimentation in the absence of coagulation, if the dispersed objects
are large enough that the gravitational pull overcomes their thermal
motion. To shed more light on this issue, dynamic light scattering
measurements were performed to determine the pH-induced
changes in the hydrodynamic diameters of HA and SLGO particles.
For HA, Fig. 5C shows that the particle size is around 200 nm inde-
pendently of the salt concentration, but it abruptly increases to
800 nm by lowering the pH from 2 to 1, resulting in the settling of
precipitated HA. For CheapTube's SLGO, the Z-average diameters
were found to be always larger than 1000 nm (Fig. 5D). Clearly, an
aggregation occurs for this sample even under moderately acidic
conditions, which is unexpected for this material regarding its
widely considered superior dispersion properties. It is likely that
the weaker dispersibility is caused by both the purification process
and the low oxidation degree of this batch.

Finally, it is worth noting that even in the solution of greater salinity,
a small amount of GO sheets remained suspended between 2 < pH < 8.
This observation is explained by the large polydispersities (PDI =
0.52 at 10 mM; and 0.44 at 100 mM NaCl) which well substantiate the
assumption that the SLGO particles are not aggregated at intermediate
pHs, but the large-sized fractions completely sediment after 1 day of
standstill. The in-depth characterization of the electrolyte tolerance
will then be described in the next section.
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ionic strengths.

3.4. Salt tolerance of HA and GO at constant pH

Time-resolved coagulation kinetic measurements were performed
to characterize the colloidal stability of HA and GO in aqueous NaCl so-
lutions under slightly acidic condition. The size evolution of aggregates
in time was followed by dynamic light scattering. Fig. 6A and B shows
the size evolution in pure HA solutions and SLGO sols at different salt
concentrations. The traditional term ‘sol’ is used here to distinguish
the particles of 410 nm initial diameter (obtained from own synthesis)

used for this salt tolerance test from the large, micron-sized platelets
(obtained from Cheap Tubes) used for description of the pH-
dependence of zeta potential (Fig. 5). The slope of kinetic curves (Z-av-
erage diameter versus time functions) is proportional to the coagulation
rate [60]. These slopes increase with increasing amount of added NaCl in
the range of slow coagulation, above which it becomes independent of
the salt concentration, when fast coagulation (diffusion limited aggre-
gation) takes place. The initial part of the curves in Fig. 6 was used for
further analysis. Coagulation kinetics were measured up to 1.5 M and
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1.0 M NaCl in pure HA and GO systems at pH 4.5 + 0.2 and 5.5 4+ 0.2,
respectively. Stability ratios (W) were calculated according to Eq. (1)
as suggested in literature [61,62]. The critical coagulation concentration
(CCC) can be determined from the stability plots [60] as the lowest con-
centration value at which W equals to 1, as shown in Fig. 7.

For HA, as shown in Fig. 7, the CCCis ~1 M. Such a high value is indic-
ative of highly charged macromolecules which are not destabilized by
the extensive charge screening provided by the highly saline medium.
The aggregation slows down below this concentration, and no precipi-
tation occurs below ca. 600 mM ionic strength. On the contrary,
400 nm SLGO particles obtained by the Hummers method undergo
fast aggregation above the CCC of 300 mM. This peculiar difference
must be explained not only by an associated difference in the charge
density of HA (~2 mmol/g at pH ~4.5, = 0.5 M) and the surface charge
density of GO (~1.5 mmol/g at pH ~5.5, 1 = 0.5 M), but by the difference
in the size of the initial, non-aggregated particles. We have recently
demonstrated the substantial size dependence of the CCCs for graphene
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Fig. 7. Stability plots for aqueous HA and Hummers-GO systems in NaCl solutions at pH 4.5
+ 0.2 and 5.5 + 0.2, respectively. The shaded areas represent the concentration regions
where slow aggregation takes place. Stable systems are observable at lower salts, while
the right hand side of the shaded area delineate the respective CCCs (280 mM for GO;
1.0 M for HA). The inserted photograph shows the effect of increasing NaCl
concentration up to 3 M on the colloidal stability of HA solutions (picture was taken
after 1 day of rest); the partial aggregation of polydisperse HA and dark sediments of
aggregated parts are visible at concentrations >0.5 M.

oxides [43]. In that publication, the CCC of a Brodie graphite oxide of
450 nm hydrodynamic diameter was 80 mM. The present SLGO sample
has approximately the same size (Z,ye = 410 nm) but its CCC is four
times higher, which can be explained by its larger surface charge den-
sity. For multi-layered micron-sized graphite oxides, the CCC is ca.
50 mM, and this difference in salt tolerance is even larger. Therefore,
in respect to their aggregation in weakly acidic media, Hummers-
SLGO represents a closer analogy with HA than with its structurally
and chemically analogous counterpart, Brodie-graphite oxide.

4. Conclusion

This paper presents a novel investigation involving in-depth evalua-
tion and comparative study of two, strikingly similar carbonaceous ma-
terials, humic acid and graphene oxide, mostly focusing on their colloid
chemical behaviour. Besides the striking analogy between the acidic dis-
sociation of single-layer graphene oxide and HA, it turned out that their
charging characteristics definitely differ from that of graphite oxide.
While the charging curves of multilayered GO particles diverge from
each other at higher pHs, the net H™ consumption vs. pH curves of the
exfoliated counterpart and HA run parallel, which is characteristic for
the charging of rigid but ionisable macromolecules.

In equilibrium acid base titration, all three substances showed hys-
teresis loops probably due to the conformational changes of carbon
skeletons, which are small for the more flexible SLGO and HA samples
reaching a reversible polyelectrolyte-like behaviour, but large for rigid
multilayer GO. The latter shows characteristic particle-like behaviour
similarly to the opening charge-potential curves of metal oxides [39].
The reversibility of the surface charge curves clearly demonstrates the
absence of any chemical degradation occurring for GO within the stud-
ied time frame (3-5 h) and pH window. Based on experimental proofs
delicate details of SLGO purification were revealed. The surface charg-
ing, colloidal stability, adsorption propensities have remarkably
changed after accurate cleaning. The colloidal stability of HA is generally
much better than that of different GO samples. Probably the latter and
the very good adsorption ability of HA are the reason for the recent ob-
servation that the electrolyte tolerance of different GO materials is con-
siderably increased in the presence of dissolved humic substances [63].
This enhanced colloidal stability is highly desirable e.g. for transport of
engineered GO nanoparticles in environment, and the use of HA as sur-
face modifier for GO membranes [64] or for preparation of high-tech GO
composite materials for printed electrodes [65].
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