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ARTICLE INFO ABSTRACT

Keywords: The adsorption of the fluorescent dye, Oxazine 1 (OX) was studied on graphene oxide (GO), in the range of low
Cationic dye (<1077 M) OX concentrations, exploiting the high sensitivity of fluorescence spectroscopy. Dry GO was char-
GO

acterized using XRD, TEM, XPS, Raman and IR spectroscopy, while its chemistry in aqueous suspension was
examined with potentiometric titration. Adsorption isotherms were measured at pH 6.4 and 10.2 at temperatures
20 and 35 °C. All the isotherms were well described by the Langmuir equation. The saturation capacities n,, were
higher at pH 10.2 than at 6.4 at the respective temperature, in accordance with the presence of additional
dissociated acidic groups on the GO surface. The n,, values corresponded to a few percent occupancy of the
dissociated acidic groups of GO. The equilibrium constant Kj, for OX was substantially higher than the values
reported for the adsorption of other cationic dyes from more concentrated solutions, indicating that our results
refer to binding to the most active sites. The large negative adsorption enthalpy and the positive adsorption
entropy are also indicative of strong binding interactions. In this case, probably the Coulomb interactions be-

Fluorescence detection
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tween the opposite charges on the adsorbent and adsorbate are dominant in the binding interactions.

1. Introduction

Although graphene oxide (GO) has been known since the middle of
the 19th century [1], it has become a widely studied material only in the
21st century, following the successful preparation of single-layered
graphene sheets [2]. Initially, GO served mainly as a convenient inter-
mediate in the large-scale manufacture of graphene [3-5]. GO is a non-
stoichiometric lattice of sp? and sp> hybrid state carbon atoms, with a
large concentration of various oxygen containing functional groups on
its surface (see Fig. 1). Hydroxy and epoxy groups are attached to the
basal planes of GO sheets, whereas carboxyl, carbonyl, phenol, lactone
and quinone groups are located at the edges [6]. GO is prepared by
oxidation of graphite, and the chemical composition of the GO formed is
determined by the quality of the graphite starting material and the re-
action conditions [7,8]. GO has hydrophilic character [3,4] and it forms
stable aqueous suspensions [9]. The stability of such suspensions is due
partly to the increased separation, and hence weakened interactions,
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between the GO sheets with oxygen containing groups on their surface,
and partly to the formation of hydrogen bonds between the hydroxyl
and carboxyl groups on the sheets and the water solvent molecules [3].

By now, owing to its tunable hydrophilic/hydrophobic character and
easy processability in polar solvents, particularly in water, it has a wide
range of applications in its own right. The variety of its functional groups
makes GO a promising candidate for many applications [10-13]. Many
different polymers and biomolecules can be bound to GO via the oxygen
functional groups [14-17]. In this way, GO can function as a carrier for
the transport of bioactive compounds [18]. Several applications of GO as
catalysts [19,20] and adsorbents [21-23] in aqueous media have been
reported. The functional groups also affect the electronic, mechanical
and electrochemical properties of GO [24]. The concentration of defects
in GO is much higher than in graphene, this may, however, be advan-
tageous in some special applications in the semiconductor industry [4].
That GO is a photostable, non-toxic, biocompatible and environment-
friendly material, has given rise to the development of many types of
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GO-based optical biosensors and chemical sensors [25-30]. In the ma-
jority of GO-based fluorescent sensors reported so far, GO acted as the
acceptor of a FRET-system (Forster resonance energy transfer), with
quantum dots or an organic dye as donors [31]. As another fluorescence-
related application, aptamer-conjugated GO-s have been prepared
which functioned as fluorophores for NIR two-photon microscopic im-
aging [32,33].

In this work, the adsorption of a fluorescent indicator dye, Oxazine 1
(perchlorate salt, OX in Fig. 1) on GO has been investigated. Studying
the adsorption of organic dyes is a straightforward means of charac-
terizing the binding sites on GO nanosheets. Furthermore, the results
may contribute to some technical applications of GO, e.g. the cleaning of
industrial waste water with GO adsorbent or the development of GO
based optical sensors. The adsorption of many dyes on GO [34-41],
reduced GO [42] and GO composites [43] have been reported. Primar-
ily, in these studies cationic dyes were the adsorbates, which interact
strongly with the negatively charged GO nanosheets. In most cases, the
surface coverage was determined by separating the solution phase and
measuring the concentration of the unabsorbed dye by absorption
spectroscopy [36,37]. In the case of fluorescent dyes, fluorescence
quenching that accompanies the binding to GO provides a direct method
for monitoring the adsorption process [38].

OX was chosen as the fluorescent probe in our study because (i) it
absorbs in the red region of the visible spectrum, where GO absorbs very
weakly; (ii) the fluorescent quantum yield of OX is relatively high in
aqueous solution [44], and (iii) oxazine dyes have high pKa values: they
are therefore present in the same protonation form (mono-protonated)
over a wide pH range. Owing to the high sensitivity of fluorescence
detection, samples with low dye and low GO concentrations could be
used, and for this reason information was expected primarily on the
interactions of the dye with the strongest binding sites. The adsorption
process was characterized quantitatively by the Langmuir parameters,
determined from the spectra of mixtures with constant GO and varied
dye concentrations.

Prior to the fluorescence spectroscopic experiments, the structure of
GO was characterized by powder X-ray diffraction (XRD), transmission
electron microscopic imaging (TEM), X-ray photoelectron spectroscopy
(XPS), infrared and Raman spectroscopic methods. A detailed ther-
mogravimetric (TG) study of GO and its derivatives has been published
recently [45]. The specific surface of GO was determined by nitrogen
adsorption technique.

2. Materials and methods

GO was prepared from natural graphite powder (average particle
size 63 um) purchased from Graphite Tyn (Tyn nad Vltavou, Czech
Republic) using the improved Hummers’ method [46,47]. Oxazine 1,
the fluorescent dye, was supplied by Sigma.

The powder X-ray diffraction (XRD) pattern of GO was measured
with a PANalytical X’pert Pro MPD X-ray diffractometer using Cu K,
(1.54056 A) radiation.
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The morphology of the samples was characterized by a FEI Titan
Themis 200 kV spherical aberration (Cs) corrected TEM 0.09 nm
HRTEM and 0.16 nm STEM resolution equipped with 4 Thermofischer
“Super X G1” EDS detectors. The samples were drop-dried on TEM
microgrids coated with ultrathin carbon layer.

Raman spectra were recorded with a LabRAM (Horiba Jobin Yvon)
instrument having a A = 532 nm Nd-YAG laser source (laser power at the
focus point is 15 mW). Filter of 0.6 OD was used to reduce excitation
beam energy reducing the chance of sample degradation. After baseline
correction the first and second order regions of the spectrum were
deconvoluted to Lorentzian functions using the conventional fitting
procedures of the Origin program. The crystallite size (L,) was estimated
by the Tuinstra-Koenig-Cancado equation [48]

L, = (2.4 x 10*‘“nm*3),14(}z)*‘ €8]

The infrared spectra were recorded on a Tenzor 37 (Brooker) FT-IR
spectrometer in ATR mode. X-ray photoelectron spectra were recorded
on a Kratos XSAM 800 spectrometer operating in fixed analyzer trans-
mission mode, using Mg K, (1253.6 eV) excitation. After subtraction of a
Shirley type baseline, the quantitative analysis was performed by the
Kratos Vision 2 and XPS MultiQuant programs.

For the potentiometric titration of GO, 0.05 g of the sample was
suspended in 50 mL NaCl solution (0.01 M) at 25 °C. The suspension was
titrated with 0.1 M NaOH solution in the pH window 3-10. The specific
net proton surface excess was derived from the initial and equilibrium
concentrations of the suspension [49,50].

The UV-Vis absorption spectra of the buffered GO suspensions were
recorded on an Agilent 8453 single-beam spectrophotometer.

The samples used in the determination of the adsorption isotherms
by fluorescence spectroscopy were GO-OX mixtures in Bis-Tris buffer of
pH 6.4 and in CAPS buffer of pH 10.2. The samples were prepared by
adding OX from a 2 - 10~* M stock solution to GO solutions of 2.5 mg/L.
The equilibrium state (constant fluorescence intensity) of the stirred
mixtures was reached typically in 30-60 min. The fluorescence spectra
were acquired by an Edinburgh Instruments FS5 spectrofluorimeter.
They were excited at 655 nm, at the absorption maximum of OX. The
isotherms were measured at 20 and 35 °C.

3. Results and discussion
3.1. Characterization of GO in solid state

The X-ray diffractogram of GO is shown in Fig. 2, together with the
diffractogram of natural graphite. The sharp peak of graphite at 20 =
26.3° corresponds to an interlayer distance of 3.45 A. With GO, how-
ever, the broader peak indicates a less regular structure: the position of
the peak, 20 = 11.5°, yields for the interlayer spacing 7.73 A. This larger
spacing is the consequence of the oxygen substituents on the carbon
skeleton.

HRTEM image (Fig. 3) reveals the heterogeneous layer structure of
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Fig. 1. The Lerf-Klinowski model of graphene oxide (GO) and the chemical structures of Oxazine 1 (OX).
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Fig. 2. X-ray diffractograms of graphite and GO.

the GO particles, in correlation with the diffractogram. The particles
contain amorphous and polycrystalline regions (Fig. S1).

This was also confirmed by Raman spectroscopy (Fig. 4). Beside the
iconic G (~ 1580 cm ™}, graphitic band, related to the vibrations of the
sp2 building blocks) and D (~ 1350 crn’l, defect band, associated to
structural disorder) bands the contribution of D’ (~ 1600 cm ™", disor-
dered graphitic lattices), D” (~ 1506 cm ™, amorphous phases) and D*
(~ 1220 cm™!, disorder from graphitic lattices and impurities) were
recognized in the first order spectrum [51-53]. The second order region
was assigned to the 2D (~ 2700 cm’l, structural order), 2D’ combined
G*, D + D’ bands, the latter two in the 2300-3100 cm ™ region. These
bands, their position and their relative intensities help to identify and
characterize the chemical and physical properties of carbon materials
[54,55]. In this paper we use the D, G and 2D bands for characterization,
the latter being very sensitive to the stacking. The main structural pa-
rameters deduced from Raman spectroscopy are shown in Table 1.

It was found that in single-layer graphene the G and 2D bands usually
appear at 1585 and 2679 cm ™!, and move to lower and higher Raman
shift values, respectively, with increasing number of layers. The 2D/G
ratio decreases with increasing number of layers (from >1.6 in single
layer to 0.8, 0.30 and 0.07 by increasing the layer number to 2, 3 and 4,
respectively) [56] and Refs. [66-72] within]. Indeed, in our sample the
position of the bands shift in the expected directions. The Iyp/Ig ratio
corresponds to a few layers on average, confirming the XRD and HRTEM
observations.

The functional groups in bulk GO were identified by infrared spec-
troscopy (Fig. 5). The broad band in the 3000-3700 cm ™ corresponds to
the vOH characteristic vibration, while the band at 1734 belongs to the
vC=0 vibrations of the carbonyl and carboxyl groups, the band at 1618
can be assigned to v,,C—C modes (stretching modes of aromatic rings),
and that at 1400 cm ™! belongs to the 5OH bending modes of phenol and
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tertiary alcohol groups. The feature at 1221 cm ™ arises from the vC—O
(H) stretching vibrations. The band at 1054 cm ™! may originate from the
VasC—O—C stretching modes of epoxide rings [57,58].

The photoelectron spectral regions of the Cls and Ols lines are
shown in Fig. 6. The shapes of the lines are complex, indicating the
presence of various chemical species on the surface. The Cls and Ols
regions can be fitted with five and three components, respectively. The
binding energies, the assignations of the components to chemical states
and the quantitative compositions are shown in Table 2. This assignment
is based on previous works and literature data; for details see Refs.
[59-68] and Table S1.

The surface of GO is highly oxidized (28.5% total O). The proportions
of the various oxidized carbon and oxygen species exhibit excellent
agreement.

3.2. Characterization of GO in aqueous suspension

In the absorption spectrum of GO (Fig. 7a) the strong band at 230 nm
arises from the ©1 — n* transitions of conjugated C—=C units, while the

Intensity (a.u.)
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F

—

g. 4. Deconvoluted Raman spectrum of the dry GO sample.

Table 1
Parameters obtained from the deconvoluted Raman spectrum.
Carbon material ~ Raman shift (cm™) In/lg Ip/lg L, (nm)
G-band D-band 2D-band
GO 1574 1351 2707 1.46 0.19 13.2

Fig. 3. HRTEM image of GO particles.
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Fig. 5. ATR-FTIR spectrum of freeze-dried GO.

shoulder at 300 nm is assigned to the n — n* transitions of C=0 groups.
The spectrum was found to obey Beer’s law (inset in Fig. 7a), indicating
that GO was fully dispersed into single layered sheets at the low con-
centrations employed in this study.

The fluorescence emission spectra (Fig. 7b) consist of distinct bands,
with relative intensities depending on the excitation wavelength. On the
basis of the excitation spectra (Fig. 7c), the fluorescence emission bands
can be assigned to different aromatic structures decorated with C=0
and other oxygen containing functional groups, embedded into a
framework of sp® hybridized carbon atoms. Namely, the emission fea-
tures around 300, 350 and 390 nm may be assigned to benzoic acid-like
(or phenol-like), naphthoic acid-like and salicylic acid-like fluorescence
centers, respectively [69].

The acid/base properties of the GO in dilute aqueous suspension
were characterized by potentiometric titration in CO»-free conditions.
The pH of immersion was 2.98. The titration data were converted to a
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proton excess isotherm (Fig. 8a), revealing that the surface is negatively
charged in the whole pH range investigated. The increase in pH of the
suspension leads to deprotonation of the various acidic functional
groups decorating the graphene sheet. The SAIEUS procedure [70,71]
was used to calculate the pKj distribution and the concentration of the
corresponding functional groups (Fig. 8b and Table 3). The good
agreement between the XPS and titration results confirms that the ma-
jority of the functional groups is probably phenolic OH.

3.3. Spectral data of OX in aqueous solutions

The pK, of OX was determined from the absorption spectra of the dye
(Fig. S2 in the electronic supplementary information), measured be-
tween pH 9.7 and 14, yielding the value 11.74.

The spectral data of the protonated and neutral forms of OX are
collected in Table 4. The adsorption experiments were carried out in
buffers of 6.4 and 10.2, in which the protonated state dye was dominant.
Comparing the spectra measured in the buffers to the spectra measured
in neat water, the positions of the absorption and fluorescence bands did
not change noticeably, whereas the fluorescent quantum yields were a
little higher in the buffers. The detection limit of the dye in our fluo-
rescence spectroscopic experiments was ~5 - 1071 ML

3.4. Adsorption of OX on GO

The dye adsorption isotherms were determined at pH 6.4, where the
negative charges of the GO nanosheets arise solely from dissociated
carboxyl groups, and at pH 10.2 where all the acidic groups can be
considered fully dissociated [9]. As mentioned above, the monocationic
form of OX was dominant even at pH 10.2.

The pH 6.4 solutions were made in a Bis-Tris buffer, the pH 10.2
solutions in a CAPS buffer. The GO concentration was 2.5 mg/L in all the
samples, and the dye concentration was varied between 0 and 1 x 1077
M. Using such low dye concentrations, the absorbance of all the samples
was below 0.015 in the range of the visible absorption band of OX. Thus,
no correction of the fluorescence intensities for inner filter effects was
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Fig. 6. Cls and O1s high resolution XP spectra of GO, decomposed into the bands of different chemical states.

Table 2
Binding energies (eV), assigned chemical states and surface chemical composition (atomic %) of GO calculated from XP spectra.
01 02 03 C1 Cc2 C3 C4 C5
Binding energy 530.8 532.4 533.5 284.2 285.1 286.6 287.5 288.8
Chemical states c=0 c—0—C 0=C—0* sp2 C sp> C C—OH c=0 0=C—0
*0=—C—OH C—OH C—0—C
Composition 2.8 22.8 3.8 17.8 13.3 29.7 6.1 3.7
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Fig. 7. (a) Absorption spectrum of GO in 18.8 mg/L aqueous suspension at pH
= 6.4. The inset shows the calibration at A = 230 nm; (b)-(c) fluorescence
spectra in 0.57 mg/L aqueous suspension, pH = 6.4,(b) fluorescence emission
spectra obtained at excitation wavelengths 230, 240 and 250 nm; (c) fluores-
cence excitation spectra obtained at emission wavelengths 305, 349 and
388 nm.

required. The isotherms were measured at 20 and 35 °C.

The fluorescence spectra of the GO-OX mixtures at the two pH values
are illustrated in Fig. 9, displaying the spectra obtained at 20 °C. The
amount of the adsorbed dye, n,, was calculated for each sample from
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ny =-——-——, (2)

where cp and c, are the initial and equilibrium concentrations of the dye,
calculated from the fluorescence intensities at 670 nm, the band
maximum of OX (see insets in Fig. 9); mgq is the mass of the dry adsor-
bent, V is the volume of the liquid phase. The adsorption isotherms are
shown in Fig. 10.

The isotherms at both pH values and temperatures are of L. Type [72].
Such isotherms have a well-defined plateau that is associated with the
saturation capacity of the system. The isotherms were fitted to the hy-
perbolic form of the Langmuir model. The conditions of this model are
(i) the binding sites are energetically homogeneous and (ii) the
maximum amount of solute can be adsorbed in a monomolecular layer
on the adsorbent. These assumptions lead to the isotherm equation with
two parameters

ny Ky - c.

Y ®

Although the limits of the model are seldom strictly met, its great
advantage is that it is based on a clear and simple physical model and the
parameters can therefore be related directly to this physical picture: n,,
is the adsorbed amount at full coverage (monolayer capacity) and K, is
the equilibrium constant of the adsorption.

The experimental data of all four isotherms conformed closely with
the hyperbolic Langmuir equation with parameters K; and n, (for
example, see the fitted functions in Fig. 10). The values of the two pa-
rameters are listed in Table 5.

On comparing the parameters obtained at pH = 6.4 and 10.2 at the
same temperatures, the n,, adsorption capacities are higher in the more
basic solutions, where a higher proportion of the acidic groups of GO are
dissociated. Taking the ratios of the n,, values at 20 °C and the con-
centrations of the dissociated acidic groups from potentiometric titra-
tion, it can be concluded that the saturation condition corresponds to an
occupancy of ~5% of the dissociated acidic groups of GO at pH 6.4, and
an occupancy of ~1.5% of the dissociated acidic groups at pH 10.2. The
values of the binding constants, K; are also higher in the more basic
samples. Furthermore, K decreases with increasing temperature — this
holds both at pH 6.4 and 10.2. The latter trend indicates that the
adsorption of the dye on the most active surface sites of GO is an
exothermic process.

The Gibbs free energies of adsorption were obtained from the Kj,
values as

K
AG = —RTln (C—UL) 4

where K is expressed in units L/mol, ¢® = 1 mol/L [73].

The values lie between —50 and —55 kJ/mol, which is higher than
reported for similar systems in the case of physisorption (0-20 kJ/mol)
but lower than the values characteristic of chemisorption, suggesting
strong electrostatic interactions. The heats and entropies of adsorption
estimated using the equation

K AH AS
n(=)=—-—+=— 5
n(c“) RT+R )

are shown in Table 6. The AH values indicate that the adsorption of OX
on the most active binding sites of GO is strongly exothermic. The
positive adsorption entropies show that the positive ‘solvent entropies’
overcompensate the negative ‘solute entropies’, as frequently occurs in
aqueous systems [74,75]. In our case, the solvent entropy arises from the
release of water molecules from the surface of GO nanosheets and the
solvent shell of the dye molecules into the less ordered bulk water. The
‘solute entropy’ corresponds to the loss of the orientational and
conformational freedom of the dye solute at the surface of the GO



A. Paudics et al.

Applied Surface Science xxx (xxxx) xxx

0 T T T T T T T T
3 4 5 6 7 8 9 10
5 |
2 PH
[}
g A4 ahdA A4, N . 4]
- a
c 4 A g
o A °
= A £
a 4 E3
A -
. =
o . 2
(o] A
A
c A
e
o 34 4 1
E. A
o A
o
< 0 : ‘ / : : ‘
0 2 4 6 8 10 12
4 pH
a b
Fig. 8. The potentiometric titration curves of GO and the pK, distribution calculated with SAIEUS program [71,72].
Table 3
Peak positions and quantification of the acidic groups.
pK, interval Total
3-4 4-5 5-6 6-7 7-8 8-9 9-10
Peak maximum - 4.85 - 6.46 7.58 8.50 10.03
Concentration (mol/g) - 2.9.-10°* - 43.10°* 2.4.107* 5.3.10°* 1.86-107° 3.35.10°°

Table 4
Absorption and fluorescence spectral data of OX in aqueous solutions™
Protonation Solvent Af,{’;{ Emax /1; ax of
state [nm] M 'em™] [nm]
Protonated Neat water 655 1.20 - 10° 670 0.047
Bis-tris buffer, 655 1.25 - 10° 670 0.054
pH 6.4
CAPS bulffer, 655 1.26 - 10° 670 0.060
pH 10.2
Neutral 1 M NaOH 675 5.52 - 10* non-fluorescent

2 @F is the fluorescence quantum yield.

adsorbent.

On comparing the present results to the adsorption isotherms re-
ported for other cationic dyes [34-36], the Langmuir model also pro-
vides a good description in most of the other cases. The low dye
concentrations of our samples, sufficient for fluorescence detection,

60000 - 8.15-10%
[OX] (M)
8
1.01-10° =
% 40000 -
Q oles
o 0 ax10® 6xi0 8xio*
~ [OX] (M)
[V

pH=06.4

680

700 720
Wavelength (nm)

allows us to gain information on binding to the most active sites on GO.
The adsorption equilibrium constants obtained from these initial sec-
tions of the isotherms are significantly (10-100-times) higher than those
reported for other cationic dyes, using higher dye concentrations. (For
this comparison, the Ky, values for the other dyes, expressed in L/(mg
dye) by other groups, were converted into L/(mol dye) units.) There are
examples for exothermic [41] as well as for endothermic [21,34]
cationic dye adsorption on GO, noting again that much higher dye
concentrations were used by the other groups.

The adsorption data may also be discussed at the molecular scale. If
the adsorbed dye cations were oriented with their planes parallel with
the basal planes of the GO nanosheets, the monolayer of OX cations
would cover an area defined by

Foo = Na-Aox 1 (6)

where Ny is Avogadro’s number and Aoy is the cross sectional area of the
dye cation. Taking the dimensions of OX cation from the quantum

8.7510%
8000
[OXI (M) 5™
6000 1.0210° .
) o
o olese®
\(:)/ ) 2000  axi0®  6d0°  xi0®
[OX] (M)
L 4000 4
pH=10.2
2000 H
0

680 700 720 740
Wavelength (nm)

Fig. 9. Concentration dependence of the fluorescence spectra of OX in aqueous GO suspensions of 2.5 mg/L at pH = 6.4 and 10.2 at 20 °C. A¢x = 655 nm.
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Fig. 10. Adsorption of OX on GO, measured in solutions of pH 6.4 and 10.2 at
20 °C and 35 °C. Symbols are the measured data. The solid lines represent the
hyperbolic Langmuir fit.

Table 5
Parameters of Langmuir isotherms for the adsorption of OX on GO.
Isotherms N, [mol/g] K, [L/mol] R?
pH 6.4 20 °C (2.8 +£0.1)-107° (1.5 +£0.1)-108 0.999
35°C (2.3+0.1)-10°° (9.8 + 0.5)-107 0.998
pH 10.2 20°C (5.0 £0.2)-10°° (6.4 +0.7)-108 0.996
35°C (3.6 +£0.1)-107° (4.9 +0.5)-108 0.993
Table 6

Thermodynamic data for the adsorption of OX on GO.

AH [kJ/mol] AS [J/(molK)]
pH 6.4 —39.6 78.0
pH 10.2 -15.7 119.3

chemical calculations in Ref. [76], namely Aox ~ 13 A x 6 A, and
substituting the value of 2.8 - 10° mol/g for n, (the value obtained at pH
6.4 and 20 °C), a surface area of Fgo = 13 mz/g is obtained. This is ~60%
of the surface area of the freeze-dried GO from nitrogen adsorption, 21
mz/g.

The close agreement of these data is, however, misleading for several
reasons. The OX and the Ny adsorption characterize GO in different
conditions: in very dilute well suspended state and as a freeze dried
monolith. They also adsorb by different mechanisms, i.e., at adsorption
sites of different type. First of all, the specific surface area of the GO
nanosheets in their dilute aqueous suspension is certainly much greater
than that of solid GO. Furthermore, it is unlikely that the adsorbed OX
cations form a closely packed monolayer aligned with their plane par-
allel to the GO nanosheets, partly due to their diethyl substituted N re-
gions and also owing to the epoxide oxygens randomly roughening the
GO surface. From Raman spectroscopic observations of this GO it was
found that the intensity ratio of the graphitic and defect peaks Ig/Ip is
1.18 + 0.01 [45], which is an indication that the GO surface is severely
damaged by the edge sites, the decorating O atoms and the carbon va-
cancies within the sheet.

The cross sectional area computed from quantum chemical consid-
erations also ignores the water molecules attracted to OX. A further ef-
fect that may make the adsorption mechanism of OX more complicated —
at least at higher OX concentrations - is that OX cations tend to form
dimers at locations of high negative charge densities [77] and the edges
of GO nanosheets are such positions.

Methylene blue is a well known and widely used cationic dye of very
similar structure and more or less comparable molecular dimensions
with a thickness of 4.7 A. Therefore, the area of the methylene blue dye
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molecule with very similar chemical end geometrical structure, might be
a good experimental estimate. It is 1.7 times larger than the OX area
from quantum chemical calculations [78]. Even though with this
concept we come even closer to the nitrogen surface area, any conclu-
sion about a compact monolayer would be misleading.

The main molecular interactions might be i) the electrostatic
attraction between the deprotonated functional groups of the GO and
the positively charged N of the OX, and ii) the n — & interactions between
the quasi-aromatic regions of the adsorbent and the adsorbate. In view
of the strong interaction it is more probable that they are bound to the
negatively charged carboxylate units located at the edge of the GO
nanosheets via electrostatic interactions. The geometry of the OX probe
molecule and the high population of the deprotonated surface sites
preclude a 1:1 correlation of the oppositely charged partners.

4. Conclusions

Our work on the adsorption of OX on GO demonstrates that the high
sensitivity of fluorescence detection allows us to study the adsorption in
the range of unusually low dye concentrations with only a limited
amount of GO, and does not require separation of the “supernatant”. The
adsorption isotherms were determined at pH 6.4 and 10.2 at tempera-
tures 20 and 35 °C. They were all in good agreement with the Langmuir
equation. The n,, saturation capacities corresponded to a few percent
occupancy of the dissociated acidic functions of GO nanosheets by OX
cations. The n,, values for OX were lower than those reported for the
adsorption of other cationic dyes on GO, measured at similar pH values
and temperatures, but on samples with higher dye concentrations. The
K} adsorption equilibrium constants were one or two orders of magni-
tude higher than the respective values for the adsorption of other
cationic dyes from more concentrated solutions. This indicates that the
adsorption from the dilute solutions is governed by the strong in-
teractions at the most active binding sites of GO. The temperature
dependence of the K;, values indicates that the adsorption of OX is an
exothermic process. The results may contribute to the development of
GO based optical sensors.
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