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ARTICLE INFO ABSTRACT

Recent advances in graphene chemistry indicate that it may play vital role in water treatment processes,
especially when synergistically coupled with other functional moieties. Thus, graphene oxide (GO) was mono/
dual-functionalized with amino and thiol groups to obtain amino-GO (GONH), thiol-GO (GOSH) and amino/
thiol-GO (GOSN). These were characterized and used for Pb(II) adsorption. The Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction and thermogravimetric analysis confirmed the success of these syntheses.
The adsorption process was spontaneous and endothermic, while the rate was high with up to 80% of total
adsorption occurring within the initial 30 min of starting the experiment. Adsorption mechanism involved
electrostatic interactions between active functional groups and the Pb(II) cations, but the data fits to models
(either Langmuir, Freundlich or Brouers-Sotolongo—fractal adsorption isotherm model) were dependent on the
specific functional groups involved on the adsorbent involved in the process. For instance, adsorption on the
highly electrostatic functional groups having oxygen and nitrogen followed Langmuir model, while a combi-
nation of the weak and strong functional groups (involving the above as well as sulphur groups) followed the
Freundlich or the more complex Brouers—Sotolongo—fractal adsorption isotherm model. The adsorption capacity
of GONH (138.0 mg/g) was higher than for the GOSH (101.5 mg/g) and GOSN (97.8 mg/g), but relative to other
adsorbents reported in literature, these values point to their potential for treatment of Pb(II) in real wastewater.
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1. Introduction

The extent of surface water contamination is enormous and the
remediation is seemingly intractable due to the diverse nature of con-
taminants’ sources [1]. From natural disasters/war-ravaged climes to
stable ones, there is limited access to usable and hygienic fresh water,
and reports show the situation is not ameliorating but growing worse
yearly [2-6]. Hence, finding cost-effective technologies that can
achieve easy, fast and high efficiency in water treatment is paramount.

The toxic metal Pb is particularly ubiquitous in water systems with
low maximum contaminant level in drinking water of 15ug/L, and
causing neurological and reproductive health defects as well as hy-
pertension [7]. Hence it will be used as a model pollutant in this study.
Several adsorbents have been studied for water treatment purposes
including adsorbents such as activated carbon [8], zeolite [9], bio-
masses [10,11], clays [11] and porous materials [1], as well as nano-
filtration techniques [12,13]. However, the unfolding chemistry of
porous materials in several recent studies indicates that porous mate-
rials may play vital roles in water treatment processes [14]. Typical

* Corresponding author.
E-mail address: pauldn2@yahoo.com (P.N. Diagboya).

https://doi.org/10.1016/j.jece.2019.103461

examples of these materials include porous silica and graphene, as well
as their functionalized derivatives [1,15]. Graphene, a single layer
planar sheet consisting of sp® carbon atoms covalently bonded in hon-
eycomb crystal lattice has attracted a great deal of attention due to its
exceptional mechanical, electrical, thermal and optical properties, as
well as its very high theoretical specific surface area (2630 m?/g) and
the ability to easily influence these properties through chemical func-
tionalization [16]. Recent advances in the chemistry of graphene and its
oxide have triggered enormous interests in adsorption science because
virtually any desired functional group can be tailored into the graphene
sheet to work in synergy [17,18]. Synergistic combination of different
molecules to form a single product has become a very successful ap-
proach in materials science for achieving highly efficient and specific
goals in the property of materials; thus making products with superior
structural and functional properties to those of the individual pure
components [3,17-21]; this may be important in improving current
water treatment techniques.

To obtain efficient synergistic graphene materials, several chemical
procedures have been employed and among them is functionalization of
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pristine graphene and graphene oxide sheets with organic functional
groups [17,22,23]. Functionalization includes the synergistic coupling,
either by covalent or electrostatic interaction, of useful functional
groups to the graphene and graphene oxide sheets. Covalent organic
functionalization reactions of graphene might be either through the
formation of bonds between free radicals or dienophiles and C=C
bonds of pristine graphene, or the formation of bonds between organic
functional groups and the oxygen groups of graphene oxide [3,17].

Usually, to remove contaminants from aqueous solution, graphene
and graphene oxide have been functionalized with one major active
group [18,20,24]. However, considering the theoretical surface area of
graphene and the plethora of possible surface functional groups that
can be added, coupling large quantities of useful and oppositely
charged functional groups to the surface would result in an amphiphilic
product containing several active functional centers for adsorption. This
approach would almost certainly be useful for the simultaneous re-
moval of both cationic and anionic contaminants from water. Hence,
the aim of this study was to design, synthesize and compare single and
dual-functionalized graphene oxide adsorbents using amine and thiol
functional groups from (3-aminopropyl)-triethoxysilane and (3-mer-
captopropyl)-triethoxysilane, respectively. The adsorbents were subse-
quently tested for the removal of Pb(II) from aqueous solutions while
the adsorption data were described using various adsorption isotherm
models.

2. Materials and methods

2.1. Synthesis and characterizations of amino/thiol-mono/dual-
functionalized graphene oxide

All chemicals used for this study were of analytical grade and used
without further treatment. They include graphite flakes from Sigma-
Aldrich, while potassium permanganate, sulphuric acid, potassium di-
chromate and sodium nitrate were from Rochelle Chemicals, South
Africa; hydrogen peroxide was from Merck, while (3-aminopropyl)-
triethoxysilane (APTES) and (3-mercaptopropyl)-triethoxysilane
(MPTES) were both from Acros Organics.

Graphene oxide (GO) was prepared by exfoliation of natural flake
graphite using the modified Hummer’s method [18]. Typically, natural
flake graphite was oxidized in sodium nitrate and sulphuric acid on an
ice water bath, followed by gradual addition of potassium permanga-
nate, cooling, addition of 5% sulphuric acid and then hydrogen per-
oxide. The clean GO was obtained by a multi-cycle purification process
and the concentration was determined thereafter.

Synthesis of the amino/thiol-mono-functionalized GO followed si-
milar method [25]; the GO sheets were dispersed in 2% vol. APTES or
MPTES in toluene, this was refluxed at 100 °C for 3 h, cooled to room
temperature and the amino-functionalized GO (GONH) and thiol-
functionalized GO (GOSH), respectively, were washed twice to remove
any adsorbed reagents by dispersal in toluene while stirring for 20 min
and sonicating for 5min. The adsorbents were recovered by vacuum
filtration and drying. Synthesis of the dual (amino and thiol) functio-
nalized GO (GOSN) followed the same method expect that 2% vol. each
of APTES and MPTES in the same toluene solution was used. The Fig. 1
shows the synthesis reaction scheme. The adsorbents (GO, GONH,
GOSH and GOSN) were characterized using Spectrum Two Fourier
transform infrared (FTIR) spectrometer (Perkin Elmer Instruments,
USA), Perkin- Elmer TGA 4000 Thermo-gravimetric analyzer (Perkin
Elmer Instruments, USA), and X-ray diffractometer (XRD-7000, Shi-
madzu, Japan).

2.2. Adsorption studies
The GONH, GOSH and GOSN were used for Pb(II) adsorption ex-

periments. The effects of the various operating variables were studied—
time, pH, concentration and temperature. Typically, the adsorption
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experiments were carried out by weighing approximately 10.0 mg of
the GONH, GOSH or GOSN into 50 mL plastic centrifuge bottles which
were consequently added 20 mL Pb(II) solution of predetermined con-
centration. Where desired, the mixtures pH values were adjusted by
either 0.1 M NaOH or HCI solution. The adsorbent and Pb(II) solution
mixtures were incubated by shaking in an orbital shaker at 150 rpm
until equilibrium. Subsequently, the adsorbent was separated from so-
lution by centrifugation at 4000 rpm for 6 min and the quantity of Pb
(II) ions left in solution determined by a Shimadzu AA-7000 (Japan)
flame atomic absorption spectrophotometer (Supplementary informa-
tion, SI 1). The studies time ran from 5 to 360 min (time), the pH from 3
to 6, concentration from 50 to 150 mg/L of Pb(II) and temperature from
16 to 37 °C. Apart from the effect of time, equilibrium time of 180 min
was used, Pb(I) concentration of 100 mg/L (apart from effect of con-
centration), and all experiments were carried out in replicate.

2.3. Data treatment and management

The quantity of Pb(II) adsorbed per gram of adsorbent (g.) was
calculated from: q, = (Co — C,)V/m; where the initial and final con-
centrations (mg/L) are C, and C,, while the adsorbent mass and solution
volume are m (g) and V (mL), respectively. The rate data were described
using the Lagergren [26] Pseudo-First Order (PFO) kinetic model
[q, =q,0 - e k)] and Pseudo-Second Order (PSO) kinetic model
[q, = (g2ket)/(A + g,k 1t)]; where g, (mg/g), k1 (/min) and k, (g/g/min)
are the adsorption at time t, the rate constants for PFO and PSO, re-
spectively.

The equilibrium data were described using the Langmuir [27]
[g, = (QobC®)/(1 + bC,)], Freundlich [28] [g, =k;C'] and the
Brouers-Sotolongo fractal [11] [Q. = Qmax(1 — (exp(—K"C%))] ad-
sorption isotherm models; where Q,/max, b, kf, n and o are the maximum
adsorption capacity per unit weight, Langmuir energy-related para-
meter, Freundlich model adsorption constant, isotherm linearity para-
meter, and the fractional time index, respectively; while Ky, = k¢/Qmax-
The equations LnK, = (4S°/R) — (AH°/RT) and AG° = —RTLnK, were
used to obtain the thermodynamic enthalpy change (AH®), entropy
change (AS°) and Gibbs free energy (AG®°). All model fittings (SM Fig. 2)
were carried out the nonlinear equations on the OriginPro 8 software.

3. Results and discussion
3.1. Physicochemical characterizations

Schematics of the synthesis of GONH, GOSH and GOSN adsorbents
are depicted in Fig. 1. Typically, the GO was first dispersed in a 2%
organosilane [(3-aminopropyl)-triethoxysilane and/or (3-mercapto-
propyl)-triethoxysilane] toluene solution, and the solution was refluxed
for 3h. These organosilane moieties were covalently grafted onto the
GO surface via reaction between the GO hydroxyl group and the less
hydrolytically stable bond of the H3C-O on the organosilane. The re-
sults of the physicochemical characterizations showed in Fig. 2a—f and
3a—c point to the successes of these syntheses. The Fourier transform
infrared spectroscopy (FTIR) spectra (2a) revealed the presence of
characteristic bands of the GO as well as bands which could be asso-
ciated with the APTES and MPTES linkages in the new adsorbents. The
intensity of wide band around 3340 cm™ which corresponds to —OH
functional group stretching vibrations on the GO sheets reduced in the
APTES and MPTES mono-functionalized adsorbents (GONH and GOSH)
but this band almost disappeared in the dual-functionalized adsorbent
(GOSN). This is an indication that the APTES and MPTES groups were
attached to the GO sheets via the —OH functional group positions, and
with more of these modifying groups taking up the available —OH
points (as in the case of the dual-functionalization) nearly all the —OH
functional groups on the GO surface were used up resulting in the near
disappearance of this band in the GOSN adsorbent. A new peak ap-
peared in the adsorbents at =2930 cm™, and this has been attributed to
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Fig. 1. Synthesis schematics for GONH, GOSH and GOSN.

vibrations from the CH,—CH, group [25]. The GONH and GOSN peaks
at 1649 cm™ were attributed to amide I (C=0) and II (C—N) vibrations
from the APTES moiety as well as the GO itself [3,25]; however, the
lower intensity when compared with the pristine GO indicates that the
functionalization has a shielding effect that reduces the effect of these
groups in the final adsorbent. Similarly, this shielding effect was ob-
served for the low intensity —SH group band at 2564 cm™ in the pure
MPTES spectra (Insert Fig. 2a (iv)) which was suppressed in the GOSH
(with shift to = 2545 cm™) and GOSN adsorbents. The prominent peaks
around 1020 and 685cm™! were ascribed to the characteristic
stretching vibrations of the silanol Si-O-Si group [25,29] and the out-
of-plane C—H bending vibrations [30] from the APTES and MPTES
moieties, respectively

The X-ray diffraction spectra (Fig. 2b) analysis revealed structural
differences between the pristine GO and the functionalized adsorbents.
The pristine GO (Fig. 2b i) exhibited an intense peak around 26 = 12°
with a broad but weak peak around 23°. These peaks are indications of
the presence of polar oxygen containing functional groups formed
during the graphite exfoliation [3,25]. In the XRD spectra patterns of
the functionalized GO adsorbents (Fig. 2b ii-iv) the GO intense peak
around 26 = 12° became suppressed but the GO weak peak around 26
= 23° became intense. The suppression of the intense peak around 26
= 12° suggested a reduction in the amount of freely bonded hydroxyl
groups in the new GO materials because the incoming moieties were
attached via that point [31]. Comparing these peaks of the pristine and
functionalized GO suggested reduced orderliness of the functionalized
adsorbents [32] as the — OH functional groups were used up.

The TGA and DTA spectra of the adsorbents in the temperature
range of 40-800 °C are shown in Fig. 2c—f. The Fig. 2c shows a com-
parative TGA for all adsorbents; it revealed that within this temperature
range, GO lost over 70% of it mass while the functionalized GO

adsorbents exhibited less losses (=~40%). This is another clear indica-
tion of the success of the synthesis technique and suggested that the
functionalization increased the density per unit weight of the functio-
nalized GO adsorbents. The TGA and DTA spectra of all three ad-
sorbents (Fig. 2d—f) exhibited four major thermal transitions at ap-
proximately 110, 170, 330 and 520 °C. These thermal transitions maybe
attributed to loss of physisorbed water molecules, decomposition of the
labile oxygen/sulphur-containing surface functional groups (such as
—CO, —COOH, —OH and -SH), as well as the partial breakdown of the
APTES/MPTES structures and the GO backbone, respectively.

3.2. Adsorption kinetics

The GONH, GOSH and GOSN rate trends of Pb(II) adsorption are
shown in Fig. 3a and the PFO and PSO kinetic models parameters in
Table 1. The Fig. 3a revealed fast adsorption rates within the initial
30 min of starting the experiment with approximately 60-80% of the
adsorption occurring here (stage i). This first adsorption stage or stage i
was attributed to the fast Pb(II) cations adsorption on the abundant
vacant adsorption sites at the beginning of the process. Beyond this
stage, the rate slowed with approximately 20-40% of the adsorption
occurring (stage ii). Equilibrium, which results in almost stable ad-
sorption-desorption rates, was achieved at stage ii at 120 min but sub-
sequent adsorption experiments (pH and equilibrium) were carried out
at 180 min to give allowance for maximum adsorption. This later ad-
sorption stage or stage ii was ascribed to slower adsorption rates close
to equilibrium when fewer vacant adsorption sites are available both on
the external surfaces as well as within the pores.

In order to predict the kinetics of the adsorption process, the rates
data were fitted to and described using kinetic models in Table 1. A
comparison of the nonlinear fittings of the PFO and PSO kinetic models
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Fig. 2. (a) FTIR and (b) XRD spectra of (i) GO, (ii) GONH, (iii) GOSH, and (iv) GOSN; (c) TGA spectra of all adsorbents; TGA/DTA spectra of (d) GONH, (e) GOSH,

and (f) GOSN.

with the experimental data was done using the correlation coefficients
() and the equilibrium adsorption (g.) values. The % values of the
PSO kinetic model was closer to unity and thus better correlated to
experimental data than the PFO kinetic model, while the model also
predicted the experimental g. better. The good fit of the experimental
data to the PSO kinetic model suggested that the mechanism of the
adsorption process was mainly electrostatic interactions between active
functional groups on these adsorbents and the aqueous Pb(Il) cations
[33]. Further insights into the adsorption mechanism would be ob-
tained below from the adsorption isotherm models.

3.3. Effect of pH on Pb(II) adsorption

Solution pH affects the charge density on the adsorbate as well as
the adsorbent; and consequently controls the extent of adsorption [34].

Thus, the effect of pH on Pb(II) adsorption trends on the GONH, GOSH
and GOSN adsorbent were studied and the trends are depicted in
Fig. 3b. The Fig. 3b revealed increased Pb(II) adsorption trends on these
adsorbents as the solution pH rose from 3 to 6 and the optimum pH was
observed between 5 and 6. This trend was mainly attributed to the
charge density on the adsorbent at various pH values. At pH of 3, the
concentration of protons in solution is very high and this effectively
competes with the Pb(II) cations for the adsorption sites, as well as
protonates several functional groups, including the hydroxyl, carbo-
nates and amines. This results in uncharged adsorption sites with far
reduced electrostatic attraction and consequently the observed low Pb
(II) adsorption values. Conversely, as pH increased gradually, the
quantity of protons and the competition for adsorption sites reduced
accordingly, with a consequent increase in electrostatic attraction and
the Pb(II) adsorption values.
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Fig. 3. The Pb(II) adsorption trends for GONH, GOSH and GOSN at varied (a) time and (b) pH; adsorption trends at varied Pb(II) concentrations and temperatures for

(c) GONH, (d) GOSH (Insert: GOSN).

Table 1 Table 2
Kinetic model parameters for Pb(II) adsorption on GONH, GOSH and GOSN. Adsorption isotherm models parameters for Pb(II) adsorption.
Kinetic model Parameter GONH GOSH GOSN Adsorption isotherm model Parameter GONH GOSH GOSN
“PFO qe (mg/g) 56.5 17.5 36.4 Langmuir Q, (mg/g) 133.7 68.4 142.9
ky (/min) 0.008 0.014 0.008 B 1.99 0.002 0.069
r 0.7674 0.6083 0.8531 r 0.9212 0.0134 0.9751
*PSO ge (mg/g) 120.7 79.7 91.8 Freundlich n 83.4 3.2 20.8
ko (g/mg/min) 0.0005 0.002 0.001 k¢ 0.17 0.957 0.43
r? 0.9941 0.9994 0.9962 r 0.8291 0.7784 0.9593
Experimental g, mg/g 119.4 78.3 91.7 Brouers—-Sotolongo—fractal Qmax 125.1 569.3 102.5
ky 1.41 0.005 0.077
* Pseudo-first order (PFO) model; *Pseudo-second order (PSO) model. a 1.0 1.0 1.0
r? 0.8982 0.7801 0.9490
Experimental g. (mg/g) 138.0 101.5 97.8

3.4. Equilibrium adsorption of Pb(ID) cations and effect of temperature

Equilibrium Pb(II) adsorption trends shown in Fig. 3c-d revealed
increases in Pb(II) adsorption by all three adsorbents as concentration
increased from 50 through 150 mg/L. Similar trends were also observed
at the various temperatures studied: 16, 30 and 37 °C (Fig. 3c—d). Kabiri
et al. [35] and Mohubedu et al. [33] have reported identical trends in
literature. Diagboya and Dikio [34] have ascribed this trend to the
behaviour of the adsorptives (Pb(II)), between the adsorbents surface
adsorption sites and the internal ones. For a low adsorptive con-
centration at equilibrium, the movement of the adsorptives between the
adsorbents surface and internal adsorption sites will be equal, and
further movements will be significantly impermissible. Conversely, in-
creasing the adsorptive concentration will re-initiate movement across
these boundaries and hence the observed higher adsorption.

Further insight into the adsorption mechanism was obtained by
fitting and describing equilibrium data using three adsorption isotherm
models: the Langmuir, Freundlich and Brouers-Sotolongo fractal ad-
sorption isotherm models. Comparison of these model parameters, as
shown in Table 2, revealed that the GONH, GOSH and GOSN experi-
mental data best fitted the Langmuir, Freundlich and Brouers-Soto-
longo—fractal adsorption isotherm models, respectively. The best fits

were measured by the closeness of the correlation coefficient (™ to
unity, as well as the correlation of the experimental adsorption capacity
(Qo/max) to the model q. values.

The good fits of the three adsorbents to dissimilar adsorption iso-
therm models may be related to the interaction between the main
functional groups on the adsorption sites present on each adsorbent and
the Pb(II) cations. For instance, the best fit of the GONH data to the
Langmuir suggest that Pb(II) adsorption occurred on adsorption sites of
equal energy for the Pb(II) ions (mainly the attached -NH groups) and
only a monolayer of Pb(II) cations was formed at equilibrium [36,37];
the data also indicated strong affinity between Pb(II) and the -NH
group. In contrast, the affinity was weaker for Pb(II) and the —SH group
on the GOSH adsorbent, and the experimental data gave the best fit for
the Freundlich adsorption isotherm model. This indicates Pb(II) ad-
sorption on dissimilar sites of unequal energies (the attached -SH and
possibly other groups such as —COO- with stronger affinity for Pb(II))
and possibly formation of multilayer of Pb(II) cations at equilibrium
[38]. On the other hand, the best fit of the GOSN experimental data to
the Brouers—Sotolongo—fractal adsorption isotherm model implied Pb
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Table 3
Pb(II) adsorption on GONH, GOSH and GOSN thermodynamic parameters.
Thermodynamic Parameter GONH GOSH GOSN
AH® kJ mol™ 22.86 23.77 8.13
AS° J mol' K™ 125.96 82.75 5.17
AG® (kJ mol™) 289 K -12.59 -0.09 -6.32
303 K -18.42 -1.49 -6.94
310 K -14.00 -1.75 -5.99

Table 4
Comparison of GONH, GOSH and GOSN Pb(II) adsorption capacities with other
adsorbents in literature.

Adsorbent qe (mg/g)  Reported optimum Reference
conditions
Graphene nanosheets 35.5 Time: =10 min; pH: 7 [41]
Magnetic chitosan/graphene  76.9 Time: 10 min; pH: 5 [42]
oxide
Graphene aerogels 80.0 Time: =100 min; pH: [43]
not available
GOSN 97.8 Time: 60 min; pH: 5 This study
Graphene oxide/chitosan 99.0 Time and pH data not [44]
composite available
GOSH 101.5 Time: 60 min; pH: 5 This study
SiO,/graphene composite 113.6 Time: 20 min; pH: 6 [45]
GONH 138.0 Time: 120 min; pH: 5 This study
GO-SBA-15 255.1 Time: 10 min; pH: 5 [31]
CoFe,04-1GO 299.4 Time: 10 min; pH: 5.3 [46]
Magnetic-EDTA-GO 508.4 Time: 40 min; pH: 4 to 5 [47]1

(II) adsorption on heterogeneous adsorption sites with a more complex
mechanism [11,39]. Thus, adsorption mechanism on the GOSN in-
volved adsorption on the attached —NH, -SH and —COO- groups, and
possibly complex Pb(II) co-ordination reactions involving the oxygen
and nitrogen containing functional groups on the GOSN.

In order to ascertain the effect of temperature on Pb(II) adsorption
thermodynamics by these adsorbents, the equilibrium data obtained at
the various temperatures were evaluated using the thermodynamic
parameters (AH®, AS® and AG®) whose values are shown in Table 3. The
AG’ values in Table 3 suggested that Pb(II) adsorption by the adsorbents
at all temperatures studied were negative, and implied spontaneous and
feasible processes. The AS° values were positive, and suggestive of in-
creased randomness of the Pb(II) cations in solution as the processes
proceeded towards equilibrium. The positive AH® values of these ad-
sorbents indicate endothermic adsorption processes; thus, increase in
temperature would result in increased Pb(II) adsorption as observed
[40].

3.5. Comparison of adsorption capacities and FTIR spectra of pristine and
Pb(II)-loaded adsorbents

The GONH, GOSH and GOSN Pb(II) adsorption capacities have been
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compared with some GO-based adsorbents recorded in literature
(Table 4). The tabulated adsorption capacities showed that the three
adsorbents performed higher than several recorded GO-based ad-
sorbents which have been used for Pb(II) adsorption; but there were
other adsorbents which performed better than our current adsorbents.
Relative to these literature recorded adsorbents, the comparable ad-
sorption capacities of our adsorbents points to the potential of these
GO-based adsorbents for treatment of Pb(II) in real wastewater.

The FTIR spectra of the pristine GONH, GOSH and GOSN adsorbents
and the Pb(II)-loaded ones were compared (Fig. 4a—c). The Figures
revealed that the Pb(II)-loaded adsorbents spectra exhibited slight
shifts and in most cases increased intensities in the spectra peaks in
relation to the pristine GONH, GOSH and GOSN adsorbents. There were
also appearances of few peaks for GONH (at =3062, 1511 and
1305cm™), GOSH (at ~3120, 2310 and 2056 cm™) and GOSN (at
=3110, 1501 and 1316 cm™). These changes in peaks and new bands
were ascribed to changes in vibrations due to the effects of the inter-
actions of Pb(II) cations on the various functional groups (especially for
the amine, thiol, carboxylate, and hydroxyl groups) at the adsorption
sites of these adsorbents.

4. Conclusion

Mono- and dual-functionalized amino and thiol graphene oxide
(GO) adsorbents were successfully synthesized, characterized and used
for Pb(II) adsorption. The FTIR spectra confirmed that the APTES and
MPTES moieties were attached to the GO sheets via the —OH functional
group positions; the intensity of the —OH functional groups on the GO
surface reduced in the new adsorbents and new peaks associated with
the amine and thiol functional groups were evident. The X-ray dif-
fraction spectra corroborated the FTIR spectra; unlike the GO, the
spectra patterns of the functionalized adsorbents exhibited intense peak
at 20 = 23°, while the GO 20 = 12° peak was suppressed. According to
the thermogravimetric analysis, the thermal stability of the GO material
was lower than those of the new adsorbents by almost 70%. Thus, the
new adsorbents were denser than GO.

The Pb(II) adsorption was spontaneous and weakly endothermic.
The adsorption rate was high with up to 80% of total adsorption oc-
curring within the initial 30 min of starting the experiment, but equi-
librium was attained at 120 min, while optimum adsorption was ob-
served at pH between 5 and 6. Isotherm models suggested that the
adsorption mechanism involved electrostatic interactions between ac-
tive functional groups and the Pb(I) cations, but the fit to a model
(either Langmuir, Freundlich or Brouers-Sotolongo—fractal adsorption
isotherm model) was dependent on the specific functional groups in-
volved in the adsorbent. For instance, adsorption on the highly elec-
trostatic functional groups having oxygen and nitrogen followed
Langmuir model, while a combination of weak and strong functional
groups (involving the above as well as sulphur groups) followed the
Freundlich or more complex Brouers-Sotolongo—fractal adsorption
isotherm model. Relative to adsorbents reported in literature, these
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Fig. 4. Comparison of FTIR spectra before (ii) and after (i) adsorption of Pb(II) (a) GONH, (b) GOSH, and (c) GOSN.
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adsorbents adsorption capacities points to their potential for treatment
of Pb(Il) in real wastewater.
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