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•	 Abstract
Graphene oxide (GO) was functionalized using two silanes ((3-aminopropyl)-triethoxysi-
lane and (3-mercaptopropyl)-triethoxysilane) to obtain, separately, the eco-friendly amine-
functionalized GO (GONH) and thiol-functionalized GO (GOSH). Both silanes were also 
used together to obtain the amine–thiol dual-functionalized GO (GOSN). Various physico-
chemical characterizations were obtained including spectra from using Fourier-transform 
infrared (FTIR) spectrometer, thermogravimetric analyzer, and X-ray diffractometer. The 
adsorbents were used for a comparative study of Cr adsorption from aqueous solution. 
The obtained data were fitted to pseudo-first order (PFO) and pseudo-second order (PSO) 
models, the homogeneous fractal pseudo-second order (FPSO), and the Weber–Morris 
intraparticle diffusion (IPD) kinetics models. Model parameters of the Langmuir and 
Freundlich adsorption isotherm models, as well as the thermodynamics, were calculated. 
Characterization results showed successful functionalizations. The GONH, GOSH, and 
GOSN exhibited alkaline, acidic, and neutral pH, respectively, in water. Amine and thiol 
functional groups were observed in the new adsorbents, as well as reduced orderliness. The 
adsorbents had higher density per unit weight and better thermal stability than pristine 
GO. Equilibrium Cr adsorption was attained within 60 min for all adsorbents. The PSO 
and FPSO described the rate data better. The Cr adsorption decreased as solution pH in-
creased; optimum adsorption was recorded at pH 2. Equilibrium adsorption data fitted the 
Langmuir adsorption isotherm model for the GONH, while it fitted the Freundlich for both 
GOSH and GOSN. The adsorption process was theoretically exothermic process that was 
spontaneous processes. The Cr adsorption capacities of these adsorbents are 114, 89.6, and 
173 mg/g for GONH, GOSH, and GOSN, respectively, and these were better than several 
reported graphene-based adsorbents and suggest the potential of these adsorbents for water 
treatment.  © 2020 Water Environment Federation

•	 Practitioner points
•	 Graphene oxide was mono and dual-functionalized with amine and thiol groups for 

Cr adsorption.
•	 The adsorption capacities of these adsorbents were better than several earlier reported.
•	 These adsorbents may be used for real contaminated water treatment.

•	 Key words
adsorption; amine and thiol-functionalized graphene oxide; chromium; equilibrium 
models; water treatment

1  |  Introduction
The recent unprecedented industrial activities, such as metals mining over the past 
7 decades, have led to the release of very high amounts of toxic pollutants into the 
water bodies, causing pollution in several countries (Vu et al., 2017; Wang et al., 
2015). China and South Africa are two prominent countries with highly polluted 
water resources, but South Africa is unique due to its limited water sources and fre-
quent droughts. Hence, technologies for removal of toxic pollutants from water can-
not be over emphasized.
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Pollutants of environmental concern include toxic met-
als, pesticides, pharmaceuticals, persistent organic pollutants, 
and emerging contaminants. Notable toxic metals released 
into water sources are Pb(II), Hg(II), As(III)/(VI), Cd(II), and 
Cr(III)/(VI) (Fan, Luo, Sun, & Qiu, 2012; Mohubedu, Diagboya, 
Abasi, Dikio, & Mtunzi, 2019; Onkani et al., 2020; Wang et al., 
2015); among these, Cr is particularly ubiquitous because it 
features in several uses such as in stainless steel and noniron 
alloys, electroplating, development of pigments, leather pro-
cessing, and chemicals (Kera, Bhaumik, Pillay, Ray, & Maity, 
2018; Li et al., 2013). Chromium has two main oxidation states, 
Cr(III) and Cr(VI); the latter has high solubility and mobility 
in the environment and is a well-known toxin (above its max-
imum permissible limit of 0.1 mg/L) to biota passing through 
cell membranes easily and considered carcinogenic and terato-
genic (Kera et al., 2018; Vu et al., 2017). Thus, the elimination 
of Cr in water is vital.

Various techniques have been studied for the removal of 
toxic metals, especially Cr, in aqueous solutions, and these 
include membrane systems, electrochemical reduction/
precipitation, ion exchange process, and adsorption pro-
cesses (Diagboya & Dikio, 2018b; Ge & Ma, 2015; Jabeen et 
al., 2011; Yang et al., 2014; Zhao et al., 2016). Among these, 
adsorption-based processes are choice techniques due to sev-
eral techno-economic and environmental advantages such as 
low-cost and abundance of adsorbents, little need for expert 
knowledge or training, and environmental friendliness of the 
process. These advantages notwithstanding most adsorbents 
have inherent flaws which limit their use, such as low values 
of porosity, surface area and stability, as well as low adsorp-
tion capacities.

Advancements in graphene chemistry suggest it could 
be useful in mitigating several of the above challenges in 
water treatment processes. Graphene is a single-layer sheet 
sp2-bonded carbon atoms arranged in honeycomb crystal lat-
tice. It has several attractive properties for water treatment 
including a high theoretical specific surface area of about 
2,600  m2/g and the possibility of adding several functional 
groups to the large surface area via chemical functionaliza-
tion (Diagboya, Olu-Owolabi, & Adebowale, 2015; Diagboya, 
Olu-Owolabi, Zhou, & Han, 2014b; Li et al., 2013; Vu et al., 
2017; Wang et al., 2015). In fact, virtually any desired active 
functional group may be incorporated into the sheet. The 
active functional groups work in synergy with the base 
graphene material resulting in highly efficient adsorbent with 
superior structural and functional properties in comparison 
with the pristine graphene or its oxide. In addition, function-
alization eliminates two major disadvantages observed in 
the pristine graphene and its oxide; they are very difficult to 
separate from water, and the individual graphene nanosheets 
easily aggregate when dried.

With the aforementioned in mind, the aim of this work 
was to synthesize and carry out comparison of single- and 
dual-functionalized graphene oxide adsorbents for Cr adsorp-
tion from aqueous solution. The active functional materials 
for the functionalization are (3-aminopropyl)-triethoxysilane 
and (3-mercaptopropyl)-triethoxysilane; these will be used 

separately for single functionalization and then combined 
in the dual functionalization. The data obtained from these 
adsorption studies will be explained using various adsorption 
models. Since it is possible for Cr to change from oxidation 
state of (VI) to (III) and vice versa, we have determined total 
chromium in this study and represented the contaminant as 
“Cr” throughout this work.

2  |  Materials and Methods
2.1  |  Synthesis of single- and dual-functionalized 
amino and/or thiol graphene oxide
Chemicals used for this study include natural flake graph-
ite, potassium dichromate, potassium permanganate, hydro-
gen peroxide, (3-aminopropyl)-triethoxysilane (APTES), 
(3-mercaptopropyl)-triethoxysilane (MPTES), potassium 
dichromate (K2Cr2O7), sulfuric acid, and sodium nitrate. 
All chemicals were of analytical grade and used with no 
treatment.

The exfoliation of natural flake graphite was used to 
prepare the graphene oxide (GO) following the modified 
Hummer’s method as reported earlier (Diagboya, Olu-
Owolabi, Zhou, et al., 2014b) which comprised of oxidation 
of graphite using reagents such as sodium nitrate, sulfuric 
acid, potassium permanganate, and hydrogen peroxide in 
sequence. This was followed by washing of the obtained GO 
in multi-cycle purification centrifugation process. Amino-
functionalized GO (GONH) and thiol-functionalized GO 
(GOSH) were synthesized following reported method 
(Diagboya, Mmako, Dikio, & Mtunzi, 2019; Iqbal, Katsiotis, 
Alhassan, Liberatore, & Abdala, 2014) by dispersing the GO in 
toluene containing 2% vol. of APTES or MPTES, respectively. 
The mixture was then refluxed for 3 hr at 100°C and cooled 
to room temperature, and the GONH and GOSH adsorbents 
were filtered, dispersed in toluene by sonication (5 min) in 
order to remove any adsorbed reagents, then washed twice 
with ethanol, vacuum filtered, and dried at 60°C for 2 hr. The 
amino- and thiol (dual)-functionalized GO (GOSN) synthe-
sis followed the similar processes as above with the exception 
that 2% volume each of both APTES and MPTES were added 
into the dispersing toluene. The schematics of these synthe-
ses are shown in Figure 1.

The pH values of GO, GONH, GOSH, and GOSN 
adsorbents in H2O and 1.0  M KCl were determined while 
the instrumental characterizations using Fourier-transform 
infrared (FTIR) spectrometer (Spectrum Two, Perkin Elmer 
Instruments, USA) analysis for functional groups, thermo-
gravimetric analysis (Perkin- Elmer TGA 4000, Perkin Elmer 
Instruments, USA) for thermal stability, and X-ray diffractom-
etry (XRD-7000, Shimadzu, Japan) for phase analysis.

2.2  |  Chromium adsorption studies and data 
management
The chromium adsorption experiments were carried out using 
GONH, GOSH, and GOSN. Potassium dichromate (K2Cr2O7) 
was used to prepare the Cr(VI) stock solution of 1,000 mg/L 
from which working solutions were prepared. Effects of various 
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operating parameters [time (5–360 min), pH (2–10), initial Cr 
concentrations (30–85  mg/L), and temperature (16–36°C)] 
were carried out. Except for the effect of time experiments, the 
equilibrium time used was 360 min, while 150 mg/L of Cr was 
employed for all experiments with the exception of the effect 
of initial Cr concentration experiments. A typical adsorption 
experiment was carried out in replicate by taking ≈10  mg of 
either adsorbent and 20 ml of predetermined chromium solu-
tion into 50 ml polyethylene centrifuge bottles. The mixtures’ 
pH values were adjusted appropriately using either 0.1 M HCl 
or NaOH solution prior to incubation in an orbital shaker at 
150 rpm until equilibrium was attained and the mixture cen-
trifuged at 1792 g for 5 min. The amount of total chromium 
remaining in solution was determined using flame atomic 
absorption spectrophotometer (Shimadzu AA-7000 Japan).

The chromium adsorbed per gram of adsorbent (qe) was 
calculated using the equation qe = (CO−Ce)V∕m, where the 
initial and final total chromium concentrations (mg/L) are Co 
and Ce, while the adsorbent mass and chromium solution vol-
ume are m (g) and V (ml), respectively. The data for chromium 

adsorption rate were described by fitting to various kinetic mod-
els such as the nonlinear Lagergren (Ebelegi et al., 2019) pseu-
do-first order (PFO) model [qt =qe(1−e−k1t)], pseudo-second 
order (PSO) model [qt = (q2

e
k2t )∕(1+qek2t )], the homogeneous 

fractal pseudo-second order (FPSO) model (Olu-Owolabi et al., 
2018) (Equation 1), and the Weber–Morris (Weber & Morris, 
1963) intraparticle diffusion (IPD) (Equation 2);

where qt and qe are the amounts of chromium adsorbed 
(mg/g) on each adsorbent at time t and equilibrium, respectively, 
while k1 (/min), k2 (g−1 g−1 min−1), kIPD (g/g min1/2), and kf are the 
rate constants of the PFO, PSO, FPSO, and IPD, respectively, and 
C (mg/g) is the amount of chromium on adsorbent surface.

The nonlinear adsorption isotherm model equations of 
the Langmuir (Langmuir, 1916) 

[

qe = (QObCe)∕(1+bCe)
]

 and 

(1)qt =
kf q

2
e
t�

1+kf qet
�

(2)qe =kIPDt
1∕2+C

Figure 1.  Schematics of the amine, thiol, and amine–thiol multifunctional graphene oxide synthesis.
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Freundlich (Freundlich, 1906) 
[

qe =kf C
n
e

]

 were employed in 
describing the equilibrium data, where Qo, b, kf, and n are 
the maximum adsorption capacity per unit weight, Langmuir 
energy-related parameter, Freundlich model adsorption con-
stant, and isotherm linearity parameter, respectively. The 
OriginPro 8 software was employed in generating all model 
parameters.

The equilibrium constants were obtained from KC =qe∕Ce

, while the Equations 3 and 4 were used to obtain the thermody-
namic enthalpy change (∆H°), entropy change (∆S°), and Gibbs 
free energy (∆G°).

3  |  Results and Discussion
3.1  |  Physical and chemical characterizations
The schemes for the synthesis of the amine, thiol, and 
amine–thiol multifunctional graphene oxide (Figure 1) 
depict the covalent grafting of either or both the APTES and 
MPTES via the less hydrolytically stable bond (H3C–O) onto 
the hydroxyl groups of the GO sheet. The pH of these adsor-
bents in both ultrapure water and 1 M KCl solution (Table 
1) exhibited marked variations compared to the pristine 
GO with average pH of 2.3. The GONH, GOSH, and GOSN 
exhibited pH values of approximately 9.4, 3.2, and 7.1 indi-
cating alkaline, acidic, and neutral adsorbents, respectively; 
the pH variations in both ultrapure water and 1 M KCl solu-
tion are within a ±0.5 value except the GOSN with 0.9 value. 
The neutral pH of the GOSN indicated that the functionali-
zation of the GO by both silanes (APTES and MPTES) was 
successful and that the presence of these functional groups in 
the GOSN adsorbent canceled out the respective alkaline and 
acidic effects of these silanes.

The FTIR spectra (Figure 2a) indicated the presence of peaks 
associated with the amine and mercapto silanes on the functional-
ized GO sheets. The reduction as well as the almost disappearance 
of the intense –OH group vibrations at around 3,340 cm–1 on the 
pristine GO is evidence of the success of the functionalization and 
indication that this was the point of attachment of the organos-
ilanes to the GO sheets. Several new peaks were observed in the 
adsorbents at around 2,930, 2,545, 1,020, and 685 cm−1, and these 
have been ascribed to vibrations from the CH2–CH2 (Iqbal et al., 
2014), the mercapto –SH group, the silanol stretching vibrations 

Si–O–Si (Diagboya, Olu-Owolabi, & Adebowale, 2014a; Iqbal 
et al., 2014), and the out-of-plane C–H bending vibrations 
(Shawabkeh, 2004) of the functional silane moieties, respectively. 
The peaks at 1,649 cm–1 for the GONH and GOSN adsorbents 
were ascribed to the amide I (C = O) and II (C–N) vibrations from 
the amino silane moiety and the GO (Diagboya et al., 2015; Iqbal 
et al., 2014). The intensities of these peaks at 1,649  cm–1 were 
low in the adsorbents when compared with the pristine GO; this 
implied that the functionalization had a shielding effect on these 
groups in the adsorbent.

The X-ray diffractogram (Figure 2b) exhibited the char-
acteristic intense 2θ = 12° peak of the pure GO, accompanied 
by a weak broad peak at 2θ = 23°, which are indications of 
polar oxygen-containing functional groups formed during 
the exfoliation of graphite (Diagboya et al., 2015; Iqbal et al., 
2014). The diffractogram of the functionalized adsorbents 
showed structural differences post-functionalization. For 
instance, the peak at 12° became highly suppressed or almost 
disappeared while that at 23° became slightly intense; this 
implied reduced orderliness and reduction in the quantity of 
free –OH groups in the new adsorbents as the silane moieties 
became attached to the GO at that point (Huang, Wu, Zhang, 
Ruan, & Giannelis, 2014; Li, Wang, Li, Ma, & Zhu, 2015). 
This is in agreement with the pH and FTIR results described 
above.

The temperature range for all TGA analysis was from 40 
to 800°C, and the comparative spectra are shown in Figure 2c. 
It was observed that while the pristine GO lost 70% mass within 
the temperature range due to thermal losses of physisorbed water 
molecules and decomposition of the labile oxygen-containing 
functional groups (including –CO, –COOH, and –OH), the func-
tionalized adsorbents lost far less, approximately 40% mass due to 
losses of some of the above functional groups as well as the amine 
and thiol groups of the organosilanes. Thus, the TGA suggested 
that organosilane functionalization increased the density per unit 
weight of the adsorbents. The DTA exhibited major thermal tran-
sitions at approximately 110, 330, and 520°C.

3.2  |  Rate and kinetics of chromium adsorption
The Cr adsorption rate experiments were carried out as 
stated earlier, and the results are depicted in Figure 3a. Very 
rapid rates of Cr adsorption were observed for all adsorbents 
within the initial 60  min in following the trends: GONH 
<GOSH <GOSN, and during this time, approximately 95% 
of the Cr adsorption occurred. This was followed by a slower 
rate adsorption process (where the remaining of the adsorp-
tion occurred) which was observed at equilibrium or beyond 
60 min. The driving force for the initial very rapid rates of Cr 
adsorption was attributed to adsorption occurring on vacant 
adsorption sites which were abundant at the beginning of the 
process leading to the high adsorption amounts and rates. The 
later slower adsorption rates were ascribed to Cr adsorption 
occurring on the few available vacant adsorption sites close 
equilibrium.

The Cr adsorption rate data were fitted to 4 adsorp-
tion kinetics models: the PFO, PSO, FPSO, and IPD models, 
and the fitting curves and model parameters are depicted in 

(3)LnKC =
ΔS◦

R
−
ΔH◦

RT

(4)ΔG◦=−RTLnKC

Table 1.  Some physicochemical properties of the synthesized 
adsorbents

ADSORBENT PH IN WATER PH IN 1 M KCL

GO 2.3 ± 0.1 2.4 ± 0.4
GONH 9.2 ± 0.2 9.7 ± 0.1
GOSH 2.9 ± 0.2 3.4 ± 0.0
GOSN 6.6 ± 0.1 7.5 ± 0.3



Water Environment Research • 1–11, 2020	 5

RESEARCH ARTICLE

Figure 3b–d and Table 2, respectively. These models param-
eters and the experimental rate data were compared and 
described. A comparison of the simplistic PFO and PSO pre-
dicted qe values to the experimentally obtained values, as well 
as the closeness of the correlation coefficient (r2) values to 
unity, showed that the PSO model exhibited better fittings to 
the experimental data than the PFO. However, both models 
showed the same Cr rate trend and that the rate was faster for 
GONH than for GOSN and GOSH. The better fitting of the 
experimental data to the PSO suggests that Cr removal pro-
cess involves electrostatic interactions between the anionic 
Cr species (such as HCrO−

4
) and the positive adsorption sites 

of these adsorbents (Ebelegi et al., 2019). Further comparison 
showed that both the PSO and FPSO exhibited similarly high 

qe, k, and r2 values and that both models could reasonably 
explain the adsorption data. The FPSO model parameter, kF, 
confirmed the rate trend as GONH >GOSN >GOSH, as well 
as gave better description of the Cr adsorption. The model 
suggests a complex phenomenon of chemical interactions 
between Cr species and the chemical groups on the adsor-
bents sites, which involves van der Waals, hydrogen bond-
ing, electrostatic interactions, and possibly pore-filling on the 
mesopores (Altenor et al., 2009; Diagboya, Olu-Owolabi, & 
Adebowale, 2014a).

The suggestion of pore-filling on the adsorbents mes-
opores by the FPSO was further tested using the intraparti-
cle diffusion kinetic model. The model parameter C (mg/g) 
gives an impression of the amount of Cr adsorbed on the 

Figure 2.  The synthesized GO, GONH, GOSH, and GOSN spectra for (a) FTIR; (b) XRD; and (c) TGA.

Figure 3.  (a) Experimental data trend for the effect of time on Cr(VI) adsorption; fitting of the experimental data to the various kinetic 
models for (b) GONH, (c) GOSH, and (d) GOSN.
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adsorbent surface; if the C and qe values are equal, it suggests 
that the adsorption was on the adsorbent surface, but for C 
value less than qe, then the remaining amount is attributed 
to pore adsorption or filling (Mohubedu et al., 2019). For 

this study, the C values (Table 2) suggest that over 95% of 
Cr adsorption on the GONH occurred on the surface, com-
pared with the 64% and 87% of GOSH and GOSN, respec-
tively, while the rest may be attributed to pore-filling.

Table 2.  Parameters of the various kinetic models for Cr(VI) adsorption

KINETIC MODEL PARAMETER GONH GOSH GOSN

PFO qe (mg/g) 64.6 43.4 86.5
k1 (min−1) 0.51 0.13 0.33
r2 0.785 0.831 0.750

PSO qe (mg/g) 65.3 45.7 88.8
k2 (g−1 mg−1 min−1) 0.04 0.01 0.01
r2 0.957 0.946 0.963

FPSO qe (mg/g) 65.1 45.9 88.7
kf 0.02 0.01 0.01
α 1.29 0.82 0.99
r2 0.967 0.946 0.957

IPD C (mg/g) 62.2 29.1 77.7
ki (g/g min1/2) 0.20 1.07 0.74
r2 0.372 0.659 0.532

Percent pore-filling (%) 95.7 64.5 87.6
Percent surface adsorption (%) 4.3 35.5 12.4
Experimental qe mg/g 65.0 45.1 88.6

Abbreviations: FPSO, fractal pseudo-second order model; IPD, intraparticle diffusion model; PFO, Pseudo-first order model; PSO, 
pseudo-second order model.

Figure 4.  Cr(VI) adsorption trends at (a) varied pH; and at varying concentrations and temperatures for (b) GONH, (c) GOSH, and (d) 
GOSN.
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3.3  |  Effect of pH on Cr adsorption
The ambient solution pH affects the charge density on an 
adsorbent and the pollutant; hence, the response of both adsor-
bent and pollutant to changes in the ambient solution pH is one 
important parameter for predicting the adsorbent’s efficiency 
in the pollutant adsorption (Diagboya & Dikio, 2018a; Fan et 
al., 2012). Thus, the effect of solution pH on Cr adsorption has 
been examined from pH 3 to 7 and the results are depicted in 
Figure 4a. The trend observed revealed that the process was 
pH-dependent, that is, as solution pH increased, the absorp-
tion decreased. This trend was similar for all adsorbents stud-
ied; the highest Cr adsorption values were recorded at pH 2, 
and this was followed by sharp declines in adsorption (up to 
50%) between pH 2 and 4. Beyond this point, the adsorption 
decrease was relatively gradual (≤5) except for GOSN which 
exhibited further sharp decline (up to 40% more) between pH 
4 and 8; similar trend has been reported (Vu et al., 2017). This 
trend in Cr uptake may be described by examining the effect 
of solution pH on both the adsorbent and the Cr species in 
solution.

The rapid reduction in Cr adsorption as pH increased 
especially above pH 4 can be attributed to the reduced elec-
trostatic attraction between Cr species in solution and the 
protonated functional groups of the GONH, GOSH, and 
GOSN adsorbents. This occurs because acidic pH results in 
the protonation of functional groups on these adsorbents as 
well as the species of Cr in solution (Vu et al., 2017). The 
stock solution for this study was prepared from a Cr(VI) 
salt (K2Cr2O7); thus, the expected species of Cr in solution 
would be the anionic forms such as HCrO−

4
, CrO2−

4
, Cr2O

2−
7

, 
and HCr2O

−
7
. However, the dominant species would depend 

on the prevailing ambient pH; the HCrO−
4
 is predominant at 

low pH values (<4), while CrO2−
4

 is dominant at pH above 
7, but Cr2O

2−
7

 and HCr2O
−
7
 exist only at high concentrations 

(Vu et al., 2017). At low pH, the amine groups (and other 
groups, to a lesser extent, such as the –OH of the carbox-
ylic groups) on the adsorbents are protonated with resultant 
positive charges which electrostatically attracts the dominant 
HCrO−

4
 species (Wang et al., 2015) and possibly other anionic 

species, leading the high adsorption. As the ambient pH 
increases, deprotonation progressively sets in, the adsorbent 
functional groups become less positive, while the Cr species 
become more negative, and consequently, the electrostatic 
interaction gradually decreases resulting in reduced adsorp-
tion. Above pH 7, CrO2−

4
 is the dominant species, possibly 

alongside other anionic species. This coupled with the facts 
that the functional groups are now fully deprotonated and 
the high concentration of competing –OH in solution lead to 
far lower electrostatic attraction. Thus, the high adsorption 
reported for these adsorbents after pH 7 has been attributed 
to both reduce electrostatic attractions and pore-filling on 
the mesopores of these adsorbents.

3.4  |  Adsorption trends at varying Cr ions and 
temperature
The Cr equilibrium adsorption trends on the GONH, GOSH, 
and GOSN adsorbents are depicted in Figure 4c,d. It was 

observed that Cr adsorption increased in all three adsorbents 
as concentration increased from 30 to 85  mg/L. This same 
trend was observed at the various temperatures (16, 26, and 
36°C) studied (Figure 4c,d). Similar trends have been reported 
earlier for Cr adsorption (Vu et al., 2017; Wang et al., 2015). 
This trend has been attributed to the tendency of adsorbates at 
different concentrations between the external surface adsorp-
tion sites and the internal ones (Diagboya & Dikio, 2018b); at 
low adsorbate concentration in equilibrium, the movement of 
the adsorbate between the surface and internal adsorption sites 
is equal, and no movement across these boundaries is signifi-
cantly impermissible. However, if the adsorbate concentration 
is increased on the external surface, this will once more initi-
ate movement across these boundaries resulting in the higher 
adsorption observed.

In order to obtain further insight into the Cr adsorption 
process, the equilibrium adsorption data were fitted to two 
equilibrium adsorption isotherm models: the Langmuir and 
Freundlich. The model parameters and the correlation coeffi-
cient (r2) values calculated using the OriginPro 8® software are 
shown in Table 3. Comparing these parameters and the close-
ness of the r2 values to unity showed that the GONH fit better 
to the Langmuir adsorption isotherm model, while both GOSH 
and GOSN best fit the Freundlich adsorption isotherm model. 
The varying fits of these adsorbents to different adsorption iso-
therm models may be attributed to the interaction between Cr 
species and the active functional groups. For instance, the fit of 
Cr adsorption onto GONH to the Langmuir model indicates 
that a monolayer adsorption process occurred on sites having 
similar energy (possibly containing the highly electronegative 
atoms of O or N) for the Cr species (Diagboya et al., 2019). 
This is in line with the IPD C value (Table 2) which showed 
that over 95% of Cr adsorption on the GONH occurred on the 
monolayer surface.

On the other hand, the good fits of both the GOSH and 
GOSN adsorbents data to the Freundlich model suggested that 
the Cr adsorption process occurred on dissimilar sites of vary-
ing affinities for the Cr species (Olu-Owolabi, Diagboya, Okoli, 
& Adebowale, 2016). This is reasonable considering the fact that 
these adsorbents have functional groups containing the highly 
electronegative atoms of O or N (−COOH+

2
 and −NH+

3
) as well 

as the thiol group having sulfur with a dissimilar electronega-
tivity, in addition to the internal mesopores. This Freundlich 
model fitting results are in line with the IPD C values (Table 2) 
which predicted that only 64 and 87% of GOSH and GOSN Cr 
adsorption, respectively, were on the monolayer surfaces, while 
the rest were attributed to pore-filling.

The effect of temperature on Cr species adsorption was 
also ascertained; it was observed that increasing the ambient 
solution temperature from 16 to 36°C (Figure 4b-d) showed 
that Cr adsorption slightly increased as temperature rose 
from 16 to 26°C for all three adsorbents. However, increasing 
the temperature further to 36°C enhanced adsorption only 
on the GOSH, but uptake on the GONH was higher than at 
16°C but lower than at 26°C, while for the GOSN the adsorp-
tion was lower than at 16°C. Thus, increasing temperature 
had different effects on Cr adsorption on these adsorbents.
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The effect of temperature data has been evaluated using the 
thermodynamic parameters (∆H°, ∆S°, and ∆G°), and the values 
are recorded in Table 4. The negative ΔG° values implied that Cr 
adsorption on these adsorbents at the various temperatures were 
spontaneous and feasible processes, while the positive ΔS° values 
implied that there was an increase in Cr species randomness in 
solution at equilibrium. The negative ΔG° value of Cr adsorption 
on GOSH was an exception to this trend. This was attributed to 
inherent errors associated with calculations of thermodynamic 
parameters using the linear plots when studying low energy sur-
faces, which could result in shifts of small or borderline values 
from one extreme to another. When such occurs, small negative 
values could shift to small positive values. The ΔH° values of the 
GONH and GOSH adsorbents indicated that theoretically, the 

adsorption process is exothermic for both adsorbents, while for 
the GOSN adsorbent, it was endothermic.

The adsorption capacities of all three adsorbents for Cr 
adsorption were compared to some graphene-based materials 
published in the literature (Table 5). The data from the compar-
ison showed that the study adsorbents performed better than 
several graphene-based adsorbents reported for Cr adsorption, as 
well as pristine GO. Though Table 5 showed that pristine GO had 
slightly higher adsorption capacity than the GONH (Yang et al., 
2014), the challenge with GO (reason for preferring the GONH) 
is that it is well dispersed in water and very difficult to separate 
unlike the denser GONH adsorbent. The proposed electrostatic 
interactive mechanism of the anionic Cr species adsorption on 
the amine and thiol groups is depicted in Figure 5.

4  |  Conclusion
The amine-functionalized GO (GONH), thiol-functionalized 
GO (GOSH), and amine–thiol-functionalized GO (GOSN) 
were successfully synthesized. Due to the characteristics of the 
attached functional groups, GONH, GOSH, and GOSN exhib-
ited alkaline, acidic, and neutral pH, respectively, in water. In 
the GOSN adsorbent, the presence of both alkaline and acidic 
functionalities canceled out their respective effects resulting in 
a neutral adsorbent. The infrared spectra showed the presence 
of amine and thiol functional groups in the new adsorbents, 

Table 3.  Parameters of the various adsorption isotherm models for Cr(VI) adsorption

ADSORPTION ISOTHERM 
MODEL PARAMETER GONH GOSH GOSN

Langmuir Qo (mg/g) 305 1.2 × 105 1.8 × 103

β 4 × 10−3 6.07 8.33
r2 0.986 0.811 0.960

Freundlich n 0.82 1.39 0.94
kf 1.91 0.14 1.84
r2 0.981 0.890 0.962

Table 4.  Thermodynamic parameters for Cr adsorption on GONH, 
GOSH, and GOSN adsorbents

THERMODYNAMIC 
PARAMETER GONH GOSH GOSN

∆H° kJ/mol –70.9 –19.5 7.0
∆S° J/mol K–1 253 66.9 5.14
∆G° (kJ/mol) 289 K –2.91 0.35 –9.02

303 K –3.30 –0.91 –7.35
310 K –8.07 –0.96 –9.20

Table 5.  Comparison of Cr adsorption capacities of GONH, GOSH, and GOSN with literature

ADSORBENT QE (MG/G) REMARK REFERENCES

Magnetite GO–alginate beads ≈7.0 Total Cr Vu et al. (2017)
Magnetic cyclodextrin–chitosan–GO ≈67.0 Total Cr Li et al. (2013)
GOSH 89.6 Total Cr This study
GO 92.7 Cr(III) Yang et al. (2014)
GONH 114 Total Cr This study
Magnetic b–cyclodextrin/GO 
composite

120 Total Cr Fan et al. (2012)

Magnetic diethylenetriamine–GO 124 Total Cr Zhao et al. (2016)
Zero valent iron nanoparticles 
(nZVI)

148 Cr(VI) Jabeen et al. (2011)

Graphene–nZVI composite 162 Cr(VI) Jabeen et al. (2011)
GOSN 173 Total Cr This study
Triethylenetetramine–GO–chitosan 
composite

220 Cr(VI) Ge and Ma (2015)

Magnetic polypyrrole–rGO 293 Cr(VI) Wang et al. (2015)
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while the XRD implied reduced orderliness as the free –OH 
groups in GO were used up. These adsorbents had higher den-
sity per unit weight and better thermal stability than pristine 
GO.

Equilibrium Cr adsorption was fast and attained within 
60 min. for all adsorbents. The rate data fitted the PSO and FPSO 
models implying electrostatic interactions between the anionic 
Cr(VI) species and the adsorption sites of these adsorbents, as 
well as other complex chemical interactions between Cr species 
and chemical groups on the adsorbents sites such as van der Waals 
interactions and pore-filling on the mesopores. The Cr adsorp-
tion trend was concentration and pH-dependent, increasing 
with concentration until maximum adsorption and decreasing 

as solution pH increased; optimum adsorption was recorded at 
pH 2. Increase in temperature had varying effects on the process 
on each adsorbent; as temperature rose from 16 to 26 and then 
36°C, adsorption increased continuously for GOSH, while it had 
no significant effect for GOSN, but it initially increased and then 
decreased for GONH. Equilibrium adsorption data fitted the 
Langmuir adsorption isotherm model for the GONH, while it 
fitted the Freundlich for both GOSH and GOSN. These suggest 
Cr adsorbed as monolayer onto adsorption sites having simi-
lar energy on GONH, while the process occurred on dissimilar 
sites of varying affinities for the Cr species on both GOSH and 
GOSN adsorbents. The Cr adsorption capacities of these adsor-
bents are 113.5, 89.6, and 172.5  mg/g for GONH, GOSH, and 

Figure 5.  Schematics of the anionic Cr species adsorption on the amine- and thiol-terminated ends of the multifunctional graphene oxide 
adsorbents.
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GOSN, respectively, and these were better than several reported 
graphene-based adsorbents.
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