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Abstract

Chromium released with tannery effluent causes severe water pollution which is a great concern to the environment and 
public health. The removal of chromium from tannery effluent before discharging to the surface water is a crying need for 
protecting environment and human health. This research work highlights the adsorption potential of graphene oxide (GO) for 
chromium(III) from hazardous chrome-tanning effluents. The research framework includes preparation and characterization 
of GO employing Field Emission Scanning Electron Microscopy (FESEM), X-ray diffraction (XRD) analysis, Zeta potential charge 
(ZPC), and Fourier Transform Infrared Spectroscopy (FTIR). Explanation of the adsorption mechanism, kinetics, and feasibility 
were also documented. The influence of different operational variables pH, adsorbent dosage, Cr(III) ion concentration, 
contact time and temperature on adsorption were evaluated by batch experiments. The results demonstrated that the highest 
chromium removal (98.77 %) was ascertained while treating chrome-tanning effluents (174 mg/L) with 0.6 g/L GO for 20 
minutes at pH 4. The adsorption equilibrium followed both Langmuir and Freundlich isotherms with maximum adsorption 
capacity (qm) of 366.3 mg/g. The adsorption kinetics was nicely interpreted with a pseudo-second-order reaction model and 
thermodynamically it was spontaneous at lower temperature and exothermic in nature. The metal ions loaded adsorbent was 
also regenerated and reused for further adsorption of Cr(III) ions from chrome-tanning effluents.  
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Highlights

•	 Preparation of graphene oxide (GO) from commercial 
graphite powder following modified Hummer’s method

•	 Characterization of prepared GO by various instrumental 
analyses

•	 Adsorption of trivalent chromium from harmful 
chrome-tanning effluent is faster and higher than other 
adsorbents

•	 Provide a prominent adsorbent material for efficient 
treatment of tannery effluent
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Introduction

Tanneries are the major users of trivalent chromium 
[Cr(OH)SO4 salt] after the alloy and metal finishing industry. 
Generally, 90 % of the tanneries carry out the chrome tanning 
process for leather tanning due to excellent hydrothermal 
stability and some other unique properties like the 
smoothness of grain, uniform elasticity, and resistance to 
atmospheric conditions, etc [1,2]. During chrome-tanning, 
only 60 % of the applied chrome salts are bound with the 
proteinous fibre (collagen) and the rest is disposed of with 
wastewaters ranging from 2656 to 5420 mg/L which is 1000 
times higher than its threshold limit [3]. Unlike carcinogenic 
hexavalent chromium, Cr(III) is reported as less hazardous 
and noncorrosive, however, it also can cause several 
venomous health hazards, e.g. skin allergy, inflammation, 
nausea, DNA structure deformation, metabolic malfunction 
during prolonged exposure [4]. Therefore, the proper 
treatment of chrome-loaded tannery effluents should be 
required before discharging them into the environment.

Several techniques like precipitation, ion exchange, 
membrane filtration, ozonization, photocatalytic 
degradation, bioremediation, chemical coagulation, and 
electrochemical oxidation, etc. have been reported for the 
treatment of Cr(III)-loaded tannery effluents [5]. Adsorption 
is preferable for its remarkable removal efficiency of wide-
ranged chemicals, inexpensiveness, and generating fewer 
secondary pollutant/sludge [6]. Activated carbon, zeolites, 
nanomagnetic materials are some popular adsorbents 
used for the remediation of hazardous pollutants from 
wastewaters [7]. However, owing to the high price of 
available adsorbents, selective adsorbent for the removal of a 
particular pollutant, and not as much regeneration capability 
of some adsorbents, the researchers are nowadays looking 
for advanced and efficient adsorbent materials [8]. Scientific 
reports have shown that biomass-based materials produced 
from various agricultural and household activities are 
used as adsorbents for their low cost, easy availability, and 
noticeable adsorption capacity towards metals and metals 
[9]. However, none of these adsorbents has shown proficient 
metal adsorption capacity.

In this context, nanomaterials can become prominent 
adsorbents to eliminate Cr(III) from chrome tanning effluents. 
Nanomaterials possess a huge surface area and stabilize 
chemical configuration and surface charge, which have 
indicated their superiority for metal removal [10]. Recently, 
graphene oxide (GO) has been of interest as an adsorbent 
to remove contaminants from wastewaters. As compared to 
other adsorbent materials, GO possess an extremely broad 
surface area (2630 m2/g), and the manifestation of various 

functional groups viz. hydroxyl, epoxy, and carboxylic 
groups facilitate uncompromising adsorption capacity to 
contaminants [7,11]. Consequently, graphene oxide and 
its derivatives has become a centre of attraction in the 
research field of water purification [12]. Therefore, the 
research explores the suitability to use graphene oxide as an 
adsorbent to adsorb Cr(III) from harmful effluent released 
after chrome-tanning. Additionally, the optimization of the 
sorption method, and evaluating its equilibrium, kinetics 
and thermodynamic studies are performed. The adsorption 
rates are evaluated with pseudo-first-order and pseudo-
second-order equations. The thermodynamic parameters 
such as standard enthalpy (∆H), Gibbs free energy (∆G), and 
system’s entropy (∆S) are measured by linearized Van’t Hoff 
equations. 

Experimental

Materials

Graphite powder (99.5 %, Merck, India), Hydrogen 
peroxide (30 %, Merck India), Sulphuric acid (98 %, Active 
Fine Chemicals, Bangladesh), Nitric acid (65 %, Active 
Fine Chemicals, Bangladesh), Potassium permanganate 
(97 %, Merck, India), Sodium nitrate (Uni-chem, China) 
and hydrochloric acid (37 %, RCI Labscan, Thailand) were 
purchased for the synthesis of Graphene oxide. Chromium 
sulphate (Cr2(SO4)3.6H2O, Qualikems, India) were used for 
preparing a standard solution of chromium(III). All chemicals 
were of analytical grade and used as received.

Graphene Oxide Synthesis

GO was prepared by modified Hummers’ method [13]. To 
prepare GO, graphite powder (3.0 g) was added to a mixture 
of concentrated H2SO4 and concentrated HNO3 (3:1 ratio, 75 
ml) in a round bottom flask with vigorous stirring to form 
a homogeneous suspension in a water bath. Then KMnO4 
(9.0 g) followed by NaNO3 (1.5 g) was added slowly to the 
flask and stirred for 2 hours. It was further stirred overnight 
and a thick paste was obtained. Then deionized water (120 
ml) was added to it and stirred for 4 hours in an oil bath at 
35°C. A deep brown reaction mixture was produced, which 
was washed with deionized water (420 ml) followed by 
the addition of 30 % H2O2 (20 ml) to afford a bright yellow 
mixture. Finally, 5 % HCl (200 ml) was added to remove Mn2+ 
ions from the prepared graphene oxide and washed with 
deionized water several times until the pH of the solution was 
7.0. Centrifugation was used to accelerate the neutralization 
process. A schematic diagram of GO synthesis is illustrated 
in Figure 1.

https://medwinpublishers.com/PSBJ


Physical Science & Biophysics Journal3

Md. Nurnabi, et al. Synthesis and Characterization of Graphene Oxide for the Adsorption of 
Cr(III) from Chrome-Tanning Effluent. Phys Sci & Biophys J 2021, 5(1): 000177.

Copyright©  Md. Nurnabi, et al.

Figure 1: Flow chart of GO synthesis.

Wastewater Collection

An adequate quantity of chrome-containing tannery 
wastewater was collected in a sealed airtight plastic bottle 
from the discharge point of Reliance Tannery Limited, Savar, 
Dhaka following Pearson, et al. method [14]. The collected 
wastewater sample was filtered with Whatman No. 41 filter 
paper to remove suspended particles and the filtrate was 
stored for metal analysis at 4°C to prevent hydrolysis.

Adsorbent Characterization

The prepared GO sample was further subjected to 
various instrumental analyses to assess the characteristics 
of the adsorbent. The chemical nature and surface pattern of 
the adsorbent was identified by Fourier transform infrared 
spectroscopy (FTIR) and x-ray diffraction (XRD) analysis. 
The morphological characteristics of GO were evaluated by 
Field emission scanning electron microscopy (FESEM). The 
ionic nature of the GO surface was studied by measuring the 
zeta potential charge (ZPC) through Zeta potential Analyzer 
(Nano-ZS ZEN 3600).

Batch Tests and Metal Analysis

Batch experiments were conducted to investigate the role 
of different functional parameters (viz. pH, adsorbent 
dose, contact time, and initial concentration of chromium 
ions) for optimizing the adsorption process. The residual 
concentration of metal ions in the treated wastewater sample 
was measured by an Atomic absorption spectrophotometer 
(AAS). The metal removal rate and adsorption capacity of the 
adsorbent were calculated as followed:
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where, Co= initial Cr(III) concentration of solution (mg/L), 
Ct = concentration of Cr(III) in solution at time t (mg/L), Ce= 
concentration of Cr(III) in solution at equilibrium (mg/L), V= 
volume of the solution (L), and w= mass of the adsorbent (g).

Results and Discussion

Characterization of Prepared Adsorbent

XRD Analysis: The x-ray diffraction (XRD) pattern of the 
synthesized GO is showed in Figure 2 that depicted a broad 
peak at 2θ=10.399° corresponding to an interlayer spacing 
of 8.5 Å, which is consistent with the literature value of 2θ= 
11.4° and d-spacing= 7.8 Å [15].

Figure 2: XRD for GO.

Microscopic Analysis: The morphology of the GO samples 
was assessed by FESEM. Figure 3 shows the SEM images of GO 
at 20,000 X and 10,000 X magnification. The working distance 
is about 6.6 mm at high vacuum mode with 5.0 kV. The image 
has shown fluffy, randomly aggregated and wrinkled sheets 
with a wide-ranged orientation of hierarchical pores that play 
the major roles in adsorbing metal ions [16]. This fluffiness 
and wrinkles in the GO are ensued due to oxidation and layer 
separation. Tan, et al. observed the same result in the SEM 
structure of their synthesized graphene oxide membrane 
which was used for the adsorption of some selected heavy 
metal ions from an aqueous solution [17].

Besides, the FESEM monographs showed a uniform 
surface after Cr(III) adsorption due to the binding of metal 
ions on the activated sites of the pores present on the GO 
surface (Figure 3(b)). A similar phenomenon has been 
reported by White et al. during copper (Cu2+) adsorption onto 
graphene oxide (GO) and functionalized GO nanoparticles 
[18].

https://medwinpublishers.com/PSBJ
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Figure 3: FESEM images for (a) prepared GO and (b) Cr(III) adsorbed GO.

Spectral Analysis: The FT-IR spectra of graphene oxide 
showed in Figure 4, where some distinguished absorption 
peaks at different wavenumbers in the infrared region 
indicated the existence of various functional groups on the 
surface. It is observed that a strong and broad O-H stretching 
vibration band at 3414 cm-1 because of extensive oxidation, 
C-H stretching vibration at 2989 cm-1, C=O stretching 
vibration band of the carboxylic group at 1732 cm-1, aromatic 
C=C stretching band at 1519 cm-1, symmetric C-O stretching 
in the C-O-C group at 1209 cm-1 and the C–O (epoxy) band at 
964 cm-1. The FT-IR spectra of graphene oxide was in a full 
agreement with the previous studies [19,20].

Figure 4: FT-IR spectrum for prepared GO.

Effect of Operational Parameters on Cr(III) 
Adsorption Capacity of GO

Effect of pH: To study the pH effect on the adsorption 
process, 20 ml trivalent chromium salt solution of known 
concentration (245.5 ppm) was taken in a series of conical 
flasks and treated with GO (0.039 g) at different pH range (2-
5). The mixture was agitated in an orbital shaker at 150 rpm 
for 2 hours at ambient temperature. The results revealed that 
the adsorption of Cr(III) onto the GO surface was maximum 

at pH 4.0. The carboxyl groups of GO is deprotonated and 
becomes negatively charged at pH higher than the ZPC 
(Figure 5a). The sorption capacity of GO is increased with 
an increased pH. In an aqueous medium, trivalent chromium 
exists as Cr(III), Cr(OH)2(H2O)4

+, Cr(OH)(H2O)5
2+, or 

Cr(H2O)6
3+. Therefore, the GO surface starts to deprotonate 

as the pH increased and crosses the ZPC (Figure 5b), which 
brings a positive impact on the adsorption of Cr(III) by 
creating a strong attraction force between cationic Cr(III) 
species and deprotonated GO [21]. However, the chromium 
is precipitated from an aqueous solution as Cr(OH)3 at higher 
pH (>6) due to an increase in its basicity and consequently, 
the study was not conducted at a higher pH range [22].

Figure 5: pH effect on (a) Zeta potential value of GO, and 
(b) Cr(III) adsorption onto GO.

Effect of Adsorbent Dosage: A series of conical flasks 
in an orbital shaker using 10 ml standard chromium salt 
solution (245.5 ppm) was treated with different doses of 
GO (0.25, 0.5, 1.0, 1.5, and 2.0 g/L) under optimum pH (4) 
for dose optimization. The experimental results revealed 
that the removal efficiency was increased with an increase 
in adsorbent dosages and the optimum dose was 0.6 g/L 

https://medwinpublishers.com/PSBJ
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(Figure 6). Usually, the number of active sites increases with 
the increase of adsorbent doses that yields higher surface 
area resulting in access to the metal ions to get interacted 
with the active sites of the adsorbent [23]. Similar results 
were obtained by Qiu, et al. in their research work on Cr(III) 
removal using sludge-derived biochar with supported nano-
sized zero-valent iron [24]. However, the sorption capacity 
reduces with an augmentation of the adsorbent amount. At 
a higher dose, it might cause aggregation of the adsorbent 
which attributes to the unsaturation of many active sites and 
hence most of the sites remain unreacted with the adsorbate 
[25]. 

Figure 6: Effect of adsorbent dose on Cr(III) adsorption 
onto GO.

Effect of Contact Time and Metal Concentration: The 
batch experiments were conducted to determine the 
effects of contact time and initial Cr(III) concentration on 
adsorption capacity of GO (Fig. 7). The experiments were 
carried out by treating 10 ml chromium(III) salt solution 
of different concentration (104.22, 125.4, 174, and 198.57 
ppm) with a fixed adsorbent doses (0.6 g/L) at optimum 
pH (4) for a predetermined time interval (0-120 minutes). 
As showed in Figure 7, the increment of metal adsorption 
took place at 20 minutes and no significant changes were 
observed in the adsorption process after increasing the 
contact time. Abshirini, et al. opined that the vacant active 
sites present on the adsorbent surface start to get occupied 
by the adsorbate over time that raises the sorption capacity 
and has no significant effect on it when equilibrium time is 
achieved [23]. 

The initial metal concentration in the solution is one of 
the most significant driving forces in the adsorption process. 
It provides a brief description of the relationship of mass 
transfer and mass balance between the solute’s in a liquid 
phase (adsorbate) and solid phase (adsorbent) [26]. Based 
on the findings, it illustrated that the adsorption capacity is 

increased by increasing the initial chromium concentration. 
It occurs because, at a higher concentration of metals, the 
ratio of activated sites on the adsorbent surface is nearly 
equal that confirms higher metal uptake [27].

Figure 7: Effect of initial chrome concentration on metal 
adsorption onto GO over time.

Isothermal Studies

Isothermal studies focus on the sorption mechanism 
through establishing a relationship between adsorbate and 
adsorbent at equilibrium condition [28]. It also measures 
the maximum adsorption capacity of an adsorbent while 
adsorbing a particular material as adsorbate [29,30]. In 
this study, the sorption data were interpreted concerning 
two most widely used isotherm model, e.g. Langmuir and 
Freundlich isotherm (using their linearized form) to explain 
the equilibrium adsorption condition [31] using the following 
equations:

1 1e
e

e m m

c
c

q q b q
= + (4)

1
1L

m

R
c b

=
+

 (5)

1ln ln lne F eq k c
n
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where, qe= amount of adsorbed metal in per unit mass of 
adsorbent (mg/g), Ce= equilibrium metal concentration 
(mg/L), qm= adsorption capacity (mg/g), b= Langmuir 
constant (L/mg), RL= separation factor.

The results are represented in the tabular form (Table 
1) that denote the adsorption of Cr(III) onto GO surfaces 
follow both the Langmuir and Freundlich isotherm models 
indicating monolayer and multilayer adsorption of metal 
ions on GO with maximum adsorption capacity (qmax) 366.3 
mg/g (Figure 8). However, the isotherm constants and the R2 
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value (0.998) of both isotherm models were favourable and 
acceptable. Mondal and Chakraborty found similar results in 

their experiment [32].

Langmuir Constants Values Freundlich constants Values
qm(mgg-1) 366.3 KF 45.02
b (L mg-1) 0.046 n 2.232

R2 0.998 R2 0.998
RL 0.098

Table 1 Isotherm constants for Cr(III) adsorption onto GO.

Figure 8: Isotherm models for Cr(III) adsorption on GO (a) 
Langmuir, and (b) Freundlich.

Kinematic Studies

The adsorption kinetics depicts the nature of adsorption 
onto the adsorbent surface. The two most popular kinetic 
models i.e. pseudo-first-order and pseudo-second-order 
reaction models were employed to understand the sorption 
of Cr(III) on GO. The following equations were applied to 
measure the kinetic parameters:

( ) 1log log
2.303e t e

kq q q t − = −  
 

 (7)

2
2

1 1

t ee

t t
q qk q

   
= +   

  
 (8)

where qe= amount of solute adsorbed at equilibrium per unit 
weight of adsorbent (mg/g), qt= amount of solute adsorbed 
at any time (mg/g) and k1= adsorption constant for pseudo-
first-order reaction and k2= adsorption constant for the 
pseudo-second-order reaction.

The findings of the experimental works fitted best with 
the pseudo-second-order reaction model with a regression 
coefficient value (R2) of 0.999 (Table 2). A similar result 
was also observed in some previous studies based on 
graphene oxide and its derivatives for removing Cr(III) 
ions from aqueous solutions [33-36]. This information also 
points towards the chemisorption nature of the adsorption 
process (Figure 9). Therefore, a strong attraction force has 
occurred between the anionic functional groups (hydroxyl, 
carboxylates, carbonyl, etc.) present in the adsorbent (GO) 
and metal ions that lead to forming covalent bonds and 
agitations in the electron systems of metal ions during the 
adsorption process [37].

Kinetics Model Parameters 104.22 ppm 125.40 ppm 174.00 ppm 198.57 ppm
Pseudo-first-order qe* (mg g-1) 25.64 41.11 24.66 88.31

k1 0.149 0.127 0.0986 0.2089

R2 0.974 0.953 0.931 0.941

qe** (mgg-1) 149.28 174.63 228.63 251.7

Pseudo-second-order qe* (mg g-1) 152.21 179.21 230.95 262.47

k2 0.0135 0.0071 0.011 0.0042

R2 0.999 0.998 0.999 0.998

qe** (mg g-1) 149.28 174.63 228.67 251.7

Table 2: Summary of adsorption kinetics.
*Theoretical, **Experimental

https://medwinpublishers.com/PSBJ
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Figure 9: Kinetic models (a) pseudo-first-order and (b) 
pseudo-second-order reaction for Cr(III) adsorption on 
GO.

Thermodynamics Study

The thermodynamic study of an adsorption process 
ascertains its randomness and feasibility based on 
temperature [8] (Figure 10). The removal of Cr(III) by GO was 
evaluated under different temperature (293-338 K) intervals 
and the thermodynamic parameters such as standard 
enthalpy (∆H), Gibbs free energy (∆G), and system’s entropy 
(∆S) were measured by linearized Van’t Hoff equations [38].

lno
dG RT K∆ = − (9)

ln
o o

d
H Sk

RT R
−∆ ∆

= +  (10)

0 o
o G HS

T
∆ −∆

∆ = −  (11)

The calculated results reveal that the sorption of 
metal ions reduces at a higher temperature. The enthalpy 
value indicated that the sorption process is exothermic 
and entropy-driven. Moreover, it is spontaneous at a lower 
temperature (Table 3).

Figure: 10 Adsorption thermodynamics.

T (K) ΔG (kJ/mole) ΔH (kJ/mole) ΔS (kJ/mole )

293 -7.197 -37.147 -0.0981
308 -6.54   

323 -5.433   

338 -4.314   

Table 3: Thermodynamics parameters of chromium 
adsorption.

Regeneration of GO

To study the potential re-use of Cr(III) loaded GO was 
regenerated using 2% HCl and reused for Cr(III) adsorption 
at optimum pH, adsorbent dose and time. The results of 
regeneration studies showed that adsorption capacity slowly 
decreases from 150.85 to 142.87, 118.23 and 68.92 mg/g 
after recycle-1, recycle-2 and recycle-3 respectively (Figure 
11) and revealed that regenerated GO can be reused for the 
removal of Cr(III) from the aqueous solution after further 
improvement.

Figure: 11 Regeneration of GO.

Evaluation of Physicochemical Parameters

Several physicochemical parameters of wastewater 
sample were measured before and after adsorption and 
the results are presented in a tabular form (Table 4) that 
expressed significant changes in the physicochemical 
parameters after the treatment of effluent samples with 
GO. It proves the proficient removal capacity of GO during 
wastewater treatment.

https://medwinpublishers.com/PSBJ
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Parameters Before Adsorption After Adsorption % of Removal ECR [39]
Cr(III) concentration (ppm) 3477.5 1673.25 54.19 2
Adsorption Capacity (mg/g) - 180.43 - -

pH 4.1 5.3 - 9-Jun
TDS (ppm) 5135 1982 61.4 2100
EC (µS/cm) 10165 3967 60.97 -

NaCl (%) 17.6 6.8 61.36 -
BOD5 (ppm) 4643 1953 57.93 100
COD (ppm) 12164 5424 55.41 -

Table 4: Changes in physicochemical parameters of the tanning effluent after adsorption.

Plausible Adsorption Mechanism of GO

The adsorption mechanism deals with the interaction 
between oppositely ionized particles through different 
bond formations such as hydrogen bonding, electrostatic 
or π–π interactions, Vander Waals forces, dipole-dipole 
induction, ion-exchange and so on. The surface chemistry 
and pore density/volume are the two topmost variables with 
significant influences during the sorption of a solute onto an 
adsorbent surface. At the optimum pH (4.0), graphene oxide 
possesses a negative surface charge and showed electrostatic 
interaction to the cationic metal ion. As Cr-ions usually 
form hexacoordinate complexes, the carboxylate groups 
containing GO form hexacoordinate complexes by capturing 
Cr(III) ions from the solution (Figure 12).

Figure 12: Adsorption mechanism of Cr(III) on GO.

Effectiveness of GO as Adsorbent

Recently, GO and its derivatives have gained much 
attention from researchers as prominent adsorbents for 
removing pollutants from water bodies. Therefore, the 
compatibility of GO on Cr(III) removal was compared with 
other adsorbents in Table 4 that showed remarkable metal 
uptake than most other adsorbents.

Adsorbent name pH Adsorbent 
dose

Initial Cr(III) 
concentration

Contact 
time

% 
Removal

Adsorption 
capacity (mg/g) Reference

Fish scale 5 0.8 g 150 mg/L 90 min. 99.7518 18.3486 [40]
GO/alginate hydrogel 

membrane 6 - 40 mg/L 60 min. 118.6 [41]

Activated carbon 4 200 mg/L 3-5 
months [42]

Graphene oxide 4 0.6 g/L 174 mg/L 20 min. 98.77 366.3 This work

Table 5: Comparison of GO with other adsorbents on Cr(III) adsorption.

Conclusions

Graphene oxide can be used as an advanced and cost-
effective adsorbent to eliminate Cr3+ ions from harmful 
tannery wastewaters. The results of batch experiments 
showed the highest metal removal (98.77%) was achieved at 
pH 4 by treating a spent chrome-tanning sample of an initial 
concentration of 174 mg/L with 0.6 g/L GO for 20 minutes. 
The adsorption equilibrium of Cr(III) on GO was adequately 
described by both Langmuir and Freundlich isotherm 
models indicating a complex adsorption phenomenon (both 

monolayer and multilayer). Excellent adsorption capacity 
of 366 mg/gm was calculated from Langmuir isotherm. 
Additionally, sorption kinetics followed a pseudo-second-
order reaction mechanism, and thermodynamically it was 
spontaneous adsorption of metal ions from solution (liquid) 
to adsorbent site (solid) interphase at lower temperature and 
exothermic in nature. The adsorption capacity of Cr3+ onto 
GO was found higher than most other adsorbents. Thus, GO 
can be a potential candidate as an adsorbent for the removal 
of Cr(III) from chrome-tanning effluent.

https://medwinpublishers.com/PSBJ
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