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Abstract

A simple method was used to create a graphene oxide/chitosan (GO/CS)
nanocomposite, which was then used in batch experiments to remove copper ions
from industrial wastewater under various conditions of initial concentration,
adsorbent weight, pH, and contact time. Maximum removal percentage equal to 99.4
% for initial copper ion concentration of 5x10% mol/L at pH 6, time 75 min,
temperature 25 °C, and adsorbing dose 0.1 g. The pseudo-second order kinetic
model and the Freundlich isotherm adequately fit the experimental results. The
process was spontaneous and endothermic, according to thermodynamic studies.

Keywords: Graphene oxide/chitosan nanocomposite, Adsorption, Copper, Kkinetic,
Thermodynamic.
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1. Introduction

Wastewater is a huge environmental pollution, as it is considered a mixture of liquid and
solid materials that comes after the use of water in homes, industries and commercial
establishments [1]. The wastewater from electroplating, electrolysis, coatings, textiles,
pesticides, pharmaceuticals, paper-making, printing, dyeing, and other chemical industries
have caused great damage to the natural environment [2]. Copper is a common component of
wastewater in manufacturing industries, such as mining mineral processing, and other

processing industries [3]. Because of its high concentrations, copper content is easily
detectable in wastewater produced in industrial applications, and it is one of the most
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commonly used heavy metals in most industry sectors. Copper, for example, can be used in
electroplating, plastics, etching, and, finally, metal finishing and processing [4]. Copper
concentrations in the effluent stream
are high enough to damage the brain, kidneys, and cause anemia. At large doses, copper
may be stored in the brain, kidneys, skin, and liver, raising serious toxicological problems
[5]. According to World Health Organization (WHQO) and Environmental Protection Agency
(EPA), the permissible limit of copper ions in consumable water is 1.5 mg/L and 1.3 mg/L,
respectively [6]. Several methods for removing heavy metals from wastewater have been
investigated over the last decade, including adsorption, precipitation, ion exchange,
membrane process, electrocoagulation, and electrodeposition [7-9]. Among the above-
mentioned methods, adsorption has inherent benefits such as low cost, high removal rate, ease
of access, and less secondary pollution [10]. Different types of natural adsorbents are used for
the removal of metal ions from wastewater. Chitosan (CS) is a substance derived primarily
from chitin, a carbohydrate found in the outer shells of seafood such as shrimp and
crustaceans [11,12]. CS is a bio-adsorbent and disinfectant material that is inexpensive and
has numerous advantages such as the amine functional group, which is completely reactive
among metal ions, biocompatibility, biodegradability, and their safe use due to their non-toxic
behavior [13].
Graphene oxide (GO) has demonstrated a high efficiency in the removal of pollutant metal
ions and toxic contaminants from water as a two-dimensional carbon material with numerous
functional groups on its basal plans and corners [14,15]. Heavy metal complexes may be able
to bind to functional groups containing oxygen. Furthermore, because of the large total area
available, GO is an excellent candidate for water purification [16]. It has been proposed that
GO could be a good adsorbent for removing dyes, heavy metals, and organic pollutants with
high speed and efficiency [17]. The graphene oxide/chitosan mixture improves its adsorbent
properties as binding power, selectivities and mechanical properties, which are important for
improving the performance of heavy metal adsorption [18].
In this work, we study the efficiency of GO/CS nanocomposite for copper removal from
industrial wastewater under different conditions such as pH, initial concentration, adsorbent
dose and contact time. The adsorption data have been tested using Langmuir and Freundlich
isothermal adsorption, and thermodynamic parameters were also calculated. The kinetic data
is analyzed using a pseudo-first order and pseudo-second order equations.
2. Materials and methods
2.1. Materials

Chitosan ( > 90% deacetylation ) were supplied by Cheng Du Micxy Chemical Co.,Ltd
(Cheng Du, China ). Copper sulphate, Hydrochloric acid, Sodium hydroxide, Sulphuric acid
were supplied by BDH. All of the reagents have been analytical grade and were used exactly
as they were received, with no purification.
2.2. Graphene oxide (GO) preparation

Hummers and Offema method are used to create GO from graphite [19]. Briefly, 1.0 g of
graphite was added to a 250 mL beaker, followed by 0.5 g of NaNO3; and 23 mL of
concentrated H,SO,4 while stirring in an ice bath. Then, 3.0 g of KMnO4 was slowly added
with stirring and cooling to keep the reaction mixture temperature below 20 °C. The ice bath
was removed after 5 min, and the system has been heated to 35°C for 30 min. After that, 50
mL of water was slowly added to the system, and the mixture was stirred for 15 min at 90°C.
166 mL of water was added and followed by a slow addition of 5 mL of 30% H,0,, turning
the color of the solution to dark brown. The solid product was separated, and washed with 85
mL of 4% HCI aqueous solution followed by washing with 65 mL of water to remove the
acid. Then, the solution was separated, and the residue was washed with water until the pH of
the suspension's upper layer was near to 7 and dried overnight at room temperature.
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2.3. Preparation of graphene oxide/chitosan (GO/CS) nanocomposite
GO/CS nanocomposite was prepared as followed [20]. 0.1 g GO was dispersed in 20 mL
water and treated with ultrasound for 1 h to obtain the GO suspension. The CS solution was
prepared by dissolving 0.5 g CS powder into 100 mL of 2% acetic acid aqueous. The CS
solution and the GO suspension were vigorously mixed together. To make the homogeneous
GOICS solution, the obtained solution was treated with ultrasound for an additional 1 h and
stirred for 12 h. Then, dried overnight at room temperature.
2.4. Characterization
FTIR spectra of GO, CS, and GO/CS nanocomposite were measured by using a Shimadzu
IRAffinity-1 FTIR Spectrophotometer (Shimadzu Corp., Japan). The spectral scan ranged
between 400 and 4000 cm™. The X-ray diffraction (XRD) pattern of GO, CS, and GO/CS
nanocomposite were studied using a Shimadzu XRD-6000 X-ray diffractometer (Shimadzu,
Japan) in the 5-80° (20) range with Cu Ko ( A=1.5406 A°), worked at 100 mA and 40K V.
2.5. Adsorption experiments
The stock solution of copper sulfate CuSO4.5H,0 0.1 mol/L was prepared by dissolving
12.48 g of copper sulfate in 500 mL of distilled water and then dilution to required
concentration. Adsorption experiments were done using a batch model, containing a copper
sulfate (50 mL) solution at an initial concentration from 5x107 to 1x10™ mol/L in series of
conical flasks (250 mL). For pH adjustment, HCI (0.1M) and NaOH (0.1M) solutions were
used. To achieve equilibrium, 0.1 g of GO/CS powder was added to copper solution and
stirred constantly for 75 min. After centrifuging the mixture for 5 min, the amount of copper
adsorbed was determined using an atomic absorption spectrophotometer (AAS) (Model: AA-
7000, Shimadzu). Equations were used to measure the copper removal percentage and
equilibrium uptake [21]:
%Removal = % 100 @
e ="V 2
Where, C, is the initial concentration (mol/L), M (g) adsorbent weight, C, is equilibrium
concentration (mol/L), and V the volume of the solution in liters.
3. Results and Discussion
3.1. Characterization study
Figure 1 depicts the major GO absorption bands in the FTIR spectrum, which appear at
3414.0, 3022.45, 1716.65, 1627.92, 1290.38, 1155.36, and 1087.85 cm™. The OH groups are
represented by the absorption band at 3414.0 cm™, whereas the C-H stretch of GO is
represented by the band at 3022.45 cm™. The FTIR spectrum of GO shows a peak at 1716.65
cm™ due to the C=0 stretching vibration of the COOH groups and a peak at 1627.92 cm™ due
to the C=C expansion mode of the sp® carbon skeleton network or epoxy groups. Furthermore,
peaks of absorption observed at 1290.38, 1155.36, and 1087.85 cm™ can be attributed to the
C-O vibration of various oxygen-containing groups such as carboxyl and epoxy groups [22].
Figure 2 depicts the FTIR spectra of CS. A broad band appears in the CS spectrum at 3441.01
cm, which corresponds to the stretching vibrations of the O-H and N-H groups. A peak at
2889.37 cm™ can be characterized for C-H extending the aliphatic group's vibration. The C=0
stretching vibration (amide | band) and C-N stretching vibration (amide Ill band) in amide
groups are represented by the absorption bands at 1654.92 cm™ and 1379.1 cm™, respectively.
The N-H bending vibration and N-H deformation vibration occurs at 1597.06 cm™ and
1421.54 cm™ in the primary amine groups (-NH,). Other significant absorption bands in CS
can be found at 1323.17 cm™ (C-N stretching vibration), 1153.43 cm™ (anti-symmetrical
stretching vibration of the C-O-C bridge), 1072.42 cm™ (C-O stretching vibration of a
saccharide structure), and 1031.92 cm™ (O-H bending vibration) [20] . As shown in Figure 3,
the combination of GO and CS has resulted in many changes to the FTIR spectrum of the
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GO/CS nanocomposite. The peak of COOH at 1716.65 cm™ ( from GO spectrum) and the
peak of NH, at 1597.06 cm™ ( from CS spectrum) have both vanished. Meanwhile, amides
(C=0 stretching vibrations of -NHCO) were discovered in a new absorption band at 1635.64
cm™. This finding is linked to the reaction of GO carboxyl groups with CS amino groups. A
new band at 1556.55 cm™ could be attributed to the reaction of CS amino groups and GO
epoxy groups to form amide 1l groups [22].
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Figure 1- FTIR spectrum of GO.
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Figure 3- FTIR spectrum of GO/CS nanocomposite.
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XRD patterns of GO, CS, and GO/CS nanocomposites are shown in Figure 4. XRD of GO

( Figure 4A) shows a strong peak at 20=10.49°, which corresponds to (001) plane diffraction
of GO, which has a d-spacing of 8.42 A°, as estimated by Braggs equation [23]:

nA = 2dsin0 (3)
Where, 0 is the beam diffraction angel with respect to the crystalline plane, n is integer
number, A is the wave length of X-Ray incident beam and d is distance between the entire
structural planes. The average particle sizes were estimated using Scherrer equation [24]:

=KX/ Dcosb 4)
Where, K is the Scherrer constant which depends on the shape of the peak, A represents the
wavelength of X-ray incident beam, D is the size of the crystal structure, and 6 represents the
Bragg’s angle.
Figure 4B shows XRD pattern of CS sample, the characteristic peaks of CS are located at 20
=12.3° and 20.2°, which are assigned to JCPDS card No. 039-1894 [25]. Furthermore, two
peaks were produced at 26=12.17° and 22.05° after synthesizing GO with CS. XRD patterns
of GO/CS ( Figure 4C) are slightly different from those of CS, which indicates that GO
nanosheets were distributed uniformly within CS polymer. The absence of the typical GO
peak ( 20=10.49°), indicates that the majority of GO reacted with CS. The amine groups of CS
reacted with the carbonyl and epoxyl groups of GO, and thus may have influenced on the
layered structure and crystallization property [26].
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Figure 4- XRD patterns of A) GO, B) CS, C) GO/CS.

Table 1 shows the XRD parameters for GO, CS, and GO/CS which were obtained using
Braggs and Scherrer equations (3) and (4).
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Table 1- XRD parameters for GO, CS, and GO/CS.

Samples 20 (Deg.) I(:g(\;/ ;)M dria Exp.(A°) C.S(nm) | hkl No of layers
GO 10.490 0.742 8.4264 10.752 (001) 13
12.376 2.561 7.1462 3.120 (111) 4
CS 20.264 6.454 4.3788 1.250 (200)
12.171 1.9464 7.2661 4.105 (002) 6
GOJ/CS 22.057 6.966 4.0267 1.162 (101) 3

3.2. Effect of pH
The pH of the solution had an effect on the electrical charge of the adsorbent surface as

well as the ionic forms of the adsorbate molecule. As a result, as the acidity decreases, the
adsorption of Cu (1) increases, since the hydrogen ion competes with the Cu (I1) molecule in
acid medium, and as the number of hydrogen ions decreases, more adsorption sites become
available to adsorb Cu (1) [27]. The optimal pH, as shown in Figure 5, is 6. Adsorption
studies could not be performed at pH values greater than 6 due to Cu(OH), precipitation.

100 +

80 -

%Removal
e))
o
1

2 0 T T T T T 1

Figure 5- Effect of pH on percentage removal of 5x10™ mol/L initial concentration of Cu (I1)
at 298K.

3.3. Effect of adsorbent weight

The effect of different GO/CS weights on Cu (I1) percentage removal at a contact time of
75 min was investigated by varying the GO/CS weight in 50 ml of 1x10™ mol/L copper
solution from 0.05g to 0.25g. Figure 6 shows increased percentage removal as GO/CS weight
increases, Since increasing the GO/CS weight results in a greater number of adsorbent sites,
more surface area means a greater number of adsorbent sites [28].
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Figure 6- Effect of adsorbent weight on percentage removal of 1x10° mol/L initial
concentration of Cu (1) at 298 K.

3.4. Effect of initial concentration

To demonstrate the effect of the initial copper concentration, different concentrations
(5x107%, 1x107%, 5x1073, 1x10°, 5x10* and 1x10™* ) mol/L were used at 298K, adsorbent
weight (0.1 g ), and shaking period 75 min. Figure 7 shows that when the initial copper
concentration increased, the removal efficiency is also increased. At a low concentration, the
ratio of number of active sites that available per unit copper concentration was a small may be
due to increased competition for active sites [29]. Thus, the adsorption became independent of
initial concentration. As the initial copper concentration rises, so do the interaction forces,
which are critical for overcoming the resistance to mass transfer between copper and the
GOI/CS [30]. After that, as the initial copper concentration increased, most of the active sites
became occupied, resulting in a slight increase in removal efficiency.
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Figure 7- Effect of initial concentration on percentage removal of Cu (1) at 298K.
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3.5. Effect of contact time

The effect of contact time between the GO/CS and copper on the removal percentage was
determined at 5x10™ mol/L initial copper concentration, 0.1g adsorbent weight, and 298K.
Figure 8 shows the removal percentage increasing with time, and after 75 minutes, the amount
of copper adsorbed on the adsorbent is equal to the amount of copper desorbed from the
adsorbent.
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Figure 8- Effect of contact time on percentage removal of 5x10™* mol/L Cu (I1) at 298K.
3.6. Equilibrium isotherm

The isotherm of adsorption describes the relation between the number of copper molecules
adsorbed by adsorbent mass and their balance at a constant temperature. Adsorption isotherms
are a must-have for any adsorption system's design. The isotherms were studied using 50 ml
of copper solution with different concentrations (5x107%, 1x107, 5x10, 1x107, 5x10™ and
1x10™) mol/L at different temperatures (298, 308, 318 and 328) K. In this study, the well-
known equilibrium model by Langmuir and Freundlich is used. The Langmuir model predicts
a homogeneous distribution of adsorbate on the adsorbent's surface, as well as an
energetically similar monolayer or single layer of adsorption sites, with no interaction
between adsorbed ions even at adjacent sites [31]. Freundlich isotherm model expression
defines surface heterogeneity as well as the exponential distribution of active sites and active
site energies [32]. The linear form of Langmuir equation and separation factor are given by
following equations [31]:

Ce Ce 1
Co_ Co 5
de dm Kiqm ( )

Ry = 1+K1Co (6)

Where, C. is equilibrium concentration of adsorbate (mol/L), ge is the amount of adsorbed at
equilibrium time (mol/g), K. is Langmuir isotherm constant (L/mol), and g, is the maximum
adsorption capacity (mol/g). The slope and intercept of the plot between C¢/ge versus Ce will
give gm and K respectively as shown in Figure 9. These results were similar to those obtained
by Belbachir and Makhoukhi [33]. And the value of Langmuir constants K. and C, initial
copper concentration are submitted in Equation (4) to calculate the separation constant R the
value was found in favorable range (O<R_<1) this indicate favorable adsorption of copper
onto GO/CS.

The Freundlich adsorption isotherm model is represented as follows [34]:
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logq. = logKr + %logCe (7)
Where, Qe is the amount of adsorbed at equilibrium time (mol/g), Ce is equilibrium
concentration of adsorbate (mol/L), Kg the adsorption capacity constant (mol/g),1/n the
adsorption intensity of the adsorbate towards the adsorbent or heterogeneity. The slope and
intercept of the plot between log g versus log Ce will give 1/n and K¢ respectively as shown
in Fiqure 10. When 1/n = 1, the partition between the two phases is concentration
independent. When the value of 1/n is less than one, this indicates (a normal adsorption).
When 1/n values are greater than one, this indicates (a cooperative adsorption) [35,36]. The
data in Table 2 show the adsorption of copper on GO/CS follows the Freundlich model ( R?

=0.930).
Table 2- Isotherms constants and correlation coefficient
Temp. Langmuir isotherm Freundlich isotherm
(K) K. ( L/mol) am (Mol/g) R Ke ( mol/g) 1/n R?
298 3903.2 148x10° 0.833 16557.6 1.740 0.929
308 6060.6 103x10° 0.913 61235.0 1.827 0.889
318 6756.7 106x10° 0.908 58076.4 1.820 0.889
328 9881.4 112x10° 0.707 346736.8 1.898 0.930
0.25 -
©298 K
0.2 -
W 308K
— 318K
< 0.15 -
= X 328 K
(]
g
o 0.1 4
(@)
0.05 -
L g
0 T T T 1

0 0.00005 0.0001 0.00015 0.0002 0.00025 0.0003 0.00035

Ce (mol/L)

Figure 9- Langmuir adsorption isotherm of Cu (11) onto GO/CS.
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Figure 10- Freundlich adsorption isotherm of Cu (I1) onto GO/CS.

3.7. Adsorption Kinetics

Kinetics of Adsorption and Adsorption process control mechanisms are noted and essential
to designating the time and rate of adsorption in order to enhance the understanding of the
adsorption process [31,37]. There are few adsorption kinetic models such as pseudo-first
order and pseudo-second order. The linear form of pseudo-first order is expressed as follows
[38]:

log(qe — q0) = log qe — 7=t (®)
Where, k; is the rate constant of the pseudo-first-order adsorption model (min™) ge and q; is
the amount of adsorbed (mol/g) at equilibrium and at the time t (min). The slope and
intercept of the plot between log (ge-0;) versus t will give k; and ge respectively as shown in
Fiqure 11. A pseudo-second order equation can be presented in a linear form as follows [39]:
t 1 t
« ol ®)
Where, k3 is the equilibrium rate constant of pseudo-second order (g/mol min). The slope and
intercept of the plot between t/g; versus t will give g and k, respectively. The following
equation relates the initial adsorption rate h, at different initial concentrations [40]:
ho = kaq (10)
The comparison of kinetic constants and correlation coefficients of kinetic models shows that
the pseudo-second order model fits better, as shown in Table 3.
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Figure 11- Pseudo-first order of Cu(ll) onto GO/CS at 298K.
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Figure 12- Pseudo-second order of Cu(ll) onto GO/CS at 298K.
Table 3- Kinetic results of 5x10™ Cu(ll) on GO/CS at 298K.

Chem, Pseudo-first order Pseudo-second order
(mol/g) ki (min™) | Qeca (Mol/g) R’ K, (g/mol.min) Qe .cat (MOI/Q) R’
231x10° 0.043 55x10° 0.960 1939.9 235x10° 0.999
3.8. Thermodynamic studies
Thermodynamic parameters are calculated by following equations [40]:
_ Cads _ Co—Ce __ & _
K, = . = o T 1 (1)
AG° = —RTInK, (12)
AS®  AH°
lTlKC = T — RT (13)

Where, C, the original copper concentration (mol/L), K. equilibrium constant, C, remaining
concentration in solution at equilibrium (mol/L) and C,4s concentration of adsorbed copper
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(mol/L). AG® The change in the Gibbes free energy, AS° the entropy and AH® enthalpy. T(K)
solution absolute temperature and R gas constant ( 8.314 J.mol™.K™ ). The AG® has a negative
value , meaning that the adsorption of copper onto GO/CS was spontaneous, and the slope
and intercept of the van't Hoff plot (Figurel3) are used to calculate AH® and AS°. Table 4
summarizes the thermodynamic results, which show that a positive entropy value indicates an
increase in randomness and a positive enthalpy value indicates that the adsorption reaction
was endothermic.

4 -

3.5 -

In k.

2 T T T T 1
0.0029 0.003 0.0031 0.0032 0.0033 0.0034

1/T(K*)

Figure 13- Van’t Hoff plot of Cu(II) onto GO/CS.
Table 4- Values of thermodynamic parameters for the adsorption of Cu(Il) onto GO/CS.

T(K) AG?® (k3/mol) AH® (kJ/mol) AS® (J/mol.K)
298 -6.187

308 -7.330

318 -7.784 +25.075 +0.103
328 -9.476

4. Conclusions

A graphene oxide/chitosan nanocomposite was synthesized and used to remove copper
from industrial wastewater. To describe adsorption isotherms, the Langmuir and Freundlich
models were used, with the Freundlich model providing the best fit for equilibrium data.

Thermodynamic experiments indicate that the adsorption process endothermic and

spontaneous.
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