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Abstract
Release of dye-containing wastewater into ecosystems has posed serious risks to the

environment and aquatic life because of toxicity and adverse effects on the water bodies.
Malachite green is a basic dye that has very wide industrial applications, especially in the
aquaculture industry. This study was carried out in order to remove the malachite green from
aqueous solutions by thiolated graphene oxide in batch system. In the present work, the effects
of experimental parameters such as adsorbent dosage, solution pH, initial dye concentration,
thermodynamics and adsorption mechanism were comprehensively studied in batch system. In
order to characterize the physical and chemical properties of the synthetized nanostructure and
also to confirm the functionalization steps, different analyses including SEM and FT-IR were
used. Batch studies showed that the experimental data fitted logically to applied isotherms,
namely Langmuir (R’=0.991) and Freundlich (R*=0.983) models. Kinetic calculations
confirmed that malachite green adsorption was described more accurately by pseudo-second
order model compared to the pseudo-first order model. The study showed that thiolated
graphene oxide is an effective adsorbent for malachite green removal from aqueous solution.
Under controlled reaction conditions, Gibbs free energy (AG) varied from -1.46 to -3.25 kJ/mol,
besides, the resulting AH® and AS® values were obtained 0.059 kJ/mol and 15.67 kJ/mol.K,
respectively. So, it can be considered that the adsorption of malachite green onto the thiolated
graphene oxide nanostructure is a physico-chemical and spontaneous process.

Keywords: Graphene Oxide, Malachite Green, Thiol Functional Group, Isotherm Models,
Adsorption kinetics, Thermodynamics.
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1. Introduction

The damages caused by industrial activities and
technological advances are increasing and high
remediation costs are needed. One of the problems of the
twenty-first century that threatens the future of human
life on this planet is the water scarcity problem. In the
last decade, especially in the late twentieth century,
water has been the focus of international debates
(Salman, 2018). Pollution of aquatic ecosystems by
dyeing wastewaters is one of the major environmental
problems of the present century (Contreras et al., 2012).

Coloring wastewater produced by various industries
including textile, paper, rubber and plastic. If these
wastewaters are discharged to the environment they can
cause significant environmental problems (Sadeghi-
Kiakhani et al., 2013). Since dyes contain a complex
aromatic molecular structure, they are important sources
of water pollution due to their stability, visibility and
resistance to biodegradability. The toxic effects of dyes
on living cells occur when they selectively react with
biomolecules  such as  glutathione,  cysteine,
homocysteine resulting in disruption of protein
synthesis, disruption of enzyme activity and dysfunction
(Srivastava et al., 2004).

Pigments cause many health problems, including skin
allergy, skin irritation, cancer and genetic mutation
(Gomez et al., 2007). Green malachite dye is one of the
cationic dyes that is widely used in dyeing wool, silk,
yarn, leather, paper and acrylic. Green malachite with
the chemical formula C,3H,sCIN, is one of the most
effective products in the control of foreign fungi and
protozoa infecting fish. The use of green malachite
causes direct damages such as carcinogenicity,
mutagenicity and reduced fertility and indirect damages
such as environmental problems and the natural cycles.
In the year 2000, the use of green malachite was
forbidden for eatable fish because the people who used it
were exposed to the effects of malachite such as
carcinogenesis and mutagenesis (Hameed and El-
Khaiary, 2008).

Malachite Green is an aniline colored by-product and
is known as an anomalous and fluctuating material.
Green malachite, alone or in combination with formalin,
is used as a fungus in monthly breeding (Raval et al.,
2017). It is dangerous for mammals in the concentration
of 0.1 pg/L (Panandiker et al., 1992). Colored
wastewater usually contains contaminants such as acids,
bases, soluble solids, toxic compounds and dyes that are
significant even in very small amounts and must be
removed prior to discharging the wastewater into the
water bodies (Kobya et al., 2006).

Various technologies are available for the removal
of malachite green dyes, including chemical
composition, coagulation, membrane separation, ion
exchange, photo oxidation, reverse osmosis and
adsorption process (Mohammadnia et al., 2019, Salamat

et al., 2019). Adsorption is a process by which
compounds in a solution are adsorbed onto an adsorbing
material. The adsorption process has a high efficiency
compared to other purification processes and is able to
eliminate higher concentrations with lower cost
(Tchobanoglous and Burton, 1991). Adsorbents such as
carbon nanotubes (Ghasemi et al., 2019), Magnetic core—
zeolitic shell (Padervand and Gholami, 2013), multiwall
carbon nanotubes (MWCNTSs) (Dehghani et al., 2015),
nanoparticles and nanocomposites (Sarkhosh et al.,
2016), BiOCl/AgCI-BiOI/Agl (Padervand et al., 2019)
and graphene nanostructures (Mohammadnia et al.,
2018) were used to remove various contaminants from
water and wastewater. Graphene oxide (GO) is a layer of
carbon atoms arranged with the SP® hybrid in a
honeycomb and two-dimensional crystalline lattice that
was first synthesized in 2004. Given the unique
geometrical structure of this material, graphene can be
expected to have remarkable physical and chemical
properties including: high Young's modulus, high
fracture toughness, excellent thermal and -electrical
conductivity, rapid mobility of loads, large surface area,
bioavailability and high compatibility (Liu et al., 2013).

On a graphene plate, each carbon atom has a free
bond off the plate. This bond is a suitable site for the
incorporation of some functional groups as well as
hydrogen atoms (Mohammadnia et al., 2019). The
presence of heavy oxygen, hydroxyl, epoxide and
carboxyl groups on graphene oxide plates provides a
wide surface that can be used to remove metals and
materials from wastewater (Han et al.,, 2012). The
disadvantages of natural graphene are its incompatibility
with organic polymers that cannot form a homogeneous
composite. But this problem can be solved by
functionalizing graphene layers. Graphene oxide has a
high ability to be functionalized and so many materials
are used for graphene functionalization such as iron,
silica and chitosan. According to the above mentioned
properties of graphene and its derivatives it can be
considered as an effective adsorbent to remove
substances from water (Wang et al., 2010). Therefore, in
this study, we tried to increase the adsorbent surface and
removal efficiency by using thiol functional groups, as
well as by magnetizing the adsorbent to provide
economical use of the adsorbent.

2. Materials and methods

2.1. Functionalizing of GO nanoparticles
2.1.1. GO/Fe;0, preparation
Graphene oxide was provided by the modified Hummer
method. The applied chemicals as potassium hydroxide,
sodium hydroxide, nitric acid (65%), acetic acid,
malachite green, FeCl,.4H,0O, FeCl;.6H,O, ammonia
solution and 3-Mercaptopropyltrimethoxysilane were
prepared from Merck.

Initially, 0.1 g of graphene, 1 g of FeCl,.4H,0 and
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2.37 g of FeCl;.6H,O were mixed in 140 ml of water.
The procedure was performed by adding 10 ml of 28%
ammonia solution at 60 °C for 60 min. The black
GO/Fe;0, nanoparticles were separated with an external
magnet, washed with water to neutral pH, and then dried
at room temperature for 24 h.

2.1.2. Preparation of GO/Fe;0,4-Si-Pr-SH

To prepare GO/Fe;04,-SH nanoparticles, 0.5 g of
GO/Fe;0, nanoparticles was added to 50 ml of toluene
containing 2 mmol of 3-Mercaptopropyltrimethoxysilane
and the resulting mixture was refluxed for 24 h at 60 °C.
The compound was then cooled to room temperature and
filtered by an external magnet, and the product was
washed with ethanol to remove any impurities and dried
at 50 °C for 12 h, resulting in a powder mixture
(Mohammadnia et al., 2019). FT-IR infrared
spectroscopy was used to investigate the functional
groups present in the adsorbent and SEM was used to
investigate the surface structure of the adsorbent. Fig. 1
shows the schematic of the functionalization process of
graphene nanoparticles.

2.2. Batch adsorption experiments
The removal of malachite green from aqueous solutions
in a batch system conducted in a 250 mL container with
a working volume of 100 mL. Initially, the malachite
green stock solution was prepared at a concentration of
500 mg/L, and the required different concentrations of
malachite green were prepared daily by dilution with
distilled water. To optimize the adsorption process,
initially, a certain dose of adsorbent (300, 500, 700 and
900 mg/L) was investigated under constant pH
conditions, initial dye concentration and ambient
temperature (25 °C). After determining the optimum
adsorbent, the pH of the solution was adjusted 4 to 8, by
adding 0.1 M HNO; and 0.1 M NaOH. Then, the effect
of the dye concentration on adsorption process was
investigated by changing the initial concentration of
malachite.

The equilibrium study was performed by sampling at
0 to 60 min intervals. To evaluate isotherm studies, 4
solutions were prepared at concentrations of 10, 20, 30
and 40 mg/L of malachite green at pH 7 and in a
constant dose of adsorbent (500mg/L). After 60 min
(equilibrium time) sampling was performed and
equilibrium concentration (C.) was measured. The
concentration of malachite green in solution was
determined by spectrophotometric method at 620 nm
(Salamat et al., 2019) and three replicates for each
sample. The calibration curve applied for malachite
green determination is as shown in Fig. 2. In every
experiment, adsorbent efficiency was measured in two
ways: equilibrium adsorption capacity (q.) in mg/g and
removal percentage (%R). g, and %R were calculated

according to the Eq. (1) and Eq. (2), respectively
(Hadavifar et al., 2016)

A%
e =737 Co-Co) M
%R =100xCo=Ce) @)
0
— qmbcc 3
e 1+ bec, )

F6C12.4H20,
F6C13 .6H20,
Ammonia 28%
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SH

Fig. 1. Schematic of the functionalization of

GO/Fe;04-Si-Pr-SH nanoparticles
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Fig. 2. The calibration curve for malachite green
determination

2.3. Evaluation of adsorption process in batch
system

The Langmuir and Freundlich isotherm models are
widely used to determine the interaction between
absorbed dye molecules and residual dye molecules in
the solution (Mohammadnia et al., 2018). The Langmuir
and Freundlich models are explained by Eq. (3) and Eq.
(4), respectively

q. =K, C" )

Where

d. is the adsorption capacity of the adsorbent in mg/L
and C. is the dye concentration in mg/L at equilibrium
time. The q,, is the maximum adsorption capacity of the
adsorbent in mg/g, and b a constant in L/mg.

Ky is a constant related to the adsorption capacity of
the adsorbent in mg/g.(L/mg)"" and # is a dimensionless
empirical constant presenting the intensity of adsorption.
In fact, the greater the value of n is, the better its
adsorption capacity (Hadavifar et al., 2016). The
nonlinear regression analysis of isotherm models was
done with SigmaPlot software (SigmaPlot 10.0, USA).
Dubinin-Radushkevich isotherm generally implies the
adsorption mechanism with Gaussian energy distribution
on a heterogeneous surface; its nonlinear form is
presented as Eq. (5)

q. =4, exp(-KE?) )

Where
E is adsorption energy (kJ/mol) that can be calculated by

1 s
E=RTLn(l1+—) or E=(2K) 2, K (molkJ)* is
CE
Dubinin-Radushkevich isotherm constant, R=8.314
J/mol/K is the gas universal constant and T (K) is
temperature.

2.4. Kinetic studies

To determine the adsorption kinetics of malachite onto
the prepared adsorbent, Pseudo-first-order and pseudo-
second-order kinetic models were used. The pseudo-
first-order linear form is shown in Eq. (6)
(Mohammadnia et al., 2019)

K
Lo - =Lo ——Ll 1t 6
g(q.-9q,) 8.~ 2303 (6)

The pseudo-second-order kinetics indicates chemical
absorption. This model was suggested by Ho in 1995 as
Eq. (7) (Ghasemi et al., 2019)

k.t
q = (M)
q.K,t+1

Where

qe (mg/g) and q; (mg/g) are the amount of adsorbed
material at the equilibrium time and time t, respectively.
k; (1/min) and k, (g/mg.min) are reaction rate constants
of pseudo-first-order and pseudo-second-order kinetic
models, respectively.

2.5. Thermodynamics

Other parameters affecting the adsorption rate are the
ambient temperature of the process. To investigate the
effect of temperature on the adsorption rate, the
adsorption process of malachite green at 15, 25, 35 and
45 °C was investigated. The temperature was adjusted by
incubator shaker. The other parameters were considered
as dye concentration of 10 mg/L, 500 mg/L adsorbent
dose and pH=7. Investigation of thermodynamic
parameters requires determination of temperature
distribution coefficient K. This coefficient is calculated
from Eq. (8)

C,-C, Xl ®)
C, W

V (L) is working volume and W (g) is adsorbent weight.

Other thermodynamic parameters of Gibbs free energy

(AG®), enthalpy (AH°) and entropy (AS°) were

determined by Eq. (9) and Eq. (10) (Farghali et al., 2013)

K, =

LnK, :%x% )
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AG=AH-TA (10)

Where

R=8.314 J/mol/K is gas universal constant and T (K) is
temperature. AH® (J/mol) and AS® (J/mol/K) are
respectively equal to slope and y-intercept of Van’t Hoff
fitted graph (LnKd vs. 1/T).

3. Results and Discussion

3.1. Physical and chemical properties of the
functionalized GO

3.1.1. FT-IR spectroscopy

According to Fig. 3 the identification of the functional
groups in raw and functionalized graphene oxide by FT-
IR spectra was performed in the wavelength range of
400-4000 cm™. In FT-IR spectra, as can be seen, the
peak at the 582 cm™ region is related to stretching bond
of Fe-O and confirms the presence of Fe;O4 in the
synthesized adsorbent. These peaks usually appear
below 700 cm™ and are attributed to changes in oxygen
and iron bonding at the positions of their atomic sites
(Santos et al., 2016, Mohammadnia et al., 2019).

In the graphene oxide spectrum before and after the
functionalization, the peak at 1047.32 cm™ is related to
C-O adsorption zone (ester groups) and the peak at
3419.47 cm™ is related to tensile vibrations of O-H bond
(hydroxyl group) (Heidarpour et al., 2020), the width
and the asymmetry of this peak indicate strong hydrogen
bonds. The adsorption of C-H bond (alkanes group)
occurs at 2974.47 cm™. In the GO, the peak at 1729.75
cm’ is related to the tensile bond of C=0 and 1625.66
cm’ is related to the C=C bond (Pavia et al., 2008). The
peak in the thiol-coated graphene oxide in the region of
2626.32 cm™ is most likely related to the S-H bond
vibration (Li et al., 2015). Comparison of the three
spectra showed the successful functionalization of the
adsorbent.

Fe304

Trancmittance (%)

4000 I 35‘00 I 30‘00 I ZSIOO I 20‘00 I 15‘00 I 10‘00 I 5(‘)0
Wavenumber (cm™)

Fig. 3. FTIR spectra of GO, GO/Fe;0,4, GO/Fe;04-Si-Pr-SH

nanoparticles

3.1.2. SEM observations

The image of the scanning electron microscope (SEM)
analysis for the synthesized adsorbent (GO/Fe;O4-Si-Pr-
SH) is shown in Fig. 4. In principle, scanning electron
microscopy images are used to study any disruption in
the nanoparticle structure of bulk samples at or near the
surface. The results of scanning electron microscopy
show that the magnetic iron oxide particles have a good
distribution on the graphene oxide plates. As shown in
Fig. 4, the lighter phases are related to the magnetic
nanoparticles and the darker phases to the carbon
particles, which is due to the atomic number difference
as the heavier phases have more electron reversibility
(Hadavifar et al., 2016, Koju et al., 2018, Mohammadnia
etal., 2019).

Fig. 4. SEM image of GO/Fe;0,4-Si-Pr-SH nanoparticles

3.2. Malachite green adsorption in batch system
3.2.1. The effect of adsorbent dosage

Various amounts of adsorbent (0.02 to 0.09 g/L) under
ambient temperature, initial concentration of 10 mg/L,
pH 7 and contact time of 60 min were used to evaluate
the adsorbent concentration. According to Fig. 5, by
increasing the adsorbent dose from 0.02 to 0.09 g/L, the
removal percentage of malachite green was increased to

14 o0

1, (mg/g)
Remaval (%)

I'I.:': 'l.l'u ﬂ.lll-t ﬂ.lll.‘ Ilillﬁ Ii.:l- II.:M ﬂ.ll‘} o
Adbsarbent dose (g/1)

Fig. 5. Effect of adsorbent dosage on malachite green
adsorption by GO/Fe;0,4-Si-Pr-SH nanoparticles
(malachite green initial concentration: 10 mg/L,

equilibrium time: 60 min and pH=7)
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85% and the equilibrium adsorption capacity was
reduced.

An increase in the percentage of malachite green
removal can be due to the presence of free adsorption
sites and an increase in the adsorbent surface (Dehghani
et al., 2015). By increasing the adsorbent dose, it is
possible to bond malachite cations with the negative
charges on the adsorbent surface more closely.
Increasing the number of these collisions between the
adsorbate molecules and the adsorbent surface increases
the adsorption of malachite from the aqueous solution
and increases the adsorption efficiency (Porkodi and
Kumar, 2007). On the other hand, increasing the
adsorbent dose increases the free functional groups that
do not bond to malachite green and, as a result, the
adsorption capacity decreases.

3.2.2. The influence of pH on the adsorption process
The pH of solution plays an important role in the
adsorption process affecting on other factors such as
adsorbent surface charge, ionization of functional groups
presenting on the active site of the adsorbent surface
(Ribeiro et al., 2012). The aqueous solution pH is one of
the most important control parameters of the adsorption
process, because the bonding of cations to the surface
groups is strongly dependent on the surface charge of the
particles (Ngomsik et al., 2012). According to Fig. 6,
with increase in the pH, the removal rate of malachite
green increased to pH 7, achieving a higher removal
value of 73%.

In fact, at higher pH, the adsorbent surface may be
more negatively charged (due to OH™ ions) which
increases the electrostatic scattering between the dye
cations and the adsorbent surface (Srivastava et al.,
2004). At acidic pH, the number of H' ions increases in
the media and competes with malachite green dye as a
cationic dye. This can reduce the adsorption of malachite
green (Mall et al, 2005). On the other hand, with

Removal (%)

3 4 5 3 7 B 9

nH

Fig. 6. Effect of pH on malachite green adsorption onto
GO/Fe;04-Si-Pr-SH nanoparticles (malachite green initial
concentration: 10 mg/L, adsorbent dosage: 0.05 g/L,
equilibrium time: 60 min)

increasing the pH from 4 to 7, the competition between
H' ions and cationic ions of malachite green decreases
and malachite green mainly occupies adsorbent sites.
Studies have shown that at higher pH values, malachite
discoloration increases due to the reaction of its double
bonds with OH  (Chen and Elimelech, 2008, Lu et al.,
2009). So, experiments were performed at optimum pH
of 7 to prevent the hydrolysis of malachite green dye.

3.2.3. The effect of concentration on the adsorption
process

The concentration of adsorbate is one of the factors
affecting on the adsorption process. According to Fig. 7,
the highest percentage removal was obtained at 10 mg/L
and the lowest at 40 mg/L of malachite green
concentrations.

Removal (%)

0 1 0 3o 40 50

Dye concentration (mg/L)

Fig. 7. Effect of initial concentration on malachite green
adsorption onto GO/Fe;04-Si-Pr-SH nanoparticles (adsorbent
dosage: 0.01 g/L, equilibrium time: 60 min and pH=7)

The decrease in the adsorption percentage with
increasing concentration may be attributed to the
constant number of active sites on the adsorbent
compared to increasing adsorbate molecules (Han et al.,
2007, Hadavifar et al., 2014). On the other hand, by
increasing the initial dye concentration, it is possible that
the repulsive force between adsorbate molecules occurs,
preventing them from bonding to the adsorbent surface
(Crini and Badot, 2008).

3.2.4. Effect of contact time on the adsorption process
The adsorption of malachite green was performed for
120 min and sampling was done at 10, 20, 30, 40, 60, 80,
100 and 120 minute intervals to investigate the
adsorption process over time. Fig. 8 illustrates the effect
of time on the adsorption process under constant
conditions (pH=7, adsorbent dose 0.03 g/L and dye
concentration of 10 mg/L).
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Fig. 8. Effect of contact time on malachite green adsorption
onto GO/Fe;0,4-Si-Pr-SH (adsorbent dosage: 0.05 g/L,
malachite green initial concentration: 10 mg/L,
equilibrium time: 120 min and pH=7)

As can be seen, the highest removal occurred in the
first 10 min and then the adsorption increased slowly
until reaching equilibrium in 60 min and then decreased
due to desorption. Over time, the active sites were
gradually occupied on the adsorbent surface leading to
the desorption of malachite green from the adsorbent
surface, so the adsorption removal was reduced (Shirsath
and Shirivastava, 2015). However, changing the solution
pH over time may be effective on the desorption process.

3.2.5. Adsorption isotherm
The adsorption isotherms explain how the adsorbed
materials interact with the adsorbent providing a
comprehensive understanding of the nature of the
adsorption process (Dehghani et al, 2015). The
adsorption isotherms indicate the relationship between
the amount of adsorbed molecules at the constant
temperature and equilibrium concentration in the
solution. As a single operation, physico-chemical
adsorption trend was also determined using obtained
data from these isotherm models to evaluate the
applicability of the adsorption process (Lim et al., 2018).
To obtain information about the absorption trend, the
data were fitted to three Langmuir, Freundlich and
Dubinin-Radushkevich isotherm models. According to
the Fig. 9 and correlation coefficient values presented in
Table 1, it is clear that in all three Langmuir (R* =
0.991), Freundlich (R* = 0.983) and Dubinin-
Radushkevich models (R* = 0.96) the obtained R* values
logically describe the goodness of fitting trend.
According to the obtained results, in Langmuir model
the adsorption process occurred uniformly and on a
homogeneous surface as an adsorption monolayer
without adsorbed molecules interaction. The b parameter
(mg/L) is the equilibrium constant which refers to the
bond formation energy of the adsorption process, which

35 q

30 4 —n
aott
25 } =
o f -
B
= 20 .
] 0
-b
= 15
B . Experimental
= / ’_. ——— — Langmuir
/ ; ———————  Freundlich
: seseseessssss Dubinin-Radushkevich
g il
o = T T Y '
5 1 4 6 [ 1 1z
C 'l, {mg/L)

Fig. 9. Adsorption isotherm of malachite green onto
GO/Fe;04-Si-Pr-SH at initial concentration of 10 to
50 mg/L, adsorbent dose of 0.05 g/L, pH 7 and
temperature of 25 °C for 60 min

indicates the adsorption desirability, and its value was
0.26 for malachite green indicating a relatively strong
bond with the adsorbent surface. In Freundlich model it
is assumed that the multilayer adsorption occurs with a
non-uniform energy distribution of the adsorption sites
as well as with the interference of adsorbed ions (Sag
and Aktay, 2001). The parameters of K¢ and n are the
constants of this model which reflect the absorption
capacity and intensity, respectively (Vazquez et al,
2002). Values of 1/n between 0 and 1 indicate the
heterogeneity of the adsorbent. Obtained K¢ value was
10.06 mg/g.(L/mg)"™ for malachite green and 0.47 for
1/n, indicating that the adsorption capacity and
heterogeneity of the adsorbent are favorable (Shirsath
and Shirivastava, 2015). The Dubinin-Radushkevich
model generally refers to the expression of the
adsorption mechanism by the Gaussian energy
distribution on a heterogencous surface. Where
parameter E (kJ/mol) represents the average absorption
energy indicating the type of adsorption; this value for
malachite green was 0.04 kJ/mol.

3.2.6. Adsorption kinetics
In order to investigate the factors affecting the reaction
rate, it is necessary to study the process kinetics.
Therefore, in the present study, pseudo-first-order and
pseudo-second-order kinetic models for malachite green
adsorption were investigated. Since the data did not
match logically, the pseudo-first-order results have not
been shown. According to Table 2, the parameters of the
pseudo-second-order model and its correlation
coefficients showed that the pseudo-second-order kinetic
equation provides a good fitness of the data (Fig. 10).
The pseudo-first-order equation describes the
adsorption in solid-solution systems based on the solids
adsorption capacity, while the pseudo-second-order

Journal of Water and Wastewater
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Table 1. Langmuir, Freundlich and Dubinin—Radushkevich parameters for adsorption
of malachite green onto GO/Fe;0,-Si-Pr-SH

Langmuir Freundlich Dubinin—Radushkevich
Jm(mg/g) b (Img) R’ K¢ 1/n R’ qm(mg/g) E (kj/mol) R’
40.5 0.26 0.991 10.06 0. 47 0.983 6.38 0.04 0.96
Table 2. Kinetic adsorption parameters obtained using pseudo-second-order models
Malachite green conc. (mg/L) q Pseudo-second-order
1 o e.exp* .
’ K, (g/mg.min) qe2» (mg/g) R’
10 4.7 0.02892 5.06 0.997
20 15.68 0.00550 13.47 0.996
30 25.23 0.00184 23.31 0.995
40 29.36 0.00064 39.37 0.996
Table 3. Thermodynamic parameters of malachite green adsorption onto GO/Fe;04-Si-Pr-SH
ASe (kJ/mol.K)  AHe (kJ/mol) Temperature (K) 288 298 308 318 R’
15.67 0.059 AGe (kJ/mol) -1.46 -2.06 -2.66 -3.25 091
- saturation of active sites adsorbed by malachite green
® Der molecules (Srivastava et al., 2008). These results
1 x> mo indicate that the process of removal of malachite green

0" - T
o n 0 30 40 S0 0 T0

Time (min)

Fig. 10. Pseudo-second-order of malachite green adsorption
onto GO/Fe;0,-Si-Pr-SH

equation is used to analyze the chemical kinetics of
liquid solutions (Porkodi and Kumar, 2007). This
equation shows that the chemical adsorption is the
deceleration step of the adsorption rate. In this model,
the adsorption process is due to the physical and
chemical interactions between the two solid and soluble
phases (Vazquez et al., 2002). The best adsorption model
was obtained from the experimental data based on the R?
correlation coefficient and comparing the q values. The
pseudo-second-order model with R? value of 0.99 and
also the similarity of the adsorption capacity obtained
from this model with the adsorption capacity obtained
from the experimental calculations showed that it was in
good agreement.

On the other hand, by increasing the concentration
from 10 to 50 mg/L, the graph slopes are reduced and
constant values of the pseudo-second order equation (K)
are decreasing throughout the process, indicating a rapid

Journal of Water and Wastewater

follows the pseudo-second-order kinetics and according
to a good fitness by the Langmuir isothermal model it
can be concluded that the adsorption process was
monolayer and a dominant and controlling mechanism in
the adsorption process was chemical adsorption.

3.2.7. Effect of
thermodynamics
In order to study the effect of temperature on the
adsorption of malachite green onto the graphene oxide
nanoparticles, thermodynamic studies were conducted at
adsorbent dose of 0.03 g/L, pH 7, initial dye
concentration of 10 mg/L and four different temperatures
of 20, 30 ,40 and 15 °C. According to the results, the
obtained AG values show the influence of temperature
on the adsorption process of malachite onto grapheme
oxide nanoparticles surface by Ln K,y linear diagram
against 1/T as shown in Fig. 11. Also, the obtained
thermodynamic  parameters and their calculated
correlation coefficients are given in Table 3. Under
constant reaction conditions, Gibbs free energy (AG)
varied from -1.46 to -3.25 kJ/mol, and the resulting AH®
and AS° values were obtained 0.059 kJ/mol and 15.67
kJ/mol.K, respectively. Positive values of AH® as well as
the increasing trend of Ky with increasing temperature
indicate that the adsorption of malachite green on the
surface of thiolated graphene oxide nanoparticles is
endothermic. In endothermic reactions, if the
temperature is increased, the amount of TAS® (favorable
factor) also is increased and TAS® acts as a favorable
reaction agent. This means that as the temperature

temperature and adsorption
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Fig. 11. Plots of Ln K, versus /T for malachite green
adsorption onto GO/Fe;04-Si-Pr-SH (adsorbent dose
0f 0.05 g/L, pH 7.0 and initial malachite green
concentration of 10 mg/L)

increases, the adsorption rate also increases (Ghasemi et
al., 2019). This enhanced temperature provides the
energy needed for dehydration of dye molecules and the
breakage of hydrogen bonds between the water
molecules and the adsorbent surface leading to increase
in surface active sites (Shahbazi et al., 2013). Molecules
adsorption on a smaller than the chemical reactions that
are very specific. The value of AGe in physical
temperature data of the model showed that both
monolayer adsorption, which represents chemical
adsorption, and multilayer adsorption, which reflects a
physical adsorption, occurred during this process. From
this perspective, it can be assumed that the adsorption of
absorption varies between 0 and -20 kJ/mol. However, in
chemical and physical absorption this rate varies
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