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Abstract—Biopolymers, such as Carboxyl methylcellulose (CMC) and Guar gum (GG), have attracted much atten-
tion. Herein, binary organic composite (Carboxyl methyl cellulose - Guar gum) and ternary inorganic-organic eco-
friendly bionanocomposite (Copper oxide - Carboxyl methyl cellulose - Guar gum) with different wt% of CuO (1%,
3%, and 5% denoted as CMC/GG/CuO-1, CMC/GG/CuO-3, and CMC/GG/CuO-5) were prepared. The CMC, GG,
CuO, CMC/GG, CMC/GG/CuO-1, CMC/GG/CuO-3, and CMC/GG/CuO-5 were characterized by XRD, FTIR, SEM,
and EDX and used to remove malachite green (MG) dye from water. The effect of operational parameters on the
adsorption process was investigated in detail. The maximum dye capacity was 18.5 mg/g. The isotherm data showed
the Freundlich isotherm, which indicated the non-uniformity of adsorption on the adsorbent surface. Pollutant removal
followed the pseudo-second-order kinetics. Also, the thermodynamic study presented that adsorption was sponta-

neous and endothermic.

Keywords: Eco-friendly Bionanocomposite, Binary Organic Composite, Ternary Inorganic-organic Composite, Malachite

Green, Dye Removal

INTRODUCTION

Industrialization and population growth of the world has dou-
bled the pressure on existing resources due to the limited resources
of fresh and drinking water [1]. A wide range of compounds, in-
cluding dyes, insecticides, petroleum products, paper, leather, plas-
tics and rubber, detergents, oils, pharmaceutical, and personal care
products compounds, exist in water sources [2]. Dyes have been
widely considered and used in today's advanced industries and tech-
nologies. They cause many environmental problems due to the for-
mation of strong, toxic, carcinogenic, mutagenic, and non-biode-
gradable species [3,4]. Organic dyes are chemically stable and can
appear as anionic, cationic, or non-ionic due to their complex aro-
matic structures [5]. Malachite green (MG) is a cationic dye that is
widely utilized in different industries, including leather, silk, cotton,
wool, and paper. The discharge of organic dyes in aquatic ecosys-
tems adversely affects aquatic species [6,7]. They reduce the pene-
tration of sunlight and affect the photosynthetic activities of aquatic
animals [8]. Therefore, an effective, efficient, and economical pro-
cess to reduce the concentration of organic pollutants before release
into the aquatic environment is needed [9,10]. For this purpose,
conventional physical and physicochemical methods, including
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adsorption, biological oxidation, ultrafiltration, membrane, photo-
catalysis, ion exchange, and chemical coagulation, have been uti-
lized to separate and eliminate pollutants from effluents [11-14].
Among the mentioned methods, the adsorption process is one of
the most common procedures due to its high efficiency, economy,
and simplicity of work [15]. Many researchers focus on using adsor-
bents based on nanomaterials (copper oxide, graphene oxide, etc.)
with biodegradable polymer compounds with high adsorption capac-
ity and low cost, including chitin, alginate, guar gum, and carboxy-
methylcellulose [16-19].

Cellulose is a linear polymer with high molecular weight that is
natural, renewable, and biodegradable with high crystallinity and
strong intramolecular hydrogen bonding that is not soluble in most
organic solvents [20,21]. The conversion of cellulose to its deriva-
tives such as carboxymethylcellulose (CMC) based on the William-
son ether reaction is a way to increase the efficiency of cellulose
[22,23]. CMC with long chain, anionic and water-soluble proper-
ties was first produced from linear polysaccharide biopolymers in
1918 [24,25]. It has been considered as an alternative to synthetic
polymers due to its cheapness, non-toxicity, production of transpar-
ent films, high viscosity, biodegradable and biocompatible. CMC
has a variety of applications in various fields including textiles, paper,
food, detergents, cosmetics, and pharmaceutical industries [23,26)].

Guar gum (GQG) is cheap, non-toxic, biodegradable, and prone
to microbial degradation of natural polysaccharides that have shown
the ability to effectively adsorb various pollutants. GG is known as
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Gavar, Guwar, bean Guyan, Guaran, Glucotard, Cuarina, Cyamop-
sis, Cluster bean powdered endosperm of Cyamopsis tetragonolo-
bus seeds [27,28]. Chemically, GG is a natural non-ionic complex
polysaccharide composed of the sugars galactose and mannose [29,
30]. It is a substance with effective and unique properties, includ-
ing film-forming, viscous and concentration-enhancing agent, adhe-
sive agent, gelling, and even wound healing agent. GG is also used
in various industries, including food, textile, paint and coating,
agriculture, pharmaceutical, and personal care products [31,32].
Metal oxides are used to improve or develop the functional prop-
erties of polymers. Copper oxide (CuO) nanoparticles have signifi-
cant antimicrobial performance and semiconductor properties due
to their specific and unique crystal structure. They are widely used
for various applications in fields such as magnetic storage devices,
catalysts, ceramics, thermal sensors, and superconducting materials.
Adsorption of dyes by different adsorbents including CMC/g-
G;N,/ZnO [33], CGOA [34], CA [35], CGAs [36], and CMC/
GOCOOH [37] was carried out. A literature review indicated that
ternary inorganic-organic eco-friendly bionanocomposite (Carboxyl
methylcellulose (CMC) - Guar gum (GG) - Copper oxide (CuO))
with different wt% of CuO was not used to remove dye from water.
In the present study, inorganic-organic nanocomposite (CMC/GG/
CuO) with different wt% of CuO (1%, 3%, and 5% denoted as
CMC/GG/CuO-1, CMC/GG/Cu0O-3, and CMC/GG/CuO-5) were
prepared and used to remove malachite green (MG) dye. Import-
ant parameters such as adsorbent amount, temperature, pH, con-
tact time, and initial dye concentration on the removal efficiency
of contaminant from water were investigated. Also, adsorption iso-
therm, kinetic, and thermodynamic were investigated in detail.

EXPERIMENTAL

1. Materials

Copper oxide (CuO), Guar gum (GG), carboxymethylcellulose
(CMC), and Malachite green (MG) (Mw=364.9 g/mol, C,;H,;CIN,)
were procured from Sigma-Aldrich. The chemical structure of Mala-
chite green is illustrated in Fig. 1. Dilute HCl and NaOH were uti-
lized to regulate the pH of the pollutants solution.
2. Synthesis
2-1. CMC/GG Nanocomposite

1 g of CMC was added into 100 mL of deionized water at room
temperature under intense magnetic stirring for 1 h. Then 1 g GG
was added to the CMC solution. The resulting mixture was sub-
jected to intense stirring for 3 h for complete dissolution. The pre-
pared CMC/GG composite was dried at room temperature.
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Fig. 1. The chemical structure of malachite green.

2-2. CMC/GG/CuO Nanocomposite

To synthesize the biopolymer/nanoparticle nanocomposite, 1 g
of CMC was added to 100 mL of deionized water and subjected to
intense stirring for 1 h. Then 1g of GG was added to the above-
mentioned solution; different wt% of CuO (1, 3, and 5%) was gen-
tly added to the mixture containing CMC/GG. The resulting mix-
ture was continuously stirred vigorously for 3 h for complete and
uniform dissolution. The prepared CMC/GG/CuQO composites (with
different wt% of CuO including 1, 3, and 5% denoted as CMC/
GG/CuO-1, CMC/GG/CuO-3, and CMC/GG/CuO-5) were dried
at room temperature.
3. Characterization

The FT-IR (Perkin Elmer) was utilized to identify the functional
groups of biopolymers and the prepared nanocomposite materials
in the range of 450-4,000 cm™". X-ray diffraction (XRD) was used
to record the crystalline nature of the samples using an X-ray Dif-
fractometer. To investigate the morphology of materials, scanning
electron microscopy (SEM) (VEGA3) was utilized. The UV/Vis
spectrophotometer (Lambda-25 Perkin Elmer) was used to mea-
sure dye concentration.
4. Dye Adsorption

The adsorption experiments of malachite green dye in 100 mL
of solution were investigated using biopolymers and nanocompos-
ites as adsorbents. Dye solution with a specific initial concentration
(20 mg/L) was prepared and its pH was adjusted using HCI and
NaOH in the range of 3.5 to 6.5. Then, by adding 0.1 g of adsor-
bent to the solution, it was stirred for 90 min at ambient tem-
perature and sample solutions were taken at specified time intervals
for determining dye concentration by a spectrophotometer at the
maximum wavelength of dye (617 nm). The dye removal percent-
age and adsorption capacity (q: mg/g at time t and the adsorp-
tion capacity at equilibrium (q,)) were evaluated from Egs. (1), (2),
respectively:
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RESULTS AND DISCUSSION

1. Characterization
1-1. FTIR

To understand the chemical nature and identify the functional
groups of the materials used, FTIR analysis was performed. Fig. 2
shows the FTIR spectrum of CuO, GG, CMC, CMC/GG, CMC/
GG/CuO-1, CMC/GG/CuO-3 and CMC/GG/CuO-5 in the 4,000
to 450 cm™". For CuO nanoparticles, the characteristic bands ob-
served in 3,478, 3,390, and 1,624 cm™' can be related into symmet-
ric stretching vibrations of the O-H bond and asymmetric O-H
bond, bending vibration of O-H. Also, the peaks observed in the
vibrational state of the water molecule and the peaks of 613 and
502 cm™! are attached to the vibrational states of the Cu-O bond.
In the GG spectrum, the band at 3,413 cm ™" is related to the O-H
stretching vibrations and the band 2,915 cm™" is related to the C-H
stretching vibration. While the bands observed in 1,618, 1,418,
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Fig. 2. FTIR spectra (a) CMG; (b) GG; (c) CuO; (d) CMC/GG; (e)
CMC/GG/CuO-5; (f) CMC/GG/CuO-1; (g) CMC/GG/CuO-3.
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Fig. 3. XRD pattern (a) CuO; (b) GG; () CMGC; (d) CMC/GG:; (e)
CMC/GG/CuO-5; (f) CMC/GG/CuO-1; and (g) CMC/GG/
CuO-3.

and 1,055cm ™" are attached to the cyclic stretching of galactose
and mannose, the C-H bending vibration, and the O-H bending
vibration, respectively. Weak strips of about 707 cm™ are due to
ring tension and ring deformation of the joints. Similarly, the FTIR
spectrum of CMC is shown in Fig. 2. As we can see from Fig. 2,
the wide bands at 3,417 and 2,918 cm™ correspond to the O-H ten-
sile band and the C-H stretching vibration, respectively. The bands
appearing in 1,632, 1,418, 1,318, and 1,066cm ™" are attributed to
the stretching vibration of the carboxyl groups, C-H deformation,
C-O stretching, and C-O-C stretching, respectively.
1-2. XRD

Fig. 3 shows the XRD patterns of CuO, GG, CMC, and nano-
composites of CMC/GG/CuO. The results are in good accord with
the results of previous sources. The XRD pattern of the samples
with an angle of 26 in the range of 5°-75° is shown in Fig. 3. The
XRD pattern confirms that CuO nanoparticles have a monoclinic
and crystalline structure with characteristic peaks of 33.5% 35.65°,
38.9°, 48.83°, 53.61° and 61.75°. The characteristic peak of GG at
20.06° indicates that it has extensive polymer networks. The XRD
pattern of CMC with characteristic peaks of 19.15°, 27.55°, 31.75°,
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Table 1. EDX analysis of CuO, CMC, GG, and CMC/GG/CuO-3

Sample Element wt % Atomic %
C 7.95 1891

CuO o 29.74 53.08
Cu 62.31 28.01
C 39.15 46.15

M

CMC (0] 60.85 53.85
C 39.87 46.90

GG o 60.13 53.10
C 28.99 37.85

CMC/GG/Cu0O-3 (0] 60.85 59.65
Cu 10.16 2.51

45.65” and 56.71° with an angle of 26 shows a crystalline structure.
The XRD pattern shows that increasing the weight percentage of
CuO-NPs in the CMC/GG/CuO matrix reduces the peak intensity.
Also, CMC/GG/CuO biopolymer nanocomposite has a monodlinic
structure.
1-3. SEM

The surface morphology of the materials was determined utiliz-
ing SEM images. The images are illustrated in Fig. 4. As can be
seen from Fig. 4(a), CuO nanoparticles have a monodisperse mor-
phology with a distinct crystalline structure and are almost uni-
form in that the diameter of CuO nanoparticles varies from 30 to
50 nm. The SEM image of the CMC biopolymer shows an irregu-
lar shape and an uneven surface (Fig. 4(b)). GG image has cavities,
layers, and heterogeneous appearance (Fig. 4(c)). CMC/GG/CuO-
3 nanocomposite is a porous and layered material (Fig. 4(d)). CuO
nanoparticles are also clearly visible on the CMC/GG/CuO com-
posite, indicating that the CuO has been successfully loaded on
the CMC/GG composite.

1-4. EDX

EDX was performed to investigate the chemical properties of
the used materials. Table 1 shows the results of EDX. According to
Table 1, the main chemical elements, namely C, O, and Cu, are visi-
ble and no impurities from the composition of other elements are
visible.

2. Pollutant Removal
2-1. Effect of CuO wt%

The effect of different wt% of CuO (1, 3, 5%) in CMC/GG/
CuO nanocomposite on the dye removal at room temperature
was studied to optimize it. According to the results shown in Fig.
5, by changing the wt% of CuO, the adsorption capacity changes
significantly. As can be seen, the 3 wt% has a higher adsorption
capacity than the other two values. Increasing wt% of CuO causes
blockage of pores and pores of biopolymer nanocomposites. There-
fore, the optimal wt% of CuO on CMC/GG biopolymers was selected
to be 3 wt%.

2-2. Initial Concentration

The contaminant concentration is one of the most important
parameters of pollutant removal [38-42]. The impact of initial dye
concentration on the adsorption of MG with the prepared adsor-
bents was studied. The amount of 0.1 g of adsorbent was deter-
mined in 100 mL of dye solution at various concentrations (20, 30,
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SEM MAG: 50.0 kx Det: InBeam
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Fig. 4. SEM images (a) CuO, (b) CMC, (c) GG, and (d) CMC/GG/CuO-1, (¢) CMC/GG/CuO-3, and (f) CMC/GG/CuO-5.
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Fig. 5. Impact of different ratios (1, 3, and 5wt%) CMC/GG/CuO
on the adsorption capacity.

40, and 50 mg/L) and with optimal pH adjustment (6.5). Approxi-
mately 89% dye removal occurs with an initial concentration of
20 mg/L in the first 15 min of the process. According to Fig. 6, with
increasing the concentration of dye solution, the percentage of dye
removal decreased [43]. The final amount of removal efficiency
92.4% and the amount of adsorption capacity 18.5 mg/g were ob-
tained. The dye removal efficiency of CMC/GG/CuO-3 with dif-
ferent concentrations of 20, 30, 40 and 50 mg/l is 92.4%, 75.1%,
61.3% and 43.6%, respectively. Also, the dye removal efficiency of
CMC/GG with different concentrations of 20, 30, 40 and 50 mg/l
is 64%, 55.5%, 43.3% and 36.1%, respectively. By increasing the
concentration of dye, repulsion is created between the dye mole-
cules and they are prevented from being adsorbed by the adsor-
bent [43,44].
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Fig. 6. Effect of initial concentration pollutants (20, 30, 40 and 50 mg/L) (a) CMC/GG; (b) CMC/GG/CuO-3 on dye MG.
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Fig. 7. Effect of pH on MG removal (a) CMC/GG; (b) CMC/GG/CuO-3.

2-3.pH

To study the efficacy of pH on the adsorption of MG with bio-
polymer adsorbents, a dye solution with an initial concentration
(20mg/L) and optimal adsorbent dosage of 0.1 g was prepared
and their pH was adjusted by HCl and NaOH in different pH
ranges from 3.5 to 6.5. The results of this investigation are illustrated
in Fig. 7. The maximum removal efficiency (92.4%) of MG was
observed at pH=6.5. The MG is positively charged when dissolved
in water. Thus, by lowering the pH (in an acidic environment), the
number of positively charged sites increases and the removal effi-
ciency decreases. As can be seen, when the pH of the solution is
increased from 3.5 to 6.5, the adsorbent surface becomes negatively
charged and therefore increases the removal efficiency of MG due
to the increased electrostatic attraction between the positively charged
cationic dye and the negatively charged biopolymer adsorbent [7,
1945].
2-4. Contact Time

Effect of contact time on MG adsorption on CMC/GG and
CMC/GG/CuO-3 biopolymer adsorbents in the range of 0-90 min
(initial dye concentration: 20 mg/L, the amount of adsorbent: 0.1 g
and pH: 6.5) was studied at room temperature. The results of this
research are exhibited in Fig. 8. The data show that the amount of
MG adsorption capacity for adsorbent CMC/GG (12.8 mg/g) and
CMC/GG/CuO-3 (184 mg/g) increases with increasing contact
time. Dye ions have more time to bind to active adsorption sites
on the adsorbent surface. For this reason, the adsorption capacity
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Fig. 8. Effect of contact time (15-90 min) (a) CMC/GG; (b) CMC/
GG/CuO-3 on dye MG.

initially increases rapidly and then slows. Further slowing of the
adsorption rate is due to the gradual saturation of the adsorption
active sites by the dye molecules, so increasing the contact time
will not affect the adsorption capacity. Therefore, the final contact
time for all experiments was 90 min [46-48].
2-5. Dosage

Adsorption of MG on CMC/GG and CMC/GG/CuO biopoly-
mer nanocomposite adsorbents by changing the amount of adsor-
bent from 0.05g to 0.1 g (room temperature, initial dye concen-
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Fig. 9. Effect of adsorbent dosage (5, 7, 9, and 10 mg) on MG removal (a) CMC/GG, and (b) CMC/GG/CuO-3.

tration 20 mg/l and pH 6.5) was studied. According to the results
observed in Fig. 9, by increasing the amount of adsorbent from
0.05 to 0.1 g, the adsorption percentage increases significantly; this
increases the desired level of adsorbent and the availability of more
active adsorption sites for adsorption. By changing the amount of
adsorbent from 0.05-0.1 g, the percentage of dye removal increases
significantly (from 67.6 to 92.4%). The dye removal efficiency of
CMC/GG/CuO-3 with different dosages of 0.05, 0.07, 0.09 and
0.1g is 67.9%, 74.2%, 81% and 92.4%, respectively. The dye removal
efficiency of CMC/GG with different dosages of 0.05, 0.07, 0.09
and 0.1 g is 38.03%, 43.7%, 54.4% and 64%, respectively. There-
fore, 0.1 g was selected as the optimal adsorbent dose for all exper-
iments. As shown in Fig. 9, with increasing the adsorbent dosage,
the dye removal was increased effectively due to the increased ad-
sorption surface sites. Indeed, adsorption capacity is directly aftected
by the number of active sites [49,50].
2-6. Adsorption Isotherms

Isotherm investigates the relationship between the concentra-
tion of adsorbate in solution and on the adsorbent surface chemi-
cally or physically at a constant temperature. In this way, the ad-
sorption capacity of the adsorbent in equilibrium is determined

with the help of special constants that indicate the surface proper-
ties as well as the adsorbent tendency to adsorb the contaminant.
The linear equation for the Langmuir and Freundlich isotherms is
given in Egs. (3), and (4), respectively [51-54]:

C 1 C
—=qt— €)
« K g
1
loq q,=loq K¢+ nloq C, 4)

In these relations, C, is the concentration of dye in equilibrium
(mg/L) and q, is the amount of adsorbed material per adsorbent
mass in equilibrium (mg/g). q; is the maximum amount of adsorbed
material per adsorbent mass (mg/g). The K, and n are the Freun-
dlich constants.

The Temkin isotherm examines the interaction between the ad-
sorbent and the adsorption of the substance.

q.=B,InK;+B,InC, Q)

In this equation, B, (RT/b) is the Temkin constant, which represents
the heat of adsorption and K; is the equilibrium constant corre-

Table 2. Adsorption isotherm parameters of CMC/GG and CMC/GG/CuQO-3 nanocomposite

Adsorbents
Isotherm Parameter
CMC/GG CMC/GG/Cu0O-3
L , Q@ 1841 12.69
angmuir
K 0.25 1.61
C/a=1/K ar Gl e 0.7598 0.9913
K 7.60 20.40
Freundlich nF 419 498
Log q.=log K;+1/n log C, R 0 3;122 0 9'437
Ky 5.35 493.35
Temkin
q.=B, InK;+B, In C, Bi 331 323
R 0.32 0.9629

Ky Equilibrium binding constant (L/g), C,; Equilibrium dye concentration (mg/L), Kj; Freundlich constant (L/mg), K;; Langmuir constant
(L/g), n; the Freundlich intensity parameter (dimensionless), q,; the amount of adsorbate uptake at equilibrium (mg/g), q, (mg/g); the maxi-

mum adsorption capacity (mg/g) and R’ Regression coefficient
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Fig. 10. The Langmuir isotherm ((a) CMC/GG and (b) CMC/GG/CuO-3), the Freundlich isotherm ((c¢) CMC/GG, and (d) CMC/GG/CuO-
3) and the Temkin isotherm ((¢) CMC/GG and (f) CMC/GG/CuQ-3) of MG removal.

sponding to the maximum energy band (L/mg).

In this research, the Langmuir, Freundlich, and Temkin isotherms
were utilized. Fig. 10 shows the results of the isotherm study in the
MG adsorption using CMC/GG and CMC/GG/CuO. Table 2 pres-
ents the results of data analysis using the isotherm models with the
mentioned adsorbents. The value obtained for the R” of each iso-
therm with the adsorbents indicates that MG removal by the ad-
sorbents follows the Langmuir isotherm.

2-7. Adsorption Kinetics

The adsorption kinetics investigates the relationship between the
reaction rate and the interactions between the adsorbate and the
adsorbent [53,55-57]. The linear equations of the pseudo-first-order
and pseudo-second-order models are as Egs. (6) and (7), respec-
tively:

log(q.—q,) =logq,—(k,/2.303)-t 6)
t 1 2 t
T )
a kg,

where k (min™) and k, (g/mg-min) are the pseudo-first-order and
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pseudo-second-order adsorption equilibrium rate constants, respec-
tively. Also, q, is the amount of material adsorbed per unit mass in
equilibrium, and q, (mg/g) is the amount of capacity of the ad-
sorbed material at the time (t).

A linear form of intraparticle diffusion models is (Eq. (8)):

ththl/Z-FI ®

where q, (mg/g), k, (mg/g-min”’), and I (mg/g), are dye adsorp-
tion capacity at time t, rate constant, and intercept, respectively.

Using equilibrium data of adsorption, the kinetics of the reac-
tion and its degree of agreement with the equations were investi-
gated. Fig. 11 exhibits the results of pseudo-first-order, pseudo-
second-order, and intraparticle kinetics of MG adsorption using
CMC/GG and CMC/GG/CuO. Table 3 presents the results of data
fitting on the kinetic models of the mentioned adsorbents. Accord-
ing to the values of R’ (correlation coefficient) obtained for kinetic
models, MG removal by CMC/GG and CMC/GG/CuO follows
the pseudo-second-order model.
2-8. Adsorption Thermodynamics

Determination of thermodynamic parameters to remove MG at
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Fig. 11. The pseudo-first order ((a) CMC/GG; (b) CMC/GG/CuO-3), the pseudo-second order ((c) CMC/GG; (d) CMC/GG/CuO-3) and the
Intraparticle diffusion kinetic ((¢) CMC/GG; (f) CMC/GG/CuO-3) of MG removal.

Table 3. The kinetics coefficients of MG adsorption at different adsorbents doses

Pseudo-first-order Pseudo-second-order Intraparticle diffusion
Adsorbent Dose (§)  (q)ep, log(q—q)=log q.—(k,/2.303)-t t/q=1/ky-q+t/q, q=k, t"*+I
(Q)cal k, R’ (9o)ca k, R’ kp I R2
0.05 1522 10.36 0.009 0.9392 16.20 0.009  0.9993 0.61 6.65  0.8968
CMC/GG 0.07 12.49 8.79 0.008 0.9636 13.44 0.009  0.9989 0.53 753  0.9873
0.09 12.09 5.61 0.009 0.8720 12.45 0.024  0.9995 0.24 7.79  0.9335
0.1 12.81 7.62 0.015 0.9623 13.01 0.039 1 0.21 1092 0.8199
0.05 13.59 12.24 0.012 0.8960 14.40 0.012  0.9987 0.47 934 09544
0.07 14.85 8.39 0.014 0.9101 14.42 0.012  0.9999 0.21 13.01  0.9691
CMC/GG/CuO-3
/GG/Cu 0.09 16.27 6.21 0.011 0.8403 16.52 0.035  0.9998 0.16 1468  0.9676
0.1 18.50 511 0.011 0.8054 18.62 0.061 1 0.11 1748  0.9878

k;; Pseudo-first order rate constant (1/min), k,; Pseudo-second order rate constant (g/mg min), k,; Intraparticle diffusion rate constant (mg/g
min”’), q,; the amount of adsorbate uptake at equilibrium (mg/g), q; the amount of absorption at time t (mg/g), R* Regression coefficient, T;

Intercept
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Table 4. Thermodynamic parameters of adsorption by the adsorbent at different temperatures

AG’ (KJ/mol)
Adsorbent AH’ (kJ/mol) AS’ (j/mol) Temperature
25°C 30°C 35°C 40°C
CMC/GG/GO-3 3833 146.16 -4.99 -6.25 —6.98 -7.17
35 tube nanocomposite (Methylene blue - adsorption capacity: 12 mg/
3 - g and Brilliant cresyl blue - adsorption capacity: 6 mg/g) [62], Mag-
\ netic alginate bead Methylene blue - adsorption capacity: 9 mg/g)
2.5 1 [63], Zeolite (Maxilon Goldgelb GL EC - adsorption capacity: 15
E 2 mg/g) [64], Clay (Turkey) (Basic blue 9 - adsorption capacity: 6
= 15 4 mg/g) [65] were used to remove dyes. The results indicate that the
= used adsorbent in this study has suitable adsorption capacity.
1 .
0 . . . . .
0.00318 0.00324 0.0033  0.00336  0.00342 Binary (CMC/GG) and ternary inorganic-organic eco-friendly
UT nanocomposites (CMC/GG/CuQ) with different wt% of CuO (1%,
3%, and 5% denoted as CMC/GG/CuO-1, CMC/GG/Cu0O-3, and
Fig. 12. Determination of thermodynamic parameters on adsor- CMC/GG/CuO-5) were prepared. The CMC, GG, CuO, CMC/GG,
bent CMC/GG/CuO-3.

different temperatures of 25 °C, 30°C, 35°C, and 40 °C under opti-
mal conditions (0.1 g of adsorbent, 100 mL of dye solution at an
initial concentration of 20 mg/L at pH=6.5) was studied. Thermo-
dynamic parameters can be calculated using Eqs. (9)-(11) [58-60]:

== ©

where K, (L/g) is the equilibrium constant, C, (mg/L) is the equi-
librium concentration of the adsorbent in solution, and q, (mg/g)
is the amount of adsorbate on the adsorbent in equilibrium.

AS AH
Lok () - (R (10)
where R is the global constant of gases (8.314 j/mol k) and T (K) is
the absolute temperature.

AG’=AH’-TAS’ 11

The thermodynamic parameters of MG adsorption on CMC/GG/
CuO-3 biopolymer adsorbent are presented in Fig. 12. Since the
penetration rate of dye molecules is under temperature control,
temperature change can affect the equilibrium capacity of the ad-
sorbent. Thermodynamic variables, AG” (k]/mol), AH’ (kJ/mol),
and AS’ (J/mol K), are presented in Table 4. According to the results
reported in Table 4, the negative free energy changes of the AG’
for the adsorbent indicate that the adsorption process is sponta-
neous. Also, the positive AH’ and the AS’ of the reaction indicate
endothermic adsorption and the increase of irregularities in the
adsorbent/solution interface, respectively [56,61]. According to the
mentioned results, it can be said that the change and increase of
irregularity in the structure of CMC/GG/CuO-3 biopolymer nano-
composite occurs in the adsorption process.

Various adsorbents, such as magnetic multiwall carbon nano-
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CMC/GG/CuO-1, CMC/GG/Cu0-3, and CMC/GG/CuO-5 were
characterized and used to remove malachite green (MG). The effect
of operational parameters on the adsorption process was investi-
gated in detail. The removal efficiency was 92.4% at the optimal
amount of adsorbent=0.1 g with an initial concentration of dye of
20mg/L and pH of 6.5 and within 90 min. The isotherm data indi-
cated the Langmuir isotherm with the uniform of adsorption on
the adsorbent surface. The MG removal obeyed pseudo-second-
order kinetics. Thermodynamic data presented that MG removal
was spontaneous and endothermic. The nanocomposite is biode-
gradable, biodegradable and biocompatible, and has also shown
significant efficacy in removing malachite green dye. It can be said
to be effective in reducing environmental pollution.
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