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Abstract: Adsorption of Cu(II) ions and alizarin red S (ARS) has been studied using beads of chitosan (CS) and a

chitosan/ZnO nanorod composite (CS-ZnO) in single and binary systems. The beads were synthesized and character-

ized using Fourier transform infrared spectroscopy, X-ray diffraction, high-resolution transmission electron microscopy,

scanning electron microscopy, and energy dispersive X-ray analysis. Factors affecting adsorption of Cu(II) ions and

ARS such as pH and initial concentrations as well as adsorption kinetics, isotherms, thermodynamics, reusability, and

competitive adsorption in binary systems were studied. The results showed that the adsorption kinetics and isotherm

data for both adsorbates followed a pseudo-second-order model and the Freundlich model, respectively. Studies of intra-

particle diffusion and Dumwald–Wagner models indicated that the adsorption occurred in a complex mechanism where

the intraparticle diffusion stage was not the only rate-determining step for both adsorbates. Thermodynamic studies

showed that the adsorption process was favorable, endothermic, and physisorptive in nature. In both single and binary

systems, CS-ZnO beads showed better adsorption efficiency than CS beads. For the binary system, Cu(II) ions did not

affect the adsorption of ARS; however, ARS reduced the Cu(II) adsorption.

Key words: Cu(II) ions, alizarin red S, nanocomposite, adsorption, reusability, binary system

1. Introduction

Most industries, such as textile, dye, plastic, paper, and electroplating, discharge effluents containing toxic dyes

and heavy metals, which might be very dangerous to humans and the environment.1,2 Transfer of heavy metals

from contaminated water to soil results in the accumulation of these heavy metals in living plants, and then

these heavy metals are transferred to humans via the food chain. Because of their nonbiodegradable nature,

heavy metals tend to accumulate in the human body and can cause serious health disorders.3 Copper is one of

the most dangerous heavy metals because it is highly toxic even if it exists in low concentrations in water or

soil.4 For example, Cu-contaminated soils planted with tomato produce tomatoes with Cu ion contents ranging

from 32.9 to 1696.5 mg kg−1 .5 Higher levels of Cu(II) ions can cause serious toxicological concerns, such as

vomiting, cramps, convulsions, or even death.6

Huge quantities of the dyes are annually produced worldwide and the effluents of textile and dyestuff

industries are the two main sources for dye-polluted wastewater.7 The release of untreated dye wastewater

threatens environmental safety by posing color pollution and serious hazards to aquatic organisms. In addition,

dye-polluted wastewater is difficult to treat effectively when it contains high salt-like, recalcitrant dyes that are
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resistant to biodegradation processes by microorganisms.8 The removal of dyes from wastewater is a challenge

due to their high stability towards oxidizing agents, light, and heat. Alizarin red S (ARS) is an anionic dye

that is used in the textile industry for dyeing cotton, wool, and woven fabrics. Due to its complex structure,

ARS is highly durable and difficult to degrade; in addition, it has carcinogenic effects and causes environmental

problems. Only a few studies were reported on adsorption of ARS from wastewater.9−11

There are numerous methods established for removing dyes and heavy metals from water, such as ion

exchange, chemical precipitation, photocatalysis, membrane filtration, and adsorption.12 Since many of these

methods are expensive when applied on a large scale, adsorption is considered as the most powerful and popular

technique used to treat wastewater from contamination. Among the different adsorbents, polymeric adsor-

bents as polysaccharides are effective environmentally safe adsorbents. Incorporation of nanoparticles into the

polymeric matrix produces nanocomposites with improved efficiency for removal of many pollutants. Polysac-

charides and polysaccharides’ nanocomposites have been extensively studied for removal of dyes and heavy

metals, e.g., guar gum,13 cellulose,14 starch,15,16 and chitosan.17 Chitosan is a natural linear polysaccharide,

with free amine and hydroxyl groups that make it suitable for adsorption of both metals and dyes.18 Due to their

biocompatibility, biodegradability, nontoxicity, and high sorption capacities, nanoparticle-impregnated chitosan

seems to be a promising adsorbent for water treatment. In recent years, different chitosan composites such

as chitosan/TiO2 ,
19,20 chitosan/TiO2 /CdS,

21 chitosan/alumina,22 chitosan/CuO,23 and chitosan/graphene

oxide24,25 were studied for water treatment processes.

ZnO is a cheap environmentally friendly material and its surface has many functional groups, such as

hydroxyl groups, which can be active sites for adsorption.26,27 ZnO nanoparticles are applied in solar energy

conversion, luminescence, photocatalysis, electrostatic dissipative coating, transparent UV protection films, and

chemical sensors.

Water has always been regarded as the most strategic of raw materials; however, Egypt suffers from

water pollution due to nonstop release of wastewater into the Nile River.28 Moreover, the river receives large

discharges of organic pollutants and heavy metals from industrial activities in the Greater Cairo region. The

aim of the present work was to explore and extend the applications of chitosan/ZnO composite to remove ARS

and copper ions from aqueous solutions in single and binary systems. In addition, the aim was to optimize the

maximum adsorption efficiency of the synthesized nanocomposite. Kinetics, equilibrium, and thermodynamics

of the adsorption for ARS and copper ions using chitosan and a chitosan/ZnO nanorod composite (CS-ZnO)

were investigated. Moreover, reusability studies of adsorbents for both pollutants have also been investigated.

2. Results and discussion

2.1. Characterization

2.1.1. X-ray diffraction (XRD)

XRD was carried out to investigate the immobilization of n-ZnO onto CS. Figure 1 shows the XRD patterns of

the n-ZnO and CS-ZnO nanocomposite beads, where the broad peak at 20.01◦ revealed that CS is amorphous

in nature.29 The XRD pattern of the ZnO powder shows the peaks at 2θ values of 31.72◦ , 34.38◦ , 36.21◦ ,

47.51◦ , 56.56◦ , 62.82◦ , 67.9◦ , and 69.07◦ , which correspond to the crystal planes of (1 0 0), (0 0 2), (1 0 1),

(1 0 2), (1 1 0), (1 0 3), (1 1 2), and (2 0 1), respectively, of the crystalline ZnO.30 In the XRD pattern of

the CS-ZnO sample, the peaks at 2θ values of 31.70◦ , 34.41◦ , 36.24◦ , 47.57◦ , 56.49◦ , 62.95◦ , 68.05◦ , and

69.11◦ correspond to the crystal planes of (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (1 1 2), and (2 0 1),

respectively, of the crystalline ZnO. All the diffraction peaks are in good agreement with those of the hexagonal
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wurtzite structure of ZnO (JCPDS card 36–1451).31 The results revealed the successful impregnation of n-ZnO

onto CS.

Figure 1. XRD pattern of CS-ZnO. The inset shows the XRD pattern of n-ZnO.

2.1.2. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of CS and CS-ZnO beads are shown in Figure 2. It is clear that the characteristic peaks of the

chitosan polymer appeared in both samples.32 The peak at 3459 cm−1 corresponded to the stretching vibration

of –OH and –NH2 .
29 However, some differences were detected where a peak assigned at 1090 cm−1 in the CS

sample (vibration and stretching of C–N bond and C–O bond)30,33 weakened and shifted to 1020 cm−1 in

the case of CS-ZnO. This was probably due to the formation of a coordination bond with ZnO. A new band

assigned at 438 cm−1 in the case of the CS-ZnO spectrum confirmed the existence of n-ZnO.34

2.1.3. Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDAX)

SEM images of CS-ZnO are shown in Figure 3. As seen in Figure 3a, the image revealed the rough homogeneous

surface of the sample. The EDAX spectrum is shown in Figure 3b. The spectrum displayed peaks of zinc and

oxygen in the synthesized CS-ZnO beads, confirming that n-ZnO was successfully impregnated homogeneously

in the synthesized beads. Figures 3c and 3d show the surface morphology of CS-ZnO beads after adsorption

of ARS and Cu, respectively; clusters of ZnO appeared at the surface as white areas. Figure 3e represents

the mapping results of Cu and Zn in Cs-ZnO after adsorption of Cu(II). This image confirms the uniform

distribution of ZnO particles in the polymeric matrix as well as the uniform adsorption of Cu(II) ions.

2.1.4. High-resolution transmission electron microscopy (HR-TEM)

Figure 4 demonstrates HR-TEM photographs of CS-ZnO nanocomposite beads. The images showed that ZnO

existed in the form of nanorods with average lengths of 40–71 nm and diameters of 3.3–7 nm.
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Figure 2. FTIR spectra of CS and CS-ZnO.

Figure 3. (a) SEM image, (b) EDAX spectrum of CS-ZnO, (c) CS-ZnO after adsorption of ARS, (d) CS-ZnO after

adsorption of Cu(II), (e) mapping result of CS-ZnO after adsorption of Cu(II).

Figure 4. HR-TEM images of CS-ZnO.
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The results of XRD patterns, FTIR spectra, and EDAX spectra along with HR-TEM images confirmed

that the n-ZnO-impregnated chitosan beads were successfully synthesized.

2.2. Adsorption studies

2.2.1. Effect of initial pH

The effect of pH on the adsorption was studied by soaking 0.1 g of CS or CS-ZnO for 48 h at 25 ◦C in a solution

of 10 mg L−1 Cu(II) or 20 mg L−1 ARS. As shown in Figure 5a, the uptake of Cu(II) was affected by the pH

of the solution. For both samples, as pH increased, the Cu(II) adsorption increased. In the case of CS-ZnO,

the adsorption efficiency reached the maximum value at pH 6.

Figure 5. Effect of pH on % of adsorption of CS and CS-ZnO for (a) [Cu(II)] = 10 mg L−1 and (b) [ARS] = 20 mg

L−1 , 25 ◦C, 48 h.

For ARS (Figure 5b), it was observed that both adsorbents showed a better adsorption capacity at lower

pH values. The dye uptake increased as pH decreased and the removal efficiency was maximum at a solution pH

of 2. It is worth mentioning that the increased % of adsorption of ARS at pH 8 was attributed to the presence

of n-ZnO. Joshi and Shrivastava35 reported similar results in the case of adsorption of ARS using ZnO. For

further experiments, pH 6 and 2 were selected for Cu(II) and ARS, respectively.

2.2.2. Effect of contact time

The effect of contact time on the % of adsorption of Cu(II) and ARS onto adsorbents was studied and the

results are shown in Figures 6a and 6b. The figure shows that the contact time necessary to reach saturation is

greater than 24 h for Cu(II) and 27 h for ARS. It was observed that CS-ZnO showed a higher % of adsorption

than CS for both Cu(II) and ARS. At the early stages, the rate of adsorption was high due to more available

vacant sites and high concentration gradient between the adsorbate in aqueous and solid adsorbent surfaces. At

later stages, the concentration gradient was reduced, which resulted in decreasing the rate of adsorption until

equilibrium.36

2.2.3. Effect of initial concentration

The effect of initial concentration of Cu(II) and ARS on the adsorption capacity (qe) of CS and CS-ZnO is

shown in Figures 7a and 7b. It is obvious that as the initial concentration increased from 10 to 100 mg L−1 , the
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Figure 6. Effect of contact time on % of adsorption of CS and CS-ZnO for (a) [Cu(II)] = 10 mg L−1 at pH 6 and (b)

[ARS] = 20 mg L−1 at pH 2, 25 ◦C, 48 h.

Figure 7. Effect of initial concentration on the adsorption capacity of CS and CS-ZnO for (a) Cu(II) at pH 6 and (b)

ARS at pH 2, 25 ◦C, 48 h.

experimental adsorption capacity, qe , increased from 4.33 to 44.24 and from 4.32 to 36.43 mg g−1 for Cu(II)

and ARS, respectively. These results emphasize that increasing the initial concentration of pollutants supplies

the driving force required to enhance the mass transfer between the solution and adsorbent.

2.3. Adsorption kinetics

To understand the kinetics of the adsorption process for both pollutants, the results were examined using

the well-known pseudo-first-order, pseudo-second-order, Elovich, intraparticle diffusion, and Dumwald–Wagner

models.

2.3.1. Pseudo-first-order model

Lagergren’s equation of the pseudo-first-order model is widely used to describe the kinetics of the adsorption

process as follows:
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log(qe − qt) = log qe −
(

k1t

2.303

)

, (1)

where qe and qt are the adsorbed concentration of adsorbate (mg g−1) at equilibrium and at any time t ,

respectively, andk1(min−1) is the rate constant of first-order adsorption. The slope of the plot of log (qe − qt)

as a function of t can be used to determine the first-order rate constant k1 .

2.3.2. Pseudo-second-order model

The pseudo-second-order equation based on adsorption equilibrium capacity may be expressed in the following

form:

t

qt
=

1

k2q2e
+

t

qe
, (2)

where k2 is the rate constant of the second-order adsorption (g mg−1 min−1) .

Similarly, the slope of the plot of t/qtas a function of t was used to determine the second-order rate

constant k2 .

2.3.3. Elovich model

The Elovich model equation is a rate equation that describes chemisorption on energetically heterogeneous solid

surfaces.37 This model is usually reliable with systems in which the equilibrium adsorption isotherm is described

by the Temkin model.38 It can be expressed as follows:

qt =
1

b
ln(ab) +

1

b
ln(t), (3)

where a is the initial adsorption rate (mg g−1 min−1) , and the parameter 1/b (mg g−1) is related to the

number of sites available for adsorption. If this model fits the experimental results, plotting qt versus ln (t)

should give a straight line.

Table 1 shows the different parameters obtained from the three employed kinetics models. As illustrated

in the table, the values of correlation coefficients (R2) for the pseudo-second-order model were the highest,

indicating that the experimental data correlated well with that model. This conclusion was also confirmed by

the low values of the total mean error (ϵ%). The calculated qe values obtained from the pseudo-first-order

model were not reasonable values since they were much lower than experimental qe values. On the other hand,

the calculated qe values of the pseudo-second-order model were found to be closer to the experimental ones.

These results suggest that the adsorption process is pseudo-second-order, where the adsorption of either Cu(II)

or ARS takes place on an energetically heterogeneous surface.

The rate constant (K2) values for CS-ZnO were higher than that of CS for both pollutants, which

indicates that the adsorption rate was higher in the case of CS-ZnO than that of CS.

Although the adsorption kinetics were well described by the pseudo-second-order model, the Elovich model

(properly fits chemisorption processes) was not compatible with the experimental data. This observation was

confirmed by the low values of total mean error (ϵ%). These results suggest that the adsorption is physisorptive

in nature. Similar results were reported by Giraldo et al.39
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Table 1. Calculated parameters of the pseudo-first-order, pseudo-second-order, Elovich, and Dumwald–Wagner models

for adsorption of Cu(II) and ARS onto CS and CS-ZnO beads.

Pseudo-first-order

Adsorbate Adsorbent
Experimental qe K1× 10 3

R2 ε %
qe (mg g−1) (mg g−1) (min−1)

Cu(II) CS 3.01 1.48 4.61 0.9335 23.19

CS-ZnO 3.69 1.37 12.44 0.7951 37.56

ARS CS 7.06 2.40 1.38 0.9633 5.51

CS-ZnO 8.01 2.70 2.30 0.8411 18.17

Pseudo-second-order

Adsorbate Adsorbent
Experimental qe K2 R2 ε %
qe (mg g−1) (mg g−1) (g mg−1 min−1)

Cu(II) CS 3.01 3.18 0.46 0.9988 2.40

CS-ZnO 3.69 3.79 2.05 0.9992 2.23

ARS CS 7.06 8.96 0.95 0.9985 1.82

CS-ZnO 8.01 9.32 1.75 0.9986 2.25

Elovich model

Adsorbate Adsorbent
Experimental a 1/b

R2 ε%
qe (mg g−1) (mg g−1 min−1) (mg g−1)

Cu(II) CS 3.01 0.08 0.68 0.9311 7.15

CS-ZnO 3.69 0.21 0.74 0.8640 16.48

ARS CS 7.06 0.04 1.49 0.9207 20.16

CS-ZnO 8.01 0.05 1.73 0.9640 10.20

Dumwald–Wagner model

Adsorbate Adsorbent B(min−1) Intercept R2 ε %

Cu(II) CS 0.0070 0.0298 0.9958 4.53

CS-ZnO 0.0120 0.1247 0.9850 7.14

ARS CS 0.0013 0.0138 0.9954 6.71

CS-ZnO 0.0016 0.0787 0.9847 9.36

2.4. Adsorption mechanism

Since pseudo-first-order, pseudo-second-order, and Elovich models do not suggest a definite mechanism for

adsorption, the results were analyzed using the intraparticle diffusion and Dumwald–Wagner models to predict

the rate-limiting step. There might be one or more controlling steps for the adsorption process such as external

diffusion, pore diffusion, surface diffusion, and adsorption on the pore surface, or a combination of more than

one step. In their model, Weber and Morris40 assumed that the initial rate of intraparticle diffusion is calculated

by the following equation:

qt = kit
1/2 + C, (4)

where ki is the intraparticle diffusion rate constant (mg g−1 min−1/2) and C (mg g−1) is a constant related

to the thickness of the boundary layer; as the boundary layer effect increases, the value of C increases. If the

intraparticle diffusion is the rate-determining step for the adsorption process, a plot of qt against the square
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root of time (t1/2) gives a straight line that passes through the origin. If the line does not pass through the

origin, then the intraparticle diffusion is not the rate-limiting step, but it is still involved in the adsorption

process.41 However, if the plot exhibits two or more intersecting lines, then two or more stages control the

adsorption process.42

The Dumwald–Wagner model was established as a successful model for different adsorption systems and

it is expressed as:39

ln(1− qt
qe
) = Bt, (5)

where B is the film diffusion rate (min−1) . Plotting ln(1 – (qt/qe)) versus time gives a straight line and if it

passes through the origin, then intraparticle diffusion is the rate-limiting step; otherwise, the rate-limiting step

is film diffusion. Furthermore, the higher intercept value reflects the greater effect of the film diffusion step on

the rate of adsorption.43

Figures 8a and 8b show the intraparticle diffusion model where qt is plotted versus time t1/2 for ARS

and Cu(II) ion adsorption. It is clear that the plots are not linear over the whole time range, which revealed

that the adsorption process was not controlled by one step. Fitting of the intraparticle model for ARS (Figure

8a) exhibits three intersecting lines for each adsorbent. The first and the second lines are related to the surface

adsorption and intraparticle diffusion, respectively. The third line represents the final equilibrium stage at which

the intraparticle diffusion started to slow down due to the extremely low adsorbate concentration left in the

solution.44 The deviation of the straight line from the origin suggests that intraparticle diffusion was not the

only rate-controlling step and the adsorption occurred through a complex mechanism. In the case of Cu(II)

adsorption (Figure 8b), two intersecting sharp lines were obtained. The first line represents the rapid surface

adsorption, while the second line indicates the intraparticle diffusion stage.

Figure 8. Intraparticle diffusion plots for adsorption of (a) [ARS] = 20 mg L−1 at pH 2 and (b) [Cu(II)] = 10 mg L−1

at pH 6, 25 ◦C, 48 h.

Dumwald–Wagner model parameters are shown in Table 1. As shown, the straight line did not pass

through the origin, which confirmed that intraparticle diffusion is not the rate-limiting step and the film diffusion

step controls the rate of adsorption process. The intercept values of Cs-ZnO are greater than those of Cs for

both pollutants, which indicates that the film diffusion step has a greater effect in the case of Cs-ZnO. These
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results confirmed the complex mechanism of adsorption where both intraparticle diffusion and film diffusion are

involved.

2.5. Adsorption isotherms

The results of adsorption studies of Cu(II) and ARS at different concentrations ranging from 10 to 100 mg

L−1 onto 0.1 g of adsorbent were expressed by four of the most popular employed equilibrium models: the

Freundlich, Langmuir, Temkin and Dubinin–Radusckevisch–Kanager models.

2.5.1. Langmuir isotherm

The Langmuir model assumes monolayer adsorption where adsorption can take place on a fixed number of active

sites disregarding the lateral interaction and steric limitations between the adjacent adsorbed species.45 This

model implies homogeneous adsorption where all active sites have the same energy and the same affinity toward

the adsorbate particles,46 and it is mainly applied to chemisorption system.47 The mathematical expression for

the linear form of Langmuir model is:

Ce

qe
=

1

bQe
+

Ce

Qe
, (6)

where qe andCe are the equilibrium adsorbate concentration in adsorbent (mg g−1) and aqueous solution (mg

L−1) , respectively. Qe is the maximum adsorption capacity (mg g−1) and b is the Langmuir constant related

to the adsorption energy (L mg−1) .

2.5.2. Freundlich isotherm

The Freundlich adsorption isotherm48 assumes a multilayer adsorption mechanism that takes place on a

heterogeneous surface, where the adsorption capacity increases as the adsorbate concentration increases. The

model assumes that the heterogeneous surface shows nonuniform distribution of adsorption heat and affinities

and the adsorption heat is exponentially decreased upon the completion of adsorption process.49 The model is

described as follows:

log qe = log kf +
1

n
logCe, (7)

whereqe andCe are the same as in Langmuir model, kf is the Freundlich constant related to the adsorption

capacity [mg g−1 (mg L−1)n ], and n is an empirical parameter representing the energetic heterogeneity of

the adsorption sites (dimensionless). The slope (1/n) ranges between 0 and 1 and it is a measure of surface

heterogeneity, where the more heterogeneous the surface is, the closer the 1/n value is to zero.46

2.5.3. Temkin isotherm

This model postulates that the heat of adsorption of all molecules would decrease with increasing surface

coverage linearly despite being exponential in the Freundlich equation. The Temkin isotherm is given by the

following equation:50

qe = k1ln(k2) + k1lnCe, (8)
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whereqe and Ce are the same as in the other models. k1 and k2 are Temkin constants, where k1 is related to

the heat of adsorption (J mol−1) and k2 is the equilibrium binding constant (L g−1) . Plotting qe versus ln

Ce gives a straight line from which k1 and k2 can be estimated .

2.5.4. Dubinin–Radusckevisch–Kanager isotherm

Experimental data were further analyzed by the Dubinin–Radushkevich model to identify whether the nature of

the adsorption process was chemisorptive or physisorptive. In general, this model is compatible with adsorption

processes on heterogeneous surfaces with a Gaussian energy distribution. The linearized form of this model is

expressed as follows:

ln qe = ln q(D−R) − βε2, (9)

ε = RT ln(1 +
1

Ce
), (10)

E =
1√
2β

, (11)

whereqe and Ce are the same as in the Langmuir model, q(D−R) is the theoretical adsorption capacity (mg

g−1) , β is a constant related to adsorption energy for a mole of the adsorbate (mol2 kJ−2) , and R is Polanyi’s

potential. R is the ideal gas constant (0.008314 kJ K−1 mol−1) and T is the absolute temperature (K). E

(kJ mol−1) is the mean free energy per molecule of adsorbate when it transfers from the bulk of the solution

(infinity) to the adsorbent surface. The value of E reflects the nature of the adsorption process, where it is

physisorptive if E < 8 kJ mol−1 and chemisorptive if E lies between 8 and 16 kJ mol−1 .51

Table 2 shows the corresponding Langmuir, Freundlich, Temkin, and Dubinin–Radusckevisch–Kanager

constants, error analysis values, and correlation coefficients. It can be concluded that the data were better

fitted to the Freundlich model, since correlation coefficients for Cu(II) ions or ARS were close to unity. Error

analysis values also confirmed the fitting of the Freundlich model to the experimental data and this suggested

that the adsorption of both pollutants was physical in nature.52 For Cu(II) ions or ARS adsorption on CS and

CS-ZnO, 1/n values range between 0 and 1, which again indicates the surface heterogeneity of the adsorbents.

The values of 1/n for CS-ZnO were lower than those of CS samples for both pollutants, confirming the more

heterogeneous surface of the CS-ZnO sample. CS-ZnO samples showed higher values for kf , which agree with

the results of adsorption kinetics, since the adsorption capacity of CS-ZnO was greater than that of CS samples

for both pollutants.

According to the Dubinin–Radushkevich model, the calculated value of E was much lower than 8 kJ

mol−1 , which revealed that the adsorption for Cu(II) and ARS is physisorptive in nature.

2.6. Thermodynamics studies

The influence of temperature on the adsorption process was examined at temperatures of 298, 308, 318, 328,

and 338 K for Cu(II) ions at pH 6 for 6 h and 293, 303, 308, 313, and 318 K for ARS at pH 2 for 7 h.

The equilibrium constant is temperature-dependent and it can be used to find the spontaneity and heat

of the adsorption process. Presuming that the activity coefficients are unity at low concentrations (Henry’s
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Table 2. Calculated parameters of the Langmuir, Freundlich, Temkin, and D-R models for adsorption of Cu(II) and

ARS onto CS and CS-ZnO beads.

Langmuir model

Adsorbate Adsorbent b (L mg−1) qmax (mg g−1) R2 ε %

Cu(II) CS 0.004 500.00 0.7198 2.79

CS-ZnO 0.015 333.33 0.6103 3.31

ARS CS 0.011 133.33 0.7387 4.61

CS-ZnO 0.019 111.11 0.8424 5.38

Freundlich model

Adsorbate Adsorbent Kf (mg g−1 (mg L−1)n) 1/n R2 ε % 7

Cu(II) CS 1.25 0.99 0.9955 1.89 7

CS-ZnO 1.94 0.97 0.9908 2.35 7

ARS CS 1.27 0.87 0.9971 1.40 7

CS-ZnO 1.46 0.84 0.9985 1.02 7

Temkin model

Adsorbate Adsorbent k1 (J mol−1) k2 (L g−1) R2 ε %

Cu(II) CS 14.42 0.42 0.9178 20.27

CS-ZnO 16.81 0.97 0.9239 18.77

ARS CS 11.99 0.39 0.8950 22.56

CS-ZnO 12.45 0.51 0.8984 21.24

D-R model

Adsorbate Adsorbent E (kJ mol−1) q(D−R) (mg g−1) R2 ε %

Cu(II) CS 0.4918 16.32 0.9206 7.07

CS-ZnO 0.9172 20.85 0.9507 5.30

ARS CS 0.5128 13.61 0.8168 9.11

CS-ZnO 0.5993 15.33 0.8866 7.34

law), the equilibrium constant can be calculated according to the following equation:

Kd =
qe
Ce

. (12)

The thermodynamic parameters, enthalpy change (∆H) , entropy change (∆S) , and Gibbs energy change (∆G)

can be calculated using the Van’t Hoff equation:

∆G = −RT lnKd, (13)

lnKd =
∆S

R
− ∆H

RT
, (14)

where qeandCe are the equilibrium adsorbate concentrations in adsorbent (mg g−1) and aqueous solution

(mg L−1) , respectively. T is the temperature in Kelvin and R is the universal gas constant (8.314 J K−1

mol−1) . ∆H and ∆S were calculated from the slope and intercept of the plot of lnKd versus 1/T. ∆G for
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each temperature was calculated using Eq. (13). All the thermodynamic parameters were estimated and are

listed in Table 3. It was found that the R2 values of the linear fitting lines were between 0.959 and 0.998,

indicating that the values of enthalpy and entropy calculated for both adsorbents were confident.

Table 3. Thermodynamic data for the adsorption of Cu(II) ions and ARS onto CS and CS-ZnO beads.

Adsorbate T (K)
CS

ln Kd ∆G (kJ mol−1) ∆H (kJ mol−1) ∆S (J mol−1 K−1)

Cu(II) 298 0.03 –0.063 14.29 48.01

308 0.18 –0.448

318 0.33 –0.880

328 0.56 –1.541

338 0.69 –1.925

T (K)
CS-ZnO

ln Kd ∆G (kJ mol−1) ∆H (kJ mol−1) ∆S (J mol−1 K−1)

298 1.14 –2.603 20.24 78.13

308 1.61 –3.673

318 1.75 –3.971

328 1.95 –4.438

338 2.18 –4.952

ARS
T (K)

CS

ln Kd ∆G (kJ mol−1) ∆H (kJ mol−1) ∆S (J mol−1 K−1)

298 –1.96 4.782 32.90 95.36

308 –1.67 4.197

318 –1.38 3.539

328 –1.23 3.188

338 –0.87 2.311

T (K)
CS-ZnO

ln Kd ∆G (kJ mol−1) ∆H (kJ mol−1) ∆S (J mol−1 K−1)

298 –1.68 4.023 37.23 112.49

308 –1.33 3.178

318 –1.06 2.520

328 –0.84 1.986

338 –0.44 1.034

For adsorption of Cu(II) ions, the positive values of ∆H indicated that the adsorption process was

endothermic in nature. The positive values for ∆S revealed the increasing randomness at the solid–solution

interface; thus, the adsorption was favorable.53 The negative values of ∆G suggested that the adsorption of

Cu(II) ions was spontaneous. Increasing the temperature from 298 to 338 K resulted in more negative ∆G values

for CS and CS-ZnO. These results reveal that increasing the temperature enhances the adsorption process.

In the case of adsorption of ARS, the positive values of ∆H and ∆S indicated that the adsorption process

was endothermic in nature and favorable. However, the positive values of ∆G suggested that the adsorption of

ARS was nonspontaneous in the temperature range of 298–318 K. These results indicated that the adsorption

process belongs to the category of reactions that become favored above a definite temperature.54
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The type of adsorbate–adsorbent interaction can be classified, to a certain extent, by the value of enthalpy

change. ∆H in a physisorption process, such as van der Waals or electrostatic interaction, is lower than 80 kJ

mol−1 , and for ∆H values higher than 80 kJ mol−1 , the interaction is chemisorption.36 As illustrated in Table

3, ∆H values were lower than 80 kJ mol−1 , which confirmed that the adsorption process for both Cu(II) ions

and ARS onto CS and CS-ZnO was physisorption.

The CS-ZnO sample showed greater values for ∆S , which revealed that the adsorption process resulted

in more randomness and was more favorable than that for the CS sample.

2.7. Desorption and reusability studies

Recovery of pollutants from adsorbents has economic feasibility for adsorbent reusability. This relies on the

adsorbent regeneration during successful consecutive adsorption/desorption cycles.

Desorption studies revealed complete regeneration of ARS using 0.5 M NaOH and partial regeneration for

Cu(II) using 1 g L−1 EDTA. The adsorption-desorption for ARS was carried out successfully up to five cycles,

where the adsorption efficiency of the fifth cycle was 51% for CS and 54% for CS-ZnO, while the desorption

efficiency was 72% for CS and 84% for CS-ZnO. In the case of Cu(II) ions, the desorption efficiency for the first

cycle was 52% for CS and 56% for CS-ZnO. However, the desorption efficiency of Cu(II) decreased dramatically

in the subsequent cycles.

2.8. Binary system studies

In this work, the simultaneous adsorption of pollutants in the binary metal-dye system has been considered,

since the two types (inorganic and organic pollutants) may be present in industrial wastewater. For comparison,

the adsorption of both adsorbates was studied at pH 2 and 6 using a mixture of 10 mg L−1 Cu(II) and 20 mg

L−1 ARS. The preliminary experiments showed that optimum adsorption capacities were achieved at pH 2 for

both adsorbates. Thus, pH 2 was selected for adsorption studies for mixtures of [10, 20, 30, 50 and 100 mg L−1

ARS / 10 mg L−1 Cu(II)] at 20 ◦C for 48 h and the results are shown in Figures 9a–9d. Figures 9a and 9b

illustrate that the presence of Cu(II) ions did not significantly affect the ARS adsorption. At the same time, as

the initial concentration of ARS increased, the adsorption of Cu(II) ions decreased, which confirmed that the

beads under investigation had a higher affinity for ARS than Cu(II) in the binary systems (Figures 9c and 9d).

2.9. Comparison with other studies

To explore the efficiency of the synthesized samples, the adsorption capacities of Cu(II) and ARS on the

synthesized chitosan/ZnO nanorod composite were compared with other studies. As shown in Table 4, the

adsorption capacity of Cu(II) that was obtained in the current work was higher than that obtained by chitosan

in prawn shell55 and lower than the other adsorbents. For ARS adsorption, adsorption capacity was also much

higher than that obtained by biosorbent of Lantana camara 11 and it was comparable to the value obtained by

n-Fe3O4 -corn cover composite.56 Moreover, to the knowledge of the authors, there have been no studies done

for the simultaneous removal of Cu(II) and ARS in a binary system using the chitosan/ZnO nanorods composite.

Accordingly, the synthesized nanocomposite could successfully be applied for the simultaneous removal of Cu(II)

and ARS.
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Figure 9. Adsorption capacity in single and binary systems for (a) Cu(II) onto CS, (b) Cu(II) onto CS-ZnO, (c) ARS

onto CS, and (d) ARS onto CS-ZnO.

Table 4. Comparison of the adsorption efficiency of synthesized Cs-ZnO with other adsorbents for the adsorption of

Cu(II) and ARS.

Adsorbents for Cu(II) qmax (mg g−1) Reference Adsorbents for ARS qmax (mg g−1) Reference
Konjac glucomannan-

27.17 [61]
Biosorbent of

1.17 [11]
poly(acrylic acid) hydrogel Lantana camara
Chitosan-coated sand 8.18 [62] Graphene oxide 88.50 [63]
Chitosan in prawn shell 0.73 [55] Magnetic chitosan 40.12 [10]

Chitosan-coated bentonite 12.14 [64]
Activated clay modified

32.70 [65]
by iron oxide

Functionalized activated
54.00 [66]

n-Fe3O4-corn cover
10.75 [56]

carbon composite
Chitosan/ZnO nanorods

3.69
Present Chitosan/ZnO nanorods

8.01
Present

composite study composite study

2.10. Conclusions

Cu(II) and ARS have been successfully removed from aqueous solutions using chitosan and a chitosan/ZnO

nanorod composite in single and binary systems. The characterization of the synthesized adsorbents by XRD,
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FTIR, and EDAX along with HR-TEM demonstrated that chitosan beads impregnated with ZnO nanorods

were successfully synthesized. Adsorption kinetics of Cu(II) and ARS onto the studied adsorbents could be

described by the pseudo-second-order model. The experimental data fit the Freundlich isotherm model well.

The calculated thermodynamic parameters indicated that the adsorption processes for both pollutants were

favorable, endothermic, and physical in nature. In the binary system, the presence of Cu(II) ions did not affect

the adsorption capacity of ARS, while adsorption of Cu(II) was restricted in the presence of ARS. Furthermore,

the synthesized beads could be regenerated through desorption of ARS using NaOH solution and could be

reused up to five cycles. It can be concluded that removal of organic dyes (ARS) in the presence of inorganic

cations (Cu(II)) can be accomplished using n-ZnO-impregnated chitosan beads as an eco-friendly alternative

adsorbent.

3. Experimental

3.1. Materials

Chitosan (CS) (M.M. 10,000–300,000) was purchased from Acros Organics. A stock solution of 1000 mg L−1

of Cu(II) ions was prepared by dissolving 3.928 g of CuSO4 .5H2O (Merck) in distilled water containing 1

mL of conc. H2SO4 acid. Alizarin red S (ARS) was purchased from Riedel-de Häen AG, Germany. Sodium

diethyldithiocarbamate was purchased from Loba Chemi, India. A stock solution containing 500 mg L−1 ARS

was prepared by dissolving the required amount in distilled water. Working solutions were prepared daily by

an appropriate dilution of the stock solution using distilled water. All other reagents used were of analytical

reagent grade.

3.2. Synthesis

3.2.1. Synthesis of ZnO nanorods (n-ZnO)

The synthesis of n-ZnO was essentially based on the method of Gondal et al.57 In a typical experiment, zinc

nitrate and ammonium carbonate solutions were separately prepared by dissolving 40.0 g and 33.0 g, respectively,

in 100 mL of distilled water. The zinc nitrate solution was added drop by drop into the ammonium carbonate

solution, and the mixture was stirred continuously for 2 h. Then the formed precipitate was allowed to settle

down for 24 h, filtered, and washed three times with distilled water and ethanol. The washed precipitate — the

precursor for ZnO — was dried at 100 ◦C and calcined at 500 ◦C for 5 h in a programmable furnace to get the

n-ZnO.

3.2.2. Synthesis of CS and CS-ZnO beads

The procedure employed was a modified version of the method given in the literature.58 Typically, 1 g of the

synthesized n-ZnO powder was dispersed and sonicated in 50 mL of 2% acetic acid, then added to a solution

of 1 g of chitosan dissolved in 50 mL of 2% acetic acid. The mixture was stirred for 4 h until a clear solution

was obtained. The formed solution was then dropped into a hot (70 ◦C) NaOH solution (20% w/v), where

the drops turned immediately into white beads of CS-ZnO; these beads were kept in the solution at 60 ◦C for

about 3 h. The wet gel beads were filtered, washed extensively with distilled water to remove any NaOH, and

dried in an oven at 50 ◦C. For CS bead preparation, the same steps were repeated without n-ZnO addition.
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3.3. Characterization

FTIR spectra were recorded on an FTIR spectrometer (FT-IR-6100 Jasco, Japan), using KBr pellets in the

range of 4000–400 cm−1 at room temperature with spectral resolution 4 cm−1 . XRD studies were carried

out using an X-ray diffractometer (X’Pert Pro, PANanalytical, the Netherlands) with Cu Kα radiation (λ =

0.15406 nm) in the 2θ range of 2◦ to 80◦ . The surface morphology of the beads was studied using a field

emission scanning electron microscope (Quanta FEG 250, the Netherlands). The sample was coated with gold

before SEM testing. Elemental composition was performed using an energy dispersive X-ray analyzer (X-flash

Detector 410-M, the Netherlands) to obtain information on the content of n-ZnO in the synthesized beads.

HR-TEM observation was carried out on a JEOL JEM-2100 Plus (USA) transmission electron microscope.

3.4. Adsorption experiments

Adsorption experiments were carried out using a batch mode. To study the effect of pH on the adsorption

process, 0.1 g of the adsorbent was mixed with 50 mL of Cu(II) or ARS solution with initial concentration

of 10 and 20 mg L−1 , respectively. The initial pH values of solutions were adjusted in the range of 2–10

using Thiel buffer. For adsorption kinetics studies, 50 mL of the Cu(II) (pH 6) or ARS (pH 2) solutions with

initial concentration of 10 and 20 mg L−1 , respectively, were added to 0.1 g of adsorbent. In the adsorption

isotherm studies, 0.1 g of the adsorbent was added to 50 mL of the Cu(II) or ARS solutions with an initial

concentration of 10, 20, 30, 50, and 100 mg L−1 at the optimum pH for each. In the thermodynamic studies,

0.1 g of the adsorbent was added to 50 mL of Cu(II) or ARS solutions with initial concentrations 10 and 20 mg

L−1 , respectively, at different temperatures. After equilibration, the concentration of the ARS was determined

spectrophotometrically employing a Jasco 630V spectrophotometer at a wavelength of 420 nm, while copper

was determined using the modified sodium diethyldithiocarbamate method.59 The percentage of adsorption

(%E) and qe (mg g−1) were calculated as follows:

%E =
Co − Ce

Co
× 100, (15)

qe = (Co − Ce)
V

m
(mg g−1), (16)

where Co andCe are the initial and equilibrium concentrations of the solution (mg L−1) , respectively. V is the

volume of the aqueous solution (L) and m is the mass of adsorbent in grams.

The stratification between the model-calculated values and the experimental results was explicated by the

total mean error (ϵ%), which is the discrepancy between the experimental results and the calculated values:60

ϵ% =

n
∑

i=1

| (qe(exp .) − qe(calc.)) |
n
∑

i=1

qe(exp .)

. (17)

A relatively low value of ε % specifies which model can be successfully used to describe the adsorption data.
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3.5. Desorption and reusability studies

A static desorption process was performed by mixing 0.02 g of Cu(II)-loaded sorbent with 10 mL of 1 g L−1

EDTA solution and 0.02 g of ARS-loaded sorbent with 10 mL of 0.5 M NaOH. The released dye concentration

was measured as mentioned above, while Cu(II) concentrations were determined using an atomic absorption

spectrometer (AAnalyst 400, PerkinElmer) instead of the spectrophotometric method to avoid possible conflict

due to the presence of EDTA. After desorption, the adsorbent was again used for readsorption of Cu(II) or

ARS. Thus, adsorption/desorption cycles were repeated to establish the regeneration of the adsorbent, until

there was a significant decrease in the adsorption efficiency.

3.6. Binary system studies

An amount of 0.1 g of the adsorbent was added to 50 mL of a solution mixture. A mixture series was prepared

as a mixture of 10 mg L−1 Cu(II) with 10, 20, 30, 50, or 100 mg L−1 ARS at pH 2. After 48 h, the residual

concentrations of Cu(II) and ARS were determined as mentioned previously in the adsorption experiments

section.
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