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Abstract 
In this work, two clay-based composites are prepared for the adsorptive removal of the 
chloride ions from aqueous solutions. These composites are characterized through 
Fourier transform-infrared spectroscopy, scanning electron microscopy, X-ray 
fluorescence spectroscopy, and X-ray diffraction analysis. The effects of different 
parameters such as the contact time, amount of adsorbent, chloride concentration, 
temperature, and pH are studied by batch experiments. Also the isotherm, kinetic, and 
thermodynamic of the adsorptive removal of the chloride ions from these two 
composites are investigated. According to the results obtained, the adsorptive removal of 
chloride ions is initially rapid, and the equilibrium time is reached after 30 min. The 
optimal pH value is 7.0 for a better adsorption, and the maximum capacity can be 
achieved, which is 60.2 mg/g with 1000 mg/L of the initial chloride concentration. The 
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich adsorption models are 
applied to describe the equilibrium isotherms at different chloride concentrations. 
According to the equilibrium isotherms and the correlation coefficients (R2CDC: 
0.9424, R2LDC: 0.996), the process can be described by the Langmuir model, and 
exhibits the highest removal rate of 97.24% (24.31 mg/g) with 250 mg/L of the initial 
chloride concentration. The pseudo-first-order and pseudo-second-order, intra-particle 
diffusion, and mass transfer kinetics models are used to identify the mechanism of the 
adsorptive removal of the chloride ions. The pseudo-second order model due the 
correlation coefficients (R2CDC: 0.9217-0.9852, R2LDC: 0.9227-0.9926) can be fitted 
to the kinetic calculations, and it is applicable for the adsorptive removal of chloride 
ions by the adsorbents. The thermodynamic calculations show that in a low chloride 
concentration, the sorption is spontaneous, associative, and endothermic; and in a high 
concentration, it is unspontaneous, dissociative, and endothermic. The calculated value 
of free energy (E) for adsorption onto the adsorbents suggests that the reaction rate 
controls the adsorptive removal of the chloride process rather than diffusion. It can be 
concluded that these two composites can be used as effective and applicable adsorbents 
for the adsorptive removal of chloride ions. 

1. Introduction
In mining, water is used within a broad range of 
activities including mineral processing, dust 
suppression, slurry transport, and employee 
requirements. Over the last several decades, the 
industry has made much progress in developing 

close-circuit approaches that maximize water 
conservation. At the same time, the operations are 
often located in areas where there are not only 
significant competing municipal, agricultural, and 
industrial demands but also very different 
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perspectives in the role of water culturally and 
spiritually. Recently, industrial wastewaters have 
been considered due to increment in the 
environmental impacts. Mining is one of the 
industries that produce wastewaters including ions 
such as chloride. Chloride ions increase the 
conductivity of water and the potential corrosivity 
[1–7]. Therefore, it is necessary to remove the 
undesirable pollution.  
Several methods such as ion exchange, reverse 
osmosis, ultra-high lime with aluminum (UHLA) 
process, adsorption, Norcure, gas conditioning 
system, and electrochemical method are used for 
the removal of chloride ions [8]. As adsorption 
can be a simple, effective, and low- cost process, 
this makes it to become the most suitable process 
regarding pollution removal.  
The low-cost process of water recovery is one of 
the most significant issues facing industry today. 
Therefore, natural materials can be a good choice 
as the potential adsorbents for chloride ion 
removal from aqueous solutions. Recently, 
different types of natural materials such as fique 
fibers [9], lime [10], and corn roots [11] have 
been studied for this purpose.  
Also clay minerals have received much attention 
due to their abundance, availability, and low 
price. Various studies have been done using 
zeolite [12-14], bentonite [15-17], and kaolinite 
[18-20] as adsorbents. However, typically, natural 
clays have a low anion exchange capacity. 
Therefore, the adsorbent surface is usually 
modified in order to improve this feature. 
Layered double hydroxide (LDH) as a class of 
synthetic anionic layered clays with a 
hydrotalcite-like structure containing positively 
charged metal hydroxide layers separated by 
anions and water molecules can be represented by 
the general formula of 
[M+2

1−xM+3
x(OH)2]x+[Am−

x/m]·nH2O, where M+2 
and M+3 are the divalent and trivalent cations, Am− 
is the charge balancing interlayer anion, and x is 
the M+3/(M2++M3+) molar ratio (0.10 to 0.33) [21].  
LDH is well-known as an excellent anion 
exchange material with broad applications but 
recently much more attention has been given to 
LDHs as an adsorbent [22-26]. Several studies 
have been done regarding anion adsorption using 
LDHs such as CaAl-LDH [27], MgFe-LDH [28], 
and ZnAl-LDH [29]. Therefore, using LDH in 
order to help a natural adsorbent and raise the 
adsorption capacity can be useful. 
According to the chitosan special features as one 
of the most abundant natural polymers [30], there 
is a widespread use of chitosan as an adsorbent, 

especially in the removal of pollutants from 
wastewater [31-33]. 
Chitosan contains lots of ―NH2 and ―OH 
groups in its molecule (Figure 1). It has a strong 
adsorption ability for many anions such as dyes 
(except for cationic dyes) due to its unique 
molecular structure [34]. However, normal 
chitosan has a small specific surface area, high 
cost, and low chemical stability, and would gel at 
a low pH value [35, 36], which limits its 
application in adsorption processes.  Therefore, 
loading chitosan on another material can help to 
reduce the chitosan requirement and still keep the 
desired properties such as adsorption capacity.  

 
Figure 1. Structure of chitosan. 

Diatomite is a lightweight sedimentary rock with 
a high porosity [37]. It is an inexpensive material, 
and can be found in many areas. Therefore, 
diatomite is an attractive immobilization material 
that may bring a new adsorbent with a high 
specific surface area and a strong adsorption 
ability for anions. Various studies have been 
carried out on the use of diatomite as an adsorbent 
for phosphate [38], fluoride [39], arsenic [40], and 
anionic dye [41, 42] removal from aqueous 
solutions.  
The aim of this work was to prepare two clay-
based composites by loading LDH and chitosan 
onto the raw diatomite (RD) via a co-precipitation 
method in order to improve the anion adsorption 
ability of diatomite. This is the first time that the 
adsorptive removal of chloride ions is evaluated 
by comparative and competitive studies with the 
two adsorbents LDH/diatomite clay (LDC) and 
Chitosan/Diatomite clay (CDC), which were 
specified by XRD, XRF, FT-IR, and SEM. The 
effects of different parameters such as the contact 
time, amount of adsorbent, chloride ion 
concentration, temperature, and pH were studied 
by batch experiments. Also the isotherm, kinetic, 
and thermodynamic of the adsorptive removal of 
chloride ions in LDC and CDC were investigated. 
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2. Experimental 
2.1. Materials 
Mg (NO3)2-6H2O, Al (NO3)3-9H2O, acetic acid, 
and NaCl were supplied from Merck Company 
(Germany). All the water used was deionized. The 
chloride solution used was a synthetic wastewater 
prepared from anhydrous NaCl. Solution pH 
adjustment was carried out with 0.1 M NaOH and 
HNO3, which were obtained from Merck 
Company (Frankfurt, Germany). Raw diatomite 
(RD) was obtained from the BDH chemical Ltd. 
company (England), and chitosan was obtained 
from Sigma–Aldrich Company (Germany). 
Before use, all the adsorbents were milled, 
washed with distilled water, and oven-dried for 12 
h at 80 °C. The dried adsorbents were stored in 
glass flasks.  
Referring to the previous studies regarding the use 
of LDHs for chloride removal [4], Mg/Al LDH as 
the adsorbent with a significant adsorption 
capacity was selected and synthesized by applying 
a common co-precipitation method as follows: 
0.15 mol Mg (NO3)2·6H2O and 0.075 mol Al 
(NO3)3·9H2O were dissolved in 150 mL of 
deionized water, thus forming a mixture solution. 
The solution was added dropwise into 50 mL of 2 
M NaOH solution under vigorous stirring. The 
reaction mixture was heated at 60 °C for 3 h for 
aging. The precipitates obtained were centrifuged, 
washed with deionized water, and dried at 110 °C 
overnight.  

2.2. Preparation of LDH/diatomite composite 
MgAl-LDH was synthesized by the co-
precipitation method at the constant pH of 11-12 
and at a temperature of 80 °C [43]. A mixture of 
1.50 mol/L Mg (NO3)2 and 0.75 mol/L Al (NO3)3 
aqueous solution ([M2+]/[M3+] = 2) was slowly 
introduced into a beaker containing 2 L distilled 
water and a clean RD. The water temperature was 
stably maintained at 80 °C with continuous 
heating and stirred for 4 h. During the addition, 
the pH of the solution was kept at 11∼12 using a 
25% wt. NaOH solution. Then the slurry was aged 
at 80 °C for 12 h. The resulting precipitate was 
separated by centrifugation and washed for 
several times with deionized water to wash out all 
the dissolved salt. At last, the composites were 
dried in an oven at 100 °C for 16 h, giving the 
product MgAl-LDHs-RD. 

2.3. Preparation of chitosan/diatomite 
composite 
In this work, chitosan was used as the 
modification agent. In the primary experiment, the 

modified RD samples with different 
concentrations of chitosan (10, 30, 50 mg/g) were 
compared in order to find the most efficient and 
effective adsorbent. A higher concentration was 
not applied due to its too high stickiness during 
preparation. The results obtained showed that the 
modified RD with a higher chitosan concentration 
had a higher absorbance of chloride ions. 
Therefore, in this work, 50 mg/g was chosen as 
the modification concentration. The detailed 
preparation procedure is as follows: chitosan was 
dissolved in 5% (volume fraction) acetic acid 
solution at 50 g/L; 10 mL of this chitosan gel was 
added to 10 g of natural RD powder and mixed 
fast and sufficiently. This mixture was dried at 
100 °C and ground into powder below 65 mesh 
for study. By this means, the modified RD powder 
studied in this work was obtained. 

2.4. Physical measurements 
The prepared adsorbents were specified by 
powder X-ray diffraction (Unisantis XMD 300, 
scan range 5°-70°), Fourier transform-infrared 
spectroscopy (NEXUS 870 FT-IR spectrometer 
range 500-4000 cm−1), scanning electron 
microscopy (Leo 440i SEM), and X-ray 
fluorescence spectrometers (Spectro Xepos). The 
solution pH adjustments were done by a pH-meter 
(827 pH lab, Metrhom, Swiss). 

2.5. Batch adsorption experiments 
Chloride solutions with different concentrations 
were prepared by diluting the stock solution with 
10000 mg/L chloride concentration and used for 
the subsequent batch of adsorption experiments. 
In order to study the chloride removal process, 
100 mL of chloride solution with concentrations 
ranged from 250 to 1000 mg/L was stirred at 500 
rpm with each adsorbent (1 g) by changing the 
temperature from 25 °C to 70 °C. In order to 
specify the optimized contact time, the samples 
were collected at 5, 10, 15, 30, 45, 60, and 90 
min. Also by adding HNO3 (0.1 mol/L) and 
NaOH (0.1 mol/L), the solution pH was adjusted. 
After equilibration, the remaining chloride ion 
content in the filtrate was measured by titrimetric 
analysis. Using the following equations, the ion 
removal percentage and uptake capacity could be 
calculated: 

푅푒푚표푣푎푙 % =
(퐶 − 퐶 )

퐶 × 100% (1) 

푞 =
(퐶 − 퐶 )푉

푚
 (2) 
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where C0 (mg/L) and Ce (mg/L) are the initial and 
equilibrium chloride concentrations, respectively; 
qe (mg/g) is the uptake capacity of chloride by 
adsorbent at equilibrium time; V (l) is the initial 
volume of solution; and m (g) is the mass of 
adsorbent.  
In the isotherm experiments, 1 g of adsorbent was 
added to 100 mL chloride solutions with various 
initial concentrations ranging from 250 to 1000 
mg/L. The mixtures were stirred for 30 min to 
reach equilibrium. The chloride concentrations of 
the supernatant solutions were determined. The 
chloride ion uptake by the adsorbent was 
calculated by the following equation: 

푞 =
(퐶 − 퐶 )푉

푚
 (3) 

where qt (mg/g) is the uptake capacity of chloride 
by adsorbent at time t; V (l) is the volume of the 
solution; C0 (mg/L) and Ct (mg/L) are the initial 
chloride concentration and chloride concentration 
at time t; and m (g) is the mass of adsorbent. 

2.6. Equilibrium isotherms 
The maximum adsorption capacity of chloride, 
surface properties of adsorbents, and mechanism 
of the adsorption process were characterized using 
the four different isotherm models Langmuir, 
Freundlich, Temkin, and Dubinin–Radushkevich 
(D–R); the related equations are shown in Table 1 
[44-53]. 

Table 1. Equations of different isotherm models. 
Model Equation Description Ref. 

Langmuir 

퐶
푞

=
1

푄 × 푏
+
퐶
푄

 

푅 =
1

1 + 푏퐶
 

qe (mg/g): amount of adsorbed ion per 
unit weight of adsorbent 

Ce (mg/L): metal ion concentration in 
solution at equilibrium (after adsorption) 
b (L/mg): Langmuir isotherm constants 
Q0 : adsorption capacity, maximum in 

monolayer adsorption 
RL: separation factor also called 

equilibrium parameter 

[44-46] 

Freundlich 푙표푔푞 = 푙표푔퐾 + 1 푛 푙표푔퐶  

KF (mg1-1/n L1/n g-1): Freundlich 
constants that display adsorption 

capacity of the adsorbent 
n (g/L): Freundlich constants that 
represent adsorption intensity (or 

surface heterogeneity) of the 
adsorbent 

[47] 

Temkin 푞 = 푅푇
푏 퐿푛퐴 + 푅푇

푏 퐿푛퐶  

b (J/mol): Temkin isotherm constants 
related to the heat of adsorption 

A: Temkin isotherm constant  
R: gas constant(8.314 J/mol K) 

T: absolute temperature 

[50,51] 

Dubinin-
Radushkevich 

퐿푛푞 = 퐿푛푞 − 훽푅 푇 퐿푛 1 + 1
퐶  

퐸 = 1
2훽

 

qmax(mg/g): capacity maximum of 
adsorption 

β(mol2/KJ2): a constant related to 
adsorption energy 

E: free energy per molecule of 
adsorbate (KJ) that represent: 

-If E < 8 kJ/mol: physical adsorption 
-If 8 < E< 16 kJ/mol: chemical 

absorption or ion exchange 
-For E > 16 kJ/mol : particle diffusion 

governs the reaction 

[52,53] 

By considering the shape of the isotherm, it can 
be predicted if the process is favorable or 
unfavorable. The RL value can express the main 
features of the Langmuir isotherm, which can be 
calculated and interpreted as below [7, 54, 55]: 

푅 =
1

1 + 푏퐶
 

RL > 1: Unfavorable adsorption process 

(4) 

RL = 1: Linear adsorption process 

0 < RL < 1: Favorable adsorption process 

RL = 0: Irreversible adsorption process 
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where C0 (mg/L) and b (L/mg) are the initial 
chloride concentrations, respectively, and the 
Langmuir constant is related to the adsorption 
energy.  

2.7. Kinetics studies  
In the kinetic experiments, 100 mL of 1000 mg/L 
chloride solution with 1 g of adsorbent was stirred 
(500 rpm) for the selected times of 5 to 90 min, 

and then the adsorbent was filtered from the 
solution. 
In order to identify the mechanism of the 
adsorptive removal of chloride, the kinetic results 
were applied to the reaction-based models, named 
pseudo-first-order and pseudo-second-order, and 
diffusion-based models, named intra-particle 
diffusion and mass transfer models. The 
theoretical aspects of the kinetic equations are 
shown in Table 2 [56, 57]. 

Table 2. Kinetic equations and parameters [56, 57]. 
Model  Linear equation  Equation  Parameters 

Pseudo-first-order ln(푞 − 푞 ) = 푙푛푞 −퐾 푡 
푑
푑

= 퐾 (푞 − 푞 ) 

qt: amounts of ions adsorbed 
after t units of time 

qe: amounts of ions adsorbed 
after time of reach to 
equilibrium (mg/g) 

K1: pseudo-first order rate 
constant for the adsorption 

process (1/min) 

Pseudo-second-order 
푡
푞

=
1

퐾 (푞 )
+

1
푞
푡 

푑
푑 = 퐾 (푞 − 푞 )  

k2: equilibrium rate constant of 
the pseudo-second-order 

equation (g/mg min). 

Elovich 푞 =
1
훽 ln(훼훽) +

1
훽 푙푛푡 

푑
푑 = 훼푒  

α: initial adsorption rate 
(mmol/g min) 

β: related to the extent of 
surface coverage and the 

activation energy involved in 
chemisorption (g/mmol) 

Intra-particle diffusion 푞 = 퐾 푡 + 퐶   
Kpi: intra-particle diffusion rate 
constant of stage i (mg/g min1/2) 

Ci: intercept of stage i 

Mass transfer model 

푞 = 퐵 +
1
훽 ln (푡) 

퐵 =
ln [푘 ] − ln {푙푛 퐶퐶 }

훽  

[푘 ] = [푘 ] × 푒  
[푘 ] = [푘 ] − [푘 ]  

 

B: potential mass transfer index 
β: (g min/mg) adsorbate– 

adsorbent affinity parameter 
[kla]g: global mass transfer factor 
[kla]f: film mass transfer factor 
[kla]d: internal diffusion factor 

2.8. Thermodynamic studies 
In the thermodynamic studies, 100 mL of chloride 
solution at various concentrations of 250, 600, and 
1000 mg/L was stirred with 1 g adsorbent for 30 
min at different temperatures (298, 323, 333, and 
343 K). 
The thermodynamic parameters can be calculated 
by the following equations: 
푞 푚 = 푉(퐶 − 퐶 ) 

 

퐾 =
(퐶 − 퐶 )

퐶 ×
푉
푚 (5) 

퐾 = 푞
퐶  

where m and V are the amount of adsorbent (g) 
and the volume of solution (L), respectively. The 
Gibbs free energy of the process can be calculated 
as below: 

∆퐺 = ∆퐻 − 푇∆푆  

푙푛퐾 = ∆푆
푅 −

∆퐻
푅푇 (6) 

∆퐺 = −푅푇푙푛퐾  

where ΔG0 is the free energy of ion adsorption 
(kJ/mol), ΔH0 is the heat of adsorption (kJ/mol), 
and ΔS0 is the standard entropy change of 
adsorption (kJ/mol). According to the above 
equations, by having the adsorption distribution 
coefficient (Kd) values, ΔH0 and ΔS0 can be 
determined. 

3. Results and discussion 
3.1. Adsorbent characterization 
The chemical composition of the samples is 
tabulated in Table 3. The most significant 
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component of diatomite is SiO2 (90.41 %). The 
high value of SiO2 in the diatomite sample is 

consistent with the data obtained from the XRD 
analysis. 

Table 3. Chemical composition of raw diatomite. 
Oxide % SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 MnO L.O.I 
Diatomite 90.41 4.81 <0.1 <0.1 1.54 <0.1 1.13 <0.1 <0.1 2.11 

CDC 49.25 3.24 <0.1 <0.1 1.15 <0.1 0.51 <0.1 <0.1 46.03 
LDC 9.92 21.64 <0.1 <0.1 13.95 <0.1 12.56 <0.1 <0.1 41.93 

 
The SEM microphotographs of the RD, CDC, and 
LDC samples are presented in Figure 2. It is clear 
that RD has a well-developed porous structure and 
looks like a circular sieve (Figures 2a and 2b). 
After loading with chitosan, the porous structure 
of the raw diatomite surface was still maintained, 
which provided a great possibility for chloride 
ions to be gathered and adsorbed (Figure 2c). 

Figure 2d shows a well-prepared LDH with a 
typical plate-like structure. Also it could be 
recognized from Figure 2e that after making the 
composite, the diatomite surface was covered by 
LDH, and the porous structure of diatomite was 
not destroyed. 

  

  

 
Figure 2. SEM images of (a), (b) natural diatomite, and (c) prepared CDC, (d) MgAl-LDH, (e) LDC. 
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The FT-IR spectra for RD, CDC, and LDC are 
shown in Figure 3. The FT-IR spectrum for 
chitosan shows that the N―H and ―OH 
stretching vibrations are overlapped around 3380 
cm-1. The C=O stretching vibration of the amide 
group and the bending vibration of the amine 
group can be indicated at 1655 cm-1 and 1595 cm-1 
accordingly [58]. The characteristic glycoside 
absorption peak can be indicated at 1153 and 899 
cm-1. The band around 3380 cm-1 has been shifted 
to 3439 cm-1, and the bands at 1595 cm-1 have 
been vanished, which indicate that the organic 
compounds containing nitrogen of chitosan are 
attached or adsorbed by diatomite [59]. According 
to Figure 3(c), the band at around 795 cm-1 
corresponds to the free silanol group by diatomite. 
It can be confirmed by the results that chitosan is 
unified with diatomite [60-62].  
According to Figure 3, the FT-IR spectra for LDC 
were compared with RC and LDH, which 
indicated the similarity of LDH and LDC. The 
stretching vibration of O-H can be indicated at 
3439 cm-1, which is related to hydroxyl groups 
and water molecules. The peak at 1650 cm-1 is 
related to the H2O bending vibration [63]. The 
peak at 1390 cm-1 is related to NO3

- in the inter-
layer. The band around 1091 cm-1 confirms the 
existence of the Si-O stretching [64]. The bands 
observed between 500-800 cm-1 can be assigned 
to the lattice vibration models of M―OH and 
M―O. 
Figure 4 shows the XRD patterns of the samples. 
According to Figure 4(a), the main peaks of 
diatomite are observed at 21.8°, 28.2°, 31.3°, and 
36.0° (2θ); the peak at 21.8° reflects SiO2 [65].  
According to Figure 4(b), the observed peaks at 
10.6° and 20.4° are related to chitosan [66]. 
Although no shifts could be observed, the peaks 
were weakened. This is probably due to the easy 
dispersing of diatomite in the chitosan solution in 
order to form a desirable inter-play with chitosan.
  
The XRD patterns for LDH and LDC are shown 
in Figures 4c and 4d. Typically, LDH shows the 
reflection peaks around 9º, 32º, 34º, 37º, 47º, 56º, 
and 62º, corresponding to the planes (003), (101), 
(009), (015), (012), (110), and (113), respectively, 
which are typically related to hydrotalcite [65-68]. 
It is obtained from the figure that the peak around 
9º starts to appear on the LDC sample, which 
indicates that LDH is well-formed. It can be 
specified from the results that during the loading 
process, nothing changed in the LDH structure. 

 
Figure 3. FT-IR spectra for (a) diatomite, (b) 

chitosan, (c) CDC, (d) MgAl-LDH, and (e) LDC. 

 
Figure 4. XRD patterns for (a) diatomite, (b) CDC, 

(c) MgAl-LDH, and (d) LDC. 

3.2. Effect of contact time 
The adsorptive removal of chloride ions was 
studied with the contact time ranged from 5 to 90 
min. The experiments were done using 1 g of 
adsorbents mixed in 100 mL of chloride solutions 
(1000 mg/L). It can be seen in Figure 5 that by 
increasing the time from 5 to 30 min, the chloride 
removal increases, and thereafter, will not change 
significantly. The maximum adsorptive removal 
of chloride ions by LDC and CDC is 52% and 
59.5% in 90 min with a 1000 mg/L chloride ion 
concentration and 1 g adsorbent.  
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Figure 5. Relationship between the chloride uptake 
capacity by CDC and LDC and the time (C0 = 1000 

mg/L, T = 25 °C, adsorbent amount = 1 g). 

3.3. Effect of amount of adsorbents 
Figure 6 shows the effect of the amount of 
adsorbent on the adsorptive removal of chloride 
ions. It shows that by increasing the amount of 
adsorbent, the percentage of chloride removal 

increases, which can demonstrate that more 
sections are susceptible to absorption. It can be 
seen in the figure that by increasing the amount of 
adsorbent to more than 1 g, the removal 
percentage does not significantly change. 
However, it can be seen in Fig. 6 that by 
increasing the amount of adsorbent, the adsorption 
efficiency increases but the amount adsorbed per 
unit mass decreases. It can be understood that the 
number of available adsorption sites increases by 
increasing the amount of adsorbent but the drop in 
the adsorption capacity is basically due to the sites 
remaining unsaturated during the adsorption 
process. In other words, the decrease in the 
adsorption capacity is basically due to masking of 
the adsorption sites, i.e. the available surface area 
for chloride adsorption decreases due to 
aggregation of the active sites for adsorption. 

 
Figure 6. Relation between percentage of removal and different amounts of adsorbent. 

3.4. Effect of solution pH 
In order to investigate the effect of pH on the 
adsorptive removal of chloride by LDC and CDC, 
the batch experiments were done with different 
pH values (2.0-12.0). Figure 7 shows that by 
adjusting the pH value to 7.0, the maximum 
capacity can be achieved, which is 60.2 mg/g for 
CDC and 47.7 mg/g for LDC. 

 
Figure 7. Relation between adsorption capacity and 

different pH values. 

As a result, in the range of 5.0-8.0 for the LDC 
adsorbent, the pH impact was not insignificant. 
However, for all values outside this range, the 
uptake capacity of chloride ions was decreased. 
This can be related to OH− increase when pH 
value is higher than 8.0. By reducing the pH value 
to lower than 5.0, dissolving the metal cations of 
LDHs will start, which reduces the uptake 
capacity. Also by decreasing the pH value of the 
solution, there are more nitrate ions in the 
solution, which prevent the chloride ion exchange. 
For CDC, the pH of the solution has a significant 
impact on the process. It was found that by 
adjusting the pH value of the solution at 7.0, the 
highest adsorption capacity of chloride could be 
achieved. As shown in Figure 7, the optimum pH 
was frequently reported around pH 4–7. At a 
lower pH, chitosan is soluble in water, which 
causes decreasing the activated sites on the 
surface. 
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Also at low pH values, H+ increases on the CDC 
surface, which causes an electromagnetic force 
formation between the chloride ions and the 
adsorbent surface [69]. By increasing the pH 
value of the solution, OH− increases, which 
competes with chloride ions for adsorption. 

3.5. Effect of chloride ion concentration 
In order to show the effect of the initial solution 
concentration on the adsorptive removal of 
chloride ions, the batch experiments were studied 
with different concentrations (250, 400, 500, 600, 
750, and 1000 mg/L). Figure 8 shows that the 
adsorption loading increased from 5 to 30 min, 
and thereafter, it remained almost constant. 
Chloride ions were almost totally adsorbed at 250 
mg/L. By increasing the initial solution 
concentration, the uptake capacity increased. This 
increase is attributed to the fact that as the 

concentration increases, the number of collisions 
between the chloride ions and the adsorbents 
increases due to the increase in the mobility of the 
ions because of high collisions between the ions 
themselves. The initial chloride concentration 
creates an important driving gradient force to 
overcome the mass transfer resistance to anions 
between the solid and aqueous phases. The data 
showed that the chloride adsorption capacity of 
CDC and LDC increased from 24 to 59.5 mg/g 
and from 24 to 52 mg/g with chloride 
concentration increasing from 250 to 1000 mg/L 
(Figure 8). This could be due to a high mass 
transfer force. However, the chloride percent 
removal decreased from 96% to 59.5% and from 
90.8% to 52% for CDC and LDC, respectively, 
due to the saturation of the binding sites on the 
adsorbents. 

  

  
Figure 8. (a). Relation between adsorption capacity and different initial chloride concentration for CDC. (b). 

Relation between adsorption capacity and different initial chloride concentration for LDC. (c). Relation between 
percentage of removal and different initial chloride concentration for CDC. (d). Relation between percentage of 

removal and different initial chloride concentration for LDC. 
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3.6. Adsorption equilibrium studies 
In order to determine the optimum conditions for 
the adsorptive removal of chloride ions, the 
equilibrium studies for the Langmuir, Freundlich, 
Temkin, Dubinin– Radushkevich (D–R) models 
were carried out. 
The homogeneous mono-layer adsorption of the 
ions onto the surface with a limited number of 
adsorption sites is defined by the Langmuir model 
[44-46]. 
It can be seen in Table 4 that the results obtained 
can be applied to the Langmuir model, showing a 
better fit than the others for both CDC and LDC 
according to the correlation coefficients (R2

CDC: 
0.9424, R2

LDC: 0.996). The RL values for the initial 
concentrations of chloride ions between 250 and 
1000 mg/L were calculated for both CDC and 
LDC as 0.0657-0.2196 and 0.0538-0.1855, 
respectively. Therefore, as the RL value is 
between 0 and 1, the adsorptive removal of 
chloride ions is favorable and reversible. 
The heterogeneous faces can be explained using 
the Freundlich model, which indicate a favorable 
adsorption by obtaining n as the Freundlich 
constant between 1 and 10 [47]. 
Table 4 shows that n for CDC and LDC is 4.29 
and 2.063, and according to the correlation 
coefficient (R2) values 0.9349 and 0.9954, the 

process can also be described well by the 
Freundlich model. 
The revised form of the Langmuir model by 
adding the temperature impact on the process 
called the Temkin model was studied [50, 51]. 
According to Table 4 and due to the correlation 
coefficient (R2) values, temperature does not have 
a positive effect on the chloride homogeneous 
adsorption onto CDC. 
Using the Dubinin–Radushkevich model, the 
physical or chemical nature of the adsorption 
process can be specified [52, 53].  
The E value is used to ascertain the type of 
adsorption process under consideration. If the 
adsorption energy is E < 8 kJ/mol, the adsorption 
would be done physically. For chemical 
absorption or ion exchange, the adsorption energy 
would be 8 < E < 16 kJ/mol, while for the values 
of E > 16 kJ/mol, the particle diffusion controls 
the process [52]. Thus as the adsorption free 
energies (E) for CDC and LDC are 13.168 KJ and 
10.234 KJ, respectively (Table 4), the process is 
controlled by chemical absorption or ion 
exchange.  
The correlation coefficient value (0. 9794) for the 
adsorption of chloride ions onto LDC shows a 
good fit, while the value of correlation coefficient 
for CDC (0.8935) reduces validity, which has 
been mentioned above.  

Table 4. Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich isotherm constants for chloride adsorption. 

Model Parameter CDC LDC 

Langmuir 

R2 0.9424 0.996 
qm (mg/g) 63.291 52.356 

b 0.0142 0.0176 

RL 0.0657-
0.2196 

0.0538-
0.1855 

Freundlich 

R2 0.9349 0.9954 
n (g/L) 4.0290 2.7203 

KF (mg1-1/n L1/n 
g-1) 

11.7138 4.2855 

Temkin 
R2 0.8416 0.9441 

b (J/mol) 270.8469 255.7494 
A (L/mg) 0.6623 0.1279 

Dubinin–
Radushkevich 

R2 0.8935 0.9794 
β (mol2/KJ2) 2.88×10-9 4.77×10-9 

E (KJ) 13.1681 10.2348 
qm (mg/g) 0.0012 0.0013 

 
3.7. Adsorption kinetics studies  
As mentioned in Section 3.2, Figure 5 shows that 
the chloride ion removal increases by increasing 
time and reaches the optimum time at 30 min, and 
thereafter, remains almost constant. 

The kinetic models such as pseudo-first-order, 
pseudo-second-order, intra-particle diffusion, 
Elovich, and mass transfer were examined in 
order to determine the effective processes 
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regarding the adsorptive removal of chloride ions 
on CDC and LDC.  
The rate constant of the adsorption process can be 
calculated from the plot of ln(qe−qt) vs. t (Tables 5 
and 6). The results obtained show that due to the 
low R2 values, the pseudo-first-order model is not 
suitable for describing the experimental data. 
The experimental data was assessed for the 
pseudo-second-order model. Tables 5 and 6 show 
the related values of k2 and qe, which are obtained 
from the t/qt vs. t plots. The linear plots are shown 
in Figure 9 at different initial chloride ion 
concentrations, which indicate that this model is 
applicable for the adsorptive removal of chloride 
ions by CDC and LDC. Tables 5 and 6 show that 
by using this model, the calculated qe values are 
close to the experimental data, and the high R2 
values indicate that the adsorptive removal of 
chloride follows a second-order. Describing the 
chloride ion adsorption mechanism by this model 
corroborates chemisorption and ion exchange. 
The intra-particle diffusion and mass transfer 
models were investigated and the results obtained 
were tabulated in Table 7. Generally, external 
diffusion and internal diffusion or a combination 
of them can control the adsorption process  
According to Table 2 and considering the related 
equation of the intra-particle model, qt vs. t1/2 was 
plotted. The intra-particle can be considered as the 
only controlling step of the process if the drawing 
linearly passes through the origin; otherwise, the 
presence of other mechanisms is also confirmed 
[70]. 
Figure 10 shows two different linear parts for both 
CDC and LDC, which indicate different rates of 
mass transfer in the macro-pore (stage 1) and 
micro-pore (stage 2) diffusions. It can be seen in 
Table 7 that the adsorptive removal of chloride 
ions onto CDC has the highest kp1 value, while in 
the second stage of the process, the highest value 
of kp2 is related to LDC, which indicates that the 
adsorptive removal of chloride ions onto CDC is 

mostly controlled by film diffusion, while for 
LDC, the intra-particle diffusion is dominated. 
According to the stages 1 and 2 of the process, the 
change in the intra-particle diffusion rate from fast 
to slow can be explained by the limited desirable 
surface and lower chloride content in the second 
stage.  
The origin is not cut-off by the plot, as it can be 
seen in Table 7, and the presence of other 
mechanisms is confirmed accordingly. 
According to Table 7, an idea can be obtained 
about the boundary layer thickness by having the 
intercept values [71]. The results for both stages 
show that the adsorptive removal of chloride ions 
by CDC has the highest Ci value, which confirms 
the greater effect of the boundary layer. 
The mass transfer resistance investigation can 
help to specify the adsorption mechanisms more 
accurately. Using the mass transfer model, the 
extent of the porosity and the adsorbent bed 
thickness that affect the adsorption capacity can 
be determined. 
Based on the mass transfer equations in Table 2, 
the internal diffusion [kla]d, film mass transfer 
[kla]f, and global mass transfer [kla]g factors as the 
mass transfer parameters were determined. It can 
be calculated from the plot of mass transfer 
factors vs. Ce/C0% (Figure 11) that the rate of 
factors decrease by increasing the Ce/C0 value. 
This indicates the surface impregnation of CDC 
and LDC with chloride ions during the process. 
It can be concluded that the rate of chloride mass 
transfer to CDC is faster than LDC due to the 
greater variation in the mass transfer factors for 
CDC. Also [kla]f > [kla]d, which shows a greater 
effect of the rate of film diffusion on the 
adsorptive removal of chloride ions. 
As it can be seen in Tables 5 and 6, the Elovich 
equations did not fit well to the experimental data. 
Therefore, this model is not applicable for 
describing the experimental data. 

Table 5. Kinetic parameters for the adsorption of chloride ions onto CDC.  

C0 
(mg/L) 

q(exp) 
(mg/g) 

First-order kinetic 
eq Second-order kinetic eq Elovich eq. 

K1(1/min) R2 q2(mg/g) 
K2 

(g/mg 
min) 

R2 
α 

(mmol/g 
min) 

β 
(g/mmol) R2 

0.9088 0.9055 0.9059 0.9011 0.9058 0.8675 0.9088 0.9055 0.9059 0.9011 
0.1329 0.091 0.0876 0.0844 0.0728 0.0666 0.1329 0.091 0.0876 0.0844 
3.2273 3.6977 5.0411 11.8574 9.4402 14.6232 3.2273 3.6977 5.0411 11.8574 
0.9506 0.9217 0.9663 09797 0.9845 0.9852 0.9506 0.9217 0.9663 09797 
0.0027 0.0015 0.0018 0.0022 0.0019 0.0019 0.0027 0.0015 0.0018 0.0022 
25.6155 35.4526 39.2277 43.9282 52.3499 61.3413 25.6155 35.4526 39.2277 43.9282 
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Table 6. Kinetic parameters for the adsorption of chloride ions onto LDC. 

C0 

(mg/L) 
q(exp) 
(mg/g) 

First-order kinetic 
eq Second-order kinetic eq Elovich eq. 

K1(1/min) R2 q2(mg/g) 
K2 

(g/mg 
min) 

R2 
α 

(mmol/g 
min) 

β 
(g/mmol) R2 

0.1506 0.1049 0.0926 0.0848 0.0743 0.0729 0.1506 0.1049 0.0926 0.9113 
3.5074 4.645 5.3981 5.9738 7.2695 9.6794 3.5074 4.645 5.3981 0.9113 
0.9724 0.9744 0.9782 0.9227 0.9862 0.9926 0.9724 0.9744 0.9782 0.9113 
0.003 0.0023 0.002 0.002 0.0016 0.0018 0.003 0.0023 0.002 0.9113 

23.7932 33.6612 38.3763 41.8254 49.1347 53.3523 23.7932 33.6612 38.3763 0.9113 
0.8101 0.8533 0.8169 0.6901 0.9463 0.9252 0.8101 0.8533 0.8169 0.9113 

Table 7. Intra-particle diffusion model parameters for the adsorption of chloride by 1 g of adsorbent; conditions: 
initial chloride concentration: 1000 mg/L, speed stirrer: 500 rpm, temperature: 298 K. 

Adsorbent 
Intra-particle diffusion 

Kp1 

(mg/g min1/2) C1 R1
2 Kp2 

(mg/g min1/2) C2 R2
2 

CDC 12.8320 -8.3116 0.9486 0.1220 58.3530 0.9894 
LDC 9.8841 -6.1939 0.9973 1.0384 42.5380 0.9165 

 
Figure 9. Pseudo-second-order rate expression for the adsorption of chloride by 1 g of (a) CDC and (b) LDC at 

various initial concentrations; conditions: speed stirrer: 500 rpm, temperature: 298 K. 
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Figure 10. Intra-particle diffusion model for the adsorption of chloride by 1 g of (a) CDC and (b) LDC; 

conditions: initial chloride concentration: 100z0 mg/L, speed stirrer: 500 rpm, temperature: 298 K. 

 
Figure 11. Variation in mass transfer factors: (a) [kla]g, (b) [kla]f, (c) [kla]d for chloride ion adsorption onto CDC 

and LDC (C0 = 250 mg/L, T = 25 °C, amount of adsorbent = 1 g). 
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3.8. Adsorption thermodynamic studies  
In order to determine the thermodynamic parame-
ters, as it is shown in Figure 12, ΔH° and ΔS° can 

be calculated by plotting lnKd vs. 1/T. Tables 8 
and 9 demonstrate the thermodynamic parameters 
for chloride ion adsorption. 

 
Table 8. Thermodynamic parameters for the adsorption of chloride ions onto CDC. 

Adsorbent C0 

(mg/L) 
ΔH0 

(KJ/mol) 
ΔS0 

(KJ/mol) 
ΔG0 (KJ/mol) 

298 K 323 K 333 K 343 K 

CDC 
250 1.9405 0.0115 -1.4878 -1.7923 -1.8959 -2.0031 
600 9.0814 0.0166 3.7031 3.9081 3.4790 3.3052 

1000 4.3843 -0.0016 4.8031 5.0385 4.8657 4.8634 

Table 9. Thermodynamic parameters for the adsorption of chloride ions onto LDC. 

Adsorbent C0 

(mg/L) 
ΔH0 

(KJ/mol) 
ΔS0 

(KJ/mol) 
ΔG0 (KJ/mol) 

298 K 323 K 333 K 343 K 

LDC 
250 11.0352 0.0215 4.5626 4.2924 3.8752 3.5528 
600 3.3598 -0.0158 8.0489 8.5427 8.6370 8.7397 
1000 2.1671 -0.0261 9.9204 10.6666 10.8639 11.0761 

 
For chloride ion adsorption onto CDC at a low 
concentration (250 mg/L), the spontaneous 
adsorption process can be explained by negative 
ΔG° values. According to the results shown in 
Table 8, by increasing the temperature from 298 
K to 343 K, the ΔG° values also increase, which 
means that the adsorptive removal of chloride ions 
can spontaneously increase. The positive values of 
ΔG° at high concentrations (600, 1000 mg/L) 
show that although the process is feasible, it is not 
spontaneous. By increasing the temperature from 
323 K to 343 K, ΔG° decrease, which shows that 
at higher temperatures the process becomes more 
favorable [7].  
The positive ΔH° values confirm that the 
adsorptive removal of chloride ions is an 
endothermic process and the adsorption of 
chloride ions on to CDC can be increased by 
increasing the temperature. 
The positive ΔS° changes at lower chloride 
concentrations (250 and 600 mg/L) show that an 
associative process occurs in the chloride 
adsorption. The negative ΔS° value at a high 
concentration (1000 mg/L) reflects that no 
significant diffusion of ions occurs. 
According to Table 9, for chloride ion adsorption 
onto LDC, the positive ΔG° values show that 
although the process is feasible, it is not 
spontaneous. By increasing the temperature at a 
low concentration (250 mg/L), ΔG° decreases, 

which shows that at higher temperatures, the 
process becomes more favorable. According to 
the results obtained for high concentrations, by 
increasing the temperature, the ΔG° values 
increase, which indicate that the adsorptive 
removal of chloride ions is an unspontaneous 
process. Unspontaneous reactions can occur but 
require an external energy source. Hence, in this 
work, as the solution is stirred using a magnetic 
stirrer at 500 rpm, it helps to overcome the 
difficulty of the process. Thus as the process is 
kinetically controlled, adsorption can occur at 
ordinary temperatures, even though it is 
thermodynamically unstable. Therefore, it seems 
that the lower amount of chloride ions adsorbed 
on the LDC is due to this reason. 
The positive ΔH° values confirm that the 
adsorptive removal of chloride ions is an 
endothermic process and the adsorption of 
chloride ions onto LDC can be increased by 
increasing the temperature. 
The ΔS° value at a low chloride concentration 
(250 mg/L) that is positive shows that an 
associative process occurs in chloride adsorption 
by LDC. This also indicates that during the 
process, LDC is affined to chloride ions and 
structural changes occur [7]. The negative 
changes of ΔS° value at high concentrations (650 
and 1000 mg/L) reflect that no significant 
diffusion of ions occurs. 
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Figure 12. Plot of lnKd versus 1/temperature to determine enthalpy and entropy of the adsorption reaction for 

CDC and LDC (initial chloride concentration: 1000, 600, 250 mg/L, speed stirrer: 500 rpm, temperature: 298 K, 
323 K, 333 K, 343 K). 

4. Conclusions 
In this work, two novel adsorbents were prepared, 
characterized, and applied for use by the batch 
adsorption method. The optimized values for the 
contact time, amount of adsorbent, and pH were 
found to be 30 min, 1 g, and 7, respectively. The 
experimental results were fitted to the Langmuir 
equation, implying a homogeneous (monolayer 
surface) chloride adsorption. The adsorption 
quantities from the Langmuir model for CDC and 
LDC were 63.291 mg/g and 52.356 mg/g at 293 
K, respectively.  
According to the kinetic studies on both CDC and 
LDC, chemisorption of adsorptive removal of 
chloride ions and the presence of film mass 
transfer and internal diffusion combination in the 
process were confirmed. In the adsorptive 

removal of chloride ions onto both CDC and 
LDC, the film mass transfer factors are more than 
internal diffusion, which indicates its greater 
impact on the process. 
The ΔG° values at low concentrations indicate that 
the adsorptive removal of chloride ions by CDC is 
a spontaneous process. The positive values of ΔG° 
for LDC indicates that the process is not 
spontaneous but stirring the solution helps the 
process to occur. Due to the ΔH° values, it can be 
confirmed that the adsorptive removal of chloride 
ions for both adsorbents is endothermic. The 
calculated values for ΔS° for chloride ion 
adsorption describes that at low concentrations, 
chloride ions interact with the adsorbent 
associatively, and at high concentrations, 
dissociatively. 
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As the conclusion, the simplicity of the adsorbent 
synthesis process along with achieving a high 
efficiency in the adsorptive removal of chloride 
ions cause these materials to become an 
applicable adsorbent in the water treatment 
process. 
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  چکیده:

ها از طریق ی تهیه گردیده است. این کامپوزیتهاي کلراید از محیط آبجذب یوندر این تحقیق، دو کامپوزیت پایه رسی براي 
تأثیر پارامتر، میکروسکوپ الکترونی، فلوئورسانس اشعه ایکس و پراش اشعه ایکس صورت پذیرفت. قرمزمادونی سنجفیطآنالیزهاي 

اي ناپیوسته مورد مطالعه قرارگرفت. همچنین هآزمایش با استفاده از pHهایی چون زمان تماس، میزان جاذب، غلظت کلراید، دما و 
وجه به نتایج بدست آمده، هاي کلراید توسط دو کامپوزیت بررسی گردید. با تم، سینتیک و ترمودینامیک جذب یونمطالعات ایزوتر

بود و  7رابر با براي جذب بهتر ب pHدقیقه به زمان تعادل رسید. مقدار بهینه  30هاي کلراید در ابتدا سریع و پس از جذب یون
هاي میلی گرم بر گرم بدست آمد. مدل 2/60میلی گرم بر لیتر به میزان  1000بیشترین میزان ظرفیت جذب براي غلظت اولیه کلراید 

هاي مختلف کلراید استفاده گردید. هاي جذب در غلظتبراي توصیف ایزوترم چیرادوشکو نیدوبن و نیتمک چ،یفرندل ر،یلانگموجذب 
CDC :9424/0(هاي جذب و ضرایب همبستگی ترمطبق ایزو

2R  996/0و :LDC
2R( فرآیند توسط مدل لانگمویر قابل توصیف است و ،

میلی گرم در لیتر را نشان می 250براي غلظت اولیه کلراید به میزان  )میلی گرم بر گرم 31/24(درصد  24/97بیشترین نرخ حذف، 
اي و هاي سینتیک جذب شبه مرتبه اول، شبه مرتبه دوم، نفوذ درون ذرهکلراید مدلهاي دهد. براي شناسایی مکانیزم جذب یون

CDC :9217/0-9852/0(گرفت. طبق ضرایب همبستگی انتقال جرم مورد استفاده قرار
2R  9227/0- 9926/0و :LDC

2R(  مدل شبه
ها کاربرد دارد. محاسبات اید توسط جاذبمرتبه دوم با محاسبات سینتیکی مطابقت دارد و این مدل براي فرآیند جذب یون کلر

هاي بالا نظمی و گرماگیر است. در غلظتدهد که در غلظت پایین کلراید، فرآیند خود به خودي، با افزایش بیترمودینامیکی نشان می
ها به این موضوع ذبمحاسبه شده براي جا )E(نظمی و گرماگیر است. میزان انرژي آزاد جذب فرآیند غیر خود به خودي، با کاهش بی

توان نتیجه گرفت دو کامپوزیت قابلیت استفاده به گردد. میاشاره دارد که فرآیند بیشتر توسط سرعت واکنش نسبت به نفوذ کنترل می
  هاي کلراید را دارند.عنوان دو جاذب موثر و کاربردي براي جذب یون

  جذب، پساب، کلراید، تبادل آنیونی، دیاتومیت. کلمات کلیدي:
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