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a b s t r a c t
This study was performed for estimating the potential of adsorption technique using surfac-
tant (cetyltrimethylammonium bromide)-modified zeolite (CTAB-Z) for eliminating Tetracycline 
(TC) from an aqueous solution. The effects associated with variation of included parame-
ters (i.e., the initial TC concentration, temperature, contact time, adsorbent dose, and stir-
ring rate) on TC adsorption efficiency were evaluated. Based on our studies, CTAB-Z could 
remove 99.8% of TC; this is indicative of the acceptable efficiency of CTAB-Z for adsorption 
of TC from synthetic wastewater. The equilibrium time for TC adsorption was 90 min. The 
employment of adsorption isotherms models (e.g., Langmuir, Freundlich, Redlich–Peterson 
(R-P), Cobble Corrigan (K-C), Dubinin-Radushkevich (D-R) and Temkin) highlighted better 
fitness of the adsorption data with the Langmuir isotherm, and based on this model, the val-
ues of 74.1, 85.1, 97.9, and 108.4 mg/g was obtained for monolayer adsorption capacity of TC 
at 288, 298, 308, and 318 K, respectively. The results achieved from five desorption regenera-
tion cycles indicated a reduction in the removal efficiencies of CTAB-Z from 99.8% to 89.2%. 
According to the results of thermodynamic parameters, the spontaneous and feasible nature 
of the studied process based on ∆G° < 0 was confirmed; however, it was endothermic in 
nature since a positive value for enthalpy (∆H° = 43.84 kJ/mol) was detected. Moreover, based 
on the values of ∆S° = 0.652 kJ/mol, the randomness at the solid-liquid interface was improved.
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1. Introduction

In the last decades, the world has been threatened with 
a new environmental issue, that is, the emerging contami-
nants in water bodies, which should be severely considered 
by governments around the world [1,2]. The presence of 
one of the important types of emerging contaminants, that 

is, pharmaceuticals in surface water and effluents released 
from wastewater treatment plants (SWTP) has been docu-
mented in various studies [3,4]. The levels of pharmaceu-
tical substances and personal care products in ground and 
surface water have been detected to be associated with an 
increasing trend [5,6] and the discharge of effluents has 
been addressed as the main way to reach waterways [7]. 
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Furthermore, other sources for reaching them into the envi-
ronment such as direct emissions from the production sites, 
inappropriate disposal of surplus drugs in households, 
medical care, and therapeutic treatment of livestock have 
been reported [8,9]. Since the complete removal of these 
compounds by sewage treatment plants is not possible and 
they are ineffective in this case and their presence in receiv-
ing water systems is inevitable. Considering the above, a 
remarkable necessity is detected for applying a suitable 
treatment method for the effluents containing the pharma-
ceuticals prior to entry into the receiving waters [10,11].

Many families of antibiotics are used for bacteria treat-
ment [10]. Tetracycline (TC) is a big antibiotic group that 
is widely used to treat animal and human diseases as well 
as an antibacterial in aquaculture activity [11,12]. In the 
TC group, tetracycline (TC), whose molecular structure 
is shown in Fig. 1, is the most common antibiotic. The TC 
is widely used to not only treat diseases of animals but 
also used as a part of animal feed to enhance effective 
growth [13]. High amounts of TC are released into the aque-
ous solution that can cause serious problems for animals 
and human health [14,15]. TC cannot be fully absorbed and 
metabolized by humans and animals and have low biode-
gradability, and can potentially cause a variety of adverse 
effects including acute and chronic toxicity, disruption of 
aquatic photosynthetic organisms, impact on indigenous 
microbial populations, and damage to antibiotic-resistant 
genes in microorganisms [11]. Thus, the presence of TC res-
idues in water poses serious risks to humans and ecology 
and is a major concern [15].

The typical treatments of wastewaters containing anti-
biotics are considered to be accomplished partially and 
inefficiently. Thus, there is a requirement to develop a new 
beneficial treatments technology [15,16]. To date, there are 
a lot of techniques, such as filtration, ion exchange, adsorp-
tion, electrochemical treatment, membrane separation, cat-
alytic degradation, etc., which have been developed for the 
removal of antibiotics from wastewater [17,18].

Adsorption is an important technique since it is envi-
ronmentally friendly, cost-effective, functional, and easy 
to test, and adsorbent regeneration is also straightforward 
[19,20]. Synthetic adsorbents are mostly utilized to improve 
wastewater quality since they are extremely effective at 
removing pollutants from the aquatic environment [21]. 
Many synthetic adsorbents, on the other hand, are naturally 
poisonous and pollute the environment [19]. As a result, 
there has recently been a lot of interest in pollutants removal 
studies using natural adsorbents such as algae, clay, rice 
husk, zeolite, jujube stone, orange peel, etc. [21,22].

In recent years, various studies have been performed 
using mineral adsorbents such as zeolite, bentonite, montmo-
rillonite, etc. [23]. These compounds have a negative charge 
on their surface and are not suitable for the adsorption of 
anionic compounds [24]. Therefore, to increase the efficiency 
of these adsorbents for removing anionic compounds, the 
correction method using a surfactant, which gives a positive 
charge to the adsorbent surface, will be used, which is one of 
the innovations of this study.

Natural zeolites are crystalline microporous aluminos-
ilicates and have very divergent and exact structures; they 
contain a framework composed of tetrahedra of SiO4 and 

AlO4 [23,24]. The negative charge on the zeolite framework 
is formed through isomorphous substitution of Al3+ for Si4+ 
in the tetrahedral; the formed negative charge can be bal-
anced by interchangeable cations. So, these substances are 
cations exchangers [25]. According to reports, the affinity 
of cationic surfactants for this negative charge is high [26]. 
Considering this characteristic, studies for upgrading the 
anion exchange capacity of zeolites have been conducted by 
adsorbing a cationic surfactant on their external surface. For 
this purpose, long alkyl chains with a quaternary ammo-
nium group at one end of the chain, such as HDTMA or 
CTAB, are considered as the most commonly used cationic 
surfactants [27,28].

In most studies, equilibrium data using regression coeffi-
cients are used to match isotherms and kinetics. But employ-
ment of regression coefficient alone will not be enough 
for adaptability. Therefore, for more accuracy, different 
error coefficients were used in this study.

Thus, the objective of this study is to investigate the 
availability of CTAB-Z as an adsorbent for the removal of TC 
from aqueous solutions. For this study, the influence of sev-
eral factors (e.g., pH, contact time, CTAB-Z mass, tempera-
ture, TC concentration, and shaking speed) on the removal 
efficiency of TC was investigated. The kinetic, isotherm, and 
thermodynamic models were applied to explain the adsorp-
tion behavior. Also, error functions were calculated.

2. Materials and methods

2.1. Materials

The material which was applied as a target pollutant 
in batch experiments of this research was the tetracycline 
antibiotic. In fact, the TC hydrochloride (Molecular weight: 
480.9, Molecular: C22H24N2O8-HCl) was obtained from 
Sigma-Aldrich, USA. As it has been illustrated in Fig. 1, you 
can see the chemical structure of TC. In order to prepare 
the stock solution of TC, distilled water was utilized. Other 
chemical structures which have been used in this experi-
ment were supplied from Merck in Germany. Preparing 
the stock solution of the studied pollutant, that is, TC was 
done using 1 g/L in distilled water. The desired solutions 
were made by attenuating the stock solutions which was 
done by means of the distilled water to get the desired 
concentration. The value for the pH of the solutions was 
approximately 7.

Fig. 1. The chemical structure of tetracycline hydrochloride.
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2.2. Preparation and characterization of the CTAB-Z adsorbent

In order to gather the raw zeolite for the experiment, 
the researchers were referred to one of the local areas in 
Tabriz, a city in the northwest of Iran. Before measuring, 
the treatment of zeolite was done as the following state-
ments, to attain the neutral pH, the zeolite was washed and 
rinsed several times using the ultrapure water. Afterward, 
it was dried at the temperature of 110°C. Using a desicca-
tor at room temperature, the zeolite was cooled and then 
it was stored in a container of polyethylene. In order to 
collect molecules with the size of 60 mesh, which is less 
than 0.25 mm, the dried zeolite was stirred. The surfac-
tant-modified zeolite was polymerized by the following 
steps. In this combination, 50 g zeolite was put in 500 mL 
of water containing 10 g of CTAB. Stirring the reaction 
components was done at 25°C for 12 h. Then, the resulted 
chemical product was refined and washed recurrently 
through the distilled water as long as no bromide could 
be detected by the AgNO3 solution (0.1 M). Moreover, 
the CTAB-Z was dried at 110°C for 6 h.

The elemental analysis was carried out by electron 
microscope (SEM) through operating Oxford instrument 
(Stereo Scan S360), which is completed by Energy dispersive 
X-ray (EDX). Surface area and pore size were determined 
by the analyses of N2 adsorption-desorption isotherm and 
BJH using a Micromeritics Analyzer (ASAP 2460) at 77 K. 
In order to achieve the spectra and to obtain the character-
istic peaks in wavenumbers which is varying from 500 to 
4,000 cm–1, the researchers employed a Perkin Elmer spec-
trum 100 FT-IR spectrophotometer. The XRD patterns of 
CTAB-Z were recorded on a Bruker DS Advance diffrac-
tometer at 40 kV and 40 mA utilizing Cu Kα radiation.

2.3. Batch adsorption experiments

In this research, the adsorption experiments were cal-
culated in batch mode. For measuring the TC adsorption 
kinetics, 100 ml of TC solutions with the initial concentra-
tion of 10–00 mg/L were situated in numerous glass tubes, 
and they were then blended with 1.5 g/L of adsorbents; the 
pH of the solutions were around 6.9–7. After completing the 
shaking process, it was centrifuged at 3,600 rpm for 10 min. 
In order to adjust the pH, HCl and NaOH were applied in 
the solutions (100 mg/L) to adjust their pH in range of 3–11.

To determine the TC concentration of all samples, HPLC 
(C18 ODS column) was used by means of a UV detector 2006 
at a wavelength of 190 nm. The mobile phase was a mixture 
of acetonitrile and 0.01 M oxalic acid (30:70 (v/v)), which 
was utilized at room temperature at a constant flow rate of 
1.0 ml min–1. Also, the volume of the injected amount of the 
mixture was 10mL. The retention time of TC hydrochloride 
was estimated as 4 min. Besides, in this study, all adsorption 
experiments were carried out three times, and an average 
value was designated to the outcomes of the experiments.

Using the equations 1–3 [29,30], the researchers precisely 
estimated the TC removal percentage and the amount of TC 
adsorbed per gram of CTAB-Z at time t and equilibrium:

% R
C
C
Ce=

−
×0

0

100  (1)

q C V
m

Ct t= −( ) ×0  (2)

q C V
m

Ce e= −( ) ×0  (3)

where V is defined as the solution volume (L); C0 (mg/L) 
is known to be the initial concentration of TC, and Ct and 
Ce (mg/L) are recognized as the concentration at time t and 
equilibrium concentration in solution, and m is the represen-
tative of the CTAB-Z weight (g).

2.4. Regeneration and reusability

The following explanations describe the conditions for 
doing this experiment; first, 0.3 g CTAB-Z and 100 mg/L 
TC should be added into the 200 ml conical flask. Then, a 
sealing film was used to close the bottle mouth. The exper-
iments were performed at a temperature of 25°C and a 
speed of 200 rpm. Subsequently, when the adsorption was 
completed, the adsorbent was isolated and washed it many 
times using the distilled water and then dried it. After dry-
ing the adsorbent, it is added to a glass container contain-
ing 100 ml of distilled water as the regenerating liquid. It 
is then subjected to ultrasonic wave for 90 min. Finally, the 
CTAB-Z is collected, then rinsed with distilled water and 
continued for further tests, which should be up to 5 times.

2.5. Error analysis

The best isotherm and kinetic model is determined by 
the correlation coefficient (R2) analysis. Although this is 
useful in determining the efficiency of the correlation anal-
ysis, this analysis has limitations in solving isotherm and 
kinetic models that are not inherently linear. Therefore, we 
used three error functions to find a suitable model to rep-
resent the experimental data [31,32]. The error functions 
used are expressed as Eqs. (4)–(6).
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3. Results and discussion

3.1. Characteristics of CTAB-Z

The results of X-ray diffraction (XRD) and SEM-DEX 
(energy dispersive X-ray spectrometer) techniques were 
displayed in Figs. 2a–d. The surface and morphology of the 
particles were manifested through SEM analysis. Fig. 2a 
illustrates images of a natural zeolite which have devel-
oped partially into crystalline laminar habits. It also shows 
that conglomerates of compact crystals are different from 
those of the zeolite crystals which are correspondent to 
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Fig. 2. SEM images of zeolite and CTAB-Z (a-b), XRD pattern of CTAB-Z (b), XRD patterns of Fe2O3/B/TiO2 (c), EDX image of 
CTAB-Z (d), FTIR image of CTAB-Z (d) N2 adsorption-desorption isotherms Inset: pore size distributions from the adsorption 
branches through the BJH method N2 adsorption-desorption isotherm (f).
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determined impurities including feldspar and quartz [25]. 
In Fig. 2b, the image of the CTAB-Z is displayed, whereas 
the laminar crystals are not clearly visible due to covering 
the external surface of the zeolite crystals by surfactant.

This indicated that CTAB-Z is composed of SiO2 
(56.76%), Al2O3 (21.82%), K2O (4.21%), Na2O (3.83%), Fe2O3 
(8.89%), CaO (2.55%), MgO (1.44%) and others (1.36%). 
The peaks at 2θ = 26.64 refer to one of the components of 
CTAB-Z known as SiO2 (quartz). Other studies also obtained 
and reported the same results, which were detected in this 
study on CTAB-Z [25].

The XRD patterns for pure zeolite and CTAB-Z nanopar-
ticles are given in Fig. 2d. The characteristic peaks at 
diffraction angle, 2θ = 20.8°, 26.6°, 36.4°, 54.8° corresponds 
to the planes (110), (210), (124), and (144) of the bentonite 
material. These XRD patterns are in good agreement with 
the standard JCPDS file (card no.01-088-0891). From the 
graph, it can be observed that there is neither a significant 
change in intensity of the patterns, nor there is a shift in the 
peaks. This behavior is due to no significant change in the 
phase structure of material after the modification.

In Fig. 2e, the IR spectrum of CTAB-Z can be seen clearly. 
The strong bands at 3,300 to 3,725 cm–1 can be attributed to 
the asymmetric stretching vibration of the NH2 group. The 
band, which runs between 1,600 and 1,700 cm–1, is attributed 
to the vibrations of valence of the OH group of water con-
stitution. The asymmetric and symmetric stretching CN2 
vibrations are designated to bands at 1s,470 and 1,413 cm–1 

sequentially. The allocation of C=S stretching frequency in 
compounds which contain nitrogen alters in a broad range 
of 550–1,\100 cm–1.

Nitrogen adsorption-desorption analysis: according to  
the classification of the International Union of Pure and 
Applied Chemistry (IUPAC), CTAB-Z and zeolite showed 
isotherms with a profile similar to type IV isotherms 
(Fig. 2f). A hysteresis loop and a limit of adsorption in the 
region of high relative pressure (plateau) are features of these 
isotherms. The hysteresis loop of isotherms was H3-type, 
which indicated the presence of slit-shaped pores.

In short, the profile of isotherms and their hysteresis 
loops indicated that the adsorbents had a porous structure 
formed mainly by mesopores, associated with some micro-
pores, predominantly with slit-like format. For CTAB-Z, the 
pore volume and BET surface area are equal to 0.141 cm3/g 
and 96.9 m2/g, respectively. The BET surface area of zeolite 
composite is 104.2 m2/g and total pore volume 0.156 cm3/g. 
The decrease in adsorption level for CTAB-Z is due to the 
entry of surfactant into the pores of zeolite.

3.2. Effect of factors

The amount of TC removed by adsorption is strongly 
dependent on the initial TC concentration. Figs. 3a and b 
illustrate the variations in the removal percent and amount 
of TC adsorbed using different values of CTAB-Z. The 
amount of TC removed was often very high during the first 
stage of the adsorption process, then gradually decreased 
until achieving equilibrium. It was also discovered that 
after reaching equilibrium, contact time had no discernible 
effect on the adsorption process. The rapid removal rate at 
this stage is due to the presence of a large number of uncov-
ered active adsorption sites on the CTAB-Z surface in the 
early adsorption process [33]. The uncovered sites become 
fully occupied by the adsorbed TC molecules as the time 
of contact between adsorbent and adsorbate increases, 
and the repulsive force that occurs between the TC mole-
cules on the surface of adsorbents and TC molecules in the 
bulk liquid phase reduces the TC adsorption rate [34,35]. 
The TC removal % reduces as the initial TC concentration 
is increased. The increased amount of TC absorbed by the 
adsorbent with raising the initial TC concentration is due to 
the greater driving force for mass transfer at a raised start-
ing TC concentration [36].

The influence of CTAB-Z mass on TC removal per-
centage was examined to determine the optimal adsor-
bent dosage for the greatest efficiency. Fig. 4 shows the 
percentage of TC removed as a function of adsorbent 
dosage. The effect of CTAB-Z dose was examined at the 
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dose between 0.02 to 0.3 g in 100 mL aqueous solution. 
The results are shown in Fig. 8 that with increasing the 
CTAB-Z dose from 0.02 to 0.2 g, the removal percentage 
also increases from 18.5% to 84.2%. Consequently, it was 
found out that the availability of a larger surface area and 
more adsorption sites accelerates with an increase in the 
adsorbent dose [37,38]. Increasing the adsorbent dose over 
0.2 g resulted in a minor change in the removal percent. The 
establishment of a dense screening layer at the adsorbent 
surface as a result of the accumulation of CTAB-Z particles 
and a decrease in the distance between the CTAB-Z mole-
cules, known as the screening effect, which happens with 
a greater adsorbent dose, could explain this phenomenon 
[39]. The binding sites were hidden from TC molecules by 
the condensed layer on the adsorbent surface. Furthermore, 
because CTAB-Z overlapped, TC molecules competed for a 
limited number of accessible binding sites. Agglomeration 
or aggregation at higher CTAB-Z dosages lengthens the dif-
fusion channel for TC adsorption, lowering the adsorption 
rate [40].

In order to analyze the stirring rate effect in adsorption 
kinetic behavior, % removal values were plotted and the 
results are shown in Fig. 5. As the stirring rate increases, 
the removal percentage also increases, and this increase 
continues up to the 200 rpm stirring rate. The outcome can 
be considered as the effect of a rise in turbulence and the 
reduction in boundary layer thickness around the adsorbent 
molecules which is due to the rise in the degree of mixing. 
It can also infer that the rate-limiting step in this process 
was external mass transfer [41].

The surface charge of adsorbents and adsorbate spe-
cies are determined according to solution pH value, 
which has an amazing effect on the act of adsorption. 
Considering Fig. 6, there would be no striking alteration 
in the amount of adsorption even if the pH increases from 
3 to 7. However, the adsorption capacity will decline 
from 28.9 to 12.5 mg/g if the pH increases from 7 to 11. 
Particularly if the pH reaches 11, the removal value will 
achieve 49.4%. This reaction can be attributed to char-
acteristics of CTAB-Z and the ionization features of TC, 

which is based on the dissociation constants (pKa) of TC. 
The TC has been identified to be an amphoteric molecule, 
which has multiple pKa and, at different pH values, it can 
found different chemical states [13], so that it is in form 
of H4TC+ for pH < 3.4; in form of H3TC for 3.4 < pH < 7.7; 
in form of H2TC− for 7.7 < pH < 9.7, and in form of HTC2– 
for pH > 9.7 (Fig. 10 insert). The pHpzc of CTAB-Z was 7.8. 
Therefore, when the PH decreases to pH < 7.8, the elec-
trostatic attraction between TC and CTAB-Z will increase. 
Moreover, the negative charge of CTAB-Z and the positive 
charged and uncharged TC molecule (H4TC+ or H3TC) at 
pH values between 3 and 7 paves the way for the elec-
trostatic attraction and leads to an enormous TC capacity. 
On the other hand, the negative charge of CTAB-Z and TC 
molecular (H2TC– or HTC2–) at pH values between 7 and 
11 enables the electrostatic repulsion and as the result, 
the capacity of TC will be lowered down. Subsequently, 
this result proposes that one of the mechanisms of 
TC adsorption on CTAB-Z was electrostatic attraction.

3.3. Effect of contact time and adsorption kinetics

The contacting time and its effect were examined 
under certain conditions. Figs. 3a and b show that at the 
start of the evaluated process, the rate of the process raised 
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rapidly. Unlike, when the contact time is extended the pro-
cess decreases until it reaches equilibrium. According to the 
results, 90 min was found to be the equilibrium time. This 
reaction has resulted mainly since the TC concentration in 
the solution was high initially, and there were abundantly 
accessible sites on CTAB-Z for adsorption of pollutant [42]. 
As the adsorption advances, the adsorption rate dwindled 
slowly because the mentioned sites on the adsorbent sur-
face were slightly full filled by contaminants [43]. Under 
definite experimental conditions, various adsorption kinet-
ics experiments were accomplished with various contact 
time. Inspection of adsorption kinetics was done by three 
models, that is, pseudo-first-order (PFO), pseudo- second-
order (PSO), and intra-particle diffusion (IPD) models 
represented by the following equations [44,45]:

Log log q q q
K

te t e−( ) = 1

2 303.
 (7)

t
q k q

t
qt e e

= +
1

2
2

 (8)

q K t Ct d= +0 5.  (9)

In this equation, K1 (min–1) and K2 (g/mg min) are the 
emblems of the rate constant.

PFO, PSO models were implemented to suitably desig-
nate the experimental data (Table 1 and Fig. 7a). The value 
of the correlation coefficient R2 for the PSO adsorption 
model was relatively high (>0.997) at all concentrations. 
The error coefficient for the PSO kinetics is less than the 
PFO kinetics. Also, qe (calculated) using the PSO model is 
equal to that obtained experimentally. Thus, based on these 
results, CTAB-Z clearly followed PSO reaction kinetics in 
the removal of TC from an aqueous solution.

By plotting the kinetics data according to the IPD model 
(Eq. 9), it is found that the kinetics adsorption of TC onto 
CTAB-Z consists of three consecutive phases, as shown in 
Fig. 7b: bulk diffusion, film diffusion, and pore diffusion. In 
fact, the first phase observed at time between 10 to 30 min 
(3 < t0.5 < 5.5) represents the surface and IPD processes, 
the second phase observed at time between 30 to 75 min 
(5.5 < t0.5 < 10) represents liquid film diffusion, and the third 
phase observed at times higher than 75 min (10 < t0.5 < 13) 
represents the diffusion of TC molecules through pores 
to the active sites of CTAB-Z; then, equilibrium conditions 
are achieved. In the present study, the first phase is mod-
eled as a term in the IPD model. This is an important step in 
adsorption studies, as the IPD model provides information 
about the role of the IPD rate in controlling adsorption.

The linear plot of qt vs. t1/2 does not pass through the 
origin; therefore, boundary layer diffusion occurs during 

Table 1
The results of kinetic model studies related to the TC adsorption onto CTAB-Z

Model Parameters 10 mg/L 25 mg/L 40 mg/L 60 mg/L 100 mg/L

qe,exp 9.97 19.5 37.1 53.4 83.1

PFO

qe,cal 2.19 5.94 11.4 27.4 48.5
K1 0.059 0.067 0.074 0.085 0.093
R2 0.812 0.851 0.843 0.889 0.914
SSE 7.25 9.32 11.6 10.2 9.25
SAE 9.84 10.2 9.24 14.3 10.7
ARE 11.2 9.25 7.27 7.56 8.23

PSO

qe,cal 11.6 23.8 44.6 63.9 85.1
K2 0.0042 0.0028 0.0012 0.0008 0.0006
R2 0.998 0.998 0.997 0.996 0.995
SSE 2.26 2.17 1.32 1.06 2.36
SAE 1.76 1.39 1.18 1.25 2.06
ARE 1.53 1.06 1.64 1.73 1.35

IPD

Stage 1
Kb 4.11 7.29 13.4 15.3 19.4
C 1.19 4.72 8.25 13.2 25.6
R2 0.9514 0.959 0.946 0.932 0.951
Stage 2
Kb 1.06 2.06 4.11 6.24 7.21
C 6.14 14.6 34.8 41.2 61.4
R2 0.931 0.977 0.969 0.923 0.926
Stage 3
Kb 0.17 0.396 0.5729 0.621 0.723
C 9.27 25.9 51.2 67.2 73.3
R2 0.912 0.956 0.972 0.921 0.925
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the adsorption process. The positive values of C for all 
TC concentrations are indicative of involving the IPD in 
the adsorption process; nevertheless, the adsorption pro-
cess is governed not only by IDP as the rate-limiting step 
but also by other factors controlling TC adsorption on  
CTAB-Z.

3.4. Effect of temperature and thermodynamic study

As Fig. 8 illustrates, the experiments for studying 
the changes in the studied process as a function of tem-
perature were implemented at 15, 25, 35, and 45°C (288–
318 K). The resulted statistics showed that the altering 
ratio of the TC on CTAB-Z adsorption is in accordance 
with the increasing temperature. The rise in temperature 
causes the rise in the adsorption ratio of TC on CTAB-Z, 
which exhibited that the process has endothermic nature, 
and increasing the temperature was effective in devel-
opment of the TC adsorption [46]. The other hypothe-
sis claimed that when the temperature rises up, there 
would be an enhancement in nearby sites and struc-
ture and volume of the pores on the studied adsorbent 
surface, therefore the adsorption properties of the adsor-
bents would be boosted up [47]. The thermodynamics 
studies were also considered for the conducted adsorp-
tion process. The thermodynamic parameters including 
entropy (ΔS°), enthalpy (ΔH°), standard Gibb’s free 
energy (ΔG°) were obtained using Eqs. (10) and (11) [48].

∆G RT KL° = − Ln  (10)

Ln K S
R

H
RTL =

°
−

°











∆ ∆  (11)

In this equation, KL (L/mol) resembles the Langmuir 
constant. R stands for the gas constant (8.314J/mol K), T 
is the absolute temperature (K), ΔH° (kJ/mol) and ΔS° (kJ/
mol K) were considered as the gradient and intercept of 
the plot of LnK against 1/T (Fig. 9). ΔS°, ΔG°, and ΔH° are 
significant parameters in evaluating the thermodynam-
ics of the adsorption systems (Table 2). The negative ΔG° 

value demonstrates that the adsorption process occurs 
spontaneously and feasibly [49,50]. Further decrease at 
ΔG° from –3.32 to –12.91 kJ/mol, with increasing tempera-
ture from 288 to 318 K shows that the driving force will 
increase the adsorbent uptake level when the tempera-
ture is high. Positive ΔS° (0.652 KJ/mol) suggests that 
there is an augmented randomness at the adsorbate–
adsorbent interface. Also, the positive ΔH° = 83.84 KJ/mol 
confirms the process to be endothermic [51].

3.5. Adsorption isotherms

3.5.1. Langmuir isotherm

This isotherm model has been employed profitably 
for studying the adsorption of various pollutants and has 
been the most broadly applied sorption isotherm for the 
sorption of a solute from a liquid solution. The saturated 
monolayer isotherm can be illustrated as [52]:

1 1 1 1
q q K C qe m L e m

= × + �  (12)

In this equation, KL is the representative of a constant 
related to the affinity of the binding sites and energy of 
adsorption (L/mg).

3.5.2. Freundlich isotherm

An empirical equation that explains the adsorption onto 
the heterogeneous surface is known as the Freundlich iso-
therm. The Freundlich isotherm is generally shown as [53]:
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Ln Ln Lnq
n

C Ke e F= +
1

 (13)

where KF (mg/g (mg/L)1/n) is representing the Freundlich 
constants related to the adsorption capacity and n reveals 
adsorption intensity of the sorbent.

3.5.3. R–P isotherm

The three-parameter R–P equation, which has a lin-
ear dependence on concentration in the numerator and an 
exponential function in the denominator, has been intro-
duced to advance the fit by the Langmuir or Freundlich 
equation and is conveyed by the following equation [54]:

Ln Ln Ln
AC
q

g C Be

e
e− = +1  (14)

In the above equation A, B and g embody the R-P param-
eters; the values of g variable between 0 and 1. When g is 
equal to 1, above equation converts to the Langmuir form.

3.5.4. K-C isotherm

This model, which is also a three-parameter equation, 
exhibits the equilibrium adsorption data; this model is a 
combination of the Langmuir and Freundlich isotherm 
type models and is described by following equation [55]:

1 1
q

B
Ae e

n= +
AC

 (15)

In the above equation A, B and n are indicative of the K-C 
parameters.

3.5.5. Temkin isotherm

The Temkin model is explained according to the fol-
lowing equation [56]:

q A B Ce e= + Ln  (16)

In the mentioned model A and B are signified as isotherm 
constants.

3.5.6. D-R isotherm

The D–R model is expressed as following equation [57]:

Ln Ln q q Ke m= − ε2  (17)

where K indicates the adsorption energy constant, and ε is 
the Polanyi potential, calculated from Eq. (18) [47]:

ε = +






RT

Ce
Ln 1 1  (18)

The mean free energy of adsorption, E (kJ/mol), was 
calculated using Eq. (19) [58]:

E
K

=
1
2

 (19)

Parameters of the six models along with regression coef-
ficient and error coefficient were listed in Table 3. Based on 
the regression coefficient and error coefficients presented, 
the best isotherm model was the Langmuir model, because 
it had a lower error coefficient and a higher regression 
coefficient. Considering Table 3, when the temperature 
rises, the KL, qm, and KF were all increased. According to 
mentioned findings, the adsorption of TC by CTAB-Z 
from aqueous solutions can effortlessly occur.

The Langmuir constant (KL) denotes the affinity for the 
binding of TC. In other words, when the KL value is high, the 
affinity will be high too. As stated in Table 3, the monolayer 
or maximum adsorption capacity (qm) of CTAB-Z is raised 
in accordance with the condition in which the temperature 
goes up. The values of qm, which were calculated include the 
numbers of 74.16, 85.19, 97.93, and 108.4 mg/g at 288, 298, 308, 
and 318 K, respectively. The highest adsorption capacity (qe) 
of TC resulting from diverse adsorbents is shown in Table 4.

The investigation of the data manifested that the two 
isotherms (R-P and K-C) were applicable explanations of 
the data for adsorption of TC at the evaluated concentration 
ranges. The g and n constants were approximately 1, which 
implied that the isotherms were reaching the Langmuir form.

Table 2
Values of thermodynamic parameters for the adsorption of TC onto CTAB-Z

Temperature (K) ∆G° (kJ/mol) ∆H° (kJ/mol) ∆S° (kJ/mol K)

288 –3.32

43.84 0.652
298 –4.64
308 –7.07
318 –12.91
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Fig. 9. Van’t Hoff plot for determine thermodynamic parameters.
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If the value is in the range of 8–16 KJ/mol, the adsorp-
tion type can be explained by ion exchange, and if E < 8, 
the adsorption type is physisorption [59]. The value of E 
calculated in this study at low temperatures was below 
8 KJ/mol. This implies that the type of adsorption involved 
in this study is physisorption (physical sorption), which 
usually takes place at low temperatures, but with increas-
ing temperature, chemical adsorption also occurs.

3.6. Desorption regeneration of CTAB-Z

For probing the reusability of CTAB-Z, the pollutants 
which were adsorbed on CTAB-Z surface were desorbed by 

ultrasonic vibration. According to Fig. 10, the removal effi-
ciencies of CTAB-Z decreased from 99.8% to 89.2% after five 
desorption-regeneration cycles. The results of this process 
indicated that the removal percentage slowly diminished. 
Since CTAB-Z is a low price and easily found substance, 
attaining excellent adsorption performance is possible by 
properly increasing the amount of CTAB-Z.

3.7. Test with real hospital sewage

The study was performed using real wastewater. Real 
wastewater was collected from the entrance of a hospital 
treatment plant. The specifications of wastewater were pH of 

Table 3
Isotherm parameters for TC adsorption onto CTAB-Z

Models Langmuir Models Temkin

Temp. 288 K 298 K 308 K 318 K Temp. 288 K 298 K 308 K 318 K

qm 74.1 85.1 97.9 108.4 A 8.11 10.4 11.6 13.4
R2 0.994 0.998 0.998 0.997 B 1.72 1.94 2.06 2.14
RL 0.571 0.623 0.646 0.726 R2 0.859 0.874 0.884 0.841
SSE 1.45 1.76 3.21 1.45 SSE 6.11 11.7 10.2 12.3
SAE 2.71 1.35 2.46 2.08 SAE 8.25 6.98 9.41 7.24
ARE 1.52 1.49 1.26 1.93 ARE 10.2 9.23 8.14 7.58

Models R-Peterson K–Corrigan

A 9.64 11.6 12.8 12.9 A 6.45 6.772 7.195 7.273
B 0.712 0.949 1.14 1.32 B 0.244 0. 282 0.314 0.396
g 0.532 0.471 0.386 0.314 n 0.334 0.295 0.246 0.196
R2 0.912 0.924 0.935 0.946 R2 0.931 0.908 0.902 0.904
SSE 8.24 7.25 7.14 9.24 SSE 4.25 10.6 8.41 6.14
SAE 6.18 8.65 6.24 10.2 SAE 7.11 8.25 8.39 9.25
ARE 7.41 11.9 9.32 11.6 ARE 9.31 7.11 7.37 6.31

Models Freundlich Models D-R

KF 2.45 3.12 3.68 4.58 qm 56.2 72.1 83.4 91.3
1/n 0.41 0.52 0.58 0.712 E 3.27 5.18 6.56 7.76
R2 0.824 0.827 0.852 0.914 R2 0.926 0.935 0.941 0.931
SSE 9.25 9.24 7.31 10.2 SSE 6.24 7.11 8.32 6.07
SAE 11.27 11.23 8.98 11.6 SAE 11.2 7.24 9.34 5.13
ARE 14.31 6.65 9.23 12.1 ARE 8.21 7.21 8.02 9.06

Table 4
The comparison of adsorption capacity of different adsorbents for TC

Refqe, mg/gAdsorbentRefqe, mg/gAdsorbent

[39]46.21Palygorskite[42]54.33Ferric-activated SBAC
[45]78.12MWCNT[43]36.5Bio-char
[41]27.4Kaolinite[44]252.6Activated carbon
[40]56.81Titania[38]46.54Magnetic Fe3O4-graphene
[29]71.38Montmorillonite[13]38.9Graphene oxide
[44]43.5Ferric-activated sludgeThis work108.4CTAB-Z at 323 K
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5.5, COD of 620 mg/L, and BOD5 of 108 mg/L; the BOD5/COD 
ratio was 0.175, which indicative of non-biodegradability of 
the wastewater.

The test was performed under the optimal conditions 
obtained in the study, that is, stirring rate = 200 rpm, natural 
pH of 5.5 and CTAB-Z dosage of 1.5 g/L, and the results were 
shown in Fig. 11. As can be seen, the BOD5/COD ratio has 
reached 0.48 at the end of process, and it can be said that, 
using the adsorption process, non-biodegradable waste-
water adsorption process has become biodegradable, and 
it can be suggested that this process be used before biolog-
ical processes in the treatment of conventional wastewater 
treatment plants.

4. Conclusion

Removal of TC using CTAB-Z in the adsorption pro-
cess was evaluated in the present study. Batch system was 
considered for conducting adsorption studies, and the TC 
adsorption efficiency was investigated under variations 
of various experimental parameters. Using the FTIR anal-
ysis for characterizing the adsorbent, the possibility for 
the contribution of the functional group during the sur-
face sorption process was detected. The highest removal 

efficiency of the studied pollutant was achieved at adsor-
bent dosages of 1.5 g/L, and the equilibrium time was 
90 min. Among adsorption isotherms used for describing 
data of studied process, better fit for TC adsorption was 
observed to be related to Langmuir model. PSO model was 
identified as a better kinetic model for the studied pro-
cess. According to thermodynamic studies, the negative 
and positive values were obtained for ΔG° and ΔH°; these 
values are representative of the spontaneous and feasible 
nature and endothermic nature of sorption, respectively. 
Thus, developed CTAB-Z could be considered a low-cost, 
effective, and abundant adsorbent for removing TC.
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