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a b s t r a c t
The aim of this study is to modify the Iraqi natural bentonite (NB), as low-cost and available raw 
material, using different methods and investigate the potential application of using it as a reactive 
material for the removal of amoxicillin (AMX) from an aqueous solution in batch and continuous 
experiments. The modified bentonite (MB) was synthesized using different methods: (1) mixing NB 
with cationic surfactants (long and short alkyl chain surfactants symbolized as cetyltrimethylammo-
nium bromide and tetramethylammonium bromide), respectively, and (2) thermal activation method 
to produce calcined bentonite. Surface area, scanning electron microscopy, and Fourier-transform 
infrared spectroscopy are used to describe the synthesized MB. Numerous elements that influence 
the amount of AMX removed, including contact duration, pH, the rate of agitation, initial concen-
tration, and dose of the sorbent, have all been investigated. Two isotherm models (Langmuir and 
Freundlich), two kinetic models (pseudo-first-order and pseudo-second-order), and five break-
through curve models were used to fit the column experimental data (Bohart–Adams model, 
Thomas–BDST model, Yan model, Belter–Cussler–Hu model, and Clark model). The outcomes of the 
experiments demonstrated that the modifications increased the effectiveness of NB’s removal and 
this made it a reactive material that could be effective for removing AMX from aqueous solutions.
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1. Introduction

Antibiotics have been used in human and veterinary 
medicine for several decades, but these compounds pose 
potential risks to aquatic and terrestrial organisms when 
released into the environment, for example in the aquatic 
environment, the emergence of antibiotic-resistant bacteria/
resistance genes [1]. Amoxicillin (AMX) is a broad-spec-
trum penicillin antibiotic with two major components: an 
inner-lactam and a side chain known as dhidroxiphenil-
glicin. In veterinary pharmacies, it is commonly used to treat 
bacterial infections of the gastrointestinal and systemic sys-
tems. It is also commonly used to treat bacterial infections 

in human prescription drugs. Studies on the adsorption of 
the antibiotic amoxicillin onto bentonite and activated carbon 
have been conducted, and the findings show that amoxicil-
lin’s adsorption onto activated carbon is essential [2], how-
ever, costly activated carbons are the adsorbents used in this 
process the most frequently (GACs) [3]. In conventional sew-
age treatment facilities, a number of techniques have been 
tried to remove antibiotics, including biological processes, 
filtration, coagulation, flocculation, and sedimentation. 
However, new strategies are required as they have proven 
ineffective. For this purpose, the efficiency of the adsorption 
technique is demonstrated by the elimination of effluent pol-
lutants at low concentrations (1 mg/L). While pharmaceutical 
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component concentrations in raw home wastewater are often 
reported in the 100 ng/L – 10 g/L range, concentrations in 
hospital and pharmaceutical company effluents can vary 
from 100 to 500 mg/L. In comparison to other technologies, 
such as advanced oxidative processes, this method is sim-
ple to operate, low in cost, and does not introduce by-prod-
ucts into water [4,5]. As a result, there is a great deal of 
interest in developing low-cost alternative adsorbents.

In numerous studies, the capacity of bentonite to remove 
amoxicillin from aqueous solutions has been examined [6–8]. 
However, due to the hydrophilic nature of clay’s mineral sur-
face, amoxicillin adsorption capability was limited. Cationic 
surfactants are polar organic compounds with hydropho-
bic parts. The long alkyl chain is usually hydrophobic, it 
changes the hydrophilic nature of bentonite to hydrophobic 
when it interacts with bentonite layers. Since natural ben-
tonite carries a negative charge on its surface, therefore, the 
bentonite surface charge is converted to a positive charge 
after modification. Numerous studies on the features of 
organoclays have been done as a consequence of their poten-
tial to function as good sorbents in removing organic pol-
lutants from groundwater and wastewater [9].

There is much research dealing with the removal of 
amoxicillin (AMX) using modified bentonite, as mentioned 
above, most of them used batch mode only and avoided the 
continuous mode, due to the low hydraulic conductivity of 
natural and modified bentonite that considers a negative 
effect, especially on the continuous mode, as it clogs the bed 
and impedes water flow. In this work, the continuous mode 
was used in addition to the batch mode. The granules of glass 
waste were added to the modified bentonite to increase the 
hydraulic conductivity of the bed and reduce its clog.

The goal of this work was to remove amoxicillin from 
an aqueous solution using bentonite modified by two meth-
ods: The first one is mixing natural bentonite with cationic 
surfactants. Surfactants are intercalated inside the interlayer 
space by cation exchange [10]. A hydrophobic feature and 
an increase in interlayer space in the resulting modified ben-
tonite make it suited for sorbing organic pollutants. Their 
density and the type of intercalated surfactants have the 
most effects on how efficiently they can adsorb substances.

Thermal activation is a further technique for changing ben-
tonite. In the past, bentonite and clays that had been heated 
up were used to create bricks for construction and soil stabi-
lization. The physico-chemical characteristics of bentonite, 
such as its water content, cohesiveness, and specific gravity, 
are changed by thermal treatment [11]. In addition, dehydra-
tion and dehydroxylation processes during bentonite thermal 
treatment could be attributed to octahedral cation movements 
inside the octahedral sheet. As a result, the adsorption capac-
ity of bentonite is enhanced [12]. Finally, this study can be 
considered an attempt to evaluate the modification of natural 
bentonite using chemical and physical methods to improve 
it AMX removal efficiency, mechanical properties, and 
stability through batch and continuous modes.

2. Materials and methods

2.1. Materials

The native bentonite in its original state was the type 
of bentonite used in this research (calcium base). It was 

supplied by the State Company of Geological Survey and 
Mining (Baghdad) as pieces of rocks. These rocks were 
washed with distilled water several times, dried at 90°C, 
crushed into granules of different sizes, then sieved using 
sieves to produce bentonite granules of sizes 250–500 µm. 
The physical characteristics and composition of the natural 
bentonite (NB) were analyzed in the laboratories of the State 
Company of Geological Survey and Mining; the results are 
listed in Table 1. Two long and short alkyl chain surfactants 
were used, called cetyltrimethylammonium bromide (CTAB) 
and tetramethylammonium bromide (TMAB), respectively. 
In addition, amoxicillin was selected as a contaminant to sim-
ulate the water’s amoxicillin contamination. It was obtained 
as trihydrate from the local market. Amoxicillin was dis-
solved in distilled water at a ratio of 0.05 g/L to produce a 
concentration of 50 mg/L, which was then used to create the 
aqueous solutions that resemble polluted water. All reagents 
of analytical grade were used without further purification. 
The initial pH of each of the solutions was adjusted by 
the addition of HCl or NaOH solution.

2.2. Synthesis of modified bentonite

The Iraqi natural bentonite (NB) was used in this study as 
a raw material to produce three types of modified bentonite 
(MB) using two cationic surfactants (CTAB and TMAB) and 
a thermal process to calcine the NB, these types of MB are 
symbolized by NB-CTAB, NB-TMAB, and calcined benton-
ite (CB), respectively. The first two types of MB (NB-CTAB 
and NB-TMAB) were prepared by adding 10 g of natural 
bentonite (NB) to 100 mL of distilled water. The mixture was 
mixed for 2 h, causing it to swell and become homogeneous. 
The desired amount of surfactant (CTAB or TMAB) was then 
added in weight ratios of 0.2, 0.25, 0.3, 0.35, 0,4, 0.45, 0.5, 0.55, 
0.6 and 0.65 g surfactant/g NB mixture, then the mixing pro-
cess is continued for 2 h. The resulting samples (mixtures), 
called modified bentonite (NB-CTAB and NB-TMAB), were 

Table 1
Characteristics of natural Iraqi bentonite

Characteristics Value

Physical
Particle size, µm 250–500
Moisture content, % 6.57
Bulk density, kg/m3 845
Specific surface area, m2/g 63.5
Cation exchange capacity, meq/100 g 65
Composition (wt.%)
Silica (SiO2) 57
Aluminum (Al2O3) 13.5
Ferric oxide (Fe2O3) 4.5
Magnesium oxide (MgO) 2.35
Calcium oxide (CaO) 8
Sodium oxide (Na2O) 0.7
Potassium oxide (K2O) 0.4
Titanium oxide (TiO2) 0.75
Loss on ignition (LOI) 12.8
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washed several times with distilled water to remove excess 
salts and then dried in an oven at 90°C. The modified ben-
tonite samples produced were ground and sieved to a size 
range of 250–500 µm. The CTAB or TMAB/NB weight ratio 
that achieves the maximum amoxicillin removal percent was 
adopted in the synthesis of the modified bentonite in all sub-
sequent experiments (batch and continuous). Depending on 
the length of the alkyl chain, the two surfactants used in this 
study regulate the expansion of the interlayer space, for exam-
ple the incorporation of the surfactants results in organoclays 
with a layer spacing restriction of 1.4–1.5 nm below a carbon 
number of 8 (case of TMAB) [9,13]. In contrast, depending on 
the concentration of a surfactant, CTAB with a long 16-car-
bon alkyl chain causes the creation of various configurations, 
including mono, lateral bilayer(s), and a paraffin structure 
(normal bilayer) inside the interlayer space [6,7]. Another 
approach was used in this study to produce the third type 
of MB (CB) through the thermal activation of bentonite to 
increase its mechanical resistance, dehydroxylation, elimi-
nate some impurities, and improve the adsorption capacity 
[14,47]. Therefore, the natural bentonite was calcined for 24 h 
at 500°C to produce the calcined bentonite (CB).

2.3. Characterization of modified bentonite

The characteristics of NB and MB (NB-CTAB, NB-TMAB, 
and CB) have been studied through various analyzes as 
follows:

2.3.1. Fourier-transform infrared spectroscopy

Through the use of Fourier-transform infrared spec-
troscopy (FTIR) analysis, surface functional groups that are 
present on the sorbet may be identified, which also enables 
spec trophotometry observation [15]. Spectrum analysis in the 
400–4,000 cm–1 range was performed with a Bruker Tensor 
27 spectrophotometer (USA) using the KBR pellet technique. 
It is achieved at the College of Sciences of Tehran University.

2.3.2. Scanning electron microscopy

By using scanning electron microscopy (SEM) analysis 
(NOVASEM, FEL450L) at a voltage of 10 kV and a current 
of 6 mA, the morphology of the bentonite surface was evalu-
ated. This flavor demonstrates how the structural character-
istics of bentonite have changed both before and after treat-
ment. It is earned at Tehran University’s College of Science.

2.3.3. Surface area

When identifying the active sites that contaminants 
occupy, the surface area is a crucial consideration [16]. Using 
an ASTM D 3663, USA, micrometer to measure nitrogen 
adsorption at 77 K, a surface area analyzer and the Brunauer–
Emmett–Teller technique were used to determine the spe-
cific surface area. It presented a performance at the Tehran 
University’s College of Science.

2.4. Batch experiments

Under diverse settings, batch experiments were used 
to study the sorption of amoxicillin (AMX) by synthetically 

produced modified bentonite. A predetermined quantity of 
the MB was added to 100 mL of amoxicillin synthetic solu-
tion, which had a concentration of 50 mg/L, to conduct the 
batch removal studies. The mixture was then agitated using 
an orbital shaker (Edmund Buhler SM25, Germany). Batch 
studies with different contact times between 0 and 4 h, pH 
of solutions between 2 and 11, agitation rates between 0 and 
250 rpm, initial amoxicillin concentrations between 50 and 
250 mg/L, and sorbent doses between 0.05 and 1 g/100 mL 
were performed for practical purposes. In order to determine 
the quantity of amoxicillin that was still present in the solu-
tion, a predetermined volume of the solution was collected 
from each flask and filtered through filter paper of the type 
Whatman to separate the adsorbent from the aqueous solu-
tion. The filtered solution of amoxicillin (AMX) was then 
analyzed using a double-beam UV spectrophotometer at 
λmax = 228 nm. All samples were re-examined three times to 
ensure the accuracy of the results. The amount of amoxicil-
lin adsorbed onto the modified bentonite, qe, was calculated 
using the following equation [17,18]:

q
C C V
me

e�
�� �0  (1)

where qe (mg/g) is the amount of drug adsorbed per unit 
mass of adsorbent, Co and Ce (mg/L) are the initial and equi-
librium concentrations of drug, respectively. V (L) is the 
volume of drug solution and m (g) is the adsorbent mass. 
Eq. (2) was used to calculate the removal % (R%) of AMX 
from MB [19,20]:

R
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C
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0

100%  (2)

2.5. Isotherm models

Two isothermal models were utilized to characterize the 
sorption data, as can be seen in the next sections [21,22]:

2.5.1. Langmuir model

The Langmuir isotherm model is given through the for-
mulation of a monolayer, uniform, and finite adsorption 
site, which ends up in a saturation value wherein no greater 
adsorption takes place beyond. It additionally assumes that 
molecules adsorbed on neighboring sites do not interact 
with one another as in Eq. (3).

q
q bC
bCe

m e

e

�
�1

 (3)

where b is the constant of the free energy of sorption (L/mg), 
and qm is the maximum sorption capacity (mg/g), and Ce 
(mg/L) is the equilibrium concentration of the contaminant 
in the bulk solution. The linearized form of the Langmuir 
model could be written as in Eq. (4):

C
q q b q

Ce

e m m
e� �

1 1  (4)
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The Langmuir constants, qm and b, are determined 
from the slope and intercept of the Ce/qe against Ce plot, 
respectively.

2.5.2. Freundlich model

Adsorption processes on heterogeneous surfaces can 
be described by the Freundlich isotherm. This isotherm 
defines the heterogeneity of the surface and the exponen-
tial distribution of the active sites and their energy. This 
equation may be used to represent this model:

q K Ce F e
n= 1/  (5)

where KF is the intensity of sorption is indicated by the 
Freundlich sorption coefficient, where n is an empirical 
coefficient, is (mg/g)(L/mg)1/n. The above equation could 
be described with linearized form as in Eq. (6):

ln ln lnq K
n

Ce F e� �
�

�
�

�

�
�

1  (6)

The values of KF and n can be calculated by plotting of 
lnqe vs. lnCe, which they correspond to the intercept and 
slope of the plot, respectively.

2.6. Kinetics study

To comprehend the workings of the drug sorption 
technique (AMX) in modified bentonite, kinetic sorption 
models were applied. Pseudo-first-order and pseudo-sec-
ond-order are two of these models [23]:

2.6.1. Model of pseudo-first-order

The following equation can be used to compute the 
sorption rate over time [20]:

dq
dt

k q qt
e t� �� �1  (7)

where qe represents the amount of contamination sorbed 
at equilibrium (in mg/g), k1 represents the pseudo-first-or-
der adsorption rate constant in (min–1), and qt represents 
the amount of contamination sorbed at time t (in mg/g). 
The linear version of Eq. (7) becomes: after integration and 
the application of boundary conditions, t = 0 to t and qt = 0 
to qe [24]:

ln lnq q q k te t e�� � � � � � 1  (8)

The values of qe and k1 can be obtained from the slope 
and intercept of the plot ln(qe – qt) vs. t, respectively.

2.6.2. Model of pseudo-second-order

The contaminated monolayer must be attached to the 
sorbent surface, the sorbent must have an equal sorption 
energy, and there must not be any interaction between the 
sorbed contaminants. These assumptions may be phrased 
as follows in Eq. (9) [25]:

dq
dt

k q qt
e t� �� �2

2
 (9)

For the same boundary conditions, the linear form 
becomes as in Eq. (10) [26]:

t
q k q

t
qt e e

� �
1

2

 (10)

where k2 is the pseudo-second-order rate constant 
(g/mg·min). The values of qe and k2 can be obtained from 
the slope and intercept of the plot t/qt vs. t, respectively.

2.7. Experimenting with column

Using the efficiency of contaminant removal and the 
coefficient of hydraulic conductivity as indicators, the col-
umn experiments for the removal of AMX from contami-
nated water were put to the test to investigate the reactivity 
and hydraulic behavior of filler materials [27]. The column 
structure used in this inquiry is presented in Fig. 1. The fol-
lowing sample ports were installed at intervals of 5 cm (P1), 
10 cm (P2), 15 cm (P3), 20 cm (P4), and 25 cm (P5) from the 
bottom of the column, which was made of an acrylic cylin-
der with a diameter and height of 2 and 50 cm, respectively. 
Plastic valves are used to create these shaft length openings. 
As schematically depicted in, the sorbent was added to the 
column (Fig. 1). Using a peristaltic pump, distilled water 
was gradually introduced into the material from the bot-
tom of the column while being forced upward through the 
sorbent material until it became gradually saturated. Due to 
the upward movement that drives the air in front of it, air 
entrapment between the sorbent material’s particle parti-
cles won’t occur. The column tests were conducted at room 
temperature, and over the course of a 160-h period, several 
measurements of the AMX concentration in the effluent 
water were made. Immediately after that, water samples 
were placed into test tubes and examined using a UV spec-
trophotometer. All samples were re-examined three times to 
ensure the accuracy of the results. The constant-head perme-
ability approach was used to determine the hydraulic con-
ductivity (K) as a function of time in Eq. (11):

k Q A
h l

�
/
/� �

 (11)

where Q is the solution flow rate, Δh is the hydraulic 
head drop, Δl is the length of the sorbent pattern, and A is 
the cross-sectional area of the column [28].

2.8. Contaminant transport in porous media and breakthrough 
curves models

Mathematically, the transport of the pollutants across 
porous media may be described by the advection–disper-
sion equation (Eq. 12). According to this equation, advection, 
dispersion, and sorption are the three processes that control 
the movement of dissolved contaminants. Advection is the 
migration of the pollutant with flowing water, while dis-
persion is the migration of the pollutant due to the concen-
tration gradient and different pathways [29,30].
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It may be expressed using the equation below, where 
Vz is the pore water velocity (mm/s), Dz is the hydrody-
namic dispersion coefficient (m2/s), and R is the factor of 
retardation [4].
where n is the porosity of the porous media, q is the quantity 
of contaminant that has been sorbed onto the sorbent mate-
rial (mg/g), and ρb is the bulk density (kg/m3). Eq. (12) may 
be solved using both numerical and analytical methods, and 
the results of the analysis can be given in terms of time and 
location together with the values of C for the flow domain. 
It is possible to identify the S-shaped breakthrough curve 
by plotting the concentration vs time at a specific location 
in the flow scope [23,31]. Empirical models, which are easier 
to use and maintain and avoid the numerical solution, were 
utilized in the current work to simulate the breakthrough 
curves in the packed column. Following is a quick summary 
of these models [32,33]:

2.8.1. Bohart–Adams model (1920)

The model Bohart–Adams makes the assumption that 
the sorption rate is proportional to the adsorbent’s residual 
capacity as well as its species concentration. The shape of 
this model is as follows:

C
C KN Z

U
KC t0

0 0

1

1
�

� �
�

�
�

�

�
�exp

 (14)

where Co and C represent the initial and instantaneous con-
centrations of the pollutant in the solution (mg/L), K rep-
resents the kinetic constant (L/g·min), N0 represents the sat-
uration concentration (mg/L), Z represents the bed depth 
in the column (cm), t represents the operation time (min), 
and U represents the flow rate (cm/min) [34].

2.8.2. Thomas–BDST model (1944)

It is a widely used model to explain the movement of 
non-conservative contaminants in packed columns, and its 
equation is shown below [35].

C
C K

Q
qM K C tT

T
0

0

1

1
�

� �
�

�
�

�

�
�exp

 (15)

where Co and C are the influent and effluent concentra-
tions, respectively (mg/L), KT is the Thomas rate constant 
(mL/mg·min), q is the maximum adsorption capacity (mg/g), 
M is the amount of adsorbent in of the column (g), t is the 
adsorption time (min) and Q is the feed flow (mL/min).

2.8.3. Yan model (2001)

The Yan model, or what many publications call the 
dose-response model, is represented as follows [36]:

C
C Q C

q M
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where q0 is the maximum capacity for sorption (mg/g), 
and a is a constant with respect to the model’s slope. 

 
 
 
 
 
 

 

 
 

 

 

 

 

 

Fig. 1. Schematic diagram of laboratory-scale column.
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Estimating the constants in this model can be done using 
nonlinear regression with measurements from continuous 
experiments.

2.8.4. Clark model (1987)

Clark assumed that pollutant adsorption obeys the 
Freundlich model and the following kinetic formula was 
developed [37].

C
C A e

n

rt
0

1
1

1
�

�
��

�

�
�� �

� �

�

�
 (17)

where n is the exponent of the Freundlich isotherm, A 
and r are components of the kinetic equation.

2.8.5. Belter–Cussler–Hu model (1988)

Chu [38] suggested an enhanced semi-empirical fixed 
bed known as the Belter–Cussler–Hu model of the break-
through curves of a symmetric form, which is denoted 
by the following equation [23]:
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where erf[x] is the error function of x, t is the column res-
idence time, t0 is the time at which the effluent concentra-
tion is half that of the influent concentration, and σ standard 
deviation, which is a measurement of the breakthrough 
curve slope in its straight component.

3. Results and discussion

3.1. Modification of natural bentonite

Different samples of modified bentonite (MB) were 
prepared and tested by mixing various amounts of sur-
factants (CTAB and TMAB) with a specified amount of 
natural bentonite at room temperature under specified 
conditions (time = 4 h, pH = 7, agitation speed = 200 rpm, 
Co = 50 mg/L, and dosage = 0.5 g/100 mL), as shown in Fig. 2. 
It was observed that as the weight ratios (CTAB or TMAB/
NB) increases, the AMX removal percentage increases until 
it reached the highest value of 79% and 48% at 0.5 g·CTAB/
g·NB and 0.6 g·TMAB/g·NB, respectively, then the removal 
% starts to decrease as the ratios of (CTAB or TMAB/NB) 
increases to reach 75% and 45%, respectively. This behavior 
can be explained as follows: It is known that the surface of 
the bentonite has a negative charge, and when it is modified 
using cationic surfactants, its surface will acquire a positive 
charge, and thus the negatively charged particles of AMX 
will be attracted to it leading to an increase in the AMX 
removal percent. When adding more quantities of surfac-
tant, which are more than the bentonite can accommodate, 
they will stay in the bulk solution and convert to a source 
to attract a part of the negatively charged ions of AMX and 
prevent them to reach the surface of modified bentonite, 

so, this part of AMX particles stay in the solution without 
removal, causing a decrease in the AMX removal percent 
[39]. Therefore, the ratios of (CTAB/NB = 0.5) and (TMAB/
NB = 0.6) that achieved the higher removal percent were 
adopted in preparing the modified bentonite (NB-CTAB and 
NB-TMAB) which were used in all batch and continuous 
experiments in this study.

For the case of the production of calcined bentonite 
(CB), firstly, the NB was heated (80°C–105°C). The heating 
of NB to this temperature range leads to the loss of water, 
volatile compounds, microorganisms, and organic matter. 
The loss of these elements does not change the structure of 
the clay. After that, the temperature range was increased to 
450°C–500°C, which led to the loss of hydroxyl that begins 
to change the structure of the bentonite. The hydroxyl loss 
is interesting for the process, it increases the stability of the 
clay for its use in the fixed-bed adsorption column [11].

In order to clarify the effectiveness of bentonite modifi-
cation processes and their impact on increasing the bentonite 
activity, the CB and NB were tested to use in removing AMX 
from aqueous solutions under the same conditions that are 
illustrated in Fig. 2. The result of this test is presented in 
Table 2. It can be seen that the AMX removal percent was 
increased by 6.58, 4 times, and 6 times using NB-CTAB, 
NB-TMAB, and CB in comparison to using NB. This was 
caused by the bentonite layer’s alteration, which raised the 
layer’s spacing and changed the hydrophilic surface of the 
material into one that was hydrophobic to boost its adsorp-
tive capabilities [40].

3.2. Characterization of reactive materials

3.2.1. Fourier-transform infrared spectroscopy

By using FTIR analysis, it is feasible to identify the sur-
face functional groups that are present on the adsorbent, 
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Fig. 2. Effect of the ratio of CTAB or TMAB/NB for the removal 
of amoxicillin.

Table 2
Comparison of amoxicillin removal by natural and modified 
bentonite

Contaminant NB NB-CTAB NB-TMAB CB

Amoxicillin 12% 79% 48% 72%
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which also allows for spectrophotometric observation. These 
spectrums were measured between 400–4,000 cm–1, as shown 
in Fig. 3. This procedure was carried out for NB, NB-CTAB, 
NB-TMAB, and CB. The large absorption bands that are seen 
at 3,799; 3,626 and 3,400 cm–1 on natural bentonite are due 
to the O–H stretching vibrations of the Si–OH (silanol) and 
Al–OH groups, respectively also strong band at 1,028 and 
470 cm–1 represents the Si–O–Si groups of the tetrahedral 
sheets.

After the modification of NB with CTAB, an asymmet-
ric stretching mode of Si–O–Si has shifted from 1,028 to 
1,037 cm–1, also the deformation and bending mode of Si–O–
Si at 470 cm–1 have shifted to 426 cm–1. The additional peak 
at 1,473 cm–1 in NB-CTAB, which is absent in NB, indicate 
the presence of C–N vibration in tertiary amines. After being 
modified with CTAB, the absorption band of –OH and the 
bending vibration of H2O of NB significantly shifted from a 
high frequency of 1,650 cm–1 to a low frequency of 1,637 cm–1, 
indicating the removal of water molecules and a change in 
the hydrophobicity of natural bentonite. Peaks at 2,856 and 
2,929 cm–1, which are sharper than those of the NB and cor-
respond to the symmetrical CH3 stretching absorption band 
and the CH2 scissor vibration band, respectively, were identi-
fied as the organic matter in NB-CTAB. The groups CH3 and 
CH2 demonstrate how the CTAB molecules were incorpo-
rated into the bentonite mineral layers. The FTIR measure-
ments indicate that CTAB was used to modify the surface 
of the bentonite clay.

Asymmetry in the Si–O–Si stretching mode has changed 
from 1,028 to 1,045 after TMAB was used to modify natu-
ral bentonite. The deformation and bending mode of Si–O–
Si has also changed from 470 to 451 cm–1. The additional 
peaks at 1,423 cm–1 in NB-TMAB, which are absent in NB, 
indicate the presence of C–N vibration in TMAB.

When compared to the MB with CTAB, the organic mat-
ter in modified bentonite with TMAB had peak at 2,939 cm–1 
that is less severe. These peaks were attributed to the sym-
metrical CH3 stretching absorption band and the CH2 scissor 
vibration band, respectively. The groups CH3 and CH2 show-
ing that the use of TMAB to modify the surface of benton-
ite clay was successfully performed, according to FTIR data, 
which clearly shows that the molecules were intercalated 
between the layers of bentonite minerals.

The NB and calcined bentonite were also characterized 
using FTIR spectroscopy as illustrated in Fig. 3. The FTIR 
spectra of the natural bentonite and calcined bentonite were 
not much different. Fig. 3 shows that after thermal activa-
tion, the band of O–H stretching was reduced. This phe-
nomenon indicates that the water content in interlayer of 
the thermal activated bentonite was reduced.

Comparing the FTIR spectra of modified bentonite before 
and after the sorption of amoxicillin revealed that the peak 
at 1,467 cm–1 indicated the existence of –C–N stretching 
vibration peak and tertiary amine in amoxicillin, whereas 
the peak at 2,850 cm–1 showed C–H groups. The shift in peak 
to 3,630 cm–1 demonstrates that (NB-TMAB, NB-CTAB, and 
CB) each have amoxicillin adsorb to the silanol group in a 
different way.

3.2.2. Scanning electron microscopy

SEM examination was used to illustrate the surface mor-
phology and microstructure of NB before and after treat-
ment as shown in Fig. 4. The surface morphology of the 
NB following the modification procedure underwent sub-
stantial modifications, as seen in this image. It is evident 
that NB has a porous structure, a rough and uneven look, 
and a dispersed block structure with various block sizes, 
while the surface morphology of NB-CTAB and NB-TMAB 
was smooth and accompanied by a few holes. This fluffy 
appearance probably occurs due to the reduction in certain 
amorphous phases originally associated with the bentonite 
because the surfactants (CTAB and TMAB) have generally 
covered the surface of the NB. The SEM image of the CB 
indicates that the thermal modification of NB can make it 
a more porous structure compared to raw bentonite due to 
the interlayer spaces having collapsed, resulting in a more 
tightly bound structure.

3.2.3. Surface area

The specific surface area is a crucial indicator of the 
adsorption capacity for adsorbents. The results of this test 
revealed that the MB using surfactants had a smaller sur-
face area than NB. The surface area of NB was 46.22 m2/g, 
this value reduced to 23.34 and 5.17 m2/g for MB (NB-CTAB 

Fig. 3. Fourier-transform infrared spectra of NB and MB.
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and NB-TMAB, respectively). This result can be attributed 
to the agglomeration property of NB after modification by 
surfactant. In addition, the organic molecules of surfactant 
entered into the interlayers of NB and overlapped its surface, 
which blocked the channel between the layers and reduced 
the surface area and pore volume. This result was similar 
to the research findings of many researchers [12,20].

In the case of CB, the obtained results showed that the 
thermal activation of NB improved the surface properties 
of raw bentonite. The surface area of CB was 72.37 m2/g, 
which was larger than that of NB, because of the heat process 
used to remove the water molecules and volatile chemical 
compounds that adhere to the bentonite surface, CB has a 
greater surface area than raw bentonite, which is indicative 
of a more porous structure.

3.3. Influence of operational conditions in batch mode

3.3.1. Contact time

The amount of AMX removed by MB using surfactants 
and the thermal process was studied at different contact 
times with conditions illustrated in Fig. 5. This graph shows 
that as the contact duration rose, the amount of AMX that 
was removed increased as well. In addition, the sorption rate 
was high during the primary stage but gradually decreased 
after that. It is likely that the fewer MB active sites contrib-
uted to the slower sorption. The result shows that at a time 
(3.5 h) the maximum AMX removal percent of 79%, 48%, 
and 70% was achieved for NB-CTAB, NB-TMAB, and CB, 
respectively. It can be noted that the AMX removal percent 
for NB-CTAB was higher than NB-TMAB and CB. This result 
can be attributed to the fact that the adsorption of AMX 
depended not only on the partition mechanism, but also 
on the number of hydrocarbon chains within the surfactant 

molecule that interlayered with NB [6,7]. The AMX removal 
percent for NB-CTAB was higher than NB-TMAB due to the 
NB-CTAB was treated with a longer chain surfactant (CTAB) 
which can bond with more AMX particles than another 
surfactant (TMAB), also, the NB-CTAB has a surface area 
higher than NB-TMAB according to the surface area test 
that illustrated the surface areas were 23.34 and 5.17 m2/g 
for NB-CTAB and NB-TMAB, respectively. In addition, it is 
important to note that although the CB has a higher surface 
area than NB-CTAB, it has AMX removal percent lower than 
NB-CTAB. This behavior can be explained that the NB-CTAB 
has functional groups due to the presence of CTAB-
surfactant that do not present in CB, which led to an increase 
in the affinity between AMX and NB-CTAB more than CB.

3.3.2. pH of solution

One of the most crucial elements impacting the adsorp-
tion capacity may be thought of as the initial pH of the 
AMX solution. This is because it has an impact on both the 
amount of the sorbate ionization and the surface charge of 
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Fig. 4. Scanning electron microscopy images of NB and MB.
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the sorbent. Therefore, the sorption of AMX utilizing MB 
was investigated at various pH range between 2 and 11, as 
shown in Fig. 6.

As can be observed, the removal percentage of AMX 
employing cationic surfactants rose as the pH value climbed 
up to pH = 10, which produced the maximum removal per-
centages of 86% and 54% for NB-CTAB and NB-TMAB, 
respectively. After that, the removal percentage seems to 
have steadied somewhat. The following is an explanation 
for this behavior: at low pH values, there is an excess of H+ 
protons on the active sites of the adsorbent, which compete 
with the cationic groups of the adsorbate, causing a lower 
adsorption rate of organic compounds, while when the pH 
values increases, the surface charge density of H+ decreased, 
reducing the electrostatic repulsion between the positively 
charged adsorbent surface and the organic adsorbate, 
thereby increasing the extent of sorption process [42].

The results show that in the case of CB, the AMX removal 
percent increased as the pH value increased until it reached 
the highest removal % (82%) at a pH of 6, then the removal 
percent declined to reach the minimum removal % (17%) at 
a pH = 11. The CB is composed mostly of montmorillonite 
with a negative surface charge, while the AMX is a zwitte-
rionic compound (pka1 = 6.71 and pka2 = 9.41), at pH lower 
than 6.71 (acidic conditions) AMX has a positive charge and 
pH higher than 9.41 (basic conditions) has a negative charge; 
Therefore, under conditions of this section, with increasing 
pH values up to 6, the positive charge of the AMX increased 
leading to the increase in the electrostatic attraction with 
the negative charge on the surface of CB causing to increase 
in the AMX removal percent. After that, the increase in pH 
values leads to an increase in the negative charge of AMX 
causing the increase in the electrostatic repulsion with a 
CB surface due to it containing a negative charge caus-
ing reduce the AMX removal percent. This explains the 
behavior of the CB with different pH values.

3.3.3. Agitation speed

By varying the agitation speed from 0 to 250 rpm while 
maintaining the other parameters constant, it was possi-
ble to determine how much the agitation speed affects the 
AMX elimination percentage. Fig. 7 shows that about 20%, 
8%, and 14% of AMX were removed before vibration with 
NB-CTAB, NB-TMAB and CB, respectively, in addition, the 

percentage of AMX removal rises with increasing vibration 
rate until it reaches a higher value of 88%, 57% and 85% for 
NB-CTAB, NB-TMAB and CB, respectively. These results are 
explained by the fact that speeding up the agitation increases 
the amount of contaminant that diffuse to the surface of the 
reactive medium. A proper contact must be made between 
the sorbate in the solution and the binding sites in order to 
successfully transfer the sorbate to the sorbent sites [42].

3.3.4. Initial concentration

The impact of concentration values of AMX on the 
removal’s ratio in the range of 50–250 mg/L was the exam-
ined in this series of tests. In fact, Fig. 8 clearly demonstrates 
the dramatic decrease in AMX removal percentage that 
occurred when the initial concentration was increased from 
50 to 250 mg/L. The main reason for this drop in removal 
rates was due to the saturation of the adsorbent (MB) sites 
with AMX molecules.

3.3.5. MB dosage

The importance of the AMX removal using different 
MB dosages (0.05–1 g/100 mL) was investigated, as seen in 
Fig. 9. These results demonstrate that only 88%, 83%, and 
56% of AMX were eliminated at 0.5 g of NB-CTAB, CB, and 
NB-TMAB, respectively, when added 100 mL of AMX solu-
tion. A considerable improvement in the elimination rate 
to 97%, 94%, and 68% for NB-CTAB, CB, and NB-TMAB, 
respectively, may be induced by increasing the MB dose to 
0.8 and 0.9 g/100 mL for (NB-CTAB and CB) and (NB-TMAB), 
respectively. The reason for this behavior is that as sorbent 
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(MB) dosage is increased, the amount of open sites that 
are accessible to bind additional AMX molecules, surface 
area, and pore volume all increase. As a result, an increase 
in MB dosage results in an increase in removal percent. 
Additionally, it should be highlighted that the stability of 
the contaminant concentration that remains in the aque-
ous phase prevents an increase in dosage that exceeds 0.8 
and 0.9 g/100 mL for (NB-CTAB and CB) and (NB-TMAB), 
respectively, from having a substantial impact on the AMX 
removal %. Table 3 summarizes the previous works that uti-
lize modified bentonite for the removal of several organic 
contaminants from contaminated water.

3.4. Sorption isotherms

Two isotherm models, Langmuir and Freundlich, were 
used to match the experimental data from the sorption 
process. In light of this, Microsoft Excel 2016 was used to 
determine the slope and intercept of the linear plot in order 
to get the empirical coefficients for each model, as shown 
in Fig. 10. The determination coefficients and values of 
the isotherm model constants are listed in Table 4. In con-
trast to the Langmuir model, the Freundlich model clearly 
produced a larger value for the coefficient of determina-
tion (R2), for the depiction of the sorption data of AMX, the 
Freundlich model is therefore more suited [43].

3.5. Sorption kinetics

The kinetics data was correlated using the pseu-
do-first-order and pseudo-second-order models. Plotting 
of ln(qe – qt) and t/qt vs. t for the linear plot of the first and 
pseudo-second-order models, as shown in Fig. 11. Using the 
Microsoft Excel 2016 program, based on the slop and the 
y-axis intercept of the straight line, the constants for these 
models were calculated. The values of the kinetic model 
constants and the coefficients of determination are reported 
in Table 5. Regardless of the amount of R2, it is obvious that 
the uptake of AMX utilizing MB is most likely second-order 
since the (experimental) value of qe was more similar to the 
(computed) qe of the second-order model than the first-or-
der model. These results show that chemoprevention was 
prevalent, and this result is consistent with the findings of 
other researchers such as [2,42,49].

3.6. Column experimentation

A clear acrylic column with five sampling ports was used 
to carry out a number of column experiments. as shown 
schematically in Fig. 1. In order to get the maximum AMX 
elimination percentage as shown in the batch trials, these 
studies were carried out with AMX solution under the opti-
mal circumstances. Meanwhile, the following indications 
cast doubt on the column experiment results.

3.6.1. Measuring the initial value of hydraulic 
conductivity of MB

It is important to note that bentonite generally has a 
lower hydraulic conductivity than most common reactive 
media [41]. This property has a particularly negative effect 
on column experiments, as it clogs the bed and impedes 
water flow. To increase the hydraulic conductivity value and 
avoid bed blockages, broken glass waste (GW) was used 
in the current work. It is readily available and inexpensive 
material. The prepared MB (NB-CTAB, NB-TMAB, and CB) 
was mixed with the glass waste as an inert filler component 
before being used in the column experiments. The glass 
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Table 3
Summary of previous works

Adsorbent material Type of modification Contaminant Adsorption capacity 
(mg/g) or removal %

References

Bentonite Acid activation
Acid yellow Acid yellow = 71.1%

[50]Acid blue Acid blue = 98.4%
Acid red Acid red = 85.25%

Bentonite
Hexadecyl trimethyl ammonium 
bromide, HDTMA

Amoxicillin
81.9% at (Co = 19 mg/L)

[51]
87.5% at (Co = 2 mg/L)

Bentonite
Hexadecyl trimethyl ammonium 
bromide, HDTMA

Diclofenac sodium 388 mg/g [52]

Bentonite L-Tryptophan and FeCl2·4H2O Synthetic estrogen 4.20 mg/g [53]

Bentonite
Cationic surfactants (CTAB & 
TMAB) and thermal activation

Amoxicillin
NB-CTAB = 96%

Present 
work

NB-TMAB = 70%
CB = 94%
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waste was then washed, ground, and sieved at 250–500 nm. 
However, three tested reactive systems or mixtures (MB/
GW) have been used in the column experiments by mixing 
the MB with GW. These systems were: M1 (2MB/1GW), M2 
(2MB/2GW), and M3 (2MB/3GW). The hydraulic conductiv-
ity of these systems was determined at the Civil Engineering 
Department, University of Baghdad, as illustrated in Table 6. 
From the finding, the reactive system M2 (2MB/2GW) was 
found more appropriate than M1 (2MB/1GW) and M3 
(2MB/3GW) because it maintains appropriate flow using 
the minimum quantity added of GW so that any decrease 
in the amount of the effluent water can be avoided for the 
preservation of the bed activity and maintenance of the 
acceptable hydraulic conductivity. It is worth noting that 
adding more quantity of GW, as in the M3 reactive system, 
will increase the hydraulic conductivity of the bed, as shown 

in Table 6, which means an increase in the flow, but at the 
same time, the quantity of the inert material (GW) increased 
too at the expense of the active material (MB) which leads 
to reduce the AMX removal efficiency, therefore the M3 
reactive system was not suitable, also the M1 reactive sys-
tem also not suitable because it has relatively low hydraulic 
conductivity that does not allow water to flow freely with-
out clogging. The presence of GW facilitated the creation 
of large-sized voids that can interact with one another, 
removing any obstruction in the flow channel; Therefore, 
the reactive system of M2 (2MB/2GW) was adopted in all 
column experiments. It is important to note that tests have 
been done on the activity of glass granules (alone) in the 
removal of AMX and have shown that this material is inert 
because there is no discernible effect.

3.6.2. Monitoring the AMX concentrations in the effluent

One of the factors that must be considered to evaluate 
the performance of the reactive medium in removing AMX 
using a packed bed column is to determine the concentra-
tions of contaminant in the effluent [44,47]. The normalized 
concentration (C/Co) of AMX was measured in the effluent 
of the five ports during fixed time periods with an initial 
concentration of 50 mg/L and a flow rate of 5 mL/min as 
shown in Fig. 12. This figure showed that the AMX plume 
is restricted by the reactive media (MB/GW). Therefore, it 
plays an important role in limiting AMX dispersal in the 
column and can be successfully used as a reactive material 
to remove AMX. However, as the operation time increases, 
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Fig. 10. Linear form of isotherm models for sorption of amoxicillin onto MB.

Table 4
Adsorption isotherm constants with determination coefficients 
for amoxicillin using MB

Model Parameter NB-CTAB NB-TMAB CB

Langmuir
qm (mg/g) 21.8818 13.7362 22.1238
b (L/mg) 0.1453 0.0307 0.0827
R2 0.8576 0.9511 0.8960

Freundlich
KF (mg/g)(L/mg) 4.6641 0.9380 2.9736
n 2.4783 1.7452 1.9557
R2 0.9123 0.9580 0.9653
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the reactive media becomes saturated, reducing the delay 
factor of AMX, showing that the functionality of the reac-
tive media to delay the propagation of AMX decreases. This 
explains the increase in the concentration of AMX effluents 
over time. Additionally, the time it takes for the AMX nor-
malized concentration to reach 1 (the saturated state) at the 
exit of the column ports was quicker in NB-TMAB/GW than 
in NB-CTAB/GW and CB/GW. This behavior indicates that 
NB-CTAB/GW has higher activity in removing AMX than CB/
GW and NB-TMAB/GW because it has binding sites having 
a higher affinity for binding with AMX in comparison with 

other MB. These results are identical to the results of batch 
experiments, which showed that the ability of NB-CTAB to 
remove AMX is higher than that of CB and NB-TMAB.

3.6.3. Influence of flow rate

In this section column experiments were performed for 
three different flow rates 10, 15 and 20 mL/min, as shown 
in Fig. 13. As the flow rates rose in this diagram, the nor-
malized concentration levels rose quickly and reached sat-
uration (C/Co = 1). The reason for this behavior is that the 
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Fig. 11. Kinetic models for the sorption of amoxicillin onto MB.

Table 5
Kinetic models parameters with determination coefficients

Model Parameter NB-CTAB NB-TMAB CB

Pseudo-first-order

k1 (min–1) 1.3200 1.0743 1.1729
qe (experimental, (mg/g)) 7.9000 4.8000 7.0000
qe (calculated, (mg/g)) 13.7300 7.7500 11.1400
R2 0.8619 0.9197 0.9249

Pseudo-second-order

k2 (mg/g·min) 0.0014 0.0009 0.0010
qe (experimental, (mg/g)) 7.9000 4.8000 7.0000
qe (calculated, (mg/g)) 10.2200 7.6100 9.9900
R2 0.9945 0.9922 0.9982
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contaminant’s (AMX) time in the bed column decreased as 
the flow rate increased, resulting in a shorter stay and a lower 
removal rate. In addition, due to the potential to degrade the 
weak ionic bonds between the contaminant and the reactive 
substance (MB) binding sites, a fast flow rate can also result 
in a lower removal ratio [45].

3.6.4. Influence of initial AMX concentration

It is discussed how varying beginning concentrations of 
AMX 25, 50, and 100 mg/L and a flow rate of 5 mL/min affect 
the inflow concentration of AMX in the effluent ports in 
Fig. 14. It can be seen that at higher AMX concentrations, the 
reactive media begin to saturate, causing the breakthrough 
curves to begin sloping earlier, indicating a reduction in 
removal efficiency. Conversely, at lower AMX concentrations, 
the breakthrough curves take a longer time to rise, indicat-
ing the effectiveness of the reactive media, and they remain 
active for a longer time before they are exhausted [42]. The 
following is an explanation for this behavior: the low concen-
tration gradient leads to a slow spread of the AMX through 
the pores due to the reduction in the mass transfer coefficient, 
which increases the saturation time of the reactive media 
and vice versa [46]. In addition, the reactive media contains 

Table 6
Hydraulic conductivity of the used reactive systems

Designation Hydraulic conductivity, cm/s

M1 
(2MB/1GW)

M2  
(2MB/2GW)

M3  
(2MB/3GW)

NB-CTAB/GW 0.0086 0.0217 0.0346
NB-TMAB/GW 0.0107 0.0249 0.0394
CB/GW 0.0119 0.0277 0.0439
NB 10–10
MB 0.0002–0.0003
GW 0.0512
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Fig. 12. Breakthrough curves of amoxicillin in the effluent ports 
of the laboratory column.
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a fixed number of active sites, so increasing the initial con-
centrations of AMX, leads to a decrease in the removal effi-
ciency because the effective sites are already full of AMX and 
there are no additional active sites available to accommo-
date an increase in the amount of AMX [47].

3.6.5. Variation of hydraulic conductivity with time

As can be seen from Fig. 15, monitoring variations in the 
hydraulic conductivity of the column bed at port 5 at spe-
cific times was one of the most crucial aspects of the current 
investigation. The findings were calculated based on Darcy’s 
law, which required knowledge of the entire volume of the 
treated water. In this experiment, the values of the hydrau-
lic conductivity for the reactive system M2 (2MB/2GW) 
that are depicted in Table 6 were adopted as initial values 
of hydraulic conductivity. From Fig. 15 it can be seen that 
shortly after operation, the hydraulic conductivity values 
began to slowly decrease and then stabilize at a certain level. 

In addition, two cases can be observed, the first is that the 
rate of decrease in the hydraulic conductivity of the reactive 
medium (NB-CTAB/GW) was more than that of NB-TMAB/
GW, and the second is that the rate was the decrease in the 
hydraulic conductivity of the (CB/GW) is the lowest. For 
the first case, this is likely related to the rate of AMX accu-
mulation on the surface of the reactive medium, which is 
directly proportional to the removal ratio. Since the AMX 
removal of NB-CTAB/GW is higher than that of NB-TMAB/
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Fig. 14. Breakthrough curves of amoxicillin at different initial 
concentrations.
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GW, according to the experimental results, the accumulated 
amount of AMX of NB-CTAB/GW is greater than that of 
NB-TMAB/GW. This means that the rate of decrease in the 
interparticle of the reactive system was greater in the case of 
NB-CTAB/GW than in the case of NB-TMAB/GW. While in 
the second case, although CB/GW has a lower AMX removal 
ratio than NB-CTAB/GW, it has a lower hydraulic conduc-
tivity rate decreasing than all due to its exposure to ther-
mal processes that improved its mechanical properties and  
stability.

3.6.6. Breakthrough curve models

Five models were used to fit experimental measurements 
from column studies for the elimination of AMX. Bohart–
Adams, Thomas–BDST, Yan, Belter–Cussler–Hu, and Clark 
are some of these models, as shown in Fig. 16. The break-
through curves of AMX at port 5 for three different types 
of reactive media are represented by these models in accor-
dance with the experimental parameters used in this sec-
tion (Q = 5 mL/min, Co = 50 mg/L). Additionally, statistical 
measurements like R2 and sum of squares error were used 
to show the degree of agreement between the anticipated 
and experimental results (SSE). According to the following 
equation, the sum square error was calculated:

SSE
experimental predicted
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The parameters of breakthrough models with determi-
nation coefficients were estimated by Microsoft Excel 2016. 
All values of the model parameters, R2 and SSE for the pre-
dicted and experimental results are presented in Table 7. 
It’s clear from this table that the Clark model in compari-
son to other models is a more accurate representation of the 
experimental data since it has a lower SSE value for AMX 
adsorbed in various beds.

4. Conclusion

Based on the results of the batch and continuous experi-
ments, the following conclusions can be drawn:

This study involved the modification of Iraqi natural 
bentonite (NB) using two cationic surfactants (CTAB and 
TMAB) with a thermal process as another approach for mod-
ification to produce three types of modified bentonite named 
NB-CTAB, NB-TMAB, and CB, they were used as reac-
tive materials for removal of AMX from aqueous solutions 
using batch and continuous modes.

The optimal ratio of (CTAB and TMAB)/NB that resulted 
in the highest AMX removal percent was 0.5 g·CTAB/g·NB 
and 0.6 g·TMAB/g·NB that increased the efficiency of the 
natural bentonite to about 6.5 and 4 times.

The parameters studied in batch mode such as con-
tact time, initial solution pH, agitation speed, initial AMX 
concentration and MB dosage were factors influencing the 
AMX removal process. The best values for these parame-
ters were 3.5 h, 10, 6, 10 and 250 rpm, 50 mg/L, 0.7, 0.9, and 

Table 7
Parameters of breakthrough models with determination coefficients for amoxicillin corresponding to the experimental conditions 
at port 5

Model name Parameter NB-CTAB/GW NB-TMAB/GW CB/GW

Bohart–Adams model

kc 0.05877 0.05336 0.0536
kN.Z/u 2.91681 2.34682 2.5423
R2 0.98707 0.98025 0.98696
SSE 0.0858 0.06977 0.05783

Thomas–BDST model

KTQM/Q 2.91681 2.34682 2.5423
KTC 0.05877 0.05336 0.0536
R2 0.98707 0.98025 0.98696
SSE 0.0858 0.06977 0.05783

Yan model

0.001QC/Q.M 7.4E-05 8.35E-05 7.83E-05
A 237.679 237.679 237.679
R2 0.97407 0.96824 0.96954
SSE 0.37967 0.17971 0.24396

Belter–Cussler–Hu model

t0 112.138 97.6451 102.968
o 0.59517 0.60367 0.58936
R2 0.94869 0.9799 0.97893
SSE 0.28333 0.07235 0.08765
A 18.3233 10.4523 12.8129

Clark model

R 0.05867 0.05336 0.05366
N 1.99803 2 2.00332
R2 0.98632 0.98025 0.98564
SSE 1.46E-06 1.57E-14 1.9E-07
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0.8 g/100 mL which provide maximum removal efficiencies 
of 96%, 70% and 94% for NB-CTAB, NB-TMAB, and CB, 
respectively.

The experimental findings shown that the Freundlich 
isotherm model can accurately explain the sorption data 
for MB (NB-CTAB, NB-TMAB, and CB) with an R2 of not 
less than 0.9123.

The findings of the sorption kinetics demonstrate that 
the experimental data were more accurately modeled by 
the pseudo-second-order model, which demonstrated that 
chemisorption was the dominating process.

The reactive system M2 (2MB/2GW) was more appropri-
ate than other systems used as a reactive media in continu-
ous mode, so it adopted in all column experiments.

The results of continuous experiments showed the AMX 
spread was restricted by the reactive media in different 
proportions, the AMX spread in bed (NB-TMAB/GW) was 
faster than the two other reactive beds at the same flow rate 
and run time.

Five breakthrough curve models were used to fit the 
continuous experimental data: Clark, Yan, Thomas, Bohart–
Adams, and Belter–Cussler–Hu models. Comparing the 
Clark model to other models, it was the one that best 
captured the experimental findings.
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