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ABSTRACT

Since organic dyes are the main component of many industrial wastes, it is necessary to be removed efficiently
and instantaneously. The aim of this research focuses on the synthesizing of organoclay by modifying kaolinite
with cetyl trimethyl ammonium bromide and applying it for the removal of (methyl-orange) dye from water by the
mechanisms of adsorption. The effects of several parameters, mainly agitation time, water pH, adsorbent doses, and
dye concentrations, on the adsorption process were optimised using the central composite design (CCD) method,
which was performed using MINITAB package (version 17). Results showed that the dye was completely (100%)
removed at pH of 4.0, adsorbent dose of 0.4 g, dye concentration of 50 mg/L, and agitation speed of 160 rpm. In ad-
dition, it was found that Freundlich and Sips isotherms were the best models to track lab data. Moreover, the Pseudo
second order method was found to be more convenient compared to other models for studying kinetics of the sorp-
tion mechanism. For column testing, an appropriate hydraulic conductivity and reactivity were obtained by combin-
ing modificatory kaolinite and glass waste with weight proportions of 50:50. Thus, empirical simulations such as

those in the kinetic model of Clark have provided satisfactory consent for using the simulated methyl orange.

Keywords: modified kaolinite, cetyl trimethyl ammonium bromide, dye, insusterial wastes.

INTRODUCTION

Dyes are often employed in a variety of in-
dustrial processes to produce coloring, food,
paint, fabrics, leathers, papers, and rubber. Dyes
are often divided into natural and industrial dyes;
the latter can be further divided into three cate-
gories: dyestuffs with anionic, cationic, and non-
ionic groups (Liu and Zhu, 2017). The aquatic
eco-system may suffer as a result of the high dye
concentrations in wastewater, which have been
linked to severe illnesses including cancer. One
of the most significant pollutants is the waste-
water from various businesses, namely the in-
dustrial dyes industry, which contains organic

chemicals. However, even in little amounts, the
bulk of these dyestuffs are carcinogenic. Methyl
orange is a water-soluble azo color that contains
substances that cause cancer. Intestinal microbes
break down this kind of dye into aromatic amines
(Czaja et al., 2019), and its high stability, high
solubility, and low biodegradability decrease the
ability of conventional water treatment meth-
ods used to remove it from the solution. Many
modern methods have been employed for dye-
stuff removal such as oxidation, membranes, and
coagulants (Guo et al., 2023). Biological and
chemical treatments have advanced significant-
ly, but they still have several downsides, such as
harmful byproducts of oxidation that are hard to
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remove using conventional techniques (Guo et
al., 2023). In the last few years, the biological
treatment has given a high efficiency of dyestuff
removal from wastewater without intermediate
pollutants, but it still removes only the dissolved
dyes (Guo et al., 2023). Adsorption is one of the
most practical and affordable processes since
the adsorbents are inexpensive and the results of
the treatment are effective. In several investiga-
tions, dyes were typically employed to remove
effluent from the chemical sector, including clay
matter in various affordable or easily accessible
adsorbents (Faisal et al., 2020). Nowadays, sev-
eral industries use clay minerals broadly, such
as in polymers nanocomposites adsorbents and
adsorption of heavy metal ions (Sejie and Nadi-
ye, 2016). The ratio of these sheets/layers in the
structure is used to characterize clay minerals,
which frequently have tetrahedral and octahe-
dral layers. The clay is referred to as a 2:1 clay
(3-sheets) if it consists of two tetrahedral layers
and one octahedral layer. Similar to this, 1:1 clay
(2-sheets) is defined as clay that has one octahe-
dral layer and one tetrahedral layer (Sejie and
Nadiye, 2016). The most common types of clay
are montmorillonite, smectites kaolinite, and il-
lite; however, montmorillonite and bentonite
are largely used as an adsorbent in the explora-
tion of the kaolinite clay mineral (Demeusy et
al., 2023). The crystal structure of kaolinite was
first set out by a model using an idealization of
polyhedral. In this group, the clay minerals con-
tain dioctahedral 1:1 layer structures with high
ALSi,0(OH), in their composition. Due to the
high concentration of octahedral sites, they are
characterised by the predominance of Al” in
spite of the presence of isomorphous substitu-
tions of magnesium, iron, titanium, and vana-
dium ions for Al". Some modifications, such
as impregnation or the grafting of organic/inor-
ganic molecules, can improve the characteristics
of clay minerals. For instance, by adding quater-
nary ammonium cations to kaolin or montmo-
rillonite, the effectiveness of the materials’ abil-
ity to remove different organic contaminants is
greatly increased (Ahmed et al., 2020, Faisal and
Naji, 2019). In the this study, a new compound
(CTAB-kaolinite), manufactured by modifying
the kaolin by using cetyltrimethylammonium
bromide (cationic surfactant), was applied to ad-
sorb Methyl orange dye. Aditionally, isotherms
of the adsorption processes were examined us-
ing Langmuir, Freundlich, and Sips models.

330

MATERIALS AND METHODS

Experimental work

Kaolinite used in this investigation was from
an Iraqi source. It was natural and of particle
sizes between 250 to 500 um. The contaminants
were the Methyl orange (anionic dye). In addi-
tion, one gram of colorant powder was added to
one litter of denoized water to imitate polluted
wastewater of 1000 mg/L. The modified kaolin-
ite was formed in the natural sodium-kaolinite
with a cationic surfactant to modify its form of
hydrophilic to organophilic by substituting in-
terchangeable sodium ions. Then, the adsorption
behaviours, as an effectual adsorbent to remove
the dye, were analytically examined. In the mod-
ification step, the organic cationic surfactant was
ceyl trimethyl ammonium bromide (CTAB) pro-
vided by Sigma Aldrich Chemise (Germany).
Also, the desired value of pH was mainained us-
ing suitable volumes of HCL or NaOH. Furher-
more, the CCD technique was performed using
the MINITAB 17 package to optimise the effects
of the reaction parameters, namely treatment
period (X,) (63.75-181.25 minutes), pH of the
solution (X,) (4.5-9.5), adsorbent doses (X,)
(0.1575-0.4525 mg/g), methyl orange dye con-
centrations (X,) (125-275 mg/L) and agitation
speed (X,) (62.5-187.5 rpm) on the dye remov-
ability by the CTAB-kaolinite.

Modified kaolinite preparation
(organo-kaolinite)

The organic kaolinite was mixed with 50 mL
of water that had been deionized for 120 minutes
to swell and homogenize the kaolinite particles
before being used to create the organo-kaolinite
Jeeva and Zuhairi, 2018). After adding the nec-
essary amount of surfactant (CTAB) in weight
ratios of 0.05, 0.1, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45,
and 0.5 g CTAB for each gram of kaolinite, the
mixture was well mixed for two hours. The fi-
nal sample (combination) was known as modi-
fied kaolinite (organoclay), and it was dried at
105 oC after undergoing a series of washing
procedures with deionized water to remove the
remaining salt. At sieves of 250-500 m, the
modified kaolinite samples were crushed and
tamed. In subsequent testing, the specimen with
the specified dose of CTAB had the greatest dye
concentration.
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Batch mode sorption experiments

By using batch experiments under different
conditions, the modified kaolinite has been used
to study methyl orange dye adsorption. The ex-
perimental work started by applying to 100 mL
of the synthetic solutions of methyl orange colour
the desired amount of modified kaolinite. Then a
thermostatic shaker shaked the mixture (Edmund
Buhler SM25, German). Diverse touch periods,
starting pH (2—12), stirring rates, sorbents doses
(0.01-0.6 g/100 mL) were taken for batch tests in
various contact times (0 to 240 minutes). A suit-
able volume of the solution was periodically tak-
en and then ge (mg.g!) was calculated as follows
(Naji et al., 2020, Abd Ali et al., 2020):

_ (C—c)v

(1)

The removal efficiency (R%) of dye using
CTAB-kaolinite has been determined using the
following equation ( Alshammari et al., 2020):

(€-¢)
R% =——F=x 100 (2)
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Kinetic study

Pseudo-first-order model

It describes the adsorption concentrations
of dissolved chemicals by the solution. formula
(Faisal et al., 2020, Ahmed et al., 2020):

d

= ki@ — a0 G)

Integrating Eq. 3 at two conditions, which are
¢ =0 when =0 and g=¢, when ¢=t, yields the fol-
lowing form of the model:

qe = qe * (1 — e7F1t) 4)

Pseudo-second-order model

This model is based on a number of assump-
tions, including 1) a monolayer could be formed
on the surfaces of the adsorbent by attaching pol-
lutants, 2) the sorption energy is constant for each
adsorbent, and 3) there are no interactions between
the adsorbed pollutants. it could be expressed by
the following formula (Faisal et al., 2020):

dq

T ky(qe — q¢)* (5)

Integrating Eq. 5 at two conditions, which are
¢ =0 when =0 and g;=q, when t=t, yields the fol-
lowing form of the model:

t
Ly AN (6)
()
kZQe de

Intra-particle diffusion

This model was proposed for the first time by
Weber and Morris (1962) and received a big deal
of attention due to its ability to explain the adsorp-
tion process. The general form of this model is:

1
qe = kit2 +C (7
where: ki and i — represent the model constant
(mg/g-hr'?) and the slope of the relation-
ship between gt and ¢, respectively.

The numerical value of i equals to C, which
indicates how much the boundary layer is thick.
Thus, it could be concluded that when the value of
the intercept is large, the effect of the boundary lay-
er could be easily recognised. The intra-particle dif-
fusion occurs when the relationship between g¢ and
¢ is linear. Only intra-particle diffusion is repre-
sented the rate-limiting process when the linear plot
goes through the origin. Otherwise, the intra-parti-
cle diffusion should consider another mechanism.

Sorption isotherms

The adsorption process is typically repre-
sented using isotherms, which are also used to
describe the equilibrium relationships between the
concentrations of adsorbates in the fluid phase and
the adsorbent at an appropriate temperature. The
isotherm parameters could be estimated by plot-
ting the weight of adsorbate gs in the particles of
adsorbent against the concentration (C). For com-
parison purposes, mass normalization (mass of ad-
sorbent) was applied to describe the quantity. The
sorption capacity is improved with the increase of
concentration but is not necessary to follow direct
proportions. The convex upward type of isotherm
is favourable due to the relatively high solids load-
ing, which could be attained at low concentrations.
Concave upward isotherm types are unfavourable
as it has a relatively low solid loading and quite
long mass transferring zones. The isothermas flow
through the origin as they are linear and the ad-
sorbed concentration is proportionate to the con-
centrations in the solution. These curves demon-
strate that desorption is a special property which
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relies on the structure of the adsorbent device.
The irreversible isothermal is the favored form of
adsorption, because it depends on the volume of
adsorbed solvent as it falls to very low levels. The
following isotherms were used.

Model of Freundlich

Originally, this model was empirical but af-
ter that, it was interpreted because of the need to
study the adsorption processes on heterogeneous
surfaces at different affinities. This model based
on a number of assumptions; the stronger bind-
ing site is firstly occupied, and the strength of the
binding declined as the level of site occupation
increases. The general form of this model is:

— k.
qe = KpC,'" n>1 )

where: n — an empirical coefficient, K, — the co-
efficient of the model (Miz et al., 2014,
Saad et al., 2019).

Model of Langmuir

This model assume the saturated monolayer of
solutes molecules on the adsorbent surface is as-
sociated with the maximum degree of adsorption,
and presupposes that both the energy of adsorption
and the adsorbate. This model is suitable for sin-
gle-layer adsorption, and it could be represented in
the following equation (Alquzweeni et al., 2021).

_ qmbCe
e =1+nc, ©)

Sips isotherm

This model could be defined as a hybrid
model that utilises both Langmuir and Freun-
dlich models. It has a good ability to depict the
heterogeneous surface in comparison with other
models. It follows the Freundlich model at low
concentrations of adsorbates, but it behaves simi-
lar to the Langmuir model at high concentrations
of adsorbates. The general formula of this model
is (Ahmed and Dhedan, 2012):

1
qm (bC)M
Qe = ———— (10)

1+ (bCo)M

Continuous mode sorption experiments

The column Perspex was employed to cre-
ate the continuous adsorber that was used in this
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experiment. The column is 50 cm long and 2.5 cm
in diameter, with a wall thickness of 5 mm (Figure
1). Column tests are intended to depict how the
permeable reactive barrier actually works by al-
lowing for standardized water flow and 1D pollut-
ant migration. The columns have been packaged
with organocaolinite only without any aquifer
since the purpose of the continuous experiments
is to determine the usefulness of this substance
as a permeable reactive obstacle to the removal
of the concentration of the contaminant. At room
temperature, the packaged bed was supplied with
purified water from the base of the columns. The
polluteated water was inserted into the column
with a certain flow rate value at constant hydrau-
lic gradient after the bed had been saturated with
distillated water. Portl is fitted with 50 cm from
the base of the column with each column (Figure
1). Metal concentrations were monitoring in efflu-
ents for 160 hours and samples could be regularly
withdrawn and deposited in the glass vails.

In light of the aforementioned, organo-Ka-
olinite has a lower hydraulic conductivity than
more conventional reactive media. Therefore, by
mixing the organokaolinite with coarse materials
like sand, coarse sand, or tyre chips, the signifi-
cance of organokaolinite hydraulic conductivity
should be increased to larger than conventional
norms (Al-Zubaidi, 2012, Naji et al., 2020).
Based on the idea of protecting and reusing en-
vironmental trash, glass debris was gathered,
cleaned, crashed, and tampered with (0.35 mm),
and it was then blended with modified bentonite
to increase hydraulic conductivity and prevent the
sofa from being obstructed. In the column tests
however the modified bentonite was combined
with a glass waste by two checked reactive sys-
tems. The method consisted of 1/1 blending orga-
no-chaolinite and glass waste (0.00865 cm/sec).

A Transport Equation of contaminant shall be
added to complete the hydraulic and geochemical
output vision, to determine and choose the best
method of action in permeable reactive barrier
Three mechanisms regulate the flow of reactive
pollutants in pore media: traveling water advec-
tion, hydrodynamic dispersion and soil adsorption
or mass exchange. The simultaneous solution of
the advective-dissipation transport equation and
the equation defining the relationship of the solu-
tion and the soil matrix which be used to model the
reactive contaminant transportation through po-
rous media. The following is a representation of the
one-dimensional advection-dispersion equation:
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Figure 1. Laboratory-scale column schematic diagram
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q = function (C) (12)

Eq. 11 can be written with respect to the fea-
ture sorption (or adsorption isotherm):

oC (D, 0%C [V, 0C
G- o
ot R/ 0z2 R/ 0z
where: R — the retardation factor and defined as:
Pp 09
R=1+——
+ e (14)

The flow value of the flow domain at all points
z and t is represented by the Equation 13 solution
as in the continuous laboratory column examina-
tion. This solution is called the groundbreaking
contaminant curve. The confirmation is carried
out by experimental results collected on the scale
of laboratory columns and a phenomenology of
such curves is predicted. The breakthrough curve
is S-shaped with a steady and continuous influen-
tial contaminant. The following is a description of
the analytical and theoretical models used in the
analysis (Naji et al., 2020).

Model of Bohart-Adams (1920)

One of the first essential mathematical equa-
tions was established by Bohart and Adams as
the connection between normalized C/CO con-
centration and time in a one-dimensional sort-
ing system.This model takes the following form
(Faisal et al., 2020):

C 1

C_O_

15
1+ exp (KN, % — KCot) (15)

Yan Model (2001)

A highly reliable predictive model structure
was used to present experimental results with
some simplifications (Yan et al., 2001):

c 1

G 0.001X Q X C ¢ (16)
1+((—q0_M )xt))

where: ¢, and a can be calculated for experi-
mental breakthrough curve data by
non-linear adjustment of Equation 17.
This model was renowned for the dose
response model, see (Chatterjee and
Schiewer, 2014).
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Model of Clark (1987)

According to Clark, piston flow is of the same
kind and the sorption motion of the pollutant is
dependent on the Freundlich isotherm (Chatterjee
and Schiewer, 2014):

@ -t "
0

T14A-e

RESULTS AND DISCUSSION

Characterisations of adsorbent

The FTIR measurement was used to differ-
entiate between the surface functional groups on
kaolinite and CTAB-kaolinite between 4000 and
400 cm’!, as shown in Figure 2. The observed
broad absorption band on the kaolinite at 3781 is
because of the O-H stretching in the silanol. The
Si-O-Si family of the tetrahedral layer is shown
by the strong bands at 1027 and 792 cm™ (Guo
et al., 2023). CTAB-kaolinite samples showed
additional absorption connections at 2937, 2842,
and 1472 cm™. These bands presence is proof
that CTAB has been incorporated into the clay’s
crystalline structures. As CTAB loading was in-
creased, it was observed that the peaks of the
CTAB-kaolinite at 2935 and 2848 cm' were

[ —#—N2 adsorption of Natural Kaolinite

| —#—N2 desorption of Natural Kaolinite
—=&—N2 adsorption of modified Kaolinite

[ ——N2 desorption of modified Kaolinit:

88588338
=

—
e S

Volume Adsorbed (cm3/g STP)

o

ol E

intensified and their peak area was maximized.
The CTAB molecules were intercalated between
the layers of the kaolinite material, as shown by
the presence of CH, and CH, groups. The surface
alteration of kaolinite employing CTAB has also
been performed, according to FTIR data (An-
irudhan and Ramachandran, 2015, Faisal et al.,
2020). SEM analysis has been used to examine
the surface morphology and microstructure of
unaltered natural kaolinite (Figure 2). The results
of the SEM revealed that the surface morphology
of natural kaolinite underwent significant chang-
es after being modified; whereas the surface of
natural kaolinite is porous and irregular, the sur-
face of modified kaolinite is smooth with few
holes (Guo et al., 2023). The SEM images of the
CTAB-kaolinite also show that larger block struc-
tures have been formed from small pieces of the
crimp and natural kaolinite, which possibly oc-
curred because of the reductions in certain amor-
phous phases (Guo et al., 2023, Anirudhan and
Ramachandran, 2015). At P/P_> 0.4, isotherms of
adsorption/desorption for the two materials rose
gradually and they didn’t stay overlaid, showing
a dramatic lag phenomenon of retraction. In the
system of pore filling Hysteresis loop was vis-
ible. The explanation of this phenomenon was
the absence of clear adsorption limits for a flake-
shape particle material or a crack hole material

100 Kaolinite - b
90 g CTAB/ 1g Kaolinite

0 1000

4000 5000

Figure 2. Results of: (a) N, adsorption-desorption isotherms, (b) FTIR,
(c) SEM of Na- kaolinite, and (d) SEM of CTAB- kaolinite
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in the relatively high-pressure areas. Both of the
Na-kaolinite and organoclay isotherms have good
adsorption capacities that help to reach gradually
to the linear branch at high relative pressures, and
the round-knee at low pressures. The enhanced
adsorption of nitrogen in the wider micropore and
mesopore is the reason for the higher surface area
of Na-kaolinite. It was noticed from the adsorp-
tion data at P/P0 of 0.95 that the total pore volume
was 0.32 mL/g in Na-kaolinite and 0.21 mL/g in
organoclay. Due to the neutralisation reactions,
the CTAB and the negative charges of the Na-
kaolinite surface have occurred. Additionally, it
was noticed that the products of reactions accu-
mulated on the surfaces of the kaolinite that sig-
nificantly decreased its surface area. In summary,
the outcomes of the BET analysis unveiled that

_
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the surface area, pores volumes, and pores sizes
of the CTAB-kaolinite (32.77 m?/g) was lower
than that of the modified kaolinite (73.61 m?%g),
which could be a result of the movement of the
CTAB molecules into the interlayers of kaolin-
ite and engaged its surface causing the blocking
of the channels in the middle of the layers, and
consequently decreases the area of surface, pores
volumes, in addition pores sizes.

Modification of kaolinite

As shown in Figure 3, various adsorbent sam-
ples were created and tested by mixing various
concentrations of CTAB with a predetermined
amount of natural kaolinite (g CTAB/1g of nat-
ural kaolinite) under predetermined conditions:

b) C,=50mg/L ,Dose=0.3 g/100mL ,pH=6 speed =200

—
=3
=3

rpm
g 80 1
g
g 6
<9
g
=
= 40
s
=
£
L
& 20 A
0 T T
0 100 200 300
Time (min)
d) Speed =200 rpm ,Dose=0.3 g/100mL ,pH=6, Time=180
100 - min
;\: 80
z
g 60
2
=
=
= 40 1
g
=]
£
& 20 A *
0 T T r \
0 100 200 300 400
Initial Concentration (mg/L)
f) C,=50mg/L ,Dose=0.3 g/100mL ,speed=200 rpm, Time=18
120 min
100
80 4
60 -
40 A
20 4 > 4
0 T
0 5 10 15
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Figure 3. (a) Effects of the ratio of CTAB/ kaolinite (b) Equilibrium time
(c) dosage (d) initial concentration, (e) speed (c) , and (f) Initial pH
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Concentration of 50 mg/L, treatment time of 3hr,
pH of 7, agitation speed of 200 rpm, and dose of
0.3g. When the amount of CTAB was reduced,
it was found that the dye removability increased.
The presence of the cations from the modified ka-
olinite and the methyl orange dye, which produce
an electrostatic repulsion force, may be responsi-
ble for this behavior. In order to get the greatest
dye removal percentage (80%), a 0.4 g CTAB/g
percentage was selected as the ideal ratio for this
adjustment. Under the same conditions as above,
natural kaolinite was also tested for its ability to
remove the color methyl orange, and a 30% clear-
ance rate was noted.

It was discovered that the modified kaolinite
can adsorb the methyl orange color 2.6 times better
than the native kaolinite. This rise resulted from
the kaolinite layer’s spacing expanding following
alteration that changed the hydrophilic surface
of the kaolinite to a hydrophobic one, increasing
the adsorptive characteristics. To prompt the ka-
olinite intercalated reaction, the applied doses of
quaternary ammonium salts were increased as the
ideal status cannot be achieved in practice. The
variation of the methyl orange dye adsorption
with the amounts of CTAB is displayed in Figure
3, which confirms that the existence of the cation-
ic surfactant (CTAB) exerts noticeable effects on
the adsorption of dye on kaolinite.

Batch outcomes

To explore the kinetics and behaviour of dye
adsorption, several experiments have been carried
out at different parameters namely, treatment pe-
riod, pH of the solution, adsorbent doses, methyl
orange dye concentrations, and agitation speed.
Figure 3 shows the time effects on the removal
of methyl orange dye using the modified kaolin-
ite (0.3 g/100 mL). Clearly, the removability of
the methyl orange dye has obviously increased
with contact time. At the treatment begining , the
sorption rate was fast and then it slowed increas-
ingly until it reached the equilibrium status. This
slowness of sorption is believed to be due to the
decrease in the active sorption surface sites of the
modified kaolinite with the time that results in
limited adsorption. The experimental data showed
that 85% of methyl orange dye was removed dur-
ing the first 180 min. After the equilibrium time,
there were no significant improvements in dye
residual concentration (180 minutes). The effects
of the initial concentrations of the methyl orange
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dye on the sorption onto modified kaolinite are
displayed in Figure 3 that the removed percent-
age of the methyl orange dye has decreased from
85% at a dye concentration of 50 mg/l to 53% at
a dye concentration of 350 mg/L. This decrease
in dye removal indicates that soption capacity of
the modified kaolinite decreased with higher dye
concentration. The initial pH is one of the key fac-
tors in the sorption since it affects the adsorbent’s
capacity. As a result, the sorption of the methyl
orange dye on modified kaolinite was evaluated at
50 mg/L and 0.3g doses at various pHs (ranging
from 2 to 12). Using the appropriate amounts of
HCL or NaOH, the correct pH was achieved. Fig-
ure 3 showed that when pH increased, the sorp-
tion process for the methyl orange dye reduced.
This is explained by the fact that at high pH levels
there were less positive charges on the surface of
modified kaolinite, while there were more nega-
tive charges. These results concur with those of
other researchers who have demonstrated that an
increase in pH causes a reduction in the sorption
of anion dyes. Figure 3 shows that at pH of 3, the
highest amount of methyl orange dye could be
removed, which was 100%. The dependence of
methyl orange dye sorption on sorbent dose was
investigated by adding several quantities of the
modified kaolinite (0.01, 0.05, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6 g) to 100mL of contaminated solution at
room temperature and at speed = 200 rpm, C. =
50mg/L, pH = 3, and time = 180 minutes. Figure 3
presents the methyl orange dye removal percent as
a function of the modified kaolinite doses. The re-
moval percent improved with increasing the sorb-
ent dosage, for example, the removal of methyl or-
ange dye increased from 68 at a sorbent dosage of
0.01 mg/1 to 100% at 0.3 mg/1 sorbent dosage, and
then the removal percent remain approximately
constant afterward. The increase in the amount of
adsorption site, as the dosage of sorbents increas-
es, leading to more sorption sites, are responsible
for this behavior.Moreover, after a certain dosage
of sorbent was added to the solution; the amount
of methyl orange dye engaged to the sorbent will
not increase even if the treatment time increased
(Kiransan et al., 2014, Fosso-Kankeu et al., 2016).
The effects on the methyl orange dye remov-
al were investigated at various speeds (0-250)
rpm, keeping other parameters constant. Figure 3
demonstrates how the amount of methyl orange
dye removed rose from 69% to 100% when the
agitation speed was increased from 0 to 200 rpm.
High agitation speeds may enhance contaminant



Ecological Engineering & Environmental Technology 2023, 24(8), 329-345

diffusions towards the surface of the adsorbents,
which leads to good contact between the sorbates
in solution and the binding sites and an efficient
sorbate transfer to the available adsorption sites.

Kinetic behavior

Based on Figure 4 and Table 1, and to find
the difference between the calculated results
(¢,) and the experimental results (¢) of organo-
Kaolinite on the removal of Methyl orange, both
of the calculated results (¢,) and the experimen-
tal results (g) of the pseudo-first-order kinetic
model, pseudo-second-order kinetic model, and
intra-particle diffusion model were compared ac-
cording to values of correlation coefficient (R?)
(Al-Zubaidi and Wells, 2020). It is clear that the
best description of the adsorption process could
be provided by the pseudo-second-order kinetic.
Plots of versus ¢ for the intra-particle diffusions
model are depicted in Figure 4. When the values
of R?are relatively high, the plots become linear
(Table 2). However, these straight plots did not
go through the origin and refer to the involve-
ment of intra-particle diffusion with the adsorp-
tion process but it is not the rate-controlling step.
In addition, the plots of intra-particle diffusion

a) Co=30mg/L ,agitation speed=200 ,pH=5 ,dose=0.4g/100mL
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show multi-linearity (Figure 4), and two or more
mechanisms instantaneously occur and control
the adsorption of Methyl orange dye. As shown
in Figure 4, the increase in rate parameters in all
portions occurred as the initial concentration in-
creased, and this may be explained as applying
Fick’s Law in the intraparticle diffusion model.
As a higher concentration gradient was applied,
the diffusion became faster and adsorption was
quicker, which explains the more required time
for the adsorbent to reach the equilibrium status
with a higher initial concentration of pollutants
(Al Juboury et al., 2020).

Sorption isotherms

It is distinct that the Freundlich and Sips for-
mulas provided good correlations for methyl or-
ange dye adsorption compared to other models, as
shown in Figure 5. Thus, these models have been
employed to explore the adsorption of methyl or-
ange dye on the modified kaolinite.

Response surface design

The required limits of the selected operating
parameters to perform the response surface design

()

a Py Py
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Figur 4. (a) Effect of contact time with different concentration represent as adsorption capacity (mg/g)
(b) Pseudo-first-order, Pseudo-second-order, (¢) interparticle diffusion and (d) sorption isotherms
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Table 1. Kinetic and isotherm model of methyl orange on organo-kaolinite

Model Constant Kaolinite
k, 13.539
q, 0.221
Pseudo-first-order
R2 0.834
SSE 9.226
50 mg/L
q, 14.075
K, 0.029
Pseudo-second-order
R? 0.979
SSE 5.341
K, 22.736
q, 0.127
Pseudo-first-order
R? 0.808
SSE 28.194
100 mg/L
q, 24.491
k, 0.007
Pseudo-second-order
R2 0.941
kinetic model SSE 8.532
k, 30.696
q, 0.156
Pseudo-first-order
R2 0.726
SSE 56.3
150 mg/L
q, 32.718
K, 0.007
Pseudo-second-order
R? 0.9
SSE 20.144
K, 38.433
q, 0.153
Pseudo-first-order
R2 0.899
SSE 28.95
200 mg/L
q, 40.328
K, 0.006
Pseudo-second-order
R2 0.965
SSE 9.12
q, 58.2296
b 0.03135
Langmuir
R2 0.97149
SEE 22.8827
n 2.25678
kf 5.89834
Freundlich
Sorption isotherms R? 0.99708
SEE 1.96724
q, 367.579
b 0.000173
Sips M 2.067914
R2 0.999826
SEE 2.15739
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Table 2. Parameters of Intra-particle diffusion

C. (mg/L) Parameter Part | Part 11
k (mg/g min °5) 2.7705 0.2248

50 mg/L Cc 18.519 36.324
R? 0.9187 0.8426

k (mg/g min °5) 1.798 0.5298

100 mg/L C 15.63 25.778
R? 0.9721 0.9336

k (mg/g min °5) 1.5335 0.4892

150 mg/L C 9.7776 17.761
R? 0.9254 0.9608

k (mg/g min ©%) 0.9307 0.1341

200 mg/L C 6.4589 12.237
R? 0.9288 0.8995

(a) Contour Plot of Removal Efficien vs pH, Initial Concentration (mg/L)
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Figure 5. Contour plots for the outcomes of the developed CCD model (a, b and c), Pareto chart for standardized
effects (d), and Observed vs predicted removals of Methyl orange using the modified kaolinite (e)
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are shown in Table 3. To optimise the impacts of
these parameters on the adsorption process on
the modified kaolinite, the design of experiments
was carried out, see Table 4 for the observed out-
comes. These results were applied to the CCD to
develop a predicting model, as shown in Eq. 18
based on ( Al-Zubaidi et al., 2021).

Removal (%) = —38.3 + 0.144X, - 0.196X,
+155.1X; + 8.70X, + 0.520Xs — 0.000980X2
+0.000287X% — 247.5 X2 — 0.601 X7 —
0.001494 X2 + 0.000170 X, X, + 0.361 X, X5 + (18)
0.0094 X, X, — 0.000034 X, X5 + 0.011 X,X,
—0.0087 X,X, + 0.000613 X, X5 + 0.68 X3X, —
0.027 X3Xs — 0.0208 X, Xs

This model was used to predict the adsorption
of dye on the modified kaolinite, as illustrated in
Table 3, which approves that the observed and the
forecasted results follow a similar pattern. Addi-
tionally, Figure 5 indicates that the R? for the re-
lationship between the observed and the predict-
ed results is 0.9259, which also confirms a good
correspondence between these results. Results of
Table 3 and Figure 5 could be used as evidence
for the applicability of the CCD technique to op-
timise the impacts of the operating parameters on
the adsorption of the dye on the modified kaolin-
ite. Figure 5 displays the contours plots for the
outcomes of the developed model (Eq. 18).

Exploration of variance

As it stated in the previous section of this inves-
tigation that a CCD design for time (5-240 minutes),
pH (2-12), speed of agitation from (0-250 rpm), dose
(0.01-0.6 g/100mL), and initial dye concentration
(50-350 mg/L) was conducted, which indicated that
32 runs are required to have a reliable design. The
analysis of variance (ANOVA) results for this CCD
design is shown in Table 5. According to the ANO-
VA results, the studied parameters exerted dramatic
influences on the adsorption capacity because the
statistical significance of the pH and the initial dye
concentration was 0.015 and 0.269 (less than 5%),

respectively ( Al-Jassani et al., 2022). The pH and
initial teinting concentration for interaction in the
second order are also greatly affected, as the value
of p was 0.406 (p < 5%). This indicates that the best
outcomes of this experiment needed to be checked,
since the relationship was the main influence of the
regulated variables. The pH and initial concentration
associations have varying consequences. For lower
values of the initial dye concentration, the relation-
ship continues to show a significant positive influ-
ence, whereas it decreases near to zero for a value of
initial dye concentration of 50 mg/L.

When the initial dye concentration rises above
300 mg/L, the interaction shows negative effect
to the adsorption power. The adsorption potential
demonstrated a non-linear behavior at a pH of 4
and initial dye concentration of around 50 mg/L.
The results of the ANOVA used to verify the sig-
nificance and suitability of the regression model
derived by CCD are shown in Table 5. Fisher’s
and null hypothesis tests were used to determine
the significance of the regression model and each
coefficient term in light of the obtained F and P val-
ues (Reddy and Lee, 2013). Generally speaking, a
higher F value and lower P value indicate that the
regression model and each coefficient are more
significant (Ahmad, 2013). Additionally, Table 5
shows that the model has significant significance
as indicated by the greatest F (6.87) and lowest P
(0.001) values, respectively. Additionally, due to
the high values of F (17.25, 8.33, and 0.96) and the
low values of P (0.00, 0.002, and 0.524), the prin-
ciple coefficients, such as linear, square, and qua-
dratic coefficients, have large significances. The
p-value is more than 0.05, indicating that the lack
of fitness is not significant. The correlation coef-
ficient R2 has been used to evaluate the suitability
of the proposed model. The R2 score, which indi-
cates a comparable pattern between experimental
and anticipated values of the response, was 92.59,
according to the ANOVA data. The importance of
the interplay between the initial dye concentration
and pH can also change the major influence of the

Table 3. Studied limits of the selected operating parameters

Factor Name Low High
X, Time (min) 63.75 181.25
X, pH 125 275
X, Dose (g/100mL) 0.1575 0.4525
X, Initial concentration (mg/L) 4.5 9.5
X, Agitation speed (rpm) 62.5 187.5
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Table 4. Design of experiments with observed and predicted removals of methyl orange dye using the modified kaolinite

Time (min) Initial concentration Dose oH Agitation speed I_Experi_entia(l)l ) P_redi_ctedQ
(mg/l) (9/100ml) (rpm) elimination (%) elimination (%)

122.5 200 0.6 125 40 39.31
122.5 200 0.305 250 42 36.11
181.25 125 0.4525 45 187.5 55 58.65
63.75 275 0.1575 9.5 187.5 10 10.81
63.75 125 0.1575 4.5 187.5 30 36.23
122.5 50 0.305 125 70 58.14
122.5 350 0.305 125 40 45.81
122.5 200 0.305 7 125 47 45.51
63.75 125 0.4525 9.5 187.5 21 25.06
63.75 275 0.4525 45 187.5 45 45.65
63.75 275 0.4525 9.5 62.5 9 7.21
122.5 200 0.305 12 125 18 16.97
122.5 200 0.305 7 125 45 45.51
181.25 275 0.4525 4.5 62.5 40 37.80
63.75 125 0.1575 9.5 62.5 10 13.80
122.5 200 0.305 0 8.4 8.24
240 200 0.305 125 45 44.81
122.5 200 0.305 125 49 43.97
181.25 125 0.1575 9.5 187.5 20 23.81
181.25 275 0.1575 9.5 62.5 10 7.96
181.25 275 0.4525 9.5 187.5 45 43.23
181.25 125 0.1575 45 62.5 20 23.38
122.5 200 0.01 125 14 8.64
5 200 0.305 125 25 19.14
63.75 275 0.1575 4.5 62.5 10 10.38
122.5 200 0.305 7 125 55 45.51
181.25 275 0.1575 45 187.5 42 42.40
122.5 200 0.305 7 125 40 45.51
181.25 125 0.4525 9.5 62.5 43 44.21
63.75 125 0.4525 45 62.5 26 29.63
122.5 200 0.305 125 40 45.51
122.5 200 0.305 125 40 45.51

controllable parameters. Figure 5 demonstrates
that only two factors — pH and the initial dye con-
centrations — have a significant impact on the dye’s
ability to bind to surfaces. Additionally, it should
be noted that the removal efficiency peaked at low
pH and starting dye concentrations.

Transport contaminant and
breakthrough curves

The bed in the packaged column contains 1/1
of a mixture of organo-kaolinite and glass waste,
so the role of the sand in the remediation process
must be established. A contaminant distribution

through the packaged bed can be defined by an ad-
vection dispersion equation (Figure 6) under the
50 mg/l metal concentration, 50 cm bed depth and
5 mL/min influential water flow rate. By regular-
izing the concentration of contaminants from the
findings already achieved from the experimental
values, breakthrough curves were obtained. The
point of departure can be described as the time
needed for each column test to achieve the high-
est target contaminant (Cintruent) concentration
value at each port. These fronts (or breakthrough
dots) will be chosen when the concentration
in Figure 6 reaches or exceeds or any desired
breakthrough point influential concentrations (50
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Table 5. Analysis of variance (ANOVA) for the regression model

Source DF Adj SS Adj MS F-Value P-Value
Model 20 7785.02 389.25 6.87 0.001
Linear 5 4885.33 977.07 17.25 0.000
Time (min) 1 988.17 988.17 17.45 0.002
Initial concentration (mg/L) 1 22817 22817 4.03 0.070
Dose (g/100mL) 1 1410.67 1410.67 24.90 0.000
pH 1 1093.50 1093.50 19.31 0.001
Agitation speed (rpm) 1 1164.83 1164.83 20.56 0.001
Square 5 2358.19 471.64 8.33 0.002
Time (min)*Time (min) 1 335.93 335.93 5.93 0.033
Initial concentration (mg/L)*Initial concentration (mg/L) 1 76.59 76.59 1.35 0.269
Dose (g/100mL)*Dose (g/100mL) 1 850.33 850.33 15.01 0.003
pH*pH 1 414.50 414.50 7.32 0.020
Agitation speed (rpm)*Agitation speed (rpm) 1 998.41 998.41 17.63 0.001
2-Way interaction 10 541.50 54.15 0.96 0.524
Time (min)*Initial concentration (mg/L) 1 9.00 9.00 0.16 0.698
Time (min)*Dose (g/100mL) 1 156.25 156.25 2.76 0.125
Time (min)*pH 1 30.25 30.25 0.53 0.480
Time (min)*Agitation speed (rpm) 1 0.25 0.25 0.00 0.948
Initial concentration (mg/L)*Dose (g/100mL) 1 0.25 0.25 0.00 0.948
Initial concentration (mg/L)*pH 1 42.25 42.25 0.75 0.406
Initial concentration (mg/L)*Agitation speed (rpm) 1 132.25 132.25 2.33 0.155
Dose (g/100mL)*pH 1 1.00 1.00 0.02 0.897
Dose (g/100mL)*Agitation speed (rpm) 1 1.00 1.00 0.02 0.897
pH*Agitation speed (rpm) 1 169.00 169.00 2.98 0.112
Error 1 623.06 56.64
Lack-of-fit 6 445.56 74.26 2.09 0.218
Pure error 177.50 35.50
Total 31 8408.08

mg/L). However, since there is a particular diffu-
sion these points cannot be estimated accurately
from experimental evidence and so it is crucial to
determining the appropriate representative model
for the current test findings. The results of the ex-
periments were modelled (Figures 6). There are
the Yan model, the Bohart-Adams model, and
the Clark model. They are used to illustrate the
breakthrough contaminant curves in the statistical
regression column test (Tsvetanova et al., 2022).
The parameters of these models corresponding to
the research conditions implemented in the pres-
ent analysis are presented in Table 6. The curves,
drawn by these models, are incredibly neces-
sary to know how and how the rate of the front
of the contaminant migrates via laboratory col-
umn research. The pattern of time treatment in
the previously mentioned port, which can later
be utilized in the determination of the thickness
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of permeable reactive barriers, is also identified.
The mathematical methods have been utilized
with Microsoft Excel 2010 to assess the degree of
consensus between the values estimated and eval-
uated. These mathematical instruments included
the decision coefficient (R2). Table 6 lists the R2
values for anticipated and experimental results
for the current column samples at various ports.
The Clark Model is undoubtedly more represen-
tative than other models.

CONCLUSIONS

A new compound called (CTAB-kaolinite)
was synthesised and characterised to be used
for methyl orange dye removal from industrial
wastes by adsorption technique. The research
findings showed that total removal percentage
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Figure 6. Comparison of the experimental results and breakthrough curves predicted by Clark kinetic
model, Bohart-Adams model, and Yan model for migration of methyl orange through bed

Table 6. Constants and statistical measures for breakthrough models

Model Parameter Values
KC, 0.061
Z
Bohart-Adams Model KNy T 475
R? 0.985
SSE 0.142
A 1.590364
r 4.29*102
Clark Model " 1,001
R? 0.989
SSE 0.096
0.001 xQ xC
Iy — 6.63*10°
qo-M
Yan Model a 76.86
R? 0.908
SSE 0.607

was happended at conditions of (contact time:
172 minutes, pH: 4, adsorbent dosage: 0.4 g, dye
concentration:50 mg-L™!, and agitation speed:
160 rpm) in which the treatment reactions follows
Freundlich and Sips isotherm model efficiently at
the equilibrium time in addition to the best kinet-
ics representation by the Pseudo-second-order
model. Also, the reliability of the experiment was
robust based on the performed ANOVA analysis,
revealing the importance of the interplay between
the initial dye concentration and pH. This inter-
action can impact the controll parameters of the
removal mechanisms. Moreover, Clark Kkinetic

model yielded satisfactorily agreement for the
uptake of the simulated methyl orange during the
removal process. Thus, a good effectiveness of
using CTAB-kaolinite as an adsorbent in the re-
moval of dyes from water solution was achieved.
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