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Abstract

This study aimed to create an organoclay [MMT@CTAB] by mixing the naturally occurring mineral montmorillonite [MMT]
with the cationic surfactant cetyltrimethylammonium bromide [CTAB]. FTIR spectroscopy, elemental analysis and scanning
electron microscopy [SEM] have been employed to analyze both the unmodified MMT and the MMT that has been modified
using CTAB [MMT@CTAB]. The MMT@CTAB adsorbent was investigated for the removal of methyl orange (MO) and
Rose Bengal (RB) anionic dyes (in single and/or in multi-components solutions) and additionally, in batch and column modes.
Certain variables that impact the adsorption process, such as initial dye concentration, contact time, temperature, pH, and
adsorbent dose, are evaluated. The kinetic investigation, which is characterized by a pseudo-second-order kinetic model,
reveals that equilibrium adsorption of MO and RB dyes onto MMT@CTAB may be attained in 60 and 120 minutes,
respectively. MO and RB were expected to achieve maximum adsorption efficiencies of 98.7 and 98.4%, respectively, at 100
and 150 mgL* concentrations, a dosage of 0.5 gL adsorbent, and an initial pH of 7. In addition, Langmuir model best fits the
sorption isotherm data, with the maximum adsorption capacity at 303 K being 203.25 mg g* for MO and 304.878 mg g* for
RB, as shown by the non-linear form of Langmuir isotherm. Regenerated MMT@CTAB may be used for at least four more
adsorption/desorption cycles, with ethanol indicating to be the most effective regeneration eluent. Each anionic dye was
subjected to a binary systematic analysis. Since the adsorption of these anionic dyes onto MMT@CTAB was reduced when
the temperature was increased, thermodynamic evidence suggests that adsorption is an exothermic, spontaneous process. The
prepared cationic organoclay MMT@CTAB was successfully applied for the removal of MO and RB from real water samples
and synthetic effluents with a recovery % more than 95%. The plausible adsorption mechanism of MO and RB onto
MMT@CTAB is proposed to be due to electrostatic interaction and hydrogen bond formation. Finally, our study shows that
MMT@CTAB may be employed efficiently and effectively to remove anionic dyes from a wide range of
the collected real water samples.

Keywords: montmorillonite, organoclay, CTAB, methyl orange (MO), Rose Bengal (RB), anionic dyes, adsorption,
wastewater

1. Introduction

Globally, we not only need to deal with water
deficiency, but also the problem of water pollution
from hazardous toxins [1, 2]. Sewage discharge has
increased as well due to fast industrial growth.
Hazardous aromatic compounds, metals, and dyes are
only some of the organic and inorganic components
found in these wastewaters [3-6]. Some dyes and
pigments have been labeled as hazardous compounds
due to their potential toxicity to human health. They
are harmful, consume a long time to decompose in
landfills or water treatment plants, and impair water
transparency [7,8]. As, there is enough evidence that
prolonged exposure to dyes and their compounds
may cause cancer and other serious health problems.
Furthermore, the disruption of the photosynthetic
cycle induced by textile effluent in water ways

disrupts the delicate balance of aquatic life and the
food chain [9].

Methyl orange [Ci4H14N3NaOsS, MO]is a kind of
acidic anionic single- dye that has been persistently
employed in a variety of commercial applications,
including textiles, experimental studies, and other
industries [10].This dye is toxic to marine life [11].
The symptoms of acute exposure to this toxic dye in
humans include a rapid heart rate, nausea, vomiting,
shock, cyanosis, jaundice, quadriplegia, and tissue
necrosis [12, 13]. Rose Bengal [C2H4Cl4140s, RB] is
a dark pink powder with several applications in the
textile, plastic, printing, cosmetic, and
fluorescent industries [14]. It is hydrophilic, organic,
anionic, water -soluble and odourless powder. It
causes inflammation and swelling of eyes, as well as
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skin irritation, itching, and blistering in humans by
attacking the epithelium that lines the cornea [15].
The cytotoxic effects of Rose Bengal may be shown
in many different cell systems [16]. Companies
involved in the use and synthesis of MO & RB must
thus take great care to eliminate toxic dyes from their
wastewaters before dumping them into the
environment.  Methodologies  [17]  including
photocatalytic degradation [18, 19], electrochemical
oxidation [20], solvent extraction [21], membrane
filtration [22], Fenton [23] and adsorption have
proven efficient in cleaning up industrial wastewaters
before they are released into the environment [24—
27]. Adsorption has recently been shown to be
favored over other methods owing to its simple
operation, low cost, adaptability in design, and
insensitivity  to  harmful  pollutants  [28].
Environmentally beneficial industrial processes may
be eliminated, recovered, and recycled. The selection
of adsorbents is crucial to the process's technical
applicability and economic viability [3,13].
Wastewater decontamination may make use of non-
traditional adsorbents, including natural materials,
agricultural industry wastes, carbon materials, and
bio sorbents. Activated carbon has been the most
popular adsorbent due to its high capacity for
absorbing organic dyestuffs [29]. Native and
modified clay, notably montmorillonite, are being
investigated as low-cost alternatives to activated
carbon because of its high cost [30].

The smectite mineral montmorillonite is a
phyllosilicate with two SiOs tetrahedral sheets
sandwiching an AlOs octahedral sheet; it is
extremely soft [type 2:1]. In the tetrahedral layer,
AP replaces Sis*, and in the octahedral layer, Mg?*
replaces AlI®*, giving the material a permanent
negative charge [25]. The presence of exchangeable
cations [that is, Na*, Ca®] in crystal lattices
counteracts this negative charge, ensuring the
material's efficacy in the ion-exchange adsorption of
cationic contaminants [31]. These exchangeable
cations become highly hydrated in water, creating a
hydrophilic atmosphere on the clay surface [32]. For
cationic dyes, MMT clay has been shown to have a
high sorption capacity [33].

Herbicide adsorption studies have focused mostly on
negative-charged, expandable layered silicates like
montmorillonite [MMT] since these clays are widely
accessible, cheap, and easy to extract, non-toxic, and
mechanically and chemically stable [34]. Native
MMT is poor for eliminating anionic and
hydrophobic contaminants from aqueous solutions,
because of their negative charges and hydrophilic
surface characteristics. Adsorption capacity of native
MMT for removal of anion pollutants from water
[e.g., anionic dyes] may be improved by modifying
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the surface of native MMT with organic components.
To modify the surface properties of clay, such as its

charge, hydrophobicity, and cation exchange
capacity, a cationic surfactant such
cetyltrimethylammonium bromide
[[C15H33]N[CH3]3]BI', CTAB] is often utilized

[35,36].The effectiveness of MMT@CTAB in
eliminating anionic dyes has been shown in a
variety number of research studies[19,25,34,37,38].

Consequently, the novelty of this work is in the
experimental [batch and column] investigation of
anionic RB dye adsorption utilizing MMT modified
by CTAB in aqueous solutions. Furthermore, the
binary system is employed for both anionic MO and
RB dyes. Additionally, both batch and column
adsorption experiments of MO and RB are compared
with one another. This current work utilized FTIR,
SEM, elemental analysis, and nitrogen [N] sorption
to evaluate and contrast the properties of Native
MMT and modified [MMT@CTAB]. Several factors
were studied to see how much of an impact they had
on removal performance: adsorbent dosage, pH,
initial MO&RB concentrations, and ionic strength
[Na;COs, NaCl, and EDTA]. To understand the
adsorption mechanism and highest adsorption ability
for MMT@CTAB, adsorption isotherm and kinetic
experiments were conducted.

2 .Experimental

2.1 .Materials

In this work, the used MMT was collected from
Egypt and was crushed and sieved using a 200-mesh
screen that permits the passage of particles with size
< 74 microns. The used chemicals are NaOH, HCI,
KCI, Na;COs, ethanol, Rose Bengal anionic dye,
Methyl orange, and cetyl trimethylammonium
bromide [CTAB] surfactant with Mwt equaling 364.4
g/mol. All these chemicals were obtained from Sigma
Aldrich and were analytical grade

2.2. Characterizations

Utilizing a Perkin Elmer 550 spectrophotometer for
determining  Anionic dyes [MO and RB]
Concentration over a range of 200-900 nm using
quartz cells. The Amax of MO is 466, RB: 549 nm, and
(RB+MO):547nm. The FTIR spectra of native
MMT, MMT@CTAB, MMT@CTAB-MO and
MMT@CTAB-RB were investigated by [Perkin-
Bhaskar-Elmer Co., USA]. Clay samples were
grounded and mixed with KBr then pressed in pellets
form. [JSM-6510LV model] was utilized for the
investigation of samples [native MMT and
MMT@CTAB] surface morphology. Estimation of
the CNH composition for the MMT, MMT@CTAB
was obtained by a Costech [ECS-4010] elemental
analyzer. The pHpze of MMT@CTAB was
determined as follows: 0.1g of the MMT@CTAB
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clay adsorbent was added to a 25 ml of pH-adjusted
NaCl [0.01 M] solution that varied from 2 to 12 and
the mixtures were allowed to shake at the equilibrated
shaker for 48 hours. 0.1 M of HCI and 0.1 M of
NaOH were utilized for NaCl pH adjustment. After
the shaking, the final pH was recorded and ApH was
measured as in the following Eq [ApH = pHi- pHs]
and was plotted against the initial pH [pHi]. The
pHezc value is the cross point where the curve ApH
Vs pHi crosses the line ApH = 0 [38].

2.3. Preparation of MMT@CTAB adsorbent

Here, the MMT@CTAB adsorbent was prepaed
according to the approach given by [38, 39]. The first
step in organo-montmorillonite [MMT@CTAB]
synthesis was the dispersion of 25 g of the native
MMT clay in dist.H,O for 60 min. Then the next step
was to gradually add to the suspended MMT an
amount corresponding to 1 mmol/g CEC [cation
exchange capacity]. The MMT and CTAB mixture
was allowed to stir at 60°C for 6 hours. Then the
mixture was centrifuged with speed 3000 rpm and
washed many times by the dist.H,O in order to
remove any excess of the CTAB surfactant. The last
step was to dry the produced MMT@CTAB powder
for 24 hours in an oven at 70°C.

2.4. Adsorption procedures

2.4.1. Batch tests

The Amax Of methyl orange [MO], Rose Bengal [RB],
and MO-RB anionic dyes mix were obtained through
the scanning of their solutions in the range of [190-
1100nm]. MO [466 nm], RB [549 nm] dye
adsorption studies were performed with two different
anionic dyes at concentrations ranging from 25 to
400 mg/L. For dye mixture adsorption experiment,
the two dyes were mixed: 150 mg/L RB and 100
mg/L MO. The adsorption of MO and RB
experiments were occurred in 125 ml stoppered
bottles that contained 10 ml of anionic dye solution
and adsorbent MMT@CTAB dose [0.005g]. Then,
these bottles were shaken at 150 rpm on a thermostat
shaker at room temperature. After the equilibrium
was reached, the solutions were centrifuged at
3000rpm. The supernatant solution that includes the
remains of both anionic dyes were measured at the
Amax for MO [466 nm] and RB [549 nm]. Samples
after adsorption were scanned regularly between 200
and 900 nm at different time intervals to obtain the
lambda maximum. Various parameters were studied
such as contact time [15-240 min], temperature [25-
45 °C], MMT@CTAB adsorbent dose [0.0025-0.05
g], pH [from 2 to 11 for MO and from 3 to 11 for
RB], ionic strength, and initial concentration of dye
[25-400 mg/l]. The anionic dye removal percentage
[R, [%]] and adsorption capacity [ge] of dyes were
calculated as per Eq. [1] and Eq. [2], respectively
[19].
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Ci—Cy
Ri%) = 100
(%) . s 0
(ci—cp)x
qe = —L— [2]

wt
where C; [mg/L] and Cr [mg/L] are the initial anionic
dyes concentration and equilibrium anionic dyes
concentration, respectively. V [L], is the volume of
investigated dye and wt [g], is the MMT@CTAB
dose.

2.4.2. Desorption and regeneration investigation
After the MO and RB dyes adsorption by
MMT@CTAB clay, the investigated dyes desorption
was examined by different eluents including ethanol,
NaOH [0.2 mol/L], and sod. bicarbonate [0.2 mol/L],
and HCI [0.2 mol/L]. The MMT@CTAB
regeneration was examined through five repeated
cycles of adsorption-desorption by the batch method.
0.005 g of MMT@CTAB was shaken with 10 ml of
[100mg/L for MO and 150mg/L for RB] for 60 min
for MO and 120 min for RB; then adsorbent was
filtered and then it was eluted with absolute ethanol
and these procedures were repeated for another 4
cycles. The anionic dyes [MO and RB] desorption
[D[%]] MMT@CTAB was calculated from Eq. [3]
[27].
De-sorption %=

100  [3]

amount dseorbed to the solution [mg/1]
amount adsorbed on MMT@CTAB [mg/l1]

2.4.3. Column investigations

The use of MMT@CTAB clay as a filter was
investigated through the column experiments
studying. MMT@CTAB was pressed and put in the
column bottom. The investigation of the optimum
parameters as column diameter [0.7 and 0.9 cm], clay
weight which varied from 0.002g to 0.02g, and the
anionic dyes flow rate [slow and fast flow rates] have
occurred at the anionic species [MO [100 mg/L] and
RB [150 mg/L]] optimum pH that was obtained from
the batch investigations. MO and RB concentration
after passage through the column was determined at
the spectrophotometer instrument, each one at its
specific Amax. The removal percentage [R[%]] was
determined as in Eq. 1, [19].

2.5. Kinetics, isothermal, and thermodynamics
studying
2.5.1. |Initial
investigation
The isothermal investigations for MO and RB
adsorption  occurred by placing 0.005g of
MMT@CTAB clay adsorbent in a series of bottles
involving the MO and RB dye solution. The initial
dye concentration was in the range of [25-400 mg/L].
The previous bottles were placed in a shaker
[thermostated] with a shaking speed of 150 rpm at
25°C for 60 min for MO and 120 min for RB at pH 7.

concentration and isothermal
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Langmuir and Freundlich's isothermal models were
applied in the linear form and were calculated as
shown in Eq. [4] and Eq. [5], respectively. Langmuir
separation factor [RL] which presents in Eq. [6], is an
essential parameter. It used in adsorbent-sorbate
affinity prediction. Values of RL indications are
illustrated as follows: if it is greater than 1.0 this
means the unsuitability of the investigated adsorbent,
while if it occurred in the range from 0 to 1 it means
the suitability of the utilized adsorbent[19].

G _ 1 Ce
Qg by am 9m [4]
Ing, = InK, + ilﬂCE,

1 £ [5]
R = — [6]

1+K,C,
As, Ce [mg/L] is the anionic dyes [MO and RB]
concentration at equilibrium, ge [mg/g] is the dye
capacity at equilibrium, gm [mg/g] adsorption
maximum amount, 1/n is the heterogeneity factor,
while K. [L/g] and K¢ [L/g] are Langmuir and
Frendlich constants.

2.5.2. Contact time and kinetic

For estimation of the adsorption rate-limiting step,
kinetic investigations were carried out using two
kinetic models; are pseudo-1%-order and pseudo-2nd-
order which are presented in [Eq. [7]] and [Eq. [8]],
respectively[40].The investigations occurred at the
optimum pH for each dye [MO and RB] using 10 ml
[100mg/L of MO and 150 mg/L of RB] and 0.005 g
of the MMT@CTAB adsorbent which were allowed
to shake with different contact times varied from 15
min to 240 min in a thermostated shaker at the room
temperature with constant speed 150 rpm.

1 E, 1

qe B LI [7]
LI S
9 Kaaz  ae [8]

The adsorption efficiency for MO and RB at
equilibrium and at a certain time t [min] is expressed
as ge [mg/g] and q: [mg/g], respectively. Also, K; and
K, are constants for pseudo-1%-order and pseudo-
2nd-order, respectively.

2.5.3. Effect of temperature and thermodynamics
A series of 125ml stoppered bottles containing 10 ml
of anionic dyes' solution [100 mg/L for MO and 150
mg/L for RB] and 0.005 g of MMT@CTAB at
different temperatures [25-45]°C and optimum pH
[8] were shaken for 60 min for MO and 120 min for
RB in an equilibrated shaker at constant speed 150
rpm. The residual [MO and RB] dye concentration
was determined after adsorption and filtration.
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Thermodynamic parameters [adsorption enthalpy
[AH®], adsorption free energy [AG®], and adsorption
entropy [AS°] are expressed in Eq. [9] and Eq. [10]
and were calculating as following; AS° and AH® were
calculated from the Eq. [10] intercept that equals AS°
/R and slope that equals —AH° /R of Ln Kc vs. 1/T.
As, gas constant which expressed as [R] equals 8.314
J/mol K[41].

AGe = —RT InKC [9]
_as oW
InK,. = = — [10]

2.6. Application

The spiking of the [100mg/L for MO and 150mg/L
for RB] into the real water samples [seawater and tap
water] was carried out. Prior to the spiking of the
dyes, the real water samples were digested by adding
0.5 g of K;S,0s, and 5 ml H,SO, 98% [w/w] to 1000
ml of water sample and heated for 120 min at 90°C
for complete digestion of presented organic materials.
After cooling to room temperature, 0.005 g of
MMT@CTAB modified clay was added to the
prepared samples and the pH value was adjusted to 7
with continuous shaking for 60 min for MO and 120
min for RB. The solutions were centrifuged and again
another 0.005 g of MMT@CTAB-modified clay was
added to the supernatant to ensure the complete
separation of analytes. The remaining MO or RB was
determined using Unicam UV 2100 UV/Visible
spectrometer at appropriate wavelengths.

3.Results and discussion

3.1. Optical images

Figure.1 [a-€] represents the MMT, MMT@CTAB,
MMT@CTAB-MO, MMT@CTAB-RB and
MMT@CTAB-MO/RB digital photographs,
respectively. The difference in materials' color and
shape is very noticeable as the material changed after
reaction with CTAB from fine powder texture
[Figurela] to fine flakes [Figurelb]. This
transformation is evidence of the modification
occurrence. The change in the clay material' color
before [MO, RB, and MO-RB mix] adsorption and
after was counted as evidence of dye adsorption on
the clay surface as the color changed from yellow
[figure.2. a] of MMT@CTAB to bright orange in the
case of MO adsorption, reddish pink in case of RB
adsorption, and red in case of MO-RB mixture
adsorption [Figurel c-e]. Figure.2 [a-f] represents
the [MO, RB, and MO-RB mix] before [Figure2 a, c,
e] and after adsorption [Figure 2(b, d, f)] using the
MMT@CTAB clay through batch experiments at the
investigated ideal conditions.
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Figurel. Digital photographs of [a] MMT
[(IMMT@CTAB [c] MMT@CTAB-MO [d]
MMT@CTAB-RB [e] MMT@CTAB-MO/RB.

e Rb
(@ (b)) (@) o) (h

H “5_{"{

——

Iy 4

Figure 2. [a] RB anionic dye before adsorption, [b]
RB anionic dye after adsorption, [c] MO anionic dye
before adsorption, [d] MO anionic dye after
adsorption, [e] MO-RB mixture before adsorption,
and [f] MO-RB mixture after adsorption.

3.2. Characterization

3.2.1. FTIR analysis

MMT native clay and [MMT@CTAB] madified clay
FTIR spectra were obtained and studied in the range
of 400 cm™® to 4000 cm™, which are present in
[Figure3]. Both samples [MMT and MMT@CTAB]
have some identical peaks, the first peak is Si-O
which appeared in the two materials as follows; at
approximately 466 cm of the [Al-O-Al] vibrational
band and 1029 cm™* of the [Al-O-Si] vibrational band
[42,43]. The other identical peaks are those that
appeared at 1470 cm* and 690 cm™ are related to Ca-
Mg[COs],] and  AI-O-Al vibrational bands,
respectively [44]. There are three new bands
appeared at 1647, 3442, and 3624 cm™* corresponding
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to [-OH] deformation of water. The [CTAB] material
Interaction with the MMT, native clay, was
demonstrated by the appearance of CTAB
characteristic peaks [-CHs vibrational band and —-CH.
vibrational band] [45,46].

FTIR spectra of MMT@CTAB before [MO and RB]
adsorption is present in [Figure 4a] while after
adsorption both materials; MMT@CTAB-MO and
MMT@CTAB-RB spectra are shown in [Figure 4b]
and [Figure 4c], respectively. It was noticed that the
peak at 1395 cm? of MMT@CTAB FTIR spectra
[Figure.4. a] was shifted to 1375 cm™ with the peak
intensity increasing in MMT@CTAB-MO [Figure 4
b] that may be attributed to SOz stretching
vibrational band [47]. MMT@CTAB-MO [Figure.4.
b] and MMT@CTAB-RB [Figure 4c] have new
peaks related to cyclic alkene [C=C] appeared at
1523 cm for MMT@CTAB-MO and at 1520 cm™?
for MMT@CTAB-RB. Slight shifts occurred in the
peak at 1647 cm™ to 1612 cm™ in MMT@CTAB-RB
and to 1606 cm™ in MMT@CTAB-MO. The peak at
4442 cm? became broader after MO and RB
adsorption which may be attributed to hydrogen bond
formation. There is another new peak appeared for
MMT@CTAB-RB at about 1212 cm™, which is
attributed to the [C-N] stretching band of RB. For
MMT@CTAB-MO that present in [Figure 4b] and
MMT@CTAB-RB [Figure 4c], new peaks that are
associated with the C=C cyclic alkene appeared at
1523 cm?® and 1606 cm?. Furthermore, the
appearance of a new peak in MMT@CTAB-RB
spectra attributed to C-N at 1212 cm™ that may be
attributed to the C-O stretching band of rose Bengal,
as present in [Figure 4c]. Minor shifts related to the
CHs and CH; stretching vibrational bands from 2852
cm? to 2846 cm™ for [MMT@CTAB-MO] material
and from 2852 cm to 2847 cm* for [MMT@CTAB-
RB] material [48-50].

— MMT
— MMT@CTAB

Transmittance

T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 3. IR spectra of [a] MMT and [b]
MMT@CTAB
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[—MmT@CTAB

— MMT@CTAB@MO

100 |— MMT@CTAB@RB
\

Transmittance

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™?)

Figure.4. IR spectra of [a] MMT@CTAB, [b]
MMT@CTAB-MO, and [c] MMT@CTAB-RB

3.2.2. Elemental analysis

The CHN analysis was evaluated for MMT and
MMT@CTAB materials for proving the formation of
the modified material [MMT@CTAB]. The results
presented in Table 1 show the existence of nitrogen
elements in the MMT@CTAB sample with a
percentage [0.7 %] and the increase of carbon atom
percentage from 1.567 % to 12.4 % and hydrogen
atom percentage from 2.43 % to 3.98 %. These
alterations are great evidence for the MMT clay
modification of by CTAB.

M NaCl solutions were applied and their pH was
adjusted in the 2-12 range by using 0.1 M HCl or 0.1
M NaOH solution.

SEl 30kv  WOiimm SS27 X2S00T AQum S SEl 0KV WD10mm SS27

2500/ {lym e

Table 1: Elemental analysis of MMT and
MMT@CTAB
Sample C [%] H [%] N [%0]
MMT 1.567 2.43 0
MMT@CTAB 12.4 3.98 0.7
3.2.3.SEM

The native montmorillonite clay [MMT] and
modified clay [MMT@CTAB] surface morphology
investigation was obtained utilizing the SEM
technique. MMT and MMT@CTAB surface images
are shown in Figure5a and Figure 5b, respectively. It
was revealed that the MMT material modification
results in more pores, flakes, and surface roughness
in the modified montmorillonite clay
[MMT@CTAB], and these alterations may be
returned to the CTAB covering for the clay surface
[38,51].

3.3. Adsorption studies

3.3.1. Point of zero charge [pHpz]

The pHpzc of MMT@CTAB was obtained utilizing a
previously published approach. For this purpose, 0.01
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Figure5. [a] Native MMT and [b] MMT@CTAB
SEM images.

Then, 0.1 g of the investigated material
[MMT@CTAB] was added to these solutions and
shaken for 48 h, and finally, the solution pHsna Was
calculated. Figure 6 shows the change of pH value
[pHinitiaI'prinal] of MMT@CTAB as a function of the
pHinitiar. From these findings, the pHpcz value of
MMT@CTAB is determined to be 9.5. This shows
that at pH below 9.5, the MMT@CTAB surface is
considered to have a positive charge.

1] —=— MMT@CTAB PZC
) //\-
1 3 4 5 6 7 8 0O 11 12 13 14

~1d
- PzC =95
=%
= -2

-3

44

-5

PHinitial

Figure 6 The pHp,c of MMT@CTAB

3.3.2. Effect of pH

Solid-liquid interactions are highly affected by the
aqueous solution' pH through the surface functional
group protonation-deprotonation, so the pH
parameter is very important to be studied [52,53]. So,
the solution pH influence on the MO and RB anionic
species removal using MMT@CTAB was
investigated in the range of 2-11 for MO and 3-11 for
RB. The investigation was obtained by using 10 ml
of 100 mg/L of MO and 10 ml of 150 mg/L of RB
and 0.005 grams of MMT@CTAB at room
temperature.  Figure 7 illustrates that the
MMT@CTAB adsorption efficiency increased from
50% to 98.1% with pH increasing from 2 to 7 of the
MO solutions and increased from 50% to 97.8% with
pH increasing from 3 to 7 of the RB solutions. Then
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at a pH above 7, both investigated dyes' adsorption
efficiency decreased. From pHpzc value [+ve <
pHpzc 9.5 < -ve], below pHpzc the surface of
MMT@CTAB is positive allowing the adsorption of
anionic dyes. That is the main reason for increasing
the adsorption of MO and RB adsorbed at pH [2-7]
surface [the acidic media facilitates of the anionic
dyes].

- MMTECTA BEMO

] —=— MMTZCTABGRS -,
i
S0 4 o -
- "".
E. 204 | ’
= | .
g %4 ¥
= 4 i -
&0 4
1 [
504 i
T T e il
1 2 - 4 § T - 14 1 12
pH

Figure.7. PH effect on MO and RB adsorption
efficiency onto MMT@CTAB of these conditions
[temp.: [30 °C], dose: 0.005 g., conc.: 100 &150
mg/L for MO and RB, respectively, volume: 10 mL].

3.3.3. Effect of dose

Adsorbent dose parameter investigation was obtained
by using different amounts of MMT@CTAB in 10
ml 100 mg/L of MO / RB with a shaking time of 2
hours at room temperature. As shown in Figure 8, the
capacity of MO adsorption increased from 170 mg/g
to 196.2 mg/g with increasing MMT@CTAB dose
from 0.0025 g to 0.005 g and the capacity of the RB
adsorption increased from 160 mg/g to 195.6 mg/g
with dose increasing from 0.0025 g to 0.005 g. With
increasing the dose above [0.005 g], it was noticed
that the capacity for MO adsorption decreased from
196.2 mg/g to 13 mg/g with a dose increasing from
0.005 g to 0.05 g and capacity of RB adsorption
decreased from 195.6 mg/g to 10.662 mg/g with dose
increasing from 0.005 g to 0.05 g. therefore, 0.005 g
of MMT@CTAB adsorbent is considered a sufficient
dose for MO / RB removal.

3.3.4. Initial concentration

The initial concentration parameter on MO/RB
adsorption into MMT@CTAB surface was
investigated in the range of [25-400] mg/L of the
investigated anionic dyes [MO and RB] and the other
conditions were kept constant. [Figure 9a] and
[Figure 9b] represents the [MO and RB] initial
concentrations' influence on the adsorption. It was
noticed that the adsorption capacity for MO increased
from 47.5 mg/g to 197.3 mg/g with [MQ] initial
concentration increasing from 25 t0ol00 mg/L.
Additionally, the adsorption capacity for RB
enhanced from 49.8 mg/g to 297.346 mg/g with [RB]
initial concentration increasing from 25 to 150 mg/L.
At concentrations of more than 100 mg/L of MO and
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150 mg/L of RB, the adsorption capacity remains
constant. Therefore, it can be indicated that the
MMT@CTAB adsorption reached equilibrium at a
concentration of 100 mg/L and 150 mg/L for MO and
RB, respectively.

26 —=—MMT@CTABEGMO
—a MMT@CTABERE

50 4

Qeimaig)

000 001 002 003 004 008
Dose (g)

Figure8. Effect of dose on MO [100 mg/L] and RB
[150 mg/L] adsorption onto MMT@CTAB at room
temperature [30 °C] for 2hrs.

3.3.5 Isotherm studies

Langmuir and Freundlich's isothermal models were
utilized in MO/RB adsorption into the MMT@CTAB
adsorbent mechanism illustration. The two models'
equations are present in Eqg. [4] and Eq. [5] in the
experimental section. Figure 10 represents Langmuir
and Freundlich plots for MO and RB adsorption
while Table2 shows the parameters [qm, KL, RL, n,
KF] of the two investigated isothermal models. From
these results, the Langmuir isothermal model is well-
matched with MO and RB adsorption as its constants
are more related to the MO/RB adsorption process
with higher R2 values. R2 values for the Langmuir
model are 0.99982 and 0.99982 for MO and RB
removal, respectively while R2 values for the
Freundlich model are 0.38949 and 5.7808*10-5 for
MO and RB adsorption, respectively. So, the
adsorption here was monolayer adsorption. Besides
that, the estimated values of RL are calculated and
they are founded to be less than 1 which proving that
the suitability of MMT@CTAB to be utilized as an
adsorbent material for the anionic species[19,27].

3.3.6. Oscillation time and Kinetics investigation
Contact time of [MO] and [RB] with MMT@CTAB
adsorbent is a very essential parameter. So, it was
investigated at different shaking times by using 0.005
g as a dose of MMT@CTAB adsorbent in pH-
adjusted solutions [pH 7] of 100 mg/L of [MO] and
150 mg/L of [RB], and at room temperature.
Figure.11 represents the influence of contact time on
[MO] and [RB] anionic species adsorption [Figurell
a],
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Figure:9. [a] Effect of initial concentration on MO adsorption, [b] Effect of initial concentration on RB

adsorption

Table 2:Physicochemical adsorption of MO and RB by MMT@CTAB.

System Langmuir isotherm constants
KL[L/g] gm[mg/g] R’ RL
MMT@CTAB-MO 0.5497 203.25 0.99982 0.01819
MMT@CTAB-RB 1.0897 304.878 0.99995 6.11*10°°
System Freundlich isotherm constants
Kr N R?
MMT@CTAB-MO 195.25 -5.000025 0.38949
MMT@CTAB-RB 173.25 -1459.56 5.7808*10°
16
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Figure.10. [a] Langmuir isotherm of MO adsorption, [b] Freundlich isotherm on of MO adsorption, [c]
Langmuir isotherm of RB adsorption, and [d] Freundlich isotherm on of RB adsorption

pseudo-1%t-order of anionic species [MO and RB]
adsorption [Figurellb and Figurelld], and pseudo-
2nd-order of Mo and RB adsorption [Figure
11c and Figurelle]. At began the adsorption is very
fast as the efficiency at 15 min reached 84 % for MO
and 75.33 % for RB. Then the MO removal
efficiency increased from 84 % to 98.78 % with time
increasing from 15 min to 60 min while the RB
removal efficiency increased from 75.33 % to 98.8 %
with shaking time increasing from 15 min to 120
min. With increasing shaking time of more than 60
min for MO and more than 120 min for RB, the
efficiency stays constant which means that the
removal efficiency reached equilibrium at 60 min for
MO and 120 min for RB.

The two kinetic models; the pseudo-1%-order and the
pseudo-2nd-order models [that are presented in Eq.7
and EQq.8, respectively] have been investigated for
identifying the well-fitted model with MO / RB
adsorption. Table 3 represents the estimated 1st and
2nd orders parameters [Ki, Kz, 0e®®, and ge**] and
correlation coefficient R? values that obtained from
each investigated model non-linear form. From these
findings, MO/RB adsorption mechanism nature by

the MMT@CTAB adsorbent can be illustrated. The
calculated adsorption capacities in the case of
pseudo-2"-order for MO and RB were well-fitted
with the experimental values. Besides that, R? values
of pseudo-1%-order are very low 0.93764 for MO and
0.84677 for RB in comparison with those of pseudo-
2"-order 0.99988 for MO and 0.99891 for RB.
Therefore, pseudo-1%-order cannot be used for
explaining the adsorption nature here. So, MO/RB
adsorption into MMT@CTAB adsorbent is well-
fitted to pseudo-2"%-order and the adsorption rate-
limiting step is controlled by a chemical process [38].

3.3.7. Effect of temperature and thermodynamics
The investigated free energy [AG®], enthalpy [AH],
and entropy [AS°] thermodynamic parameters of the
MO and RB anionic dyes adsorption by
MMT@CTAB adsorbent were obtained by
examining anionic dyes adsorption in a temperature
range of 298-318 K. Thermodynamic parameters and
Kc, equilibrium constant, were calculated as in [Eq.9]
and [Eq.10]. Table 4 shows the estimated values of
thermodynamic parameters While Figurel2 shows
the plotted curves. As can be seen, the estimated
negative

Table 3: Kinetic parameters for the adsorption of MO and ARS by MMT@CTAB.
System First-order model
Ki [min*] Gezaas[MY/9] R?
MMT@CTAB-MO 3.176 202.07 0.93764
MMT@CTAB-RB 5.2797 297.6 0.84677
System Second-order model
k [g/[mg min]] Gezeas [MQ/Q] R?
MMT@CTAB-MO 1.917*10°® 200.803 0.99988
MMT@CTAB-RB 3.988*10* 309.59 0.99891

Egypt. J. Chem. 67, No. 1 (2024)
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Figure 11 [a] Effect of time on MO and RB adsorption on MMT@CTAB adsorbent, [b] Pseudo-1%-order for MO
adsorption, [c] Pseudo-2"-order for MO adsorption, [d] Pseudo-1-order for RB adsorption, and [e] Pseudo-2"¢-
order for RB adsorption.
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AG?® values prove that the MO and RB adsorption on
MMT@CTAB adsorbent is spontaneous in addition
to the thermodynamic feasibility of the MO and RB

adsorption under the investigated temperature range.
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Also, negative charges of AH° estimate that the
adsorption process was exothermic for MO and RB
adsorption. From AH° values that are higher than
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80Kj/mole, it was proven that the adsorption was
chemisorption. Besides that, AS® charge [negative]
reveals that MO/RB adsorption results in a lower in

randomness and an increase in alignment. It was
noticed that the decreasing MO/RB adsorption with
the temperature increase [19].

Figure 12. Plot of In K¢ as a function of reciprocal of
absolute temperature [1/T] for the adsorption of [MO
and RB].

3.3.8. Effect of ionic strength

As industrial wastewater has a high concentration of
different solutes. So, the ionic strength parameter
considers an important parameter. It was investigated
using different anions such as NaCl [0.1M], Na2COs
[0.1M], and EDTA [0.1M] at the optimum conditions
of MO/RB adsorption. Figure 13 represents the
influence of different anions on MO/RB adsorption
on MMT@CTAB adsorbent. As shown in Figurel3
for MO and RB adsorption on the MMT@CTAB
surface, the different anions at concentration 0.1M
don’t significantly affect the MO/RB adsorption.

3.3.9. Desorption and Regeneration

In order to MMT@CTAB reusability investigation, 5
cycles of MO and RB adsorption-desorption were
carried out at the optimum conditions. Several
eluents were investigated and it was found that
ethanol is the best among them. Figure 14a represents

Egypt. J. Chem. 67, No. 1 (2024)

Table 4:Thermodynamic parameters for adsorption of MO and RB onto MMT@CTAB
System T [K] Kc AG’ads AH s ASCds
[KJ/mol] [KJ/mol] [J/mol K]
298 151.77 -12.651 -97.518 -280.167
MMT@CTAB-MO 308 24.4 -9.759
318 13.87 -7.08
MMT@CTAB-RB 298 244,073 -13.6
308 73.357 -10.999 -92.513 -260.16696
318 23.119 -8.303
the effect of different eluents on the MO/RB
desorption while Figurel4b shows the obtained data
5.5
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Figure.13. Effect of ionic strength on MO and RB
adsorption.

of the repeated five cycles of MO and RB adsorption-
desorption using ethanol as eluent.

3.3.10. Removal of MO and RB in Binary system

The maximum absorbance [Amax] of MO [466 nm],
RB [549 nm], and [MO+RB] [547 nm] binary system
are shown in Figurel5a. It was observed that after
mixing the two dyes [MO and RB] together,
overlapping between the dyes was occurred and a
new broader peak was formed at Amax equals 547
nm. All the adsorption investigations were examined
at each pollutant Amax. As the organic pollutants
[dyes] are present in real polluted water in multiple
forms, so it is wvery essential to apply the
MMT@CTAB clay material removal potential in the
investigated dyes' binary systems. The binary system
that contains 100 mg/L of MO and 150 mg/L of RB
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was investigated by the batch procedures. Figurel5h
represents that the MMT@CTAB was more selective
for RB than the MO as at the time of 15 min, the
concentration of RB was decreased and the
overlapping peak was changed to a lower value [527
nm]. [MO-RB]

mixture peak was shifted towards MO peak [480] at
the time of 30 min. At a time more than that the peak

wavelength became constant that may mean that the
RB adsorption was completely adsorbed at time 30
min, and at this time the MMT@CTAB started to
adsorb MO more quickly. The absorbance decreased
from 1.595 to 0.12 with the contacting time passing
from 30 min to 120 min.
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Figurel4. [a] Desorption of MO and RB from MMT@CTAB adsorbent by different eluents [b] Repeated 5
cycles of MO and RB adsorption-desorption with using ethanol as an eluent.

a)
N\
xmax=466 nm xmax=547 nm

15 Amax=549 Nm
[
210
&
2 ——RB
§ —— MO
<5 —— RB-MO mix

0.0

T T T
200 400 600 800

Wavelength (nm)

(b)
1; —— (a) Zero time
15 —— (b) 15 min
14 — (c) 30 min
13 —— (d) 1 hour
o 12 —— () 2 hours
011
510
Q09
008
27
< 06
05
04 |
03
0.2
01

T T
500 600 700 800 900
Wavelength (nm)

T T
200 300 400

Figure 15: UV data of [a] MO, RB, and [MO-RB mix] [b] MO-RB mixture after adsorption by MMT@CTAB at

different time intervals.

3.4. Optimization through column investigations
The removal of MO and RB anionic dyes by
MMT@CTAB was investigated by applying column
tests at optimum pH and temperature conditions

Egypt. J. Chem. 67, No. 1 (2024)

[obtained from batch experiments]. The utilization of
MMT@CTAB adsorbent as a filter was examined
and the findings showed in Table 5, which showed
that MO and RB dyes were removed with a percent
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higher than 99% using 0.01 g of the MMT@CTAB
adsorbent, a column with a diameter 0.7 cm at a slow

maximum capacity for RB was higher than that of
MO.

flow rate for the two investigated dyes. The
Table 5: Column studies for the removal of the MO and RB anionic dyes
Dose effect
Dye MMT@CTAB Flow rate Column Removal Adsorption
[gram] diameter[cm] [%] capacity
[mg/g]
MO 0.002 16.2 81
0.005 43.9 87.8
0.01 fast 0.7 98.92 98.92
0.0125 99.05 79.24
0.015 99.5 66.33
0.02 99.88 49.94
RB 0.002 14.66 110
0.005 44.5 133.6
0.01 fast 0.7 97.98 146.97
0.0125 98.11 117.736
0.015 98.59 98.59
0.02 99.1 74.5
Diameter effect
MO 0.01 fast 0.7 98.92 98.92
0.9 90.8 90.8
RB 0.01 fast 0.7 97.98 146.97
0.9 91.12
Flow rate effect
MO 0.01 fast 0.7 98.2 98.92
slow 99.89 99.89
RB 0.01 fast 0.7 97.98 146.97
slow 99.12 148.68

3.5. Application

3.5.1. In real water samples

The optimized experimental conditions were applied
to real samples to evaluate the efficiency of
MMT@CTAB for the adsorption of anionic dyes. By
utilizing standard solutions, the calibration curves
were obtained. The standard solutions [1.0 L] were
prepared under the experimental conditions
optimized above. The real investigated samples were

tap water in our laboratory at Mansoura University
and seawater in Damietta City. The obtained results
are presented in Table 6. All spiked dyes were not
naturally present in all of the samples. The recoveries
were determined in the samples in which given
amounts of each dye were spiked. The recoveries
obtained were in the range of 97.93-99.42%. These
findings indicate that MMT@CTAB adsorbent could
be successfully applied to the determination of
anionic dyes in real water.

Table 6: Analytical results of adsorption of MO and RB anionic dyes in real water samples utilizing

MMT@CTAB adsorbent [n=5]

Sample Dye Spiked [ug Measured [ug Recovered [ug Recovery [%]
mL™ 1] mL™ 1] mL™ 1]
Tap water Methyl orange 0.00 0.00 0.00 0.00
50 0.49 49.51 99.02
100 1.9 98.1 98.1
Rose Bengal 100 0.00 0.00 0.00
100 0.9 99.1 99.1
150 2.2 146.79 99.15
Sea water Methyl orange 0.00 0.00 0.00 0.00
50 0.446 49.554 99.108
100 1.88 98.12 98.12
Rose Bengal 0.00 0.00 0.00 0.00
100 0.58 99.42 99.42
150 3.105 146.895 97.93
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3.6. Plausible mechanism of adsorption of MO and
RB onto MMT@CTAB

The plausible mechanism of adsorption of anionic
species onto MMT@CTAB can be discussed
according to the findings of optical images of
MMT@CTAB and the MMT@CTAB loaded dyes

and the FTIR studies as it is represented in the
following section. Adsorbate-adsorbent interaction
mechanism through the adsorption process generally
occurred through electrostatic interactions, ion
exchanging, hydrogen bonds, etc [54,55].

Figure.16. [A] IR spectra of [Al] MMT@CTAB, [A2] MMT@CTAB-MO, and [A3] MMT@CTAB RB ;[ B]
schematic illustration of RB anionic species' adsorption on the MMT@CTAB adsorbent surface
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FTIR spectra after [MO] and [RB] anionic species
adsorption on the [MMT@CTAB] adsorbent surface
are highly efficient in the adsorption mechanism
illustration. Significant changes were shown when
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the FTIR spectra of MMT@CTAB before MO and
RB adsorption [Figure 16A1] compared to those after
adsorption [[Figurel6A2] and [Figurel6A3]. The
newly appeared peak at 1375 in MMT@CTAB-MO
spectra is related to the sulfonate stretching
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vibrational peak of MO dye [56]. Also, in [Figurel6
A3], a new peak appeared at about 1212 cm

corresponding to the [RB] dye C-N stretching peak.

In both [Figurel6A2] and [Figurel6A3], New peaks
that correspond to aromatic alkene C=C appeared at
1523 cm? for [MMT@CTAB-MO] and at

approximately 1520 cm? for [MMT@CTAB-RB]

[56, 57]. Slight shifts occurred in the peak at 1647
cm? to 1612 cm™* in MMT@CTAB-RB and to 1606
cm?t in MMT@CTAB-MO. The peak at 4442 cm™

became broader after MO and RB adsorption which

may be attributed to hydrogen bond formation. These
new peaks are great evidence for MO and RB
adsorption on the MMT@CTAB surface. CTAB
characteristic bands still present with slight shifts
after adsorption which confirm that CTAB doesn't
leach into the solution during adsorption batch
experiments. The aim of the modification here is to
change the clay surface charge from -ve to +ve and to
increase surface hydrophobicity. So, there are two
expected interactions between investigated dyes
[[MQO] and [RB]] and MMT@CTAB material are;

Adsorbate Adsorbent Adsorbent dose Initial concentration Equilibrium time Sorption capacity [mg/g] Ref
Co304 — nanoparticles [NPS] 059 50 mg/L 60 min 46.08 [58]
magnetic lignin-based carbon 20 mg/20 ml 120 mg/L 160 min 113.0 [59]
nanoparticles [MLBCN]
MO biochar adsorbent [CMC] 1g/l 75 mg/L 120 min 39.47 [60]
Graphene oxide 20mg 0.2 mg/L 100 min 63.69 [61]
MMT@CTAB 0.0.005g/ 10mI 100 mg/L 60 min 203.25 Present
study
[MIP] chitosan-Tio2 0.02g/50ml 3*10-5 mol/l 60 min 79.365 [62]
nanocomposite[CTNC]
1-naphthylammonium 20mg 40 mg/L 30 min 20.70 [63]
tetrachloroferrate
RB
Pineapple leaves[PAL] 0.05mg/50ml 10 mg/L 180 min 58.8 [64]
Mangifera indica homogenous 0.29 20 mg/L 60 min 412 [65]
powder
MMT@CTAB 0.005¢/10ml 150 120min 304.878 Present
study

Table 7: Comparison of adsorption capacity of MO and RB onto MMT@CTAB with previously reported studies

1. Electrostatic interaction between the
negative charge [that related to the O- a group of
RB and SOz of MO] and the positive charge of
CTAB [-N*(CHj3)s] head.

2. The hydrogen bonding between OH group
of MMT@CTAB material and the hydrogen group
of [CsHe] ring in both MO and RB.

In Fig.16B, schematic illustration of adsorption
mechanism of MO and RB anionic species'
adsorption on the MMT@CTAB adsorbent surface
is presented.
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3.7. Performance of MMT@CTAB

The MMT@CTAB material provides the capability
for MO and RB anionic species separation and
removal from several water samples achieved with
highly efficiency. Table [7] represents a
comparison between the MMT@CTAB
performances with other cited adsorbents. It was
observed that MMT@CTAB material when
comparing different adsorbents for remediation of
MO and RB, the sorption capacity and the type of
adsorbent, Adsorbent dose, Initial concentration
and Equilibrium time on which the sorption is




220 M. A. Akl et.al.

performed should be taken into consideration.
Finally, the MMT@CTAB has high capacities and
efficiencies for the MO and RB recovery compared
to other mentioned adsorbents as found in Table

[71.

Conclusion:

In this paper, we modified the native MMT with
CTAB and investigated its structure,
characterization, and sorption behavior as a
solution to water pollution issues found by the rise
of the industrialization. Once the modified MMT
material's cation exchange capacity [CEC] reached
1.0 CEC of pure MMT substance, the findings
showed effective dye removal from the aqueous
medium. A representative sorption analysis
between MMT and MMT@CTAB showed that
although the BET surface area significantly
dropped after the modification process [m? g* to
m? g']. As a result, the MMT was much improved
after being treated with the CTAB cationic
surfactant, allowing it to more efficiently remove
of the MO & RB anionic dyes. Maximum
adsorption capacities of MO [203.25] and RB
[304.878] mgg? were calculated using the
Langmuir model. The kinetics of adsorption of
both anionic dyes onto the MMT@CTAB were
best described by the pseudo second-order model,
and the isotherms were in accord with the
Langmuir equation. The high values of correlation
constant [R? = 0.99982& 0.99995] for MO & RB
in the Langmuir isotherm suggested that sorption
process had occurred on a homogenous and
monolayer surface. Adsorption is an exothermic,
spontaneous process, as shown by the derived
thermodynamic function. It was observed that at
low temperatures, the adsorption of MO and RB is
a physical adsorption process based on
hydrophobic interactions. The MMT@CTAB's
pHpzc [9.5] is higher than the pH optimum [7] for
anionic dyes. Reusability tests revealed that
ethanol was the best regeneration eluent, and that
MMT@CTAB could be used for at least four
adsorption/desorption  cycles. Based on the
available information, we conclude that
MMT@CTAB is a suitable adsorbent for the
treatment of anionic dye wastewater owing to its
simple production process, low cost, and successful
application to a real-water samples.
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