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Abstract
This study aimed to create CTAB-modified bentonite organoclay (Bt@CTAB) by mixing the naturally occurring mineral 
bentonite (Bt) with the cationic surfactant cetyltrimethylammonium bromide (CTAB). Elemental analysis,  N2 adsorption–
desorption isotherm, scanning electron microscopy (SEM), FTIR spectroscopy, XRD, and thermogravimetric (TGA) analysis 
have been employed to analyze both the unmodified Bt and the Bt@CTAB organoclay. The dye sorption onto Bt@CTAB 
organoclay was investigated in the batch and column modes using aqueous solutions of anionic food dyes, viz., Sunset yellow 
FCF (E110), Azorubine (E122), and Ponceau 4R (E124) (individually or in a mixture). Experimental variables affecting the 
adsorption process, such as initial dye concentration, contact time, temperature, pH, and adsorbent dose, are evaluated. From 
the kinetic investigations, the adsorption of E110, E122, and E124 dyes well matched the pseudo-second-order kinetic model. 
E110 and E122 dyes adsorption onto Bt@CTAB attained equilibrium in 120 min while attained in 240 min for E124. The 
investigated food dyes were expected to achieve maximum adsorption efficiencies at concentration of 100 ppm of (E110 and 
E124) and 150 ppm of (E124), an adsorbent dosage of 0.4  gL−1, and an initial pH 5. In addition, Langmuir model best fits 
the sorption isotherm data, with the maximum adsorption capacity at 303 K being 238 mg/g, 248.75 mg/g, and 358.25 mg/g 
for E110, E122, and E124, respectively. The Bt@CTAB organoclay can be regenerated up to the 4th cycle successfully. The 
thermodynamic studies revealed the spontaneous and exothermic nature of the adsorption of these anionic dyes onto Bt@
CTAB organoclay. The prepared cationic Bt@CTAB organoclay was successfully applied for the removal of E110, E122, 
and E124 from real water samples, synthetic effluents, and colored soft drinks with a recovery (R%) higher than 95%. The 
plausible adsorption mechanism of E110, E122, and E124 onto Bt@CTAB organoclay is proposed to be due to electrostatic 
interaction and hydrogen bond formation. Finally, the present study shows that Bt@CTAB organoclay may be employed 
efficiently and effectively to remove anionic food dyes from a wide range of real water and colored soft drinks.
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Introduction

Globally, we not only need to deal with water deficiency but 
also the problem of water pollution from hazardous toxins 
(El-Kowrany et al. 2016; Karri et al. 2021; WHO 2017). 

Sewage discharge has increased as well due to fast indus-
trial growth. Hazardous aromatic compounds, metals, and 
dyes are only some of the organic and inorganic components 
found in this wastewater (Saleem et al. 2019; Srivastav and 
Ranjan 2020; Muhammad et al. 2021; Zamora-Ledezma 
et al. 2021). 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 (Berradi et al. 2019; Moore 1999). As 
there is enough evidence, 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 waterways disrupts the 
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delicate balance of aquatic life and the food chain (Affat 
2021).

Azo dyes are considered the most widely utilized dyes in 
several industries (food, textiles, cosmetics, paper, leather, 
pharmaceutical, rubber, pesticide, varnish, petrochemical, 
electroplating, etc.) (Balayeva et al. 2021; Hamada and 
Jabal 2022; Salahuddin et al. 2018; Toutounchi et al. 2021). 
Synthetic food dyes such as Ponceau 4R  (C20H11N2Na3O10S3, 
E124), Sunset yellow  (C16H10N2Na2O7S2, E110), and 
Azorubine  (C20H12N2Na2O7S2, E122) are used in the food 
industry due to their advantages as they are stable, available, 
low-cost, manufactured simply, and require short time. These 
dyes are nonbiodegradable as they have physicochemical, 
thermal, and optical stability. Their stability is because 
of their chemical structure as they have symmetrical 
aromatic groups (Laptev et al. 2021; Leulescu et al. 2021; 
Lima et al. 2019; Micheletti et al. 2020). Moreover, they 
have bad impacts on human health including harmful and 
carcinogenic effects as they may cause cancer to many 
organs such as the bladder, liver, and kidney. In addition, 
they may result in mood swings and hyperactivity in adults 
and children. So, their elimination is essential in order to 
overcome their adverse effects (Abd-Ellatif et al. 2022; 
Alham et al. 2022).

Methodologies (Ashraf et  al. 2021) including 
photocatalytic degradation (Akl et al. 2022b; Waghchaure 
et al. 2022), electrochemical oxidation (Shi et al. 2020), 
solvent extraction (Prusty and Pradhan 2021), membrane 
filtration (Hube et al. 2020), Fenton (Rafaqat et al. 2022), 
and adsorption have proven efficient in cleaning up industrial 
wastewaters before they are released into the environment 
(Mostafa et al. 2021; Akl et al. 2022a; El Ouachtak et al. 
2018; Yaghmaeiyan et al. 2022; Zou et al. 2019). 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 (Wang et al. 
2009). The selection of adsorbents is crucial to the process's 
technical applicability and economic viability (Iwuozor et al. 
2021; Saleem et al. 2019). Wastewater decontamination may 
make use of nontraditional adsorbents, including natural 
materials, agricultural industry wastes, carbon materials, 
and biosorbents. Activated carbon has been the most popular 
adsorbent due to its high capacity for absorbing organic 
dyestuffs (Husien et al. 2022).

Clays are widely used adsorbents as they are cheap, effec-
tive, and available. Moreover, they have high cation exchange 
capacity and high swelling capability. Bentonite is primarily 
montmorillonite-based clay and consists of an alumina layer 
between two silicon–oxygen tetrahedron layers. However, there 
are two mean reasons for bentonite's low adsorption efficiency: 
the deprotonation of bentonite hydroxyl groups at high pH and 
the existence of negative charges on its surface. Moreover, some 
studies proved that bentonite activity is enhanced by modifying 

its surface. Silicone cationic surfactants provide siloxane groups 
with hydrophobicity properties, have climate resistance, reduced 
surface tension, and organic matter content increases. These new 
characteristics enhanced the adsorption efficiency (Alexander 
et al. 2019; Rizzi et al. 2020; Tamjidi et al. 2021; Tebeje et al. 
2022). Cetyltrimethylammonium bromide (CTAB) is a cationic 
surfactant that exhibits good surface activity, antibacterial activ-
ity, and stability in both alkaline and highly acidic mediums. 
The modification of bentonite with the CTAB surfactant results 
in improving its intralayer structure surface electrical proper-
ties leading to bentonite adsorption efficiency enhancement for 
anionic species. The effectiveness of Bt@CTAB in eliminating 
anionic dyes has been shown in a variety of research studies 
(Huang et al. 2017; Y. Wang et al. 2021).

The objectives of the present study can be presented in 
the following points:

1. Design and characterization of native bentonite and 
cationic Bt@CTAB organoclay using nitrogen  (N2), 
elemental analysis, SEM, FTIR, XRD, and TGA and 
performances.

2. Experimental investigation (in batch and column modes) 
of anionic food dyes E110, E122, and E124 adsorption 
utilizing Bt@ CTAB organoclay in aqueous solutions.

3. Studying the adsorption of E110, E122, and E124 
anionic food dyes in a binary system.

4. Investigating the different experimental parameters 
affecting the adsorption process of E110, E122, and 
E124 anionic dyes onto Bt@CTAB, e.g., adsorbent 
dosage, pH, initial E110, E122, and E124 concentrations, 
and ionic strength.

5. Conducting adsorption isotherm and kinetic experiments 
to understand the adsorption mechanism and highest 
adsorption ability of Bt@CTAB.

6. Application of the prepared Bt@CTAB organoclay on 
real water and soft drinks samples.

7. Elucidation of adsorption mechanism of E110, E122, 
and E124 anionic food dyes onto Bt@CTAB organoclay.

Experimental

Materials

In this work, the used Bt was collected from Egypt and was 
crushed and sieved using a 200-mesh screen that permits the 
passage of particles with a size < 74 microns. The chemical 
composition of the bentonite (Bt) is present in Table S1. 
The used chemicals are NaOH, EDTA,  CH3COONa, 
HCl, NaCl,  Na2CO3, ethanol, Sunset yellow FCF (E110), 
Azorubine (E122), Ponceau 4R (E124) anionic food dyes, 
and cetyltrimethylammonium bromide (CTAB) surfactant 
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with Mwt 364.4 g/mol. All these chemicals were obtained 
from Sigma-Aldrich and were of analytical grade.

Equipment

Utilizing a Perkin-Elmer 550 spectrophotometer for 
determining anionic dyes (E110, E122, and E124) and binary 
systems (E110-E122, E110-E124, E122-E124, and E110-
E122-E124) concentration over a range of 200–900 nm using 
quartz cells, the λmax is of E110 (486 nm), E122 (518 nm), 
E124 (508 nm), E110-E122 (508 nm), E110-E124 (500 nm), 
E122-E124 (518 nm), and E110-E122-E124 (512 nm).

The FTIR spectra of native Bt, Bt@CTAB, Bt@
CTAB-E110, Bt@CTAB-E122, and Bt@CTAB-E124 
were investigated by (Perkin-Bhaskar-Elmer Co., USA). 
Clay samples were grounded and mixed with KBr and then 
pressed in pellets form. JSM-6510LV model was utilized 
for the investigation of surface morphology samples. 
Estimation of the CNH composition of Bt and Bt@CTAB 
organoclay was obtained by a Costech ECS-4010 elemental 
analyzer. The specific surface area of the Bt and Bt@CTAB 
materials was obtained using the Brunauer–Emmet–Teller 
(BET) analysis (Size Analyzer (QUANTACHROME–NOVA 
2000 Series)). The thermal stability of Bt and Bt@CTAB 
materials was examined by thermogravimetric analysis 
(Perkin Elmer TGA 4000) at a heating rate of 15 °C/min 
from 30 to 800 °C. X-ray diffraction (XRD) patterns of the 
Bt and Bt@CTAB samples were obtained by a PANalytical 
X’Pert PRO diffractometer over the 2-theta (2θ) range from 
4° to 70°. The  pHPZC of Bt@CTAB was determined as 
follows: 0.1 g of the Bt@CTAB 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 h. 0.1 M of HCl and 0.1 M of 
NaOH were utilized for NaCl pH adjustment. After shaking, 
the final pH was recorded and ΔpH was measured as in the 
following Eq (ΔpH = pHi-pHf) and was plotted against the 
initial pH (pHi). The  pHPZC value is the cross point where 
the curve ΔpH vs pHi crosses the line ΔpH = 0 (Ouachtak 
et al. 2021).

Preparation of Bt@CTAB adsorbent

Bt@CTAB organoclay was prepared according to previously 
published studies (Monteiro et  al. 2018; Youssef and 
Al-Awadhi 2013). The first step in organo-bentonite (Bt@
CTAB) synthesis was the dispersion of 25 g of the native 
Bt clay in dist.H2O for 60 min. Then the next step was to 
gradually add to the suspended Bt an amount corresponding 
to 1 mmol/g CEC (cation exchange capacity). The Bt and 
CTAB mixture was allowed to stir at  60οC for 6 h. Then 
the mixture was centrifuged with a speed of 3000 rpm and 

washed many times by the dist.H2O in order to remove any 
excess of the CTAB surfactant. The last step was to dry the 
produced Bt@CTAB powder for 24 h in an oven at 70 °C.

Adsorption and regeneration procedures

Batch tests

The maximum absorption spectra (λmax) of E110, E122, 
E124, and different mixtures (E110-E112, E110-E122, 
E122-E124, and E110-E122-E124) were obtained 
through the scanning of their solutions in the range of 
(190–1100  nm). E110 (486  nm), E122 (518  nm), and 
E124 (508 nm) dyes adsorption studies were performed at 
concentrations ranging from 50 to 400 mg/L. For dyes binary 
systems adsorption experiments, the dyes were mixed by a 
ratio of 1:1 for (E110-E112, E110-E122, and E122-E124) 
and 1:1:1 for the E110-E122-E124 binary system. The 
adsorption experiments of the investigated food dyes were 
performed in 125-ml stoppered bottles that contained 
25 ml of anionic dye solution and adsorbent Bt@CTAB 
dose (0.01 g). Then, these bottles were shaken at 150 rpm 
on a thermostated shaker at room temperature. After the 
equilibrium was reached, the solutions were centrifuged 
at 3000 rpm. The supernatant solution that includes the 
remains of the investigated anionic dyes was measured at 
the specific λmax of each dye. 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 (15–300 min), temperature 
(25–45 °C), Bt@CTAB adsorbent dose (0.005–0.03 g), pH 
(from 2 to 11), ionic strength, and initial concentration of 
dye (25–400 mg/l). The anionic dye removal percentage (R, 
(%)) and adsorption capacity (qe) of dyes were calculated as 
per Eqs. (1) and (2), respectively (Akl et al. 2022a).

where Ci (ppm) and Cf (ppm) 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 Bt@CTAB dose.

Desorption and regeneration investigation

After the adsorption of E110, E122, and E124 food dyes by Bt@
CTAB clay, desorption of the investigated dyes was examined 
by different eluents including ethanol, NaOH (0.2 mol/L), and 
sod. bicarbonate (0.2 mol/L),  CH3COONa (0.1 mol/L), and HCl 

(1)R% =
Ci − Cf

Ci

× 100

(2)qe =

(

Ci − Cf

)

× V

wt
× 100
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(0.2 mol/L). The regeneration of Bt@CTAB organoclay was 
examined through five repeated cycles of adsorption–desorption 
by the batch method. 0.01 g of Bt@CTAB was shaken with 
25 ml of (100 ppm for (E110 and E122) and 150 ppm for E124) 
for 120 min for E124 and 240 min for (E110 and E124); then, 
adsorbent was filtered and then it was eluted with absolute 
ethanol and these procedures were repeated for another 4 
cycles. The investigated food dyes desorption (D, %) Bt@CTAB 
organoclay was calculated from Eq. (3) (Akl et al. 2022b)

Column investigations

The use of Bt@CTAB organoclay as a filter was investigated 
through the column experiments studying. A mass of Bt@
CTAB organoclay was pressed and put in the column bottom. 
The investigation of the optimum parameters is column diam-
eter (0.7 and 0.9 cm), organoclay weight which varied from 
0.0025 g to 0.05 g, flow rates of anionic dyes (slow 0.16 ml/
min) and fast (0.42 ml/min) using 100 ppm E110 and E122 and 
150 ppm of E124 at optimum pH that was obtained from the 
batch investigations. The concentrations E110, E122, and E124 
after passage through the column were determined spectropho-
tometrically at specific λmax of each dye. The removal percent-
age (R%) was determined as in Eq. (1) (Akl et al. 2022a).

Kinetics, isothermal, and thermodynamics

Effect of initial concentration and isothermal investigation

The isothermal investigations for E110, E122, and E124 
adsorption were performed by placing 0.01 g of Bt@CTAB 
organo-clay adsorbent in a series of bottles containing E110/
E122/E124 dye solution. The initial dye concentration was 
in the range of (50–400 mg/L). These bottles were placed 
in a thermostated shaker with a shaking speed of 150 rpm 
at 25 °C for 120 min for E124 and 240 min for E110 and 
E122 at pH 5. Dubinin–Radushkevich (D-R), Langmuir, and 
Freundlich's isothermal models were applied in the linear 
form, and the parameters were calculated as shown in Eqs. 
(4), (5), and (6), respectively. Langmuir separation factor 
(RL) presented in Eq. (7) is an essential parameter. It is used 
in adsorbent-sorbate affinity prediction. The indications of 
values of RL 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 (Akl et al. 2022b).

(3)
De − sorption%

=
amount dseorbed to the solution(mg∕l)

amount adsorbed onNAgDFF(mg∕l)
× 100

(4)lnqe = lnqm − KDRε
2

As Ce (mg/L) is the anionic dyes (E110, E122, and 
E124) concentration at equilibrium, qe (mg/g) is the dye 
capacity at equilibrium, qm (mg/g) is adsorption maximum 
amount, 1/n is the heterogeneity factor, while KL (L/mg), 
KF (mg/g), and KDR are Langmuir, Freundlich constants, 
the Dubinin–Radushkevich constants, respectively. ε is the 
adsorption potential and is given by Eq. (8).

where R (8.314 J/mol K) is the gas constant, and T is the 
temperature (K) at which adsorption occurred.

Effect of contact time and kinetic studies

For estimation of the adsorption rate-limiting step, kinetic 
investigations were carried out using two kinetic models: 
pseudo-1st order and pseudo-2nd order which are presented 
in Eqs. 9 and 10, respectively [44]. The investigations were 
performed at the optimum pH for each dye using 25 ml 
(100 ppm of (E110 and E122), 150 ppm of (E124)) and 0.01 g 
of the Bt@CTAB adsorbent which were allowed to shake 
with different contact times varied from 15 to 300 min in a 
thermostated shaker at the room temperature with constant 
speed 150 rpm.

The adsorption efficiency for investigated food dyes at 
equilibrium and at a certain time t (min) is expressed as qe 
(mg/g) and qt (mg/g), respectively. As well as K1 and K2 
are constants for pseudo-1st order and pseudo-2nd order, 
respectively.

Effect of temperature and thermodynamic studies

A series of 125-ml stoppered bottles containing 25 ml of 
anionic dyes' solution (100 mg/L for (E110 and E122) and 
150 mg/L for E124) and 0.01 g of Bt@CTAB at different 

(5)
C
e

q
e

=
1

k
L
q
m

+
C
e

q
m

(6)ln q
e
= ln K

F
+

1

n
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e

(7)RL =
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1 + KLCo

(8)� = RTln
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temperatures (25–45) °C and optimum pH 5 were shaken for 
240 min for (E110 and E122) and 120 min for E124 in an 
equilibrated shaker at constant speed 150 rpm. The residual 
(E110, E112, and E124) dye concentration was determined 
after adsorption and filtration.

Thermodynamic parameters (adsorption enthalpy (ΔH°), 
adsorption free energy (ΔG°), and adsorption entropy (ΔS°)) 
are expressed in Eqs. (11) and (12) and were calculated 
as follows; ΔS° and ΔH° were calculated from Eq. (12) 
intercept that equals ΔS°/R and slope that equals −ΔH°/R 
of Ln Kc vs. 1/T. A gas constant expressed as (R) equals 
8.314 J/mol K (Saleh et al. 2021).

Analysis of real samples

Analysis of real water samples

The spiking of the (100 ppm for (E110 and E122) and 
150 ppm for (E124)) into the real water samples (seawa-
ter, wastewater, 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  K2S2O8, and 5 ml  H2SO4 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, 0.01 g of Bt@CTAB-modified 
clay was added to the prepared samples and the pH value 

(11)ΔG◦ = −RT ln K
c

(12)ln K
c
=

ΔS◦

R
−

ΔH◦

RT
was adjusted to 5 with continuous shaking for 120 min for 
E124 and 240 min for (E110 and E122). The solutions were 
centrifuged and again another 0.01 g of Bt@CTAB-modified 
clay was added to the supernatant to ensure the complete 
separation of analytes. The remaining E110/E122/E124 was 
determined using Unicam UV 2100 UV–Visible spectrom-
eter at appropriate wavelengths.

Analysis of colored soft drinks and industrial food samples

Bt@CTAB organoclay was applied for the removal of 
E110 and E122 from degassed carbonized drinks, candy, 
and jelly. Carbonized drinks (an orange drink that contains 
E110 dye and a pomegranate drink that contains E122) are 
degassed first by letting them in the air at room temperature 
for 2 h. Candy (watermelon taste) and jelly (strawberry and 
orange) were digested in acetic acid 4% and then dissolved 

Fig. 1  Digital photographs of a 
Bt, b Bt@CTAB, c Bt@CTAB-
E122, d Bt@CTAB-E124, e 
Bt@CTAB-E110

Table 1  The textural properties of the investigated bentonite and Bt@
CTAB as determined from nitrogen adsorption isotherms

Adsorbent Surface area 
SBET  (m2/g)

BET-C 
constant

Pore 
volume VT 
(ml/g)

Aver. pore 
diameter 
(nm)

Bt 32.17 75.29 0.029 1.8
Bt@CTAB 18.41 37.13 0.015 1.66

Table 2  Elemental analysis of Bt and Bt@CTAB

Sample C (%) H (%) N (%)

Bt 1.367 2.08 0
Bt@CTAB 11.95 3.095 0.52
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Fig. 2  a, b Native Bt and c, d Bt@CTAB SEM images

Fig. 3  IR spectra of a Bt and b 
Bt@CTAB
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in dist.  H2O. Bt@CTAB (0.01 g) was added to the prepared 
samples, and the pH of the samples was adjusted to 5 with 
continuous shaking for 120 min for E124 and 240 min for 
(E110 and E122). The dye remaining was determined using 
Unicam UV 2100 UV–Visible spectrometer at appropriate 
wavelengths.

Results and discussion

Optical images

Figure 1 (a-e) represents the Bt, Bt@CTAB, Bt@CTAB-
E122, Bt@CTAB-E124, and Bt@CTAB-E110 optical 

images, respectively. The difference in materials' color and 
shape is very noticeable as the color of samples changed after 
the reaction with CTAB from faint yellow (Fig. 1a) to off-
white color (Fig. 1b). This change of color is an evidence 
of the modification. The change in the clay material's color 
before (E110, E122, and E124) adsorption and after adsorp-
tion was taken as an evidence of dye adsorption on the clay 
surface as the color changed from off-white (Fig. 1b) of Bt@
CTAB to bright orange in the case of E110, reddish pink in 
case of E122, and red in case of E124 (Fig. 1c-e). Figure S1 
(a-f) represents the (E110, E122, and E124) before and after 
adsorption using the Bt@CTAB clay through batch experi-
ments at the investigated ideal conditions.

Characterization

N2 adsorption desorption isotherm

The adsorption isotherms of Bt and Bt@CTAB were 
obtained with Brunauer–Emmett–Teller (BET) surface 
area analysis. Table 1 represents surface areas of Bt and 
Bt@CTAB'  SBET, total pore volumes  (VT), and mean pore 
diameters. The results presented in Table 1 indicate that the 
modification of Bt with CTAB resulted in the reduction in 
surface area, the mean diameter, and total pore volume val-
ues for Bt@CTAB. The decrease of the specific surface area 
after chemical modification may be due to the covering of Bt 
pores by CTAB particles that results in the decrease in the 
adsorption of  N2 molecules that are used in the surface area 
measurement process.

Fig. 4  IR spectra of a Bt@
CTAB, b Bt@CTAB-E110, c 
Bt@CTAB-E122, and d Bt@
CTAB-E124
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Elemental analysis

The CHN analysis was evaluated for Bt and Bt@CTAB 
materials for proving the formation of Bt@CTAB. The 
results presented in Table 2 show the existence of N in 
the Bt@CTAB sample with a percentage (0.52%) and the 
increase of carbon atom percentage from 1.367 to 11.95% 
and hydrogen atom percentage from 2.08 to 3.095%. These 
alterations are great evidence for the Bt clay modification 
by CTAB.

SEM

The surface images of Bt and Bt@CTAB are shown in 
Fig. 2 (a, b) and (c, d), respectively. It was revealed that the 
modification of Bt material results in more pores, flakes, 

and surface roughness in the modified bentonite clay (Bt@
CTAB), and these alterations may be returned to the CTAB 
covering for the clay surface (Ouachtak et al. 2021; Shirzad-
Siboni et al. 2015).

FTIR analysis

The FTIR spectra of native Bt clay and the Bt@CTAB-mod-
ified clay, which are presented in (Fig. 3), were obtained and 
studied in the range of 400  cm−1 to 4000  cm−1. Both samples 
(Bt and Bt@CTAB) have some identical peaks; the first peak 
is Si–O which appeared in the two materials as follows: at 
approximately 469  cm−1 of the (Al–O–Al) vibrational band 
and 1036  cm−1 of the (Al–O–Si) vibrational band (el Haouti 
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et al. 2019; Huang et al. 2017). The other identical peaks are 
those that appeared at 1470  cm−1 and 690  cm−1 which are 
related to Ca-Mg  (CO3)2 and Al–O–Al vibrational bands, 
respectively (Solotchina et al. 2014). There are three new 
bands that appeared at 1649, 3449, and 3626  cm−1 corre-
sponding to (–OH) deformation of water. The interaction of 
CTAB with Bt, native clay, was demonstrated by the appear-
ance of CTAB characteristic' peaks (–CH3 vibrational band 
and –CH2 vibrational band) at 2925 and 2852  cm−1 (Haou-
nati et al. 2021; Vaia et al. 1994; Y. Wang et al. 2021). Also, 
a bending vibration of the methylene groups can be seen at 
wavelength bands of 1496  cm−1 (Huang et al. 2017).

FTIR spectra of Bt@CTAB before (E110, E122, and 
E124) dyes adsorption are present in Fig. 4a, while the 
spectra Bt@CTAB-E110, Bt@CTAB-E122, and Bt@
CTAB-E124 after adsorption are shown in Fig. 4b, c, and d, 
respectively. It was noticed that a new peak appeared after 
the adsorption of the 3 dyes (E110, E122, and E124) at about 
1370  cm−1 which may be attributed to the  SO3

− stretching 
vibrational band (Bahrudin et al. 2020). There are other new 
peaks related to cyclic alkene (C=C) appearing at 1530  cm−1 
for Bt@CTAB@E110 and at 1525  cm−1 for Bt@CTAB@
E122, and at 1528  cm−1 for Bt@CTAB@E124. Slight shifts 
occurred in the peak at 1635  cm−1 to 1610  cm−1 in Bt@
CTAB@E110, to 1606  cm−1 in Bt@CTAB@E122, and to 
1612 in Bt@CTAB@E124. The peak at 3452  cm−1 became 
broader after investigating dyes adsorption which may be 
attributed to hydrogen bond formation. Minor shifts related 
to the  CH3 and  CH2 stretching vibrational bands from 
2855  cm−1 and 2930 to 2848  cm−1 and to 2920  cm−1 after 
adsorption of the three dyes (Avila et al. 2021; Gamoudi and 
Srasra 2019; Mallakpour and Behranvand 2021).

X‑Ray diffraction analysis (XRD)

XRD is an efficient analysis for bentonite intercalation 
presence determination as it provides an accurate inter-
planar spacing (d spacing) value (Zhu et al. 2023). The 
XRD patterns of Bt and Bt@CTAB samples are presented 
in Fig. 5. The major component of Na-bentonite is Na-
montmorillonite (M), and the main impurity is quartz (Q). 
Since the impurity particles are as tiny as the particles of 
the clay themselves, the centrifugation methods cannot 
completely remove them. The d spacing of Bt is 1.63 nm 
which is increased to 1.89 nm after the modification pro-
cess. It shows that the CTAB surfactant molecules were 
intercalated in the bentonite interlayer space (Liu et al. 
2017; Salah et al. 2019).

Thermogravimetric analysis

The thermal stability of Bt and Bt@CTAB materials was 
estimated by TGA as presented in Fig. 6 It was observed 
three decomposition steps with a lower mass loss value 
(10%) for Bt, while four decomposition steps were observed 
with 23.1% mass loss for the Bt@CTAB. For both Bt and 
Bt@CTAB, the first decomposition step below 100 οC can 
be attributed to the desorption of the water molecules that 
were related to the clay interlayer cations. As the water mol-
ecules of crystallization require a temperature higher than 
that of the associated ones, the 8.5% weight loss at 490 °C 
may be returned to their desorption, while in Fig. 6b the 
decomposition steps between 200 and 600 °C correspond 
to the organic surfactant (CTAB) decomposition (Mishra 
et al. 2012; Moslemizadeh et al. 2016; Motawie et al. 2014).

Adsorption studies

Point of zero charge (PZC)

The  pHpzc of Bt@CTAB was determined utilizing a previ-
ously published approach. For this purpose, 0.01 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. Then, 
0.1 g of the investigated material (Bt@CTAB) was added 
to these solutions and shaken for 48 h, and finally, the solu-
tion  pHfinal was calculated. Figure 7 shows the change of pH 
value  (pHinitial_pHfinal) of Bt@CTAB as a function of the 
 pHinitial. From these findings, the  pHpcz value of Bt@CTAB 
is determined to be 8.3. This shows that at pH below 8.3, the 
Bt@CTAB surface is considered to have a positive charge.
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Effect of pH

Solid–liquid interactions are highly affected by the aque-
ous solution's pH through the surface functional group 
protonation–deprotonation, so the pH parameter is very 
important to be studied (Largo et al. 2020; Ouachtak et al. 
2018). So, the influence of solution pH on the E110, E122, 
and E124 anionic species removal using Bt@CTAB was 
investigated in the range of 2–11. The investigation was 
obtained by using 25 ml of 100 ppm of E110 and E122 
and 25 ml of 150 ppm of E124 and 0.01 g of Bt@CTAB at 
room temperature. Figure 8 illustrates that the Bt@CTAB 
adsorption efficiency increased from 73.28 to 97.9%, from 
69.11 to 100%, and from 78.03 to 95.7% for E110, E122, 
and E124 adsorption, respectively, with pH increasing 

from 2 to 5. Then at a pH above 5, the three investigated 
dyes' adsorption efficiency decreased. From the  pHPZC 
value (+ ve <  pHPZC 8.3 > -ve), below  pHPZC, the surface of 
Bt@CTAB is positive allowing the adsorption of anionic 
dyes. That is the main reason for increasing the adsorption 
of E110, E122, and E124 at pH (2–5) surface (the acidic 
media facilitates the adsorption of the anionic dyes).

Effect of dose

The effect of the adsorbent dose was obtained by using dif-
ferent amounts of Bt@CTAB in 25 ml 100 ppm of E110/
E122 and 150 ppm of E124 with a shaking time of 2 h at 
room temperature. As shown in Fig. 9, with Bt@CTAB 
dose increasing from 0.005 g to 0.01 g, the capacity of 
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E110 adsorption increased from 185 mg/g to 237.6 mg/g, the 
capacity of the E122 adsorption increased from 187.2 mg/g 
to 249.5 mg/g, and the capacity of the E124 adsorption 
increased from 242 mg/g to 343 mg/g. With increasing 
the dose above (0.01 g), it was noticed that the capacity 
decreased from 237.6 mg/g to 83.08 mg/g, from 249.5 mg/g 
to 73.42 mg/g, and from 343 mg/g to 122.6 mg/g for E110, 
E122, and E124 adsorption, respectively.

Effect of initial concentration

The initial concentration parameter on E110, E122, and 
E124 adsorption into Bt@CTAB surface was investigated in 
the range of (50–400) ppm of the investigated anionic dyes 

(E110, E122, and E124), and the other conditions were kept 
constant. Figure 10 (a-c) represents the influence of initial 
concentrations of the investigated dyes on the adsorption 
efficiency. It was noticed that the adsorption capacity for 
E110 and E122 increased (from 124.95 mg/g to 237.6 mg/g) 
and (from 124.96 mg/g to 249.5 mg/g), respectively, with 
the initial concentration dye increasing from 50 to 100 ppm. 
Additionally, the adsorption capacity for E124 enhanced 
from 124.9 mg/g to 343 mg/g with (E124) initial concen-
tration increasing from 50 to 150 ppm. At concentrations 
of more than 100 ppm of (E110 and E122) and 150 ppm of 
E124, the adsorption capacity remains constant. Therefore, 
it can be indicated that the Bt@CTAB adsorption reached 
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equilibrium at a concentration of 100 ppm for (E110 and 
E122) and 150 ppm for E124.

Isotherm studies

Langmuir and Freundlich, and Dubinin–Radushkevich's 
isothermal models were utilized to study the mechanism of 
adsorption of E110, E122, and E124 onto the Bt@CTAB 
adsorbent. The three models' equations are presented in 
Eqs. 4, 5, and 6 in the experimental section.

Figure 11 (a-c) represents Langmuir, Freundlich, and 
Dubinin–Radushkevich plots for E110, E122, and E124 
adsorption, while Table 3 shows the parameters  (qm,  KL, 
 RL, n,  KF,  kDR) of the three investigated isothermal mod-
els. From these results, the Langmuir isothermal model is 
well-matched with the three investigated dyes adsorption 
as its constants are more related to the E110, E122, and 
E124 adsorption process with higher R2 values. R2 values 
for the Langmuir model are 0.99979, 0.99999, and 0.99999 
for E110, E122, and E124 removal, respectively, while R2 
values for the Freundlich model are 0.66567, 0.09112, and 
0.00478 for E110, E122, and E124 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 1.00 indicating the suitability of Bt@
CTAB to be utilized as an adsorbent material for the studied 
anionic species (Akl et al. 2022a, 2022b).

Oscillation time and Kinetics investigation

Contact time of E110, E122, and E124 with Bt@CTAB 
adsorbent is a very essential parameter. So, it was investigated 
at different shaking times by using 0.01 g as a dose of Bt@
CTAB adsorbent in pH-adjusted solutions (pH 5) of 100 ppm 
of (E110 and E122) and 150 ppm of (E124), and at room tem-
perature. Figure 12 represents the influence of contact time on 
E110, E122, and E124 anionic species adsorption (Fig. 12a), 
pseudo-1st order of the investigated anionic species adsorp-
tion (Fig. 12b, d, f), and pseudo-2nd order of adsorption 
(Fig. 12c, e, g). In the beginning, the adsorption is very fast as 
the efficiency at 15 min reached 82.07% for E110, 88.32% for 
E122, and 86.66% for E124. Then as time increased from 15 
to 120 min, the removal efficiency increased from (82.07 to 
95.04%) and (from 88.32 to 99.5%) for E110 and E122, respec-
tively, while the E124 removal efficiency increased from 86.66 
to 97.47% with shaking time increasing from 15 to 240 min. 
With increasing shaking time of more than 120 min for E110/
E122 and more than 240 min for E124, the efficiency stays 
constant which means that the removal efficiency reached equi-
librium at 120 min for (E110 and E122) and 240 min for E124.

The two kinetic models, the pseudo-1st-order and the 
pseudo-2nd-order models (that are presented in Eqs. (9) and 
(10), respectively), have been investigated for identifying the 
well-fitted model with E110, E122, and E124 adsorption. 

Table 3  Adsorption isotherm parameters of E110, E122, and E124 by Bt@CTAB

System Langmuir isotherm constants

KL (L/g) qm (mg/g) R2 RL

Bt@CTAB-E110 0.5088 248.75 0.99979 0.019
Bt@CTAB-E122 0.759 255.75 0.99999 0.013
Bt@CTAB-E124 2.2 350.87 0.99999 3.02 ×  10−3

System Freundlich isotherm constants

KF n R2

Bt@CTAB-E110 179.657 1.33 0.66567
Bt@CTAB-E122 220.85 4 0.09112
Bt@CTAB-E124 267.676 −492.6 0.00478

System DR isotherm constants

KDR E (kJ/mole) qm (mg/g) R2

Bt@CTAB-E110 6.7847 ×  10−9 8.584 237.87 0.99999
Bt@CTAB-E122 6.52809 ×  10−9 8.751 258.65 0.972
Bt@CTAB-E124 4.25418 ×  10−9 10.492 319.507 0.89995

Fig. 12  a Effect of time on E110, E122, and E124 adsorption on Bt@
CTAB adsorbent, b pseudo-1st order for E110 adsorption, c pseudo-
2nd order for E110 adsorption, d pseudo-1st order for E122 adsorp-
tion, e pseudo-2nd order for E122 adsorption, f pseudo-1st order for 
E124 adsorption, and g pseudo-2nd order for E124 adsorption

▸
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Table 4 represents the estimated  1st- and  2nd-order param-
eters (K1, K2, qe1

ads, and qe2
ads) and correlation coefficient 

R2 values obtained from each investigated model nonlinear 
form. From these findings, investigated food dyes adsorption 
mechanism nature by the Bt@CTAB adsorbent can be illus-
trated. The calculated adsorption capacities in the case of 
pseudo-2nd order for E110, E122, and E124 were well-fitted 
with the experimental values. Besides, R2 values of pseudo-
1st order are very low 0.73122 for E110, 0.8045 for E122, 
and 0.726 for E124 in comparison with those of pseudo-
2nd order 0.99982 for E110, 0.99998 for E122, and 0.99935 
for E124. Therefore, pseudo-1st order cannot be used for 
explaining the adsorption nature here. So, E110, E122, and 
E124 adsorption onto Bt@CTAB adsorbent is well-fitted 
to pseudo-2nd order and the adsorption rate-limiting step 
is controlled by a chemical process (Ouachtak et al. 2021).

Effect of temperature and thermodynamics

The investigated free energy (ΔG°), enthalpy (ΔH°), and 
entropy (ΔS°) thermodynamic parameters of the E110, 
E122, and E124 anionic dyes adsorption by Bt@CTAB 
adsorbent were obtained by examining anionic dyes adsorp-
tion in a temperature range of 298–318 K. Thermodynamic 
parameters and Kc, equilibrium constant were calculated as 
in Eqs. 11 and 12. Table 5 shows the estimated values of 
thermodynamic parameters, while Fig. S2 shows the plotted 
curves. As can be seen, the estimated negative ΔG° values 
prove that the E110, E122, and E124 adsorption on Bt@
CTAB adsorbent is spontaneous in addition to the thermo-
dynamic feasibility of the E110, E122, and E124 adsorp-
tion under the investigated temperature range. Also, negative 
charges of ΔH° estimate that the adsorption process was 
exothermic for E110, E122, and E124 adsorption. From ΔH° 
values that are higher than 80 kJ/mole, it was proven that 
the adsorption was chemisorption. Besides that, ΔS° charge 
(negative) reveals that E110/E122/E124 adsorption results 
in lower randomness and an increase in alignment. It was 
noticed that the decreasing E110, E122, and E124 adsorp-
tion with the temperature increases (Akl et al. 2022b).

Effect of ionic strength

As industrial wastewater has high concentrations of dif-
ferent solutes, so the ionic strength parameter considers 
an important parameter. It was investigated using dif-
ferent anions such as NaCl (0.1 M),  Na2CO3 (0.1 M), 
 CH3COONa (0.1 M), and EDTA (0.1 M) at the optimum 
conditions of the investigated dyes adsorption. Figure 
S3 represents the influence of different anions on E110, 

E122, and E124 adsorption on Bt@CTAB adsorbent. As 
shown in Fig. S3 for E110, E122, and E124 adsorption on 
the Bt@CTAB surface, the different anions at concentra-
tion 0.1 M do not significantly affect the investigated dyes 
adsorption.

Desorption and Regeneration

In order to Bt@CTAB reusability investigation, 5 cycles of 
E110, E122, and E124 adsorption–desorption were carried 
out at the optimum conditions. Several eluents were investi-
gated and it was found that ethanol is the best among them. 
Figure 13a represents the effect of different eluents on the 
E110, E122, and E124 desorption, while Fig. 13b shows the 
obtained data of the repeated five cycles of E110, E122, and 
E124 adsorption–desorption using ethanol as eluent.

Removal of E110, E122, and E124 in Binary system

The maximum absorbances (λmax) of the investigated dyes, 
E110 (486 nm), E122 (518 nm), and E124 (508 nm), are 
shown in Fig. 14. In addition, various binary systems were 
investigated such as E110-E122 (508  nm), E110-E124 
(500  nm), E122-E124 (518  nm), and E110-E122-E124 
(512 nm) which are present in Fig. 14. It was observed 
that after mixing the dyes together, new overlapped peaks 
were formed as presented in Fig. 14 (a-d). All the adsorp-
tion investigations were examined at each pollutant λmax. 
As the organic pollutants (dyes) are present in real polluted 
water in multiple forms, so it is very essential to apply the 
Bt@CTAB clay material removal potential in the investi-
gated dyes' binary systems. For the adsorption experiment, 
0.01 g of Bt@CTAB was added to binary system solutions 
(50 ppm of each dye in the mixture) at pH 5. Then the mix-
ture was shaken at 120 rpm at different time intervals. The 
equilibrium concentration of the adsorbates was calculated 
from UV–Vis data. The adsorption efficiency of anionic 
adsorbates is calculated using Eq. 2. Figure 15 represents 
the binary systems UV after adsorption by Bt@CTAB mate-
rial. The adsorption reached its equilibrium after 3 h for 
E110-E122, E122-E124, and E110-E122-E124 binary sys-
tems that are present in Fig. 15a, c, d, respectively, while 
E110-E124 (Fig. 15b) reached equilibrium after 2 h.

Optimization through column investigations

The removal of (E110, E122, and E124) anionic food dyes 
by Bt@CTAB was investigated by applying column tests 
at optimum pH and temperature conditions (obtained from 
batch experiments). The utilization of Bt@CTAB adsorbent 
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Table 4  Kinetic parameters for the adsorption of E110, E122, and E124 by Bt@CTAB

System Pseudo-1st-order model

K1  (min−1) qe1ads (mg/g) R2

Bt@CTAB-E110 −14.3 0.178 0.73122
Bt@CTAB-E122 −13.84 0.194 0.8045
Bt@CTAB-E124 −14.7 0.168 0.726

System Pseudo-2nd-order model

k2 (g/(mg min)) qe2ads (mg/g) R2

Bt@CTAB-E110 1.1076 ×  10−3 242.13 0.99982
Bt@CTAB-E122 1.924 ×  10−3 251.89 0.99998
Bt@CTAB-E124 5.55 ×  10−4 369 0.99935

Table 5  Thermodynamic 
parameters for the adsorption 
of E110, E122, and E124 onto 
Bt@CTAB

System T (k) Kc ΔG°ads(KJ/mol) ΔH°ads (KJ/mol) ΔS°ads (J/mol K)

Bt@CTAB-E110 298 47.9 −9.56 −80 −236.6
308 16.44 −7.167
318 6.296 −4.865

Bt@CTAB-E122 298 1247.5 −17.66 −178.26 −540.7
308 79.38 −11.21
318 14.05 −6.979

Bt@CTAB-E124 298 26.7 −8.126 −82.08 −247.98
308 11.02 –6.146
318 3.3 −3.173
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Fig. 13  a Desorption of E110, E122, and E124 from Bt@CTAB adsorbent by different eluents. b Repeated 5 cycles of E110, E122, and E124 
adsorption–desorption with using ethanol as an eluent
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as a filter was examined, and the findings in Table 6 showed 
that E110, E122, and E124 dyes were removed with a per-
cent higher than 98.5% using 0.01 g of the Bt@CTAB adsor-
bent, a column with a diameter 0.7 cm at a slow flow rate for 
the three investigated dyes. The maximum capacity for E124 
was higher than that of E110 and E122.

Applications

Analysis of dyes in real water samples

The optimized experimental conditions were applied to 
real samples to evaluate the efficiency of Bt@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 sea-
water in Damietta City. The obtained results are presented 
in Table 7. 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 98.33–99.87%. 
These findings indicate that Bt@CTAB adsorbent could be 
successfully applied to the determination of anionic dyes in 
real water.
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Fig. 14  UV data of a E110-E122 mix are compared with E110 and E122, b E110-E124 mix is compared with E110 and E124, c E122-E124 mix 
is compared with E122 and E124, and d E110-E122-E124 mix is compared with E110, E122, and E124
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Analysis of dyes in colored soft drinks and industrial food 
samples

The optimized experimental conditions of the E110 and 
E122 adsorption were applied to various samples that con-
tain (E110 and E122) to evaluate the Bt@CTAB efficiency 
for anionic dyes sorption. The calibration curves were pre-
pared with the standard solutions. The food samples were 
degassed carbonized drinks, candy, and jelly. Figure S4 illus-
trates that the E110 and E122 recovery from the examined 
samples was achieved with a percentage of higher than 99%. 
These results indicate that the Bt@CTAB material could be 
successfully applied to the recovery of anionic dyes from 
different samples.

Plausible mechanism of adsorption of E110, E122, 
and E122 onto Bt@CTAB

The plausible mechanism of adsorption of anionic species 
onto Bt@CTAB can be discussed according to the findings 
of optical images of Bt@CTAB and the Bt@CTAB loaded 
dyes and the FTIR studies as it is represented in the follow-
ing section. Adsorbate–adsorbent interaction mechanism 
through the adsorption process generally occurred through 
electrostatic interactions, ion-exchanging, hydrogen bonds, 
etc. (Amosa et al. 2016; Kamat 1993). FTIR spectra after 
E110, E122, and E124 anionic species adsorption on the 
(Bt@CTAB) adsorbent surface are highly efficient in the 
adsorption mechanism illustration. Significant changes 
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Fig. 15  UV data of a E110-E122 mix, b E110-E122 mix, c E122-E124 mix, and d E110-E122-E124 mix after adsorption by Bt@CTAB at dif-
ferent time intervals
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were shown when the FTIR spectra of Bt@CTAB before 
investigated food dyes adsorption (Fig. 16 A.1) compared 
to those after adsorption [Fig. 16 (A.2), (A.3), and (A.4)]. 
The newly appeared peak at 1370  cm−1 in Bt@CTAB-E110, 
Bt@CTAB-E122, and Bt@CTAB-E124 spectra is related 
to the sulfonate stretching vibrational peak of the three dyes 
(Liu et al. 2018). Also, new peaks appeared that correspond 
to aromatic alkene C = C appeared at 1525  cm−1 for the 
Bt-CTAB material after the adsorption of the three dyes 
(Liu et al. 2018; Ziane et al. 2018). The peak at 3452  cm−1 
became broader after E110, E122, and E124 adsorption 
which may be attributed to hydrogen bond formation. These 
new peaks are great evidence for E110, E122, and E124 
adsorption on the Bt@CTAB surface. CTAB characteristic 

bands still present with slight shifts after adsorption which 
confirm that CTAB does not 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 (E110, 
E122, and E124) and Bt@CTAB material are

1. Electrostatic interaction between the  SO3
− negative 

charge of E110, E122, and E124 and the positive charge of 
CTAB (-N+(CH3)3) head.

2. The hydrogen bonding between the OH group of Bt@
CTAB material and the hydrogen group of  (C6H6) ring in the 
three investigated food dyes.

Table 6  Column studies for the 
removal of the E110. E122, and 
E124 anionic dyes

Dose effect

Dye Fiber (gram) Flow rate (ml/
min)

Column 
diameter(cm)

Removal (%) Adsorption 
capacity 
(mg/g)

E110 0.0025 0.42 0.7 21 210
0.005 43.21 216.05
0.01 96 240
0.015 98.3 163.83
0.02 99.1 123.875
0.05 99.9 49.95

E122 0.0025 0.42 0.7 12.35 123.5
0.005 47.11 235.55
0.01 99.4 248.5
0.015 99.9 166.5
0.02 99.85 124.8125
0.05 99.93 49.965

E124 0.0025 0.42 0.7 17.83 267.45
0.005 41.03 307.725
0.01 92 345
0.015 93.14 232.85
0.02 95.8 155.675
0.05 97 72.75

Diameter effect
E110 0.01 0.42 0.7 96 240

0.9 89.3 223.25
E122 0.01 0.42 0.7 99.4 248.5

0.9 91.1 227.75
E124 0.01 0.42 0.7 92 345

0.9 84.45 316.69
Flow rate effect
E110 0.01 0.42 0.7 96 240

0.16
E122 0.01 0.42 0.7 99.4 248.5

0.16 99.97 249.925
E124 0.01 0.42 0.7 92 345

0.16 98.9 370.875
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In Fig. 16B, schematic illustration of E110, E122, and 
E124 anionic species' adsorption on the Bt@CTAB adsor-
bent surface is presented as an example of the investigated 
anionic species adsorption mechanism in this study.

Performance of Bt@CTAB

The Bt@CTAB material provides the capability for E110, 
E122, and E124 anionic species separation and removal 
from several water samples achieved with high efficiency. 
Table 8 represents a comparison between the Bt@CTAB 
performances with other cited adsorbents. It was observed 

that Bt@CTAB material when comparing different adsor-
bents for remediation of E110, E122, and E124, the sorption 
capacity and the type of adsorbent, adsorbent dose, initial 
concentration, and equilibrium time on which the sorption 
is performed should be taken into consideration. Finally, 
the Bt@CTAB has high capacities and efficiencies for the 
E110, E122, and E124 recovery compared to other men-
tioned adsorbents are found in Table 8.

Conclusion

In order to find low-cost adsorbents having pollutant-binding 
capacities is highly significant for efficient water treatment.

The results of the present study reveal that:

a. Bt@CTAB organoclay may be a highly applicable adsor-
bent for the removal of E110, E122, and E124 anionic 
food dyes from aqueous solutions.

b. Modification of Bt by CTAB significantly increased the 
nitrogen-containing groups on the surface of Bt@CTAB 
organoclay with a remarkable change in textural proper-
ties and surface morphology.

c. The adsorption of E110, E122, and E124 anionic food 
dyes was dependent on initial concentration, reaction 
temperature, and pH.

d. The equilibrium of the adsorption process could is well 
described by Langmuir adsorption isotherms, i.e., mon-
olayer adsorption on a homogenous surface. The kinetic 
studies follow a pseudo-2nd-order kinetic model.

e. The negative values of (ΔG°) and (ΔH°) thermodynamic 
parameters clarify the spontaneous and exothermic 
nature of the adsorption technique.

f. In this study, the prepared Bt@CTAB adsorbent has 
high removal efficiency of anionic food dyes at opti-
mum batch sorption conditions with maximum sorption 
capacity of 238 mg/g, 248.75 mg/g, and 358.25 mg/g, 
respectively, mg.g−1 for E110, E122, and E124, respec-
tively, that was achieved within 120–240 min.

g. The as-prepared surfactant-supported organoclay 
composite (BT@CTAB) was applied for the removal of 
E110, E122, and E124 food dyes in batch and column 
modes.

h. The as-prepared surfactant-supported organoclay com-
posite (BT@CTAB) was applied for the removal of 
E110, E122, and E124 food dyes in single and multi-
component dye solution modes

Table 7  Analytical results of adsorption of E110, E122, and E124 
anionic dyes in real water samples utilizing Bt@CTAB adsorbent 
(n = 5)

Sample Dye Spiked 
(µg. 
 mL−1)

Measured 
(µg.  mL−1)

Recovered 
(µg.  mL−1)

Recovery (%)

Tap water E110 0.00 0.00 0.00 0.00
50 0.1 49.9 99.89
100 5.08 94.92 99.87

E122 0.00 0.00 0.00 0.00
50 0.84 49.16 98.34
100 1.3 98.95 99.14

E124 0.00 0.00 0.00 0.00
100 1.2 98.8 99.82
150 13.81 136.19 99.27

Sea water E110 0.00 0.00 0.00 0.00
50 0.32 49.68 99.39
100 6 94 98.8

E122 0.00 0.00 0.00 0.00
50 0.75 49.25 98.53
100 1 99 99.19

E124 0.00 0.00 0.00 0.00
100 1.7 98.3 99.32
150 14.5 135.5 98.76

Sea water E110 0.00 0.00 0.00 0.00
50 0.21 49.79 99.61
100 5.5 94.5 99.34

E122 0.00 0.00 0.00 0.00
50 0.73 49.27 99.47
100 1.3 98.7 98.57

E124 0.00 0.00 0.00 0.00
100 2.1 97.9 98.91
150 15.1 134.9 98.33
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i. The removal of E110, E122, and E124 from natural 
water and industrial food samples was successfully 
applied using Bt@CTAB.

j. Submersion of the Bt@CTAB-loaded dyes samples in 
5 ml of ethanol resulted in the desorption of more than 
90% of the adsorbed dyes.

k. The uptake of E110, E122, and E124 using such Bt@
CTAB is highly comparable to the previous commer-

cial adsorbents used for the removal of E110, E122, and 
E124.

l. The adsorption mechanism was proposed to be due to 
electrostatic interaction (between  N+ of semicarbazide 
moiety and dyes  SO3 group) and the formation of the 
hydrogen bond.

m. In conclusion, the present work well demonstrated the 
potential of this technique for environmental remedia-
tion.

Fig. 16  (A) FTIR spectra of (a) 
BT@CTAB, (b) Bt@CTAB-
E110, (c) Bt@CTAB-E122, 
and (d) Bt@CTAB-E124; (B) 
schematic illustration of anionic 
species' adsorption on the Bt@
CTAB adsorbent surface
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