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a b s t r a c t
Currently environment is endangered by non-biodegradable organic dyes, which has been acknowl-
edged as a serious issue that society must address. In this work, the Eriochrome Black T (EBT) 
adsorption behavior onto multi-walled carbon nanotube modified montmorillonite (CNT/MMT) 
composite was examined. Fourier-transform infrared spectroscopy, scanning electron microsco-
py-energy-dispersive X-ray spectroscopy, thermogravimetric analysis/differential thermal analy-
sis and Brunauer–Emmett–Teller analysis were done before and after adsorption to get insight into 
adsorption mechanistic by CNT/MMT. Point of zero charge was ascertained to characterize adsor-
bent surface charge. Batch adsorption studies were performed to apprehend the influence of import-
ant adsorption factors namely contact duration, EBT initial concentration, CNT/MMT dosage and 
adsorption temperature. The EBT adsorption mode and suitability onto CNT/MMT were explored 
via well-known isotherm models (Langmuir and Freundlich, Dubinin–Radushkevich and Temkin) 
and kinetic models such as pseudo-first and pseudo-second-order. At 30°C with initial EBT concen-
tration of 25 ppm, adsorbent dosage of 0.5 g, and shaking times of 30 min the maximum removal of 
EBT by CNT/MMT was found to be 82% (2.1 mg/g), confirming maximum adsorption at low EBT onto 
heterogeneous surface with best fit with Freundlich isotherm and pseudo-second-order model pro-
moting combination of physical interaction (as confirmed from Dubinin–Radushkevich and Temkin 
model) dominated by solute-solid interactive forces (hydrogen boding, ion exchange and p–p stack-
ing of aromatic ring with carbon nanotubes) responsible for EBT removal. The extracted thermody-
namic parameters provide clear evidence that the adsorption of EBT onto nano-adsorbent is both 
exothermic and spontaneous. This categorization makes our prepared material an excellent choice for 
the removal of mutagenic dyes, especially at around room temperature under neutral pH conditions.

Keywords:  Eriochrome Black T; Multi-walled carbon nanotube; Montmorillonite; Point of zero charge; 
Isotherm; Thermodynamic



S. Sultana et al. / Desalination and Water Treatment 314 (2023) 251–262252

1. Introduction

Nowadays, one of the most important environmental 
issue is related to water scarcity, water contamination and 
water quality. The problem of the treatment of contaminated 
wastewaters is of the upmost worldwide interest [1]. In many 
cases, water contamination is caused by discharging inor-
ganic and/or organic compounds; particularly organic dyes 
in waters by effluents which must be avoided since they are 
toxic against life and normally accompanied by water color-
ation, resulting in low water quality besides secondary issue 
in the wastewater treatment [2,3]. It requires a concerted 
effort from government agencies, industries, and communi-
ties to implement effective solutions and ensure sustainable 
water management practices. To address this challenge, there 
is an urgent need to develop innovative waste treatment 
technologies and efficient methods that can mitigate these 
concerns and meet the demands of a sustainable environ-
ment. Researchers worldwide have shown significant inter-
est in developing proficient technologies for the treatment 
and removal of highly toxic contaminants [4–7]. Universally 
colored stuff with complex aromatic alignments and syn-
thetic source are branded as dyes. Dyes can be grouped into 
different categories like acidic and basic dyes. Acid dye are 
generally used for silk, wool, modified acrylics and nylon 
dyeing. These are also used in cosmetics, paper, food, ink-jet 
printing and leather dyeing. The major classes of acid dyes 
are azine, xanthene, anthraquinonoid, triphenylmethane, 
nitroso, nitro and azo dyes. Basic dyes are water soluble and 
comprise cyanine, thiazine, and acridine. Diazahemicyanine 
and triarylmethane and are famous for modified polyesters, 
nylons, poly acrylonitrile as well as paper industry and med-
icines. Many health impairments like teratogenesis, muta-
genesis, and allergies as well as cancer are caused by contact 
with these dyes [8–11]. Thus, making it imperative to treat 
colored wastewaters from offender industries before dis-
charging into the environment [12].

Several methods of dye removal from wastewater 
including biological, chemical, and physical methods have 
been used for the extraction of dyes from aqueous solutions 
[10]. Biological methods, though effective but time consum-
ing, chemical methods on the other hand necessities the use 
of costly chemicals rendering them economically unrealiz-
able for industrial-scale applications [13]. Various physical 
methods including adsorption, electrochemistry, mem-
brane treatment and bioremediation, membrane filtration 
and reverse osmosis, are also commonly used [8], however 
adsorption is widely regarded as a competitive treatment 
technology for colored pollution in aqueous environments 
due to its wide applicability and ease of operation [6]. Nano-
adsorbents are type of materials that, due to their properties 
and adsorption capacities, have applications in the removal 
of organic dyes from waters. Inclusive of these nanomateri-
als are carbon nanotubes (CNTs), grapheme sheets (GS), and 
metal oxides (MO). CNTs are made up of sp2 hybridized car-
bons arranged as hollow cylindrical tubes with (1–100) nm 
diameter. These are commonly available in two forms, sin-
gle-walled carbon nanotubes (SWCNTs) presented a diam-
eter in the range of (0.4–10) nm and multi-walled carbon 
nanotubes (MWCNTs) spacing between sheets ranging from 
0.34 nm to 0.38 [14–17]. The graphene sheets are rolled to 

form SWCNT, while multiple layers of concentric SWCNTs 
of different diameters held together by van der Waals forces 
form MWCNT [4]. Both SWCNT and MWCNT are emerging 
as potential sorbents due to their hollow cylindrical struc-
ture, high surface area, thermochemical robustness, high 
aspect ratio, mechanical strength and easy surface modi-
fication [6,7]. Particular attention has been devoted to the 
utilization of MWCNT as an adsorbent for the removal of 
dyes and heavy metals because of its cost-effectiveness [18]. 
Despite aforementioned advantages, the usage of CNTs 
remained limited due of their low solubility and adsorption 
capacities, aggregation of particles, difficult processing etc. 
[13]. Thus, to overcome these drawbacks and to enhance 
the adsorption efficacy, the pristine CNTs have been modi-
fied by either functionalization or fabrication of composites 
with various adsorbents such as metal oxide nanoparticles, 
chitosan, graphene, chitosan/bentonite composite and bio-
mass. The need for treatment methods that are effective and 
economic is driving research interest towards adsorbents 
that are cheap, preferable naturally occurring like clays. 
It is witnessed from a wide range of consulted literature 
review that some clays have appreciable adsorption capaci-
ties besides being widely available. It is well established that 
structural and adsorption characteristics, that is, adsorption 
capacity, specific surface area, pore volume, grain size and 
pore size distribution of adsorbents play a crucial role in 
using them in various applications [8]. Montmorillonite 
clay (MC) is a natural substance that is frequently used as 
an adsorbent to eliminate diverse organics and inorganics 
toxins. MC has a number of chattels particularly non-tox-
icity, high surface area, low price, high sorption capabil-
ity, eco-benign rendering it proficient adsorbent for dyes 
adsorption from aqueous media. Based upon extensive lit-
erature survey, to the best of our understanding no exertion 
is undertaken so far on the removal of Eriochrome Black T 
(EBT) onto functionalized MC based CNT nanocomposite 
from aqueous phase. EBT is a notorious azo dye extensively 
used in dye producing industries and its degradation leads 
to cancer-causing phenolic constituents which are hard to 
be exterminated by biological tools due to benzene building 
blocks [19]. Based upon extensive literature survey, to the 
best of our understanding no exertion is undertaken so far 
on the removal of EBT onto functionalized MC based CNT 
nanocomposite from aqueous phase. EBT is a notorious azo 
dye extensively used in dye producing industries and its 
degradation leads to cancer-causing phenolic constituents 
which are hard to be exterminated by biological tools due to 
benzene building blocks. Dye stuff removal from wastewa-
ter has been a matter of concern, both from aesthetic sense 
and health point of view. Color removal from textile efflu-
ents on industrial scale has been given much attention in the 
last few years, not only due to its possible toxicity, but also 
because of its visible problems. Adsorption can be employed 
as low-cost alternatives for recalcitrant dye removal from 
industrial wastewater, therefore the need for adsorbents 
that are cheap, preferable naturally occurring like clays is 
highly driving research interest. The use of clay-based mate-
rials over commercially available adsorbents is economical 
due to their low-cost, abundant availability, non-toxic-
ity and potential for ion exchange. The main focus of this 
research work is to functionalize and evaluate multi-walled 
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carbon nanotube modified montmorillonite (CNT/MMT) 
as an environmental benign remedy for wastewater treat-
ment and optimize its operational parameters for the  
removal of EBT.

2. Experimental

2.1. Materials

All the chemicals used in this project were of analytical 
grade and were used without further purification. EBT of 
high purity was purchased from Sigma-Aldrich (Germany). 
Montmorillonite clay was procured from Aldrich chemi-
cals while MWCNT was obtained from Alfa Aesar, United 
Kingdom. All solutions were prepared with Millipore 
(MILLIPORE Elix by Merck) deionized water.

2.2. Montmorillonite/carbon nanotube based adsorbent 
preparation

In a typical experiment 10 g of montmorillonite dispersed 
with distilled water was mixed with 5.5 g of MWCNT with 
the help of magnetic stirrer at room temperature till suit-
able viscosity and homogeneity. Afterwards the mixture 
was filtered and dried in an oven at 120°C for 12 h. The pre-
pared CNT/MMT mass was then allowed to cool at room 
temperature and calcined at 650°C for one h to obtain the 
desired adsorbent.

2.3. Characterization of CNT/MMT derived adsorbent

In order to fully understand the mechanism of adsorp-
tion the prepared adsorbent was characterized before and 
after adsorption by the Fourier-transform infrared spec-
troscopy (FTIR) and scanning electron microscopy (SEM) 
and energy-dispersive X-ray spectroscopy designed by 
PerkinElmer, Hillsboro, Oregon, USA, respectively. The 
BET (Brunauer–Emmett–Teller) surface area was moni-
tored by N2 adsorption–desorption via Micromeritics ASAP 
2020 instrument (USA) at 77 K. Adsorption efficiency was 
computed by engaging UV-Visible spectrophotometer 
(Shimadzu-1900) manufactured by Japan.

2.4. Batch adsorption studies

Using 50 mL of EBT solution in a 100 mL conical flask 
on a shaker at a speed of 100 rpm, batch adsorption exper-
iment was conducted to remove the dye. The initial dye 
concentration was set at 5–30 ppm, the adsorbent dosage 
was varied from 0.1 to 1 g, and the adsorption time ranged 
from 15 to 60 min. The adsorption operations were carried 
out between 10°C to 50°C. CNT/MMT composite and dye 
effluent were separated from one another by filtration fol-
lowing each adsorption experiment. % adsorptive removal 
E (%) and maximum uptake capacity, that is, qe (mg/g) of 
EBT was estimated by using Eqs. (1) and (2) by engaging 
external calibration curve of EBT with different working  
solutions of EBT.
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where Ci is the initial concentration (ppm) of EBT, Cf is the 
final concentration, V is the solution volume (L) while V is 
the weight of adsorbent in gram.

3. Results and discussion

3.1. BET surface area analysis of CNT/MMT composite before and 
after adsorption

The surface area is a critical physical parameter that 
plays a decisive role in adsorption. It also provides essen-
tial insights into the interactions of molecules and ions that 
will be adsorbed onto the surface. BET surface area exam-
ination of the prepared nanocomposite recorded Type II 
adsorption isotherm with SBET as 250 m2/g which increases 
to 265 m2/g after adsorption of dye. Such increase in specific 
surface area is in agreement with already documented lit-
erature on heavy metals adsorption by modified clay [20].

3.2. SEM analysis of CNT/MMT composite before and after 
adsorption

Fig. 1 shows the SEM image of prepared CNT/MMT 
adsorbent. From Fig. 1 it is clarified that composite adsor-
bent possess aggregated morphology with smaller particles 
having coarse flat type spongy surface reflecting perfect 
enhanced adsorption capacity of the engaged adsorbent. 
Figs. 2 and 3 expose the elemental composition and particle 
size distribution correspondingly. The particle size is roughly 
around 9 µm. Our findings on morphology is witnessed by 
other researchers [21]. The energy-dispersive X-ray spec-
troscopy (EDX) scan of CNT/MMT demonstrated the corre-
sponding elements such as C, O, Mg, Al, Fe, K and Si. Fig. 4 
suggests that after EBT adsorption particles stick together to 
give larger plates with decreased surface activity.

Fig. 5 represents the EDX spectrum of CNT/MMT nano-
composite after adsorption. The EDX image shows ele-
mental composition of adsorbent after adsorption which 

 
Fig. 1. Scanning electron microscopy image of CNT/MMT 
composite before adsorption.
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endorses an increase in carbon content from 24.99% by mass 
to 26.91% signifying adsorption of organic dye onto adsor-
bent surface. This also clarifies that adsorption is based 
on weak physical interaction.

3.3. FTIR analysis of CNT/MMT composite before and after 
adsorption

Studies on functional groups were ascertained via FTIR 
analysis which is presented as Fig. 6. Table 1 depicts peak 
positioning with assigned functional groups. From Fig. 6 
it is witnessed that numerous functional groups namely 

unsaturated hydrocarbons, hydroxyl groups, alkyene, alkenes 
and silicon were exposed. Peak positining at 3,456 cm–1 can 
be attributed to –OH stretching vibrations prospecting that 
EBT interaction with –OH is responsible for the adsorptive 
removal of EBT. The band around 1,458 cm–1 indicates the 
presence of vibrations that stretch the C and H atoms while 
bands positioned at 1,049; 601 and 570 cm–1 refer to the pres-
ence of silicon compound. Comparing Fig. 6BA with 6AA 
reveals that peaks due to –OH, C–H and Si–O are affected 
upon adsoprtive removal of EBT while C=C functionalities 
are intensified thus highliting that adsoprtion mechanism 
pivots around –OH and Si–O interaction with EBT.

Fig. 3. Histogram of CNT/MMT composite particles distribution.

 
Fig. 2. Energy-dispersive X-ray spectroscopy image of CNT/MMT composite.
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3.4. Thermogravimetric analysis/differential thermal analysis 
studies of CNT/MMT composite before adsorption

Fig. 7 illustrates the thermal stability curve of CNT/MMT 
composite. It is clear from Fig. 7 that initially 18% weight 
loss around 72°C is due to the removal of physiosorbed 
water beyond which our prepared nano-adsorbent is highly 
stable in the given temperature range. The corresponding 
derivative weight confirms this fact by single endothermic 
peak, reflecting elimination of physically adsorbed water/
moisture content.

3.5. Optimization of pH and point of zero charge studies

Point of zero charge (PZC) is the value of pH at which 
the components of surface charge are equal to zero for spec-
ified conditions. It does not mean that there is no charge at 
the surface for pH of PZC, but there are equal amounts of 
both negative and positive charges. For PZC studies, 50 mL 
of different pH solutions were prepared using 0.1 M (HCl 
and NaOH) and 0.2 g of adsorbent was added to each flask 
and shaken for 30 min and equilibrated for 24 h. Final pH 
was determined and ∆pH was calculated by the differ-
ence of final and initial pH. Fig. 8 shows typical PZC curve 
which exhibits 4.2 as the required PZC while Fig. 9 displays 
variation of qe (mg/g) against varying pH. An examination 
of the curve reveals that pH 4.5 and 7 give almost parallel 
adsorption efficacy so further experiments were conducted 
at pH 7 which is mimicking somehow natural conditions.

3.5. Studies on initial EBT concentration optimization

In order to study the relationship between the initial dye 
concentration and adsorption capacities, different working 
solutions 5, 10, 15, 25 and 30 ppm was prepared and their 
absorbance was determined by UV-Vis spectrophotom-
eter (Shimadzu-1900, Japan) to plot calibration curve as 
shown as Fig. 10.

In order to study the influence of EBT initial concen-
tration on adsorption, batch adsorption studies were con-
ducted with 50 mL of different initial concentration 5, 10, 
15, 25 and 30 ppm of EBT having 0.5 g of CNT/MMT for 
30 min shaking duration. Remaining concentration after 
adsorption was estimated using slope of calibration curve. 

 
Fig. 4. Scanning electron microscopy image of CNT/MMT 
composite after adsorption.

 
Fig. 5. Energy-dispersive X-ray spectroscopy image of CNT/MMT composite after Eriochrome Black T adsorption.
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Pictorial description of initial dye concentration on percent 
removal and adsorption capacity is represented as Figs. 11 
and 12 exclusively. It is clear from Figs. 11 and 12 that ini-
tially adsorptive removal capacity increases with increasing 
EBT initial concentration due to pressure inclined gener-
ated motivating force till it boosted at 25 ppm with 1.6 mg/g 

uptake ability confirming saturation level at 25 ppm of 
EBT. So, this concertation was selected as model for further 
investigation. This trend of initially increase in dye elimina-
tion is in close agreement with previous findings [22,23].

 
Fig. 7. Thermogravimetric analysis/differential thermal analysis 
scan of CNT/MMT composite.

 

Fig. 6. Fourier-transform infrared spectrum of CNT/MMT composite before adsorption (BA) (a) and after adsorption (AA) (b).

Table 1
Peaks positions with assigned functional groups in Fourier-trans-
form infrared spectroscopy scan of CNT/MMT composite

Peak position (cm–1) Functional group assigned

3,456.43827 O–H stretching vibration
2,075.40602 C≡C alkynes
1,998.25338 C≡C alkynes
1,643.35123 C=C alkenes
1,458.1849 C–H bending
1,049.2759 Si–O silicon compound
871.82483 =CH–H
601.79059 Si–O silicon compound
570.92954 Si–O (low frequency silicon compound)  Fig. 8. Plot showing point of zero charge of CNT/MMT 

composite.

 
Fig. 9. Uptake removal capacity of Eriochrome Black T against 
varying pH.
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3.6. Optimization of CNT/MMT dosage

An essential factor in estimating the adsorbent capacity 
for a specific amount of adsorbent under operating condi-
tions is the amount of adsorbent. The notion for the adsorp-
tion process, which is economically viable, is shown by the 
effect of the amount of adsorbent material. Absorbance after 
adsorption when different doses 0.1–1.0 g of CNT/MMT 
were added to 50 mL of 25 ppm EBT solutions and shaken 
for 30 min were determined and then. qe value for each 
solution was calculated from absorbance using slope of the 
calibration curve. Fig. 13 clarifies that qe value progresses 
linearly till it levelled off at 0.5 g giving 1.891304 mg/g (82%) 
adsorptive removal tendency. This could be attributed to the 
saturation of surface area, volume and active sites availabil-
ity. Hence 0.5 g CNT/MMT was marked as perfect choice 
for consequent studies. The same behavior is reported 
by earlier researchers in the same area [24].

3.7. Optimization of temperature

In order to investigate the effect of temperature onto the 
adsorptive removal of EBT dye at neutral pH, 30 min shak-
ing time with 0.5 g of CNT/MMT and 25 ppm of EBT, batch 

adsorption experiments were conducted at a range of tem-
peratures 30°C–50°C. Fig. 14 exhibits recorded observations. 
Fig. 14 exposes that adsorptive removal capacity is perceived 
towards negative direction with increasing temperature hence 
confirming 2.05 mg/g uptake capacity with 82% EBT elimina-
tion at model temperature, that is, 30°C. Our recorded uptake 
capacity is higher than earlier studies with same dye on acti-
vated carbon derived from cannabis under similar pH condi-
tion [25]. This observation demonstrates exothermicity of the 
targeted process hence suggesting CNT/MMT as an efficient 
cost-effective choice around room temperature operations. 
This decreasing trend in adsorption capacity with increas-
ing temperature is also observed by other researchers [26].

3.8. Optimization of shaking time

The adsorption process is substantially influenced by 
the contact time. Contact time can also effect the adsorption 
kinetics beside economic efficiency. Contact time is therefore 
another performance-determining factor in the adsorption 
process. Fig. 15 displays % removal and qe (mg/g) derived 
from the slope of the curve drawn from absorbance after 
adsorption at various shaking times (15–60 min) with 0.5 g 

 
Fig. 10. Calibration curve of Eriochrome Black T.

 
Fig. 11. % removal of Eriochrome Black T against various initial 
concentration.

 
Fig. 12. Removal uptake capacity of Eriochrome Black T against 
varying initial concentration.

 
Fig. 13. Removal uptake capacity of Eriochrome Black T against 
varying CNT/MMT dosage.
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of CNT/MMT in 50 mL of 25 ppm EBT solutions at neutral 
pH and adjusted temperature of 30°C. Fig. 15 unveils that 
the amount of dye that the CNT/MMT composite was able to 
extract from an aqueous solution upsurges as the adsorption 
period prolonged to 30 min. Beyond this time, less EBT dye 
was removed, verifying that 30 min is the appropriate length 
of time for the adsorption equilibrium. The presence of active 
sites on the surface of the CNT/MMT composite is contrib-
uted to the initial and rapid rise in dye removal within the 
first 30 min. After 30 min of adsorption, vacant active sites 
were filled up by adsorbate molecules. Tables 2a and b show 
the worth of our utilized nano-adsorbent in comparison 
with formerly engaged adsorbent.

3.9. Kinetics studies of EBT removal onto CNT/MMT composite

In order to fully understand the mass transfer and rate 
controlling phases in real time application of CNT/MMT 

as an adsorbent, it is imperative to undertake adsorption 
kinetic studies. Adsorption data under investigated ideal 
parameters were fitted to two well established kinetic mod-
els namely pseudo-first-order and pseudo-second-order 
kinetic model as per given Eqs. (3) and (4), individually.

ln lnq q q k te t e�� � � � 1  (3)

t
q k q

t
qt e e

� �
1

2
2  (4)

where qe and qt refers to the adsorption capacity (mg/g) at 
equilibrium and at any time t separately, while k1 and k2 
denotes rate constant for first and second-order kinetic reac-
tion as per written order. Figs. 16 and 17 present visual rep-
resentations of the kinetic analysis of adsorption using the 

 
Fig. 14. Removal uptake capacity of Eriochrome Black T against 
varying temperatures, inset showing % removal vs. tem-
perature.

 
Fig. 15. Removal uptake capacity of Eriochrome Black T against 
varying time, inset showing % removal vs. time.

Table 2a
Comparative % removal of Eriochrome Black T dye at equilibrium contact time onto different adsorbents

Adsorbent Equilibrium time (min) Removal (%) References

Acid modified graphene 180 80 [27]
Waste hemp activated carbon 180 62 [25]
Expanded perlite 80 91.5 [28]
Doum fruit as a natural adsorbent 30 83.3 [29]
CNT/MMT 30 82 Present study

Table 2b
Comparative (uptake capacity) qe (mg/g) of Eriochrome Black T dye at equilibrium contact time onto different adsorbents

Adsorbent qe (mg/g) References

Rice hull-based activated carbon 2.0 [30]
Bentonite carbon composite 0.091 [31]
Alginate/basil seed mucilage biocomposite 2.80 for 10 mg/L and 1.09 for 15 mg/L initial dye concentration [32]
Yam peel activated carbon 3.8 [33]
CNT/MMT 2.1 Present study
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provided equations. These figures validate that the pseu-
do-second-order model exhibits a higher R2 value of 0.9998, 
along with the same uptake capacity as the theoretical 
value, specifically 1.64 mg/g for qe(cal) and qe(theo). In con-
trast, the pseudo-first-order model shows R2 value of 0.962 
with negative slope and intercept. These findings indicate 
that the pseudo-second-order model provides a superior 
description of EBT adsorption onto the CNT/MMT compos-
ite. The prevalence of weak interactive forces owing to sol-
ute-solid interactive forces (hydrogen boding, ion exchange 
and p–p stacking of aromatic ring with CNT) responsible 
for EBT removal is suggested by the pseudo-second-order 
model, with a rate constant k2 of 0.33 g/mg·min, which was 
extracted from the intercept. Our findings on pseudo-sec-
ond-order kinetics are endorsed by previous researchers 
with EBT on activated carbon from waste hemp [25] (Table 3).

3.10. Adsorption isotherms studies

To determine the suitability of CNT/MMT for the sorp-
tion capacity of EBT, the experimental data was modelled 

by fitting it to the Freundlich and Langmuir isothermal 
models, as represented by Eqs. (5) and (6), respectively.

ln ln lnq k
n

Ce f e� �
1  (5)

C
q q K

C
q

e

e m

e

m

� �
1  (6)

where 1/n and kf (mg/g/ppm)1/n expresses sorption ability 
and the energy for Freundlich model and qm is the adsorp-
tion capacity for monolayer coverage and K (L/mg) is the 
Langmuir constant linked with adsorption equilibrium. 
Adsorption isothermal parameters were obtained at initial 
dye concentrations in the range of 5–30 ppm. The findings 
of the adsorption experiments demonstrated that the CNT/
MMT composite is bestowed with greater EBT removal effi-
cacy of 82%. The collected adsorption data was found to 
be best suited by the Freundlich isotherm (Fig. 18) as sup-
ported by higher R2 value for the Freundlich isotherm as 
0.9909 unlike 0.7288 for Langmuir model (19) with a nega-
tive slope. The behavior of the best fit using the Freundlich 
model indicates that CNT/MMT exhibits a heterogeneous 
surface state, implying the likelihood of EBT physisorp-
tion onto the CNT/MMT material. The value of n (0.6) as 
obtained by the reciprocal of slope of Freundlich isotherm, 
is less than one showing high adsorption at low EBT con-
centration probably due to solute/solute interaction on the 
surface due to cooperative adsorption of EBT [34,35].

3.11. Dubinin–Radushkevich model

To demarcate adsorption process as chemisorption or 
physical adsorption, Dubinin–Radushkevich isotherm model 
was employed as this model does not assume a homoge-
nous surface or constant sorption potential as other models. 
The linear form of Dubinin–Radushkevich isotherm can be 
written by Eqs. (7)–(9):

ln lnq qe m� ���2  (7)

� � �
�

�
��

�

�
��RT

Ce
ln 1 1  (8)
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1
2�
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where qe is the equilibrium adsorption capacity (mg/g) 
while qm is the theoretical saturation capacity (mol/g), 
β is adsorption energy related constant (kJ/mol) while e2 is 
the Polanyi potential. Fig. 20 exhibits a plot of lnqe against 

 
Fig. 16. Pseudo-second-order kinetic model of Eriochrome 
Black T adsorption.

 
Fig. 17. Pseudo-first-order kinetic model of Eriochrome Black T 
adsorption.

Table 3
Kinetic parameters for adsorption of Eriochrome Black T onto 
CNT/MMT

qe(cal) (mg/g) 1.64
k2 (g/mg·min) 0.33
R2 0.9998
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e2 resulting in a straight line with slope equal to B (0.0036) 
and intercept giving value of 1.892. From the value of inter-
cept, qm is estimated having value of 6.63 mol/g. As per 
Eq. (9), the average free energy of adsorption was estimated 
as 11.57 kJ/mol which is suggestive of predominance of 
physical adsorption as already supported by best fit with 
Freundlich adsorption isotherm. Our findings are fully but-
tressed by previous work of similar nature [36,37].

3.12. Temkin adsorption isotherm

The Temkin isotherm model is based upon assumption 
that heat of adsorption decreases linearly rather than loga-
rithmically with the increase in coverage of the adsorbent 
surface, and that adsorption is characterized by a uniform 
distribution of binding energies, up to a maximum bind-
ing energy. The Temkin isotherm can be well described by 
Eq. (10):

q RT
b

K RT
b

Ce T e� �ln ln  (10)

where plot of qe vs. lnCe gives straight line with a slope equal 
to RT/b from which Temkin constant (b) can be computed 
as 2,189.441 J/mol, similarly the equilibrium binding con-
stant KT was estimated as 0.1357 L/g from intercept of the 
plot as shown in Fig. 21. The achieved 0.1357 as equilibrium 
binding constant exposes adsorption as physical interac-
tion in nature.

3.13. Thermodynamic studies

The thermodynamic investigation of dye adsorption 
with CNT/MMT involved the evaluation of key thermo-
dynamic parameters, namely adsorption equilibrium con-
stant, change in Gibbs free energy (ΔG°), change in enthalpy 
(ΔH°), and change in entropy (ΔS°). These parameters were 
calculated using Eqs. (11)–(13):

K
q
Cd
e

e

=  (11a)

 
Fig. 19. Langmuir adsorption isotherm.

 
Fig. 20. Dubinin–Radushkevich adsorption isotherm.

 
Fig. 21. Temkin adsorption isotherm.

Fig. 18. Freundlich adsorption isotherm.
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K S
R

H
RTd �

�
�

�� �  (11b)

�G RT Kd� � � ln  (12)

� � �G H T S� � � � �  (13)

where Kd is the equilibrium adsorption constant, qe is the 
amount of dye adsorbed on the surface of adsorbent and 
Ce is the equilibrium concentration of dye after adsorption. 
By analyzing the plot of 1/T vs. lnKd as shown in Fig. 22, the 
values of the change in enthalpy (ΔH) and change in entropy 
(ΔS) were individually extracted from the slope and inter-
cept, respectively. The thermodynamic parameters obtained 
and presented in Table 4 provide clear evidence that the 
adsorption of EBT onto CNT/MMT is both exothermic and 
spontaneous as the values of ΔG and ΔH are below –20 kJ/
mol [38]. The negative ΔH is depictive of interaction between 
the adsorbent surface and EBT as already endorsed by the 
best fit with pseudo-second-order kinetic model. Positive 
ΔS value illustrates that increasing temperature boosts 
the adsorption effectiveness at adsorbent/adsorbate inter-
face probably due to fortuitous occurrences at interface. 
This categorization makes our prepared material an excel-
lent choice for the removal of mutagenic dyes, especially 
at around room temperature and neutral pH conditions.

4. Conclusion

In this study, we addressed the urgent environmental 
concern of non-biodegradable organic dyes by examining 
the adsorption behavior of EBT with CNT/MMT compos-
ite. Batch adsorption studies revealed a maximum EBT 
removal of 82% at 30°C, with favorable adsorption onto the 

composite’s heterogeneous surface, driven by combination 
of weak interactive forces. The material proved to be an 
excellent choice for removing mutagenic dyes under neutral 
pH and room temperature conditions, making it a promis-
ing eco-friendly solution for dye-contaminated wastewater 
remediation.
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