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ABSTRACT

Methylene blue is a synthetic and cationic dye that finds utility in different fields including pharmaceutical, paper,
textile, printing, carpet, and photography industries. Adsorption is a very effective technique to decolorize con-
taminated wastewater. This study aimed to determine the efficacy of Multiwalled Carbon Nanotubes (MWCNTs)
as an adsorbent for decolorization of MB dye from aqueous solutions. The study examined various characteristics
affecting adsorption, including concentration of dye, pH value, dosage of MWCNTSs, and contact time. The results
that growing the adsorbent dosage from (25 to 120) mg increased the dye efficiency rate from 62% to 98%, respec-
tively, were shown. The study also evaluated pH, which is among the most critical factors influencing removal effi-
ciency. The best pH for the removal efficiency was 6 at an initial concentration of MB dye 20 mgL', a contact time
60 min, and an MWCNT dosage 100 mg. Langmuir, Freundlich, and Temkin isotherms were used to describe the
adsorption equilibrium. The Langmuir isotherm with an R? value of 0.9968 and a maximum capacity for adsorp-
tion of 19.6 mgg™!' provided a suitable fit for the data of the experiment. In comparison between the suitability of
kinetic models pseudo-first-order, pseudo-second order, and Weber—Morris, the kinetics model’s correlation value
was shown to be greater than that of the pseudo-second order kinetic model with an R? value of 0.9982.

Keywords: multiwalled carbon nanotubes, methylene blue, adsorption, adsorption equilibrium, the kinetics model.

INTRODUCTION

The presence of dangerous dyes in the stream
of water is currently one of the most important
main environmental issues (Robati et al. 2016).
The number of commercially available dyes ex-
ceeds 100,000 dyes, and over 700,000 tons of
dyestuff are produced every year. Dyes will be
categorized based on their structure as cationic
and anionic (Mahvi et al. 2012, Almhana et al.
2022). Dyes are classified as organic compounds
that are aromatic and ionic (Sanghavi et al. 2015).

Industries rely heavily on dyes to produce
foodstuffs, leather, paper, cosmetics, textiles, and
many other products. However, many of these
dyes are not easily biodegradable and can have
carcinogenic or toxic effects on humans and
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animals. Methylene Blue Dye (MB) is a toxic
colorant that can cause mutation, cancer, and
skin problems upon contact (Ghosh et al. 2022a).
Hence, colorization from industrial wastewater
is an essential area of applied and basic research
(Altintig et al. 2017).

Numerous technologies have been developed
to address the wastewater contaminated with or-
ganic contaminants, including electrochemical
methods, precipitation, and coagulation-floccula-
tion (Ibrahim, 2021) membrane filtering (Ahmed
et al. 2021), advanced oxidation (Ghosh et al.
2022b; Mohammed et al. 2021), ion exchange,
photocatalytic degradation (Almhana et al. 2022),
and adsorptive removal (Robatietal. 2016; Badran
and Khalaf, 2020). Because of its high efficiency,
cleanliness, resistance to harmful toxins, and ease
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of operation, adsorption has become one of the
most favored methods for treating wastewater
(Badran and Khalaf, 2020). Activated carbon (Li
et al. 2013), graphene nanosheets (Machado et al.
2011), multiwalled carbon nanotubes (Fan et al,
2013), rice sawdust, crushed brick (Robati et al.
2016), rice husk (Georgiou et al. 2007; Saleh and
Gupta, 2012), magnetic chitosan/ graphene oxide
composite (Onal, 2006) waste tires rubber ash
(Ahmed, 2017), and several other low-cost adsor-
bents (Mohammed et al. 2014; Robati et al. 2016;
Mohsen et al. 2023) have been used in the previ-
ous studies to effectively and quickly eliminate as
well as adsorb harmful dyes (Robati et al. 2016).

In Figure 1, Multiwalled carbon nanotubes
(MWCNTs) have a very high surface area, which
means they can absorb many molecules.

This is because they consist of a long, thin
tube with a hollow core. The surface area of MW-
CNTs must be up to 1000 times larger than that
of activated carbon. These MWCNTs have sev-
eral distinguishing characteristics, including high
porosity, chemical inertness, chemical stability,
a carbon-constructed surface, and nanometer-
sized channels (Sanghavi et al. 2015). They are
thermally and electrically conductive. MWCNTs
are stronger than most known materials in both
theoretical computations and tests. Furthermore,
the mass of MWCNTs is much lower than that
of the most used robust materials, such as steel
and aluminum. These properties make MWCNTs
a favorable material for different uses, including
sorbents, electronics, composite materials, energy
storage, and biomedical applications.

MWCNTs have been shown to have a high
capacity for removing a wide range of contami-
nants, including resorcinol, aniline, ethyl ben-
zene, and phenol (Robati et al. 2016; Sanghavi et
al. 2015). Iraq discharges a considerable amount
of dye-contaminated wastewater from the textile
industry into the Tigris River, making it necessary
to find a quick and effective technology that can
directly extract these dyes from wastewater be-
fore discharging it into the river (Sanghavi et al.
2015; Muhaisen et al. 2021). This study utilized
MWCNTs as an adsorption material to eliminate
MB dye from aqueous solutions under deference
conditions, including pH solution, initial MB dye
concentration, MWCNTs dosage, and contact
time as well as to investigate the isotherm and ki-
netics of MB adsorption from aqueous solutions
using MWCNTs.

EXPERIMENTAL WORK

Adsorbent material

MWCNTs were used as a commercial adsor-
bent and sold from Nanotech Port Co. in Shen-
zhen, China. MWCNTs have been extensively
examined for their potential as adsorbent material
because of their high surface area, unique struc-
ture, as well as mechanical and chemical stability.

Dye

The dye for this research was purchased from
commercial markets, Irag. MB is a basic dye and
has a deep blue color in its oxidized form and fra-
grant heterocyclic essential color with a molecular
weight of dye 319.85 g mol” (Sahu et al. 2020).
The chemical formula of the Methylene Blue dye is
C,H N.CIS. Itis very soluble in water and ethanol.
Methylene blue is relatively stable under normal
conditions, but it can be degraded by light and heat.
It is low in toxicity, but it can be harmful if ingested
or inhaled in large quantities (Sabar et al. 2020).

Adsorption experiment

The work batch experiments were conducted
in the laboratory of the Department of Environ-
mental Engineering in the College of Engineer-
ing and the central laboratory at Tikrit University.
The absorbencies of methylene blue dye were

SR T The

=100 nm

Figure 1. Photo of MWCNTs
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determined using a JASCO UV-VIS/530 spectro-
photometer at a Amax of 663 nm, following stan-
dard methods. During the study, 1000 mg of MB
dye powder was dissolved in one liter of deionized
water to create the stock solution and further di-
luted to initial concentrations ranging from 20 to
120 mgL!'. MWCNTs adsorbent at the dosage of
25 to 120 mg were added to 100 ml of dye solu-
tions with a concentration of dye 100 mgL"!in 250
ml conical flasks, which were shaken at 200 rpm
and 25 + 2°C for predefined time intervals (every
10 minutes), and the MB dye concentrations were
measured using a UV-spectrophotometer after
sorption. The effects of deferent factors such as pH
were evaluated by adjusting the pH of the solutions
with HCI of 0.1M or NaOH of 0.1M, and the pH
value was measured using a pH instrument (Hanna
211, Romania). Capacity of adsorption (g) in mgg'
was determined using the Eq. 1:

Co = C;
m

q= % (1

where: € and C, — the initial and final concen-
trations of dye solution in mgL"', m — the
mass of MWCNTs adsorbent in g, V' — the
volume of dye solution in L. Removal ef-
fectiveness (R%) of each dye was calcu-
lated using the Eq. 2:

R% =

C —C
Oc X 100 2)

o

EQUILIBRIUM ISOTHERM MODELS

To identify the homogeneous and hetero-
geneous properties of the adsorbent, the experi-
mental data were analyzed using the Langmuir,
Freundlich, and Temkin models. The equilibrium
isotherms were investigated to describe the ad-
sorption process, and the best fit was determined
according to the correlation coefficients (R?) clos-
est to 1. High R? values indicate the relevance of
the experimental data to the model isotherm or
kinetics. The linear equations for equilibrium iso-
therms are as follows (Langmuir equation):

_ qmK.Ce
1= 11k.C,
where: g,,( mgg') — the dye quantity adsorbed

per gram of the adsorbent at equilibrium
conditions; C ,(mgL") — the adsorbate
concentration at equilibrium; ¢ ,(mgg™")
— maximum single layer coverage

3)
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ability; Kc,( Lmg') — constant of Lang-
muir isotherm.

In the beginning, the equilibrium of gas mol-
ecules on a metal surface was determined utiliz-
ing the Langmuir isotherm. The straight type of
the Langmuir condition is communicated as Eq. 4
(Mabhvi et al. 2012):

c, 1 C

R )
e KeGm dm
Freundlich equation:
Ge = K CH" 5)

where: ge (mgg!) —the dye absorbed quantity per
gram of the adsorbent at equilibrium, K,
(mgg™!) — constant of Freundlich isotherm;
n, intensity of adsorption; Ce (mgL') —
the adsorbate equilibrium concentration.
The constant K is a convergent index of
the capability of adsorption, and 1/n is a
function of the adsorption strength in the
process of adsorption.

In 1906, Freundlich introduced an em-
pirical isotherm model that is now commonly
known as the Freundlich isotherm. This model
can explain non-ideal sorption on heteroge-
neous surfaces and multilayer sorption. The
linearized form of the Freundlich equation, Eq.
(6), is given below.

1
log q. = log Kf + 1—llog C, (6)

Temkin equation:
de = By In (K.C,) (7

The adsorptive adsorbent interactions are ex-
plicitly considered by a factor in the Temkin iso-
therm. Linearizing the Temkin equation, Eq. (8),
gives (Moussavi and Khosravi, 2010).

qe =BiInK; + B;InC, ®)

where: g, — adsorbed quantity at equilibrium
in mgg', C, — adsorbate concentration
in solution at equilibrium mgL", B — a
constant associated to the heat of adsorp-
tion, known as B = RT/b (dimensionless),
R — constant of gas (8.314 Jmol! K), T
— absolute temperature in K, 5 — Temkin
Constant in Jmol", K — Temkin Constant
isotherm in Lg'.
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ADSORPTION KINETIC MODELS

The adsorption kinetics were examined to de-
termine the capacity of the dye for mass transfer
to MWCNT sites (Hong et al. 2009). When ana-
lyzing isotherm data, it is necessary to create an
equation that closely constitutes the results and
can be applied for design reasons (Baccar et al.
2009). In this research, pseudo-first order, pseu-
do-second order, and Weber-Morris kinetic mod-
els for 20 mgL'! of dye were investigated, also
referred to as intra-particle diffusion (Ahmed et
al. 2023). The following equations describe the
kinetic models and their applications:

Equation of pseudo-first order:

dq;

s k1(qe — q¢) )

Pseudo-first order equation in the form of the
linearized:

log (qe — q¢) = log(qe) — kit (10)

2.303

where: g (mgg') — the quantity adsorbed at equi-
librium, g, (mgg™') — the quantity adsorbed
at time ¢, k, (min™") — the rate constant for
the pseudo-first-order sorption.

Equation of pseudo-second order:

dq
— = ka(de = a0 (1)

The following is the form of the linearized
pseudo-second order equation:

t_ 1 + 1 t (12)
@ h q.
where: &, (gmg" min') — the rate constant of the
pseudo-second-order kinetic equation,
g (mgg™') — the maximum sorption capac-
ity in, g (mgg™) — the amount of sorption
at time ¢, h=k q *.

Equation of Weber-Morris.
qr = kia()** +C (13)

The following is the form of the linearized
Weber-Morris Equation (Weber and Chakkra-
vorti, 1974):

log q; = log kgisy + 0.5log(t) (14)

where: ¢, mgg" the amount of dye adsorbed at
time ; K ., mg g "' min "%, the rate con-
stant for intra-particle diffusion.

RESULTS AND DISCUSSION

Characteristics of MWCNTSs

Fig. 2 show the X-ray diffraction analysis of
the raw MWCNTs and reveals prominent peaks at
20 approximately 25.91 and 73.26 degrees, cor-
responding to the (002) and (100) reflections of
graphite, respectively, and are consistent with the
Joint Committee of Powder Diffraction Studies
(JCPDS) reference number 96-101-1061. These
findings align with previous studies conducted
by (Chen et al. 2009; Gupta et al. 2011; Oh et al.
2010). The sharpness of the C (002) peak signifies
the graphite-like structure of the MWCNTs and is
a crucial indicator for determining their crystal size
and interlayer spacing (Jurkiewicz et al. 2018).
The untreated MWCNTs used in the analysis have
an outer diameter smaller than 10 nm, contain less
than 5% amorphous carbon, and have lengths rang-
ing from 5 to 15 pm. To eliminate the amorphous
carbon content, the MWCNTs underwent thermal
treatment at 400°C for 60 minutes, resulting in a
weight loss of less than 1%. The XRD characteris-
tics of the analyzed MWCNTs indicate a significant
surface area, which facilitates effective adsorption
of dyes like methylene blue, as demonstrated in a
study by Abdel-Ghani et al. 2015.

To investigate the potential alterations in the
surface morphology resulting from the synthesis
of the adsorbent or the adsorption process, scan-
ning electron microscopy (SEM) was employed
using the TESCAN-Vega3 SEM device from
the Czech Republic. Fig. 3 explains the cases
of the SEM images of the Multiwalled Carbon
Nanotubes (MWCNTs) in the form of dispersed
nanocomposites and active particles. It is worth
noting that the absorbents employed in this study
were previously synthesized and characterized, as
mentioned in reference (Robati et al. 2016).

The FTIR spectra of MWCNTs shown in Fig.
4. A Shimadzu FTIR spectroscopy instrument
from Japan was used to analyze Multiwalled
Carbon Nanotubes (MWCNTs) and defined the
functional category present and significance in
the removal process. The analysis covered 500—
4000 cm! wave number range, which includes
well-known adsorbent groups. The provided
FTIR spectrum exhibits specific peaks at distinct
wavenumbers, which can indicate various func-
tional category or chemical bonds. The summary
of the possible interpretations is as follows: the
presence of alcohols or phenols is suggested by
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Figure 2. XRD patterns of raw MWCNTs
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Figure 3. SEM image of MWCNTs (a) 135 kx magnification, (b) 350 kx magnification

a broad peak at 3348.42 cm! indicating O-H
stretching vibrations. N-H stretching vibrations
commonly found in primary or secondary amines
are observed at 3248.13 cm. The peak at 3086.11
cm agrees to the C-H stretching vibrations in al-
kanes or aromatic compounds. The C-H stretch-
ing vibrations in alkenes or alkynes are specified
by the peak at 2978.09 cm’'. Peaks at 2881.65
cm™ and 2823.79 cm! represent the C-H stretch-
ing vibrations in alkanes. A peak at 1712.79 cm’!
signifies the C=0 stretching vibrations in car-
bonyl compounds such as ketones or aldehydes.
At 1643.35 cm ™, there are the C=C stretching vi-
brations in alkenes or aromatic compounds. The
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peak at 1597.06 cm™ agrees to the C=C stretching
vibrations in aromatic compounds. The peak at
1523.76 cm™ suggests the N-H bending vibra-
tions in primary or secondary amines. Another
peak at 1489.05 cm™! indicates the C=C stretching
vibrations in aromatic compounds. The peaks at
1450.47 cm™ and 1400.32 cm™ represent the C-H
bending vibrations in alkanes. The C-N stretch-
ing vibrations in amines or amides are indicated
by the peaks at 1330.88 cm, 1249.87 cm™!, and
1199.72 cm’. The peak at 1165.00 cm™ agrees
to the C-O stretching vibrations in esters or car-
boxylic acids. At 1114.86 cm™, there are the C-O
stretching vibrations in alcohols or ethers. The



Journal of Ecological Engineering 2024, 25(2), 72-84

100 — A —]
57

L |

" -

4 e é

i =1
o — a
7 —

=1 |

. =

-

] 2
08— S S —
400 ) o righd 2400 o 1800 e

Figure 4. FTIR spectra of MWCNTs

peak at 1049.28 cm! signifies the C-O stretching
vibrations in ethers or esters. The peaks at 945.12
cm’!, 906.54 cm!, 756.10 cm™, and 690.52 cm!
suggest the C-H bending vibrations in aromatic
compounds. The peaks at 659.66 cm™, 628.79 cm!,
563.21 cm’!, 532.35 cm™', 497.63 cm’!, and 439.77
cm’! correspond to the C-Cl stretching vibrations
in alkyl chlorides. Lastly, the peak at 416.62 cm’
indicates the C-H bending vibrations in aromatic
compounds. It is important to note that interpreting
FTIR spectra requires expertise, and considering
the specific sample and its context is crucial. Accu-
rate identification and characterization of function-
al groups or compounds often require further anal-
ysis and comparison with reference spectra (Salam
et al. 2011; Sharmeen et al. 2018). Fig. 5 presents
the results of a Zeta Potential analysis conducted

Inbensity (a.u.)

el -300  -200 -700

on (MWCNTs) using the SZ-100 instrument. The
analysis gives information about the Zeta Potential
and Electrophoretic Mobility of the sample. The
measurement was performed at a temperature of
24.9°C using a dispersion medium at a viscosity
of 0.897 mPa-s and a conductivity of 0.208 mS/
cm. The applied electrode voltage was 3.4 V. The
results show three peaks in the Zeta Potential mea-
surements, along with the corresponding values for
Electrophoretic Mobility. The average Zeta Poten-
tial was determined to be -9.2 mV, while the av-
erage Electrophoretic Mobility was calculated as
-0.000071 cm?/Vs. The accompanying graph rep-
resents the distribution of Zeta Potential measure-
ments for (MWCNTSs), displaying a range of -400
to 500 mV on the x-axis and normalized intensity
on the y-axis (Rehman et al. 2019).

a, 1= J

To00 200 Foo Eiri] 500

Zeta Potential (mi)

Figure 5. Zeta potential graphs of the MWCNTs
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Variables affecting adsorption of dyes
by MWCNTs

Effect of pH

Figure 6 depicts the effects of solution pH
on methylene blue dye removal percentage by
MCNTs. The pH value affects the dye adsorption
process by modifying the surface charge of an ad-
sorbent and the ionization behavior of the adsor-
bent and dye. It can be noticed that the methylene
blue dye removal efficiency increases with rising
pH from 2 to 8. The highest removal was reached
at pH 6, with no increased adsorption at pH levels
higher than 6. The existence of anionic groups on
the surface of MWCNTSs enhances their adsorp-
tion capacity through ion exchange and electro-
static interactions. The pH of the solution affects
the competition between hydrogen ions and dye
cations for sites of adsorption, with higher pH lev-
els promoting better adsorption of cationic dyes
onto MWCNTs (Moussavi and Khosravi 2010).
Fig. 6 shows that with an increase in pH from 2 to
6, the removal percentage of Methylene Blue dye
increased from 55%, 33%, 29%, and 20% to 98%,
97%., 92%, and 76% for initial dye concentrations
of 20, 40, 90, and 100 mgL!, respectively, which
is consistent with the findings reported by Mahvi
et al. 2012 and Ibrahim et al. 2023.

Contact time effect

Figure 7. Illustrates the impact of contact time
on the adsorption percentage of MB dye. Under
these conditions, it was found that contact time
of 60 min is enough to reach Methylene Blue dye
equilibrium state. The results also determined that
the adsorption process occurs rapidly at the begin-
ning and then gradually approaches equilibrium.
This phenomenon can be determined by the fact
that during the initial stage, many free surface
sites are available for sorption, while the staying
free surface sites become increasingly difficult to
occupy due to repulsive interactions between the
phases (Garg et al. 2003), suggesting that the MW-
CNTs adsorption mechanism significantly varies
depending on the structure of porous, requiring
more time to diffuse through pores (Shrivas and
Wu, 2008). On the other hand, the adsorption sites
on the cylindrical external wall of MWCNTs are
typically found by the surface area and are unaf-
fected by the inner wall spacing or inner cavities.
These conclusions agree with those concluded by
Mabhvi et al. 2012 and Ibrahim et al. 2023.
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Effect of MCNTs dosage

Figure 8 depicts the impact of MWCNT dos-
age on the Methylene Blue dye adsorption. Six
doses of adsorbent were studied, i.e., 25, 40, 60,
70, 80, and 120 mg, to identify the optimal dos-
age of MWCNTs. The studied Methylene Blue
dye concentrations were 20, 40, 70, and 120
mgL"'. The pH of the solution was 6, and contact
time was 60 min. Fig. 5 shows that, for 25 mg of
MCNTs dosages, the found adsorption percent-
ages were 62%, 55%, 45%, and 25% for the con-
centrations above, respectively. The adsorption
percentages increased to 98%, 97%, 92%, and
75%, respectively, with increasing the MCNTs
dosage to 100 mg. The adsorption rates increase
because the larger surface area and the additional
adsorption site profitable caused by more adsor-
bent doses, as reported by Mahvi et al. 2012 and
Ibrahim et al. 2023. In addition, lower dosages

120
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20

Adsorption , %

0 5 10

pH
== 40 mg/|

=>=100 mg/|

==20 mg/I
=90 mg/|

Figure 6. The pH impact on Methylene Blue dye
adsorbed % in different initial dye concentrations
(MCNTs dosage = 100 mg, contact time = 60 min)
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Figure 7. Contact time impact on Methylene
Blue dye adsorbed % in different initial dye
concentrations (pH = 6, MCNTs dosage = 100 mg)
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result in more adsorption sites on the surface of
MWCNTs for the target substances to combine
with. However, increasing the dosage limits or
saturates the number of available active sites. In
other words, adding more MWCNTs creates no
additional sites for the target substances to adsorb
onto, causing diminishing returns regarding ad-
sorption efficiency.

Effect of initial dye concentration

In Figure 9, the impact of initial dye con-
centration on the Methylene Blue dye removal
using MWCNTs was explained. The Methylene
Blue dye percentage removal increases as the
initial dye concentration decreases. The highest
removal was investigated at a dye concentration
of 20 mgL". The highest removal percentage was
78% as the initial concentration was 120 mgL'.
However, reducing the concentration to 20 mgL-
increases the removal percentage to 98%. The
observed trend was caused by the unoccupied
surface sites abundance on the MWCNTs use-
ful for molecules of dye adsorption. The low dye
initial concentration is accompanied by more
vacant surface sites, increasing the dye adsorp-
tion percentage. However, as the concentration
initial dye rises, the remaining surface site oc-
cupation becomes more challenging because
the repulsion between the dye molecules on the
MWCNTs. Consequently, the percentage of dye
removal decreases. The maximum removal per-
centage is an important factor that indicates the
efficiency of MWCNTs as an adsorbent material
for the colorization of MB dye. The findings can
be used to optimize the operating conditions,
like initial dye concentration, to achieve the
highest removal efficiency (Mahvi et al. 2012).
Increasing dye concentrations in real applica-
tions, can increase adsorbent dosage, enhance
adsorbent properties through various methods,
like functionalization or surface modification
of the adsorbent, which can increase its surface
area, introduce specific functional groups, or
and enhance its affinity for the target dyes. By
improving the adsorption characteristics of the
adsorbent, its effectiveness in removing higher
concentrations of dyes can be enhanced.

Equilibrium isotherm models

Equilibrium Adsorption refers to the state
at which the adsorption process reaches a bal-
ance between the adsorbent (material on which

120
2 100 |
~ 80 |
60 -
40 -
20 |
0

Adsorption

0 20 40 60 80 100 120 140
Dosage of MCNTs, mg
—4—20 mg/| ——40 mg/|
70 mg/! ==120 mg/|

Figure 8. MCNT Dosage impact on Methylene
Blue dye adsorbed % in different initial dye
concentrations (pH = 6, Time = 60 min)

Adsorption , %

0 20 40 60 80

100 120 140

Concentration of Dye , mg/L
=¢=MWCNTs = 25 mg
=l MWCNTs = 120 mg

Figure 9. Initial MB dye concentration
effect on adsorbed % in different dosages of
MCNTs (pH = 6, contact time = 60 min)

adsorption occurs) and the adsorbate (substance
being adsorbed). At equilibrium, desorption rate
is equal to adsorption rate, resulting in a stable
adsorbate concentration on the surface of the ad-
sorbent. In the context of adsorption, equilibrium
is typically described by an adsorption isotherm,
which represents the relationship between the
quantity of adsorbate adsorbed onto the adsorbent
at equilibrium and the concentration of the ad-
sorbate in the surrounding solution. The present
study assessed the ability of equilibrium isotherm
models, Langmuir, Freundlich, and Temkin to ex-
plain the adsorption equilibrium properties. The
quantity of Methylene Blue dye adsorbed on the
MWCNTs surface at equilibrium stat and the dye
residual concentration in solution relationship is
defined by an adsorption isotherm, representing
the solute, i.e., Methylene Blue dye, equilibrium
adsorption behavior onto an adsorbent, i.e., MW-
CNTs, describes the solute distribution between
the aqueous phase and adsorbent surface at a
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Figure 10. Langmuir isotherm model for MB
dye; initial concentration = 20 mgL"!,
pH =6, MWCNT dosage = 100 mg, time =
60 min, and solution volume = 100 ml

certain temperature. Fig. 10 shows the Langmuir
isotherm plot (C /q, vs. C) for the experimental
results. A high correlation can be seen between
the Langmuir model and experimental results.
The Langmuir isotherm model produced an R? of
0.9968, showing a solid correspondence between
the experimental and theoretical results. The
Langmuir isotherm model is founded on vari-
ous assumptions: (i) the adsorption happens at
discrete locations on the adsorbent material sur-
face, (ii) each location can solely accommodate
one adsorbate molecule, (iii) there is no relation
between the adsorbed molecules, and (iv) the ad-
sorption process is double. On the basis of these
assumptions, the Langmuir isotherm equation can
be employed to find the highest adsorption capac-
ity and the adsorption process equilibrium con-
stant of the adsorbent material.

The good agreement between experimental
data and the Langmuir isotherm model, as evi-
denced by the high R? value obtained, indicates that
the Methylene Blue dye adsorption onto MWCNTs
follows a monolayer adsorption mechanism. This
finding has important implications, as it suggests
the Langmuir isotherm model can be applied to
predict the equilibrium adsorption capacity of MW-
CNTs for Methylene Blue dye with a high degree of
accuracy. The equilibrium parameter R , which has
no dimensions, is the same as (1/1+K C ). Table 1
demonstrates that activated carbon favors MB ad-
sorption (Peng and Luan, 2003).

Figure 11 presents the Freundlich isotherm
models plot for the adsorption data of MB dye
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by MWCNTs. The figure shows the relationship
between logq, and logC . The R* value obtained
from the Freundlich isotherm model was 0.8999,
designating a moderate fit of the data experimen-
tal to the theoretical model.

Figute 12 displays the Temkin isotherm
model plot for the adsorption data of MB dye
by MWCNTs. The plot shows the relationship
between the natural logarithm of the concentra-
tion of Methylene Blue dye in the solution (C)
and the quantity of dye adsorbed on the surface
of MWCNTs at equilibrium (q,). The R* obtained
from the Temkin isotherm model was 0.9292, in-
dicating a suitable fit of the experimental data to
the theoretical model. Table 1 provides additional
information on the isotherm models explained

LYY v+ -,04Yay =
-,Ad29 =2R

Freundlich

logge

logCe

Figure 11. Freundlich isotherm model for
MB dye; initial concentration = 20 mgL"!,
pH =6, MWCNT dosage = 100 mg, time =
60 min, and solution volume = 100 ml

Temkin y= L YYYox_ £ ALY
LAYeY =2
15 R
1 B
0.5
S
S 0

9.(mgg™)

Figure 12. Temkin isotherm model for
Methylene Blue dye; initial concentration =
20 mgL!, pH = 6, MWCNT dosage = 100 mg,
time=60 min, and solution volume = 100 ml
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Table 1. Isotherms models details of methylene adsorption by MWCNTSs

Isotherms Model Parameters value R?
q,, (mgg™) 28.98
Langmuir K, (Lmg™) 3.48 0.9968
. 0.01414
. 1/n 5.184
Freundlich K, (mgg”) 21.414 0.8999
) B 0.2225
Temkin Lnl1(t 21.735 0.9292

in this study, including the parameters and equa-
tions explained to fit the experimental data. The
results show that the Langmuir isotherm model
with R>=0.9968 provided the good fit with data
experimental of adsorption. Table 2 presents
some of the highest adsorption capacities of dif-
ferent adsorbents for different dyes under differ-
ent experimental conditions documented in the
literature. Table 2 shows that MWCNTs are more
efficient than other adsorbents in removing dyes
from aqueous solutions. However, it is not pos-
sible to make a direct comparison of the various
adsorbents due to the variability of experimental
conditions used in different studies.

Kinetic models

The three most well-known models of kinet-
ic, pseudo-first-order, pseudo-second order, and
Weber—Morris, were utilized in this investiga-
tion to describe the method by which Methylene
Blue adsorbs onto MWCNTs. The experimental
data were collected with the initial concentration

of 20 mgL!', MWCNT dosage of 100 mg, equi-
librium time of 60 minutes, and pH 6. Figure 13
through 15 show the plot models of kinetic. In
pseudo-second order, it is evident that a higher
R? has been achieved. Regarding the R? value of
pseudo-second order (0.9982), it is evident that

] Y=o PO+, 48L
First Order R AEVY 22
1

0.8

t,min.

Figure 13. Model of pseudo-first order
kinetics; pH = 6, initial dye concentration =
20 mgL!, MWCNT dosage = 100 mg, time

= 60 min, and solution volume = 100 ml.

Table 2. Some of the adsorption capacities (q,) of different adsorbents for different types of dyes

Adsorbent Adsorbate Condition Cap"?c'ty for } Ref.
adsorption, mgg™'
pH=6
MWCNTs Methylene Blue Con= EO mgL", 19.6 Present work
Dose = 100 mg

T=25C
pH =5,

MWCNTs Acid Red 18 S;’::fg;"gﬁj 166.67 2]
T=25C
pH=6.0
- -1

woNTs- o, | Melene Bbe e i o
T=25°C
pH=6

MWCNTs Methylene Blue 822;;8_2‘85: 103.62 [42]

T=17°C
Activate.d carbon. Con.=150 mgL"" [43]
Activated ‘ Methylene Blue T=25°C 40.06 [44]
carbon from Cordi Methylene Blue Con. =30 mgL"" 71.43
Myxa Dose= 2 gL
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Second order Y= 8VE+ Y0V

R-,39AY =2
35
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€ 15
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0 20 40 60 80
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Figure 14. Model of pseudo-second order kinetics;
pH = 6, initial dye concentration =20 mgL',
MWCNT dosage = 100 mg, time = 60
min, and solution volume = 100 ml

Y=, VEYX Y,

Weber- Morris
R-,A1%) =2

20
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Figure 15. Kinetic model of Weber—Morris; pH
= 0, initial dye concentration = 20 mgL"',
MWCNT dosage = 100 mg, time = 60
min, and solution volume = 100 ml

Table 3. Adsorption kinetics of methylene blue multiwall carbon nano tubes

Kinetic models Parameters Pseudo first order Pseudo second order Weber—Morris
Initial concentration R? 0.9472 0.9982 0.9631
20 mal- Constant K,=0.0808 K,=0.0104 K= 1.073
9 q, 12.47 211 |

this is the model’s best fit conformity. As a result,
the dye’s adsorption mechanism on the surface of
MWCNT appears to be consistent with the sec-
ond-order model. Table 3 summarizes the corre-
lation coefficients and the kinetics of Methylene
Blue adsorption.

CONCLUSIONS

Dyes are used broadly in numerous industries;
however, they significantly threaten humans and
aquatic life. Consequently, it is vital to treat the
wastewater that contains dyes before its release.
Adsorption is a common technique because of
various advantages, i.e., simplicity and accessi-
bility. The present study demonstrates MWCNTs
as an effective adsorbent to remove the dye. The
present study revealed that the highest MB dye
adsorption removal on MWCNTs was 98% at
pH = 6, 20 mgL"' initial concentration, 100 mg
MWCNT dosage, and at 25°C. The Langmuir iso-
therm (R?= 0.9968) and the pseudo-second-order
model (R?= 0.9982) well-described the Methy-
lene Blue dye by MWCNTs adsorption results. As
a result, MWCNTs can be shown as a promising
potential as adsorbents for Methylene Blue dye
colorization from aqueous solutions.
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The present findings recommend MWCNTs
as a highly effective, reliable adsorbent material,
environmentally friendly, and low-cost solution
to treat aqueous solutions-containing dyes. Thus,
due to their durability and superior adsorption
performance, MWCNTs are a promising tech-
nique for the wastewater treatment industry.
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