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ABSTRACT

The removal of malachite green (MG) dye on nanofiber membranes,
which were prepared by the electrospinning technique, was studied
after preparing a suitable resin to act as an efficient adsorbent. A
UV-Vis spectrophotometer determined the MG concentration. The
morphology of nanofiber membranes with an average diameter of
550 nm was studied by SEM, EDX, and XPS techniques. The batch
approach was used to study the factors affecting the adsorption, which
included the effect of equilibrium time, the adsorbent dose, the initial
dye concentration, and temperature. The adsorption isotherms were
also studied according to the Freundlich and Langmuir models and
the thermodynamic functions. The results showed that the maximum
adsorption efficiency was 92.946% at 318 K, and the adsorption
capacity of the adsorbent was 18.4 mg g'. Analytical chemistry
features such as the limit of detection (LOD: 0.3 mg L), limit of
quantification (LOQ: 0.9 mg L), and linear range (1-50 mg L)
were obtained. From the correlation coefficient values, it was found
that the Langmuir model is more suitable than the Freundlich model
for describing the general adsorption isotherm. Also, the amount
of dye molecule adsorption increases with increasing temperature
(Endothermic Process), and there is more random movement on the
nanofiber membrane than in the aqueous solution. The process occurs
spontaneously as indicated by the positive values of AH® and AS® and
the negative value of AG®.

1. Introduction

However, its persistence in the environment

The presence of synthetic dyes in wastewater,
particularly from textile and industrial effluents,
poses significant environmental and health
challenges [1]. Among these dyes, Malachite Green
(MQ) is of particular concern due to its widespread
use and potential toxicity. MG, a cationic dye, is
extensively employed in various industries such
as aquaculture, textile, and paper manufacturing.
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and resistance to biodegradation necessitate the
development of effective removal strategies [2].
Traditional methods for dye removal, including
chemical oxidation, coagulation, and biological
treatments, often suffer from limitations such as
incomplete removal, high operational costs, and
the generation of secondary pollutants [3]. In recent
years, adsorption has emerged as a promising
alternative due to its simplicity, efficiency, and cost-
effectiveness. The key to successful adsorption lies
in the selection of an appropriate adsorbent with
a high surface area, specific affinity for the target
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pollutant, and ease of regeneration [4,5]. Recent
advancements in nanotechnology have opened
new avenues for developing effective adsorbents
capable of efficiently removing dyes
contaminated water [6]. Among these, nanofiber
membranes produced by electrospinning have
garnered considerable attention due to their unique
properties, including high surface area, tunable
porosity, and the ability to functionalize surfaces to
enhance adsorption capacity [7]. Electrospinning,
a versatile and scalable technique, allows for the
precise fabrication ofnanofiber membranes, offering
an innovative approach to creating adsorbents with
superior performance [8]. This study aims to explore
the potential of nanofiber membranes prepared via
electrospinning for the removal of Malachite Green
dye from aqueous solutions. The research focuses on
the comprehensive preparation and characterization
of these membranes, followed by a detailed
examination of their adsorption behavior through
isotherm models.

from

Furthermore, thermodynamic
studies will be conducted to elucidate the nature of
the adsorption process, providing insights into the
spontaneity, feasibility, and effectiveness of using
electrospun nanofiber membranes in dye removal
applications. This investigation not only contributes
to the understanding of the adsorption mechanisms
involved but also highlights the potential of
electrospun nanofiber membranes as a sustainable
and efficient solution for wastewater treatment,
particularly in removing hazardous dyes like
Malachite Green. In previous studies, we discussed
several different scientific aspects in various scientific
fields, but we found this topic worth exploring due to
its scientific importance [9-17].
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2. Materials and methods

2.1. Instruments

Electrospinning Machine (Model-NE300, Inovenso
Ltd. Co., Turkey), UV-Vis spectrophotometer
(Model-1780, Shimadzu CO., Japan), Scanning
electron microscope (SEM; Model-Inspect S50,
FEI Co., USA), Energy-dispersive X-ray (EDX;
Model-Quantax EDS for SEM Xflash 6/10, Bruker
Co., German), X-ray Photoelectron Spectrometer
(XPS; Model-K-Alpha, Thermo Fisher Scientific
Inc., USA), Shaking Water Bath (Model-SWB-25,
HYSC Ltd., South Korea), Electronic Analytical
Balance (Hawach Sci,, P.R.China), Oven
electrically heated (Nabertherm GmbH., German),
and Hotplate Magnetic Stirrer (Infitek Co., Ltd.,
P.R.China) were used in this study.

2.2. Materials and Reagents

Table 1 shows the chemicals and their specifications
used in this study, as well as the distilled water used
to prepare the solutions.

2.3. Preparation of nanofiber membranes
Nanofiber prepared by
electrospinning of a resin prepared by reacting 8 g
of 2-aminophenol with 2.5 ml of formaldehyde at
80°C, and the presence of acetic acid/concentrated
hydrochloric acid in a ratio of (10:1) as a catalyst,
as in the following reaction (Equation 1).

Then, a 30% (w/v) resin solution and a 20% (w/v)
polystyrene solution were prepared using DMF as
a solvent. The spinning solution was prepared from
the prepared resin solution and polystyrene solution
in a ratio of (1:9) after mixing them homogeneously

membranes  are

Table 1. Explains the chemicals used and some of their specifications

Materials Formula M.W (g mol™) Purity (%) Source CAS No
Glacial Acetic Acid CH,CO,H 60.05 99 BDH 64-19-7
Formaldehyde CH,0 30.03 37 Sigma 50-00-0
2-aminophenol CHNO 109.13 99 Sigma 95-55-6
Hydrochloric acid HCI 36.5 99 BDH 7647-01-0
DMF C,H.NO 73.10 99 Sigma 68-12-2
Polystyrene (PS) (CHyn (104)n 99 Sigma 9003-53-6
Malachite Green C, H N CI 364.92 99 BDH 569-64-2

2377257 2

DMF: N, N-Dimethylformamide
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[Rla

(Eq.1)

and then transferred to the electrospinning device
and the spinning settings were adjusted, which
include the mixing pump speed (0.03 ml min™),
the rotating cylinder speed (50 rpm), the applied
voltage (32 kV), and the distance between the
pump and the spinning cylinder (15 cm) to obtain
the nanofiber membranes and then placed in a
drying oven at a temperature of 50 °C to become
ready for use as adsorbent surfaces.

2.4. Preparation of standard solution

The standard Malachite Green (MG) dye used in this
study was prepared at a concentration of 500 mg L-!
by dissolving 0.5 g of the dye in 1000 mL of distilled
water. From this, different solutions were prepared at
various concentrations. The maximum wavelength

(Amax) of 616 nm was determined using a UV-Vis
spectrophotometer with a wavelength range of 200—
800 nm, as shown in Figure 1. The calibration curve,
which illustrates the relationship between absorbance
and concentration, was created using the following
six concentrations: 5, 10, 15, 20, 40, and 50 mg L
as shown in Figure 2, after measuring the absorbance
of these concentrations at the dye’s Amax.

2.5. Surface morphology study of prepared
nanofiber membranes

The morphology of the prepared nanofiber surfaces
was studied by scanning electron microscopy
(SEM),
(EDX), and X-ray photoelectron spectroscopy
(XPS) to identify their chemical and physical

energy dispersive X-ray spectroscopy
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Fig. 1. UV-Vis spectrum of Malachite Green (MG) dye
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Fig. 2. Calibration curve of Malachite Green (MG) dye.
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properties and to determine their surface area.
Figure 3 shows the shape, size, and dimensions of
the nanofibers obtained in the SEM analysis after
coating the tested sample with a thin layer of gold
and platinum, where a network of continuous and
homogeneous nanofibers with an average nanofiber
diameter of 550 nm is observed, and the swelling
that occurs at low viscosity does not appear. The
results of the homogeneity of the nanofibers and

the average thinness of the obtained nanofibers are
attributed to the chemical and physical properties of
the prepared resin, as well as the spinning conditions,
which directly affect the shape, size, and diameter
of the nanofibers. Generally, increasing the surface
area ratio of the nanofiber membranes makes them a
material with very effective adsorbent properties [7].
Figure 4 shows the energy dispersive X-ray (EDX)
analysis to determine the chemical properties of

Fig. 3. Scanning Electron Microscopy (SEM) analysis of the prepared nanofiber membranes



30 Anal. Methods Environ. Chem. J. 8 (2) (2025) 26-43

the prepared nanofibers by knowing the atomic
elements that make them up. The weight percent
(%) of the elements was also obtained as in Table 2.
The high weight percentage of carbon (88.04 %)
in the nanofibers indicates the main components
of the prepared resin, as in Equation 1, in addition
to the presence of a weight percentage of nitrogen
(2.55 %) attributed to the amine group. It is also
noted that a small percentage of chlorine (0.53 %)
is attributed to the hydrochloric acid residues used
as a catalyst in the resin preparation. In contrast,
the appearance of small percentages of gold and
platinum (1.48% and 0.7 %, respectively) is
attributed to the materials used to coat the samples
in the SEM analysis. Also, the special percentage

of aluminum (6.1 %) is attributed to the aluminum
foil used to cover the collecting cylinder of the
nanofibers during the electrospinning process [8].
To study the chemical composition and oxidation
states of the prepared nanofibers’ surface more
X-ray photoelectron spectroscopy
(XPS) analysis was performed, as shown in
Figure 5. Three prominent peaks appear in the XPS
spectrum at the following binding energy values:
Cls (at around 285 eV), Nls (at around 400 eV),
and Ols (at around 530 eV). The Cls peak (around
285 eV) indicates the carbon atoms in the compound
which typically correspond to C-C, C-H, and CH,
bonds, which are present in polystyrene and the
carbon chains of 2-aminophenol-formaldehyde (the

precisely,

Table 2. Weight percentages of atomic elements in EDX analysis of the prepared nanofiber membranes

Element Atomic number Series [wt. %]
Carbon 6 K-series 88.04232
Aluminum 13 K-series 6.100238
Nitrogen 7 K-series 2.553872
Gold 79 L-series 1.489128
Platinum 78 L-series 0.702431
Chlorine 17 K-series 0.532012
Sum -—- - 99.420011
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Fig. 4. Energy Dispersive X-Ray (EDX) analysis of the prepared nanofiber membranes
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main components of the prepared nanofibers) and
there may also be a contribution from the C=0 bond
present in phenol. Also, this C Is peak indicates
carbon in a low oxidation state, as expected in
polystyrene. The N 1s peak (around 400 eV)
shows the presence of nitrogen in the compound,
which typically corresponds to N-H or N-C bonds,
which would be expected in 2-aminophenol-
formaldehyde. The lack of a significant shift in
binding energy indicates that nitrogen is still in an
oxidation state close to its natural oxidation state
(-3), which corresponds to amine (NH,) or N-C
bonds present in the nanofibers. The O 1s value
(around 530 eV) indicates the presence of oxygen
in the compound, which typically corresponds to
C=0 bonds (such as carbonyls) or O-C bonds (such
as ethers) or the contribution of several oxygen
species including O-H from the hydroxyl groups
in 2-aminophenol, or oxygen in the ether bonds
(C-0O-C) present in the structure. The O 1s peak at
530 eV indicates that oxygen is present in several
different oxidation states (presence of a mixture
of C=0, C-OH, and O-C bonds). It suggests the
diversity of the chemical composition of the
nanofibers and their surface loading [18].
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2.6. Adsorption process

The adsorption of Malachite Green (MG) dye onto
the prepared nanofiber membranes was investigated
using a batch approach under different conditions.
A specific amount of adsorbate (prepared nanofiber
membranes) was mixed with 20 ml of dye solution
in 100 ml flasks using a shaking water bath to study
all adsorption experiments. UV-Vis spectroscopy
was used to monitor the dye concentration before
and after the adsorption process at the maximum
wavelength (Amax) of 616 nm. Equation 2 was
used to calculate the amount of adsorbate material
(Qe) in units of mg g-1 [19].

Vsol (Co—Ce)
m

(Eq.2)

Qe =

Qe: amount of adsorbate in unit mg g'; Vsol:
total volume of adsorbate solution in unit L; Co:
initial concentration of adsorbate solution in unit
mg L'; Ce: concentration of adsorbate solution at
equilibrium in unit mg L!; m: weight of adsorbent
material in units of g
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Fig. 5. X-ray photoelectron spectroscopy (XPS) analysis of the prepared nanofiber membranes
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3. Results and Discussion

3.1. Study the factors affecting the adsorption
3.1.1.The effect of equilibrium time

To study the effect of equilibrium time required
for the absorption of MG dye on the nanofiber
prepared membranes, a solution of MG dye
was prepared at a concentration of 40 mg L'
and then placed in direct contact with 0.004
g of nanofiber prepared membranes in a 100
ml flask and put in a temperature-controlled
shaking water bath (fixed shaking speed of 120
rpm). The temperature was fixed at 298K, and
the flask was shaken continuously for different
periods (15, 30, 45, 60, 120, 150, 180, and 210
min) after which the concentration of MG dye
was investigated at those periods using a UV-Vis
spectrometer. The results showed that the best
period for equilibrium to occur is 150 min, as
shown in Figure 6. Nanofibers have a relatively
large surface area compared to other materials and
therefore provide more adsorption sites for the
dye, which increases the adsorption rate as seen in
Figure 6 [20]. However, once all adsorption sites
on the surface are filled, the process starts to slow
down until equilibrium is reached at about 150
min. In the beginning, adsorption is fast due to
the high concentration of dye in the solution and
many empty sites on the surface of the nanofibers.

However, as time passes, the diffusion process
within the nanofibers and surface layers becomes
slower, as the molecules are more confined in the
multiple adsorption layers, which increases the
time required to reach equilibrium [21].

3.1.2.The effect of adsorbent dose

To study the effect of the adsorbent dose of the
prepared nanofiber membranes for the adsorption
process of Malachite Green (MG) dye, six different
doses (0.001-0.006 g) were taken and placed in
direct contact with the dye solution in 6 flasks, and
the adsorption process was carried out under fixed
experimental conditions (initial dye concentration
40 mg L', equilibrium time 150 min, shaking speed
120 rpm, and 298K). The results showed that the
best weight of the adsorbent dose was 0.004 g, as
shown in Figure 7. It is observed at the beginning
that the amount of adsorbate dye increases (Qe)
with the increase in the dose of nanofibers due to
the large surface area and efficient physical and
chemical properties of the fibers, which leads to
an increase in the adsorption efficiency. However,
after a weight of 0.004 g or more, the adsorption
capacity begins to slow down, indicating the
saturation of the effective adsorption sites, such
that no more effective sites are available on the
nanofibers to adsorb the dye [22].
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Fig. 6. The effect of equilibrium time

Fig. 7. The effect of adsorbent dose
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3.1.3.The effect of initial dye concentration

To study the effect of initial dye concentration on
the adsorption process, eight different initial dye
concentrations (15-50 mg L) were taken and
placed in direct contact with prepared nanofiber
membranes in 8 flasks. The adsorption process was
conducted under fixed experimental conditions
(adsorbent dose 0.004 g, equilibrium time 150 min,
shaking speed 120 rpm, and 298 °K). The results
showed that the best initial dye concentration was
40 mg L', as shown in Figure 8. It is noted that
the amount of adsorbate dye (Qe) increases with
the increase of the initial dye concentration until it
reaches a concentration of 40 mg L' and begins to
slow down and decrease at higher concentrations.
This indicates that the active sites on the nanofibers
are almost saturated with dye molecules. When the
concentration increases more than that, competition
occurs between the dye molecules or even an
increase in their size, making them less effective in
adsorption [23].

3.1.4.The effect of temperature

To study the effect of temperature on the adsorption
process of Malachite Green (MG) dye on the
prepared nanofiber membranes, the adsorption
process was carried out at different temperatures
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(298, 303, 308, 313, and 318°K) under constant
experimental conditions (adsorbent dose 0.004
g, equilibrium time 150 min, shaking speed 120
rpm, and initial dye concentration 40 mg L.
The results showed that the adsorption process
increases with increasing temperature, as shown in
Figure 9. It is noted that the amount of adsorbent
dye (Qe) increases with increasing temperature
on the prepared nanofibers, i.e. the adsorption
process is Endothermic, and this can be explained
by the fact that increasing temperature leads to the
expansion of the surface, which leads to an increase
in its porosity and surface area, which results in an
increase in the penetration of dye molecules into
the internal pores of the nanofiber surface on the
one hand, and on the other hand, an increase in the
contact of dye molecules with the internal active
sites that are present within the composition of the
prepared resin used in the spinning process to form
the nanofiber. Also, increasing temperature works
to strengthen the bonds between the adsorbate dye
(MG) and the adsorbent surface higher than it is
from the bonding force between the dye molecules
(solute) and water (solvent), i.e. the adsorption
forces overcome the solute-solvent interference
forces. The dominance of these forces increased
with increasing temperature [24].
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Fig. 8. The effect of initial dye concentration

Fig. 9. The effect of temperature



34 Anal. Methods Environ. Chem. J. 8 (2) (2025) 26-43

3.2. Adsorption Percentage

Table 3 shows the percentage adsorption (%) of
Malachite Green (MG) dye onto the prepared
nanofiber membranes at different temperatures and
under constant experimental conditions (adsorbent
dose 0.004 g, equilibrium time 150 min, shaking
speed 120 rpm, and initial dye concentration
40 mg L"). Equation 3 was used to calculate the
adsorption percentage [22]. It is noted from Table
3 above that the percentage of adsorption increases
with increasing temperature. The adsorption rate
at the last temperature (318 K) reached 92.94%.
This means that the adsorption process has reached
its maximum at that temperature and that a small
amount of dye remains in the solution, which
qualifies for using these membranes in practical
aspects, the most important of which is water
filtration systems [8].

Adsorption (%) = (Co=Ce)

(Eq.3)

* 100

o

3.3. Adsorption Isotherms

3.3.1. Freundlich model

The Freundlich equation was used to process the
adsorption data of Malachite Green (MG) dye
on the prepared nanofiber membranes within the
temperature range of 298, 303, 308, 313, and 318
°K to investigate the adsorption isotherms [22].

1
InQ, = InKs += InC,

(Eq.4)

Qe: amount of adsorbate in unit mg g'; Ce:
concentration of adsorbate solution at equilibrium
in unit mg L''; n and K : Freundlich constants.

The Freundlich constants are obtained from the
linear relationship of a special curve it consists of the
x-axis representing the values of InCe and the y-axis
representing the values of InQe where the slope
represents K. (which reflects a capability for surface
adsorption) and the intercept represents n, as shown
in Figure 10.

Table 4 notes that the values of the Kf constant
generally increase with increasing temperature,
except for its value at 313 °K, which show a slight
deviation from the general behavior. This means
that the adsorption process increases with increasing
temperature in general. The Kf constant expresses
the ability of the adsorbate to adsorb at a certain
equilibrium. Usually, increasing the temperature
leads to an increase in the kinetic energy of the
molecules, which enhances the movement of the
dye molecules and increases the possibility of their
collision with the surface of the nanofibers, thus
increasing the amount of adsorption. Therefore, a
general increase in the Kfvalue can be observed with
increasing temperature [25].

Despite the general trend of increasing K, with
temperature, the slight deviation at 313°K may
be due to specific effects such as changes in
the properties of the nanofiber surface at this
temperature, or there may be a change in the
interaction between the dye and the nanofibers as
a result of slight changes in the surface structure
or surface energy at this specific temperature
[26]. As for the n constant, a relative decrease in
its value is observed with increasing temperature,

Table 3. Absorption percentage of Malachite Green (MG) dye
on prepared nanofiber membranes at different temperatures

Temperature (°k)

Adsorption Percentage (%)

298
303
308
313
318

9.075
13.591
16.387
85.795
92.946
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except at 318 °K. The n constant expresses the
adsorption strength, as high values indicate that the
adsorption is stronger and tends towards multilayer
adsorption. The decrease in n with increasing
temperature means that the adsorption becomes
less strong and may be less preferable to multilayer
adsorption, perhaps as a result of the increase in the
kinetic energy of the molecules that may weaken
the bonding forces between the dye molecules and
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the surface of the nanofiber membranes [25]. The
exception in the value of # constant at 318 °K may be
due to a change in the thermodynamic equilibrium
of'adsorption, which leads to a preference or change
in the adsorption mechanism that becomes more
coherent at this temperature. Other factors may
intervene, such as rearrangement of the nanoscale
surface or other effects at the molecular level that
affect how the dye molecules interact with the

5.0- 5.0 . P
Y =0.4026*X - 3333 Y =0.4895*X - 3344
R’= 0,9373 R« (0.8640
]
4.5 4.5
S =
= L . =
4.0- 4.0~ -
Freundlich 298 K Freundlich 303 K
35 L 1 ] 3‘5 I I L] L}
1 2 3 4 1.0 1.5 2.0 2.5 3.0
In Ce In Ce
Aad Y =0.5321*X - 3944 ¥ Y =0.6107*X - 3933
R 0,7511 R*= 0.8171
5.0 (] &
* 5.0
> v L ]
< 45— o
° 4.5
4.0
Freundlich 308 K e Freundlich 313 K
3'5 1 Ll L] L} 4'0 1 I LI L}
0.5 1.0 1.5 2.0 25 0.5 1.0 1.5 2.0 a5
In Ce In Ce
5.5
Y =0.6043*X - 4070
R« 0.8824
5.0= e
< 4.5+
&
4.0
Freundlich 318 K
35 T . )
0.0 0.5 1.5 2.0
In Ce

Fig. 10. Plots of InCe vs InQe for adsorption of MG dye
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Table 4. The Freundlich parameters for the MG dye adsorption on nanofiber membranes.

Temperature (K) kf kf(mg L") n R’
298 27.994 2.488 0.937
303 28.332 2.045 0.864
308 51.573 1.880 0.751
313 51.060 1.639 0.817
318 58.498 1.656 0.882

surface at this specific temperature [27]. On the
other hand, when calculating the numerical average
of the coefficient of determination (R?) values for
all the studied temperatures, it was equal to 0.85.
This value is generally considered good, but it is
not ideal, which means there are some differences
between the experimental results and the predictions
provided by the Freundlich model. In general,
these behaviors indicate that the adsorption process
of MG dye on prepared nanofiber membranes is
complex and is affected by several factors related
to the interactions between the molecules (MG
dye) and the surface of the adsorbent (prepared
nanofiber membranes), which may vary based on
subtle thermal changes [28].

3.3.2. Langmuir model

The Langmuir equation was used to process the
adsorption data of Malachite Green (MG) dye
on the prepared nanofiber membranes within the
temperature range of 298, 303, 308, 313, and 318
°K to investigate the adsorption isotherms [29]. The
Longmuir constants are obtained from the linear
relationship of a special curve. It consists of the
x-axis representing the values of Ce and the y-axis
representing the values of Ce/Qe, where the slope
represents 1/Q_ max and the intercept represents 1/
Qe . K, as shown in Figure 11.

Ce

_1 Ce
Qe /Qmax-kl + /Qmax
(Eq.5)

Qe: amount of adsorbate in units mg g', Ce:
concentration of adsorbate solution at equilibrium
in units mg L', K, and Qe _ : Langmuir constants.
Table 5 notes that the value of the Kl constant

increases relative to temperature, except for its
values at 313 °K and 318 °K, which showed a slight
deviation from the general behavior. This means
an increase in the dye adsorption equilibrium with
increasing temperature on the adsorbent surface
(prepared nanofiber membranes) and thus an
increase in the adsorption capacity [30].

The K, constant expresses the adsorption equilibrium
and is related to the adsorption energy. Usually,
with the increase in temperature, the energy of
molecules increases, which leads to the increased
mobility of dye molecules and the possibility of
their collision with the surface of nanofibers, thus
promoting the adsorption process. Therefore, it
is natural that the value of K, increases with the
increase in temperature [31]. The slight deviation
in the K, value at 313 K and 318 K could be due
to changes in the physical or chemical nature of
the nanofiber surface at these temperatures. For
example, a change in the structural composition
of the nanofibers or the surface interactions may
occur that may lead to changes in the ability of the
surface to attract dye molecules, thus affecting the
value of the K, constant [26]. The same applies to
the maximum adsorption capacity (Qe max), which
increases with increasing temperature, except for its
value at 318 °K, which deviates from the general
behavior. The Qe max constant expresses the
maximum adsorption capacity (i.e., the maximum
amount of dye that can be adsorbed on the surface
of the nanofibers). Typically, as the temperature
increases, the activity of the molecules and their
ability to diffuse inside the pores of the adsorbent
material (prepared nanofiber membranes) increases,
which increases the maximum adsorption capacity
(Qe max) [32]. The anomaly at 318 °K may be due
to changes in the surface structure of the nanofibers
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Fig. 11. Plots of Ce vs Ce/Qe for adsorption of MG dye on prepared nanofiber membranes

Table 5. The analytical Langmuir parameters for the MG dye adsorption

Temperature (K) Qe max (mg L) K, (L mg") R?
298 142.857 0.120 0.959
303 166.666 0.125 0.941
308 250 0.210 0.845
313 333.333 0.166 0.802
318 333.333 0.2 0.874
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or the interaction between the dye and the surface
at this temperature. There may be a phase transition
or rearrangement of the surface of the nanofibers
at this temperature, which reduces the number of
active sites available for adsorption or affects the
interaction between the surface molecules and
the dye molecules [33]. The observed behavior
of the Langmuir isotherm can be explained by
the thermodynamic and physical changes that
affect the interactions between the dye molecules
and the nanofiber surface with temperature.
While the general trend is for the adsorption
constants and maximum capacity to increase with
temperature, deviations from this behavior can be
due to surface- and interaction-specific effects at
certain temperatures, such as 313 °K and 318 °K.
Also, the numerical average of the coefficient of
determination (R?) values of the Langmuir equation
for all the studied temperatures reached 0.884, which
means that the model provides a reasonably good
explanation of the adsorption behavior of Malachite
Green (MG) dye molecules on the prepared
nanofiber membranes, but it is not entirely ideal.
On the other hand, when comparing the average
values of the coefficient of determination (R?) of the
Langmuir equation (0.884) versus the Freundlich
equation (0.85), we find that it is more applicable
to the Langmuir equation. Thus, this model is more
suitable for describing the adsorption isotherm.
Many techniques, such as GC-MS and GC-FID, are
also used to determine dyes and organic compounds
in waters and other matrices [34-41].

3.4. Thermodynamics adsorption study

The thermodynamic functions of Malachite Green
(MG) dye adsorption on the prepared nanofiber
membranes were calculated to understand the nature
of the adsorption process, as shown in Table 6.
The Gibbs free energy (AG®) was calculated from
Equation 6 [42]. Using the van’t Hoff Equation 7,
the enthalpy of adsorption (AH®) was calculated
from the slope of the linear equation when plotting
Lnk versus the reciprocal of temperature 1/T as in
Figure 12 [43]. The value of the change in entropy
(AS°) was found through the Gibbs-Helmholtz

Equation 8 [44].

AG° = —RTLnK
(Eq.6)

—AH°
tconstant
RT

(Eq.7)

Lnk=

AG° = AH°-TAS®
(Eq.8)

k: thermodynamic equilibrium constant; R: the
general gas constant (8.314 Jmol' K!) ); T: absolute
temperature (K).

Table 6 shows that the values of AG® are negative
for all the studied temperatures, which means that
the adsorption process of Malachite Green dye on
the prepared nanofiber membranes is spontaneous.
This means that the dye molecules adhere to the
nanofibers automatically and quickly over a wide
range of temperatures. It is also noted that AG°
becomes more negative at temperatures from
298 to 318 °K, which means that the adsorption
process becomes more spontaneous with increasing
temperature [45]. The positive AH° value
(+20563.847 J mol™') indicates that the process is
endothermic, i.e., adsorption requires energy (heat)
to occur. This is consistent with the fact that the
spontaneity of adsorption (negative AG®) increases
with increasing temperature, which means that
providing heat enhances the adsorption process.
This was confirmed by studying the effect of
temperature and calculating the adsorption ratio, as
the adsorption capacity increased with increasing
temperature until it reached 92.946% at 318 °K
[46]. Also, the positive value of AH® indicates that
the adsorption process includes the diffusion of dye
molecules within the internal pores of the nanofiber
surface, reaching the internal active sites, and that
this diffusion increases with increasing temperature
[47,48]. In general, positive values of AS® mean that
the process increases the randomness (Entropy) of
the system. In other words, after adsorption, there is
a more random distribution of dye molecules on the
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Fig. 12. Plot of 1/T vs InK for adsorption of MG dye on the prepared nanofiber membranes

Table 6. Thermodynamic functions for adsorption of MG dye

on the prepared nanofiber membranes

Temperature (K) AG° (Jmole™) AH° (Jmole ') AS°(J mole™t)

298 -5238.91
303 -5238.41
308 -3989.96
313 -4662.66
318 -4255.12

+86.58642
+85.15596
+20563.847 +79.72015
+80.59588
+78.04705

surfaces of the nanofibers compared to the previous
case, and this is due to the diffusion process
accompanying the adsorption process [49,50].

4. Conclusion

The nanofiber membranes were prepared using the
electrospinning technique from suitable resin and
morphologically characterized. The adsorption of
Malachite Green (MG) dye from aqueous solutions
on these nanofibers was studied, which included the

factors affecting the adsorption process, adsorption
isotherms, and adsorption thermodynamics.
The results showed that the prepared nanofiber
membranes are very effective adsorbents due to
their unique chemical and physical properties. MG
dye was removed with an adsorption efficiency of
up to 92.946% at 318 °K. The adsorption process
is spontaneous and endothermic, which makes it a
very effective and economical adsorbent that can
be used as a filter for wastewater treatment.
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