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ABSTRACT: This research describes the fabrication of the porous trimethylamine
(TMA)-grafted anion exchange membrane (AEM) over a phase inversion process. The
synthesis of the generated AEM was verified using Fourier transform infrared (FTIR)
spectroscopy. The fabricated porous AEM showed 240% water uptake (WR), 1.45 mg/g
ion exchange capacity (IEC), and a 9.0% linear expansion ratio (LER) at 25 °C. It
exhibited a porous structure and higher thermal stability. It was utilized to remove eosin
B (EB) from wastewater via the process of adsorption. The adsorption capacity of EB
increased with time and the starting concentration of EB while decreasing with
temperature and the AEM dosage. Adsorption isotherm investigation results showed
that EB adsorption onto the porous AEM followed the Langmuir isotherm because the
value of correlation coefficient (R2 = 0.992) was close to unity. Because the correlation
coefficient was close to one, it was determined through adsorption kinetic experiments
that the adsorption of EB on the produced porous AEM was suitable for a pseudo-
second-order model. Thermodynamic study about process of EB adsorption on the porous AEM revealed that there was an
exothermic (ΔH° = −16.60 kJ/mol) and spontaneous process.

1. INTRODUCTION
Dyes make up a class of chemical molecules that give other
things their vibrant, solid color. Benzene, naphthalene,
anthracene, xylene, and other aromatic hydrocarbons are
commonly utilized to create the complex aromatic molecular
structures found in synthetic colors.1 Dyes, which are
frequently employed in the plastic, paper, textile, food, and
cosmetic industries, are readily recognizable pollutants.2

Decolorizing clothing and creating wastewater are new
problems in environmental management.3 Dyes may signifi-
cantly affect the photosynthetic activities of aquatic life since
they contain hazardous elements including aromatic metals,
chlorides, and several other poisons.4 Numerous industrial
colors are resistant to light, aerobic digestion, and oxidation,5

while dyes are typically derived from artificial sources and have
an aromatic chemical structure that increases their durability.
As a result, it is difficult to handle these contaminants, since
they are neither biodegradable nor photodegradable.6 There-
fore, dye removal from industrial effluents is a key requirement.
For dye removal, a variety of methods have been utilized up

to this point, including sophisticated oxidation techniques,
coagulation and flocculation, electro-oxidation, and ultra-
filtration. In addition to coagulation or flocculation, biological
degradation, separation processes, and reverse osmosis, several
techniques were used for the removal of colorants and the
management of wastewater. These included electrodialysis,

filtering, and flotation.7−17 The large use of chemical reagents
and electrical energy in these procedures is a common
problem.10 Adsorption is considered a basic approach for
treating wastewater due to its simplicity and low cost.18−21 An
excellent alternative for the treatment of wastewater is
provided if an adsorbent is effective and does not require
any additional preparation steps before use.22,23 Additionally,
this method is an environmentally friendly option because it
functions at standard pressure and temperature while
simultaneously releasing dyes.19 The acceptability of utilizing
a variety of adsorbents with variable costs and efficacies has
already been studied by researchers, such as waste apricot,24

shells of coconuts,25 dairy waste,26 treated bamboo grass,
modified peat−resin particles,27 citrus peels,28 nut hulls,1 the
shell of a pistachio nut,29 husks of rice,30 bagasse and
powdered nut shell charcoal,31 bamboo,32 jackfruit peels,33

palm tree trash, and date stones,34 for dye and heavy metal
wastewater discharge.

Received: September 8, 2023
Revised: December 2, 2023
Accepted: December 7, 2023
Published: January 2, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

2422
https://doi.org/10.1021/acsomega.3c06827

ACS Omega 2024, 9, 2422−2431

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Imran+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Noureddine+Elboughdiri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdallah+Shanableh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Asma+Manzoor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suryyia+Manzoor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suryyia+Manzoor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nosheen+Farooq"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jannat+Suleman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hadia+Sarwar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mhamed+Benaissa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yacine+Benguerba"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yacine+Benguerba"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c06827&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06827?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06827?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06827?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06827?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06827?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/2?ref=pdf
https://pubs.acs.org/toc/acsodf/9/2?ref=pdf
https://pubs.acs.org/toc/acsodf/9/2?ref=pdf
https://pubs.acs.org/toc/acsodf/9/2?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c06827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


Currently, the interaction between the adsorbate and the
functional groups of the adsorbents determines the efficacy of
all adsorbents used for the discharge of dyes and heavy metal
ions.35 A membrane’s ability to adsorb pollutants and release
them from wastewater depends on the quantity of adsorption
sites and the surface area of the matrix.36−38 The anion
exchange membrane (AEM) may thus be considered an
acceptable substitute due to its substantial adsorption surface
area for dye discharge from aqueous solutions. P81 and
ICE450 membranes were used to remove methyl violet 2B
from an aqueous solution by adsorptive removal.39 Addition-
ally, an aqueous solution of cibacron blue 3GA was eliminated
utilizing AEMs.40 In the past, we discussed how to remove
dyes using a variety of produced and commercial AEMs from
wastewater.23,41−44 In this Article, we shall develop the porous
trimethylamine (TMA)-grafted AEM for eosin B (EB) removal
from effluent. According to what we know, no published study
on the use of a porous trimethylamine (TMA)-grafted AEM
for EB adsorption from wastewater is accessible in the
literature. In addition, EB is an anion dye. It possesses
negatively charged ions in an aqueous solution. The prepared
porous AEM (adsorbent) exhibited a positive charge. There
will be a force of attraction between the positively charged
AEM surfaces and negatively charged dye molecules in the dye
solution. For this reason, we selected EB as a pollutant in this
research.
This research focuses on the fabrication of a porous TMA-

grafted AEM via the phase inversion method. The developed
porous AEM’s ion exchange capability, structure, linear
expansion ratio, thermal stability, and water absorption were
all examined. To demonstrate the effective synthesis of the
porous AEM, we used FTIR spectroscopy. The developed
porous AEM was utilized to remove EB from wastewater via an
adsorption process. The dependence of EB adsorption on the
porous AEM mass, contact duration, temperature, and EB
initial concentration in solution was investigated in detail. EB
adsorption on porous AEM was also studied regarding kinetics,
equilibrium, and thermodynamics.

2. EXPERIMENTAL SECTION
2.1. Materials. Sinopharm Chemical Reagent Co. Ltd.

provided eosin B, potassium chromate, silver nitrate, N-methyl-
2-pyrrolidone, sodium chloride, and trimethylamine. They
were used for manipulation by intended means. For the
duration of this study, distilled water was used. The
brominated poly(2, 6-dimethyl-1,4-phenyleneoxide) (BPPO)
was supplied by Tianwei Membrane Co. Ltd. of Shandong
province in China.

2.2. Porous AEM Fabrication. We fabricated the porous
AEM by adding TMA into a BPPO matrix using the phase
inversion approach as described in our prior work.45−47 3.0 g
of BPPO was first dissolved in N-methyl-2-pyrrolidone (NMP)
to produce the 30% solution. A measured volume of TMA was
combined with the produced BPPO solution (0.30 g). The
mixture of components was continuously stirred at 40 °C
throughout the night to speed up the reaction between
trimethylamine and BPPO. The mixture was then transferred
to a transparent tray and immediately immersed in ethanol.
The membranes were washed by soaking them in water for 2
days. Figure S1 depicts the chemical structure of the ready
porous AEM.

2.3. Characterizations. 2.3.1. Instrumentation. The
production of porous AEMs was confirmed using an FTIR

spectrometer (Vector 22, Bruker) that used attenuated total
reflectance (ATR) in the 4000−400 cm−1 range. A Shimadzu
TGA-50H analyzer was used to look at thermal stability across
a temperature range of 25−800 °C with a heating rate of 10
°C/min under nitrogen flow. The morphology was examined
by field emission scanning electron microscopy (FE-SEM,
Sirion200, FEI Company, USA).
2.3.2. Ion Exchange Capacity, Linear Swelling Ratio, and

Water Uptake. The created porous AEM’s water absorption
was examined as indicated.48−52 An AEM that had been dried
and precisely weighed was submerged in distilled water at 25
°C. After using tissue paper to wipe away the surface water, the
AEM’s wet weight was determined. The mass difference
between the dried and undried porous AEM was used to
estimate water absorption using the following formula:

= ×W
W W

W
100%R

WET DRY

DRY (1)

The wet and dry masses of AEMs are represented by WWET
and WDRY, respectively.
A prepared porous AEM was cut into 4 × 4 cm2 pieces in

order to evaluate the porous AEM’s linear swelling ratio (LSR)
at 25 °C. The LSR was measured using the equation below,
which was calculated:53,54

= ×LER
L L

L
( )

100%WET DRY

DRY (2)

The lengths of the membrane samples are shown in eq 2 as
LWET and LDRY, respectively, for the wet and dry forms.
The capacity for ion exchange was recorded using the

classical Mohr’s procedure as reported in previous work.55,56 A
1.0 M NaCl solution was used to soak the measured mass of
the dry porous AEM for 2 days to convert all charge sites to
the Cl− form. The porous AEM was rinsed in deionized water
to remove excessive NaCl before being immersed in a 0.5 M
Na2SO4 solution for 2 days. By employing K2CrO4 as an
indicator and titrating with 0.05 M AgNO3, we calculated the
weight of the released Cl− ions. The following equation was
used to determine the ion exchange capacity (IEC):

=
C V

W
IEC

AgNO AgNO

DRY

3 3

(3)

where W, V, and C indicate the dried membrane’s weight, the
volume of AgNO3 used during titration, and the concentration
of the AgNO3 solution, respectively.

2.4. EB Adsorption on the Porous AEM. The adsorption
of EB on the developed porous AEM was conducted as
described.19,55,57−61 To determine the ideal contact time, the
small pieces of the developed porous AEM containing a
measured mass (0.1 g) had been shaken for 50, 100, 200, 300,
400, 500, 900, 1200, and 1400 min in 40 mL of EB solution
with a 50 mg/L starting concentration. Using its various
masses of 0.02, 0.04, 0.06, 0.08, and 0.10 g in 40 mL of EB
solution with an EB starting concentration of 50 mg/L for
1440 min, we discovered the optimal mass of the piece of
porous AEM. To investigate isotherms of adsorption, the
computed mass of the pieces of porous AEM (0.10 g) were
shaken for 1440 min into 40 mL of EB solution starting with
50, 100, 200, 300, 400, 500, 800, and 1000 mg/L
concentrations. To conduct an adsorption thermodynamics
investigation, the measured masses of a piece of the porous
AEM (0.1 g) were then stirred at 200 rpm into 40 mL of EB

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06827
ACS Omega 2024, 9, 2422−2431

2423

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06827/suppl_file/ao3c06827_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


solution with an initial concentration of 50 mg/L at 303, 313,
323, and 333 K for 1440 min. Using a UV−vis spectropho-
tometer (UV-2550, SHIMADZU), the absorbance of the
solution was measured at a maximum wavelength of 464 nm to
estimate the concentration of EB. The calibration curve was
used to calculate the amount of EB present in an aqueous
solution. Using following formula, the porous AEM’s
adsorption capacity was determined:

= ×q
C C

W
Vt

o t
(4)

where Ct and Co denote the EB concentration at time t and the
start of the experiment, respectively; the mass of the piece of
porous AEM is represented by W; and the volume of the EB
solution is represented by V.

2.5. Adsorption Isotherms. 2.5.1. Langmuir Isotherm.
The Langmuir isotherm assumes that the saturated monolayer
of liquid molecules on the solid surface exhibits the greatest
adsorption. It is presented as follows:57,62

= +C
q K Q

C
Q

1e

e L m

e

m (5)

Here KL is the Langmuir constant (L/mg), qe is the quantity of
dye adsorbed at equilibrium state of the system (mg/g), and Ce
is the supernatant concentration at equilibrium state of the
system (mg/L). The primary characteristic of the Langmuir
adsorption isotherm is represented as the dimensionless
constant separation factor RL, which is given as follows:62

=
+

R
K C

1
1 o

L
L (6)

The isotherm’s form is determined by the value of RL, which
might be linear (RL = 1), unfavorable (RL > 1), irreversible (RL
= 0), or otherwise favorable (0 < RL > 0).62

2.5.2. Freundlich Isotherm. To analyze the heterogeneous
system, the Freundlich isotherm is used as an empirical
relation. It is expressed as follows:63

= +q K
n

Clog log
1

loge f e (7)

The Freundlich isotherm constants used are nf as well as Kf.
2.5.3. Temkin Isotherm. The Temkin isotherm is denoted

as follows in its linear form:57

= +q B A B Cln lnT T Te e (8)

The adsorption heat and maximum binding energy are linked
to the constants bT and AT, where BT = RT/bT, R is the gas
constant (8.31 J/mol·K), and T is the absolute temperature
(K), respectively.

2.6. Adsorption Kinetics. 2.6.1. Pseudo-First-Order
Model. The linear representation of the Lagergren pseudo-
first-order rate is given as follows:23,64

=q q q
k t

log( ) log
2.303te e

1
(9)

The EB concentration adsorbed at equilibrium is qe, qt
indicates EB concentration adsorbed at t, and k1 (/min) is
the pseudo-first-order model’s constant.
2.6.2. Pseudo-Second-Order Model. In linear form, the

pseudo-second-order kinetic model is shown as57,64

= +t
q k q

t
q

1

t 2 e
2

e (10)

where k2 (g/mg·min) is the rate constant for the pseudo-
second-order model.
2.6.3. Elovich Model. The Elovich model is represented

as62,63

= +q t
1

ln( )
1

lnt (11)

Here the constants β (g/mg) and α (mg/g.min) are used. β is
degree of surface coverage as well as the activation energy of
chemisorption, and α is the rate of first adsorption.
2.6.4. Liquid Film Diffusion Model. The liquid film

diffusion model is denoted as follows:65

=F K tln(1 ) fd (12)

Here Kfd is the liquid film diffusion rate constant and F = qt/qe.
2.6.5. Modified Freundlich Equation. Kuo and Lotse

presented the modified Freundlich equation at first as23,57

=q kC tt o
m1/

(13)

where, in order, k, Co, t, and m stand for the Kuo−Lotse
constant, the initial EB concentration in milligrams per liter
(mg/L), the contact duration in minutes, and the adsorption
rate constant (L/g·min). The provided linear form is

= +q kC
m

tln ln( )
1

lnt o (14)

2.6.6. Bangham Equation. The Bangham is denoted by
means of62,65

= +
i
k
jjjjjj

y
{
zzzzzz

i
k
jjjj

y
{
zzzz

C
C q m

k m
V

tlog log log
2.303

logo

o t

o

(15)

In the above equation, V is the volume of the EB solution
(mL), ko is in mL/(g/L), α < 1, and m is the mass of the
porous AEM (g/L).

2.7. Adsorption Thermodynamics. We investigated the
thermodynamics of EB adsorption onto the porous AEM by
estimating enthalpy (ΔH°), Gibb’s free energy (ΔG°), and
entropy (ΔS°) changes using the following equations:

=K S
R

H
RT

ln
o o

c (16)

=K
C
Cc

a

e (17)

=G H T So o o (18)

In the above equation, Kc is equilibrium constant, Ca is
concentration adsorbed, Ce is equilibrium concentration, ΔG°
stands for Gibbs free energy (kJ/mol) change, ΔH° is enthalpy
(kJ/mol) change, and ΔS° is the entropy (J/mol·K) change.

3. RESULTS AND DISCUSSION
3.1. FTIR. We examined the production of the porous AEM

with the use of FTIR spectroscopy. Figure. 1 displays the
obtained FTIR spectra of pure BPPO and porous AEM. The
C−Br stretching vibration was the cause of the band that was
identified at 750 cm−1 in the pure BPPO membrane.56,66,67

The stretching vibration of C−N was indicated by a peak seen
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at 1260 cm−1 in the prepared porous AEM. Additionally, it is
invisible in the clean BPPO membrane. In the porous AEM’s
ATR-FTIR spectrum, it had vanished. The TMA ion exchange
moiety was added to the BPPO matrix to demonstrate the
effectiveness of the AEM preparation.

3.2. Morphology. FE-SEM (Sirion 200, Hillsboro, OR,
USA-based FEI Company) was used to study the morphology
of the developed AEMs. Figure S2 displays SEM micrographs
of the surface and cross-section of the created AEM. This study
showed that the AEM had a porous structure. In addition, the

AEM was free from phase separation, cracks, or holes,
demonstrating the excellent compatibility of the ion exchange
moiety and polymer matrix. The cross-sectional micrograph
contained a finger-like structure of pores as represented in
Figure S2.

3.3. Thermal Stability. The produced AEM’s thermal
stability was demonstrated by thermogravimetric analysis
(TGA). Temperatures between 30 and 700 °C were used to
show thermal stability in a nitrogen environment. The
generated AEM’s TGA thermograph is shown in Figure S3.
Three stages of weight loss were observed. Around 80−140
°C, the surface-adsorbed water on the AEMs began to
evaporate, causing the first phase in the weight loss
process.68,69 The second phase of a weight loss occurred
between 180 and 230 °C, at which point the quaternary
ammonium group degraded into the polymer matrix.46,70

Degradation of the polymer backbone, which corresponds to
final weight loss step, was noted around 400 °C.45,71 This
demonstrated the prepared AEM’s good thermal stability.

3.4. Ion Exchange Capacity, Water Absorption and
Linear Swelling Ratio. Water absorption has a considerable
effect on the properties of ion exchange membranes. Due to
their necessity for ion transport and the fact that they are
present inside the membrane matrix, water molecules also
assisted in the separation of charged functional groups.47,72 At
room temperature, the produced AEM’s determined water
uptake was 240%. It implied that the generated porous AEM
was effective at removing colors from sewage. The ion
exchange capacity was calculated using the standard Mohr’s

Figure 1. FTIR spectra of the fabricated porous AEM and pristine
BPPO.

Figure 2. (a) Influence of contact duration, (b) membrane dosage, (c) EB starting concentration, and (d) temperature on EB adsorption capacity.
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method. The ion exchange membrane’s importance in relation
to hydrophilicity and transport characteristics is a key factor.67

The measured IEC value of the prepared AEM was 1.45 mg/g.
At room temperature, the AEM’s linear swelling ratio was
studied. Measured LER value was 9.0%. It showed that the
developed AEM exhibited a higher swelling resistance suitable
for their electrochemical properties.

3.5. Impact of Operational Variables on Wastewater
EB Removal. In this Article, the operational elements that
have an impact on the amount of EB that the developed
porous AEM discharges from wastewater are thoroughly
illustrated. The effect of contact duration on EB% discharge
from wastewater is indicated in Figure 2a. The EB discharge
was shown to increase with contact time at room temperature.
In addition, the EB removal was fast at the beginning stage due
to the presence of excessive active sites on the porous AEM
and declined with the passage of time. From these results, an
equilibrium was found after 1400 min. This optimized time
was utilized to conduct further experiments.
Adsorbent amounts have significant effects on the discharge

of dyes from wastewater. These effects were investigated by
increasing the porous AEM mass at room temperature from
0.01 to 0.05 g, and the results are presented in Figure. 2b. As
the porous AEM mass increased at room temperature from
0.01 to 0.05 g, the adsorption capacity of EB onto the porous
membrane was shown to decline. It was due to limited EB
concentration an the aqueous solution.19

The influence of the EB starting concentration on its
percentage release from wastewater was also investigated at
room temperature. Figure 2c demonstrates the effect of the EB
starting concentration on the waste product elimination
percentage. The findings revealed that increasing the
concentration of first colorant in solution increased EB’s
adsorption capacity on the synthetic porous AEM. The
problem was caused by the greater concentration of EB in
the mixture, which enhanced the molecules’ ability to move
from the solution to the porous AEM side. The porous AEM
surface and EB molecules interacted more often. It suggested
that the porous AEM’s capacity for adsorption was positively
influenced by the EB starting concentration.19,59

By adjusting the temperature from 273 to 333 K, the impact
of temperature on the EB adsorption capacity was investigated.
Figure 2d illustrates the impact of temperature on the EB
adsorption capacity. The EB adsorption capacity was shown to
decrease with the temperature increase. From here, we
conclude that the discharge of EB from wastewater by the
developed porous AEM was an exothermic process.

3.6. Adsorption Isotherms. To explain EB adsorption
onto the produced porous AEM, several isotherm models,
including Temkin, Langmuir, and Freundlich models, were
utilized. The measured parameters are represented in Table 1,
and their plots are displayed in Figure. 3. The isotherm of the
Langmuir curve used for the adsorption of EB on the porous
AEM is presented in Figure 3a. Table 1 provides the derived
values for the Langmuir isotherm. The correlation coefficient
value (R2 = 0.992) that is close to unity shows that the
Langmuir isotherm was obeyed by EB adsorption onto the
generated porous AEM. The calculated RL (0.05−0.34) value
indicated that the procedure of EB adsorption was successful.
In Figure 3b, the Freundlich isotherm for EB adsorption is
shown. Table 1 lists the calculated values of its components.
The findings showed that EB adhered to the produced porous
AEM according to the Freundlich adsorption isotherm. Values

between 1 and 2 indicated weak adsorption, and those less
than 1 indicated strong adsorption for the Freundlich constant
n, which had a range of 2−10.57,59 In addition, Figure 3c shows
the Temkin isotherm plot for EB adsorption. Its measured bT
and AT values are shown in Table 1. The Temkin isotherm’s
correlation coefficient (R2 = 0.974) was lower than that of the
Langmuir isotherm; therefore, it was recognized that it was not
practical to discuss EB adsorption onto the created porous
AEM using this Temkin isotherm.

3.7. Adsorption Kinetics. With the help of kinetic models,
the expected mechanism and the adsorption pathway being
followed can be predicted.73 Adsorption process is expected to
follow a variety of mechanisms, based on which it can be
deduced if the adsorption process is physical or chemical in
nature. Generally, the pseudo-first-order model describes
diffusion-based adsorption, while the second-order model is
more specifically followed in case of chemical adsorption,
which involves the exchange of electrons between the
membrane and adsorbate.73,74 For EB adsorption onto the
developed porous AEM from wastewater, adsorption kinetics
were illustrated by applying several kinetics models. The
graphs of the kinetic models used are shown in Figure 4, and
Table 2 contains calculated kinetic factors. According to the
obtained data, the pseudo-second-order model presented best
fit, which suggests that the efficiency of the membrane to
adsorb the solute mainly depends on its uptake capacity
instead of the solute’s concentration.75 For the prepared
porous AEM, the application of the pseudo-second-order
model represents the interaction between dye molecules and
the ion exchange group of the prepared porous AEM.76

Therefore, the adsorption system was chemical adsorption. It
was noted that the EB adsorption process onto the porous was
best fitted to the pseudo-second-order model with a chemical
adsorption mechanism.76−78 The pseudo-second-order kinetic
model has been strongly utilized to dictate chemisorption in
various sorption systems. Besides, the Elovich model was not
able to describe EB adsorption onto the porous AEM (Table 2,
Figure 4).
Similarly, the liquid film diffusion model (R2 = 0.980) and

modified Freundlich equation (R2 = 0.969) were not as
favorable as the pseudo-second-order model, making them an
unsuitable choice for study (Figure 5, Table 2). Figure 5c
shows the EB adsorption curve of the Bangham equation. The
plot’s lack of linear curves indicates that there are other rate-
regulating processes than the adsorbate’s (EB) diffusion into
the adsorbent’s pores (the generated porous AEM).23,65 Both
film and pore diffusion were crucial to different extents for EB
adsorption from wastewater onto the porous AEM.58,79

3.8. Adsorption Thermodynamics. To conduct an
adsorption thermodynamics analysis for EB adsorption onto
the produced porous AEM, the values for entropy (ΔS°),

Table 1. EB Adsorption onto the Created Porous AEM
Performed Using the Determined Isotherms of Adsorption
Parameters

isotherms of
adsorption determined factors

Langmuir
isotherm

qe =
162.10

KL =
1.90 × 10−2

R2 =
0.992

RL =
0.050−0.34

Freundlich
isotherm

n = 3.10 kF = 20.49 R2 =
0.957

Temkin isotherm AT = 0.40 bT = 90.15 R2 =
0.974
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Figure 3. (a) Langmuir isotherm, (b) Freundlich isotherm, and (c) Temkin isotherm for EB adsorption onto the developed porous AEM from
wastewater.

Figure 4. (a) Plot of pseudo-first-order, (b) pseudo-second-order, and (c) Elovich models for EB adsorption onto the developed porous AEM from
wastewater.
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enthalpy (ΔH°), and Gibb’s free energy (ΔG°) were
determined. The graph between ln Kc and 1/T for EB
adsorption is indicated in Figure 6. Table 3 lists the
thermodynamic factors values. Generally, a positive ΔG°
shows that an external source of energy is needed during the
adsorption process.80 Simultaneously, a negative ΔG° value
shows the feasibility of the adsorption process and its
spontaneous nature without the requirement for an external
energy source.80 The negative value of ΔG° (Gibb’s free
energy) at all temperatures was obtained for EB adsorption
onto the porous AEM, demonstrating that EB adsorption
occurred spontaneously onto the porous AEM without the
requirement of external energy.78 As seen from Table 3, the EB
adsorption onto the porous AEM was an exothermic process
because of the negative enthalpy value (ΔH° = −16.60 kJ/
mol).23,63 Additionally, the EB adsorption onto the resulting
porous AEM from wastewater was observed to result in a

reduction in arbitrariness at the adsorbate−adsorbent interface,
leading to a negative entropy value.63,81

Table 2. Determined Adsorption Kinetic Parameters for EB
on the Created Porous AEM

models for kinetic
adsorption parameter measurements

model of pseudo-first
order

qe = 16.93 k1 =
8.37 × 10−4

R2 = 0.980

model of pseudo-second-
order

qe = 22.93 k2 =
1.35 × 10−4

R2 = 0.992

Elovich model α = 0.16 β = 0.21 R2 = 0.973
liquid film diffusion model Kfd =

1.93 × 10−3
Cfd = −0.162 R2 = 0.980

modified Freundlich
equation

m = 2.02 k = 0.012 R2 = 0.969

Bangham equation α = 0.50 ko = 0.462 R2 = 0.969

Figure 5. (a) Liquid film diffusion model, (b) modified Freundlich equation, and (c) Bangham equation for EB adsorption onto the developed
porous AEM from wastewater.

Figure 6. Graph sjpwomg the relationship between 1/T and ln Kc for
EB adsorption onto the created porous AEM from wastewater.

Table 3. Determined Thermodynamic Parameter Values for
EB Adsorption onto the Porous AEM

T (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol)

303 −7.04
313 −6.73 −16.60 −0.032
323 −6.41
333 −6.10
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4. CONCLUSION
This Article provided a detailed description of the phase
inversion approach utilized to construct the porous AEM. The
effective production of the porous AEM from the interaction of
BPPO and TMA was verified by FTIR spectroscopy. It showed
excellent thermal stability as well as a porous structure. It
exhibited an IEC of 1.45 mg/g, a LER of 9.0%, and a WR of
240% at 25 °C. It was discovered that EB adsorption onto the
porous AEM increased with time and the initial EB
concentration, while it decreased with the AEM dose and
temperature. According to the isotherm analysis, EB
adsorption onto the porous AEM fit the Langmuir isotherm.
The pseudo-second-order kinetics of EB adsorption is suitable
according to the adsorption kinetics. Thermodynamic analysis
revealed that EB adsorption onto the porous AEM was an
exothermic and spontaneous process. It was shown how
effectively the porous AEM generated could be used as an
adsorbent to extract EB from wastewater.
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