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Abstract: Recycling of acid from aqueous waste streams is crucial not only from the environmen-
tal point of view but also for maturing the feasible method (diffusion dialysis). Anion exchange
membrane (AEM)–based diffusion dialysis process is one of the beneficial ways to recover acid from
aqueous waste streams. In this article, the synthesis of a series of brominated poly (2, 6–dimethyl-1,
4–phenylene oxide) (BPPO)-based anion exchange membranes (AEMs) through quaternization with
triphenylphosphine (TPP) were reported for acid recovery via diffusion dialysis process. The suc-
cessful synthesis of the prepared membranes was confirmed by Fourier transform infrared (FTIR)
spectroscopy. The as-synthesized anion exchange membranes represented water uptake (WR) of 44
to 66%, ion exchange capacity of (IEC) of 1.22 to 1.86 mmol/g, and linear swelling ratio (LSR) of 8 to
20%. They exhibited excellent thermal, mechanical, and acid stability. They showed homogeneous
morphology. The acid recovery performance of the synthesized AEMs was investigated in a two
compartment stack using simulated mixture of HCl and FeCl2 as feed solution at room temperature.
For the synthesized anion exchange membranes TPP–43 to TPP–100, the diffusion dialysis coefficient
of acid (UH

+) was in the range of 6.7 to 26.3 (10−3 m/h) whereas separation factor (S) was in the range
of 27 to 49 at 25 ◦C. Obtained results revealed that diffusion dialysis performance of the synthesized
AEMs was higher than the commercial membrane DF–120B (UH

+ = 0.004 m/h, S = 24.3) at room
temperature. It showed that the prepared AEMs here could be excellent candidates for the diffusion
dialysis process.

Keywords: diffusion dialysis; triphenylphosphine; BPPO; anion exchange membrane; ion exchange
capacity; water uptake

1. Introduction

Nowadays, a large quantity of acid waste has been generated by many industries [1,2].
These acids are a byproduct of various processes such as leaching, fine-tuning of metals,
and mining activities [3]. This waste has become a crucial candidate for generating water
pollution, thus resulting in huge economical losses [4]. Therefore, several works were
carried out to discover such a type of technology that can remove these acids and wastes
from wastewater such as neutralization, fluidized beds, and precipitation [3,5]. Several
techniques in the field of membrane technologies were utilized for acidic and alkaline
recovery, including several individual processes such as electrodialysis, nanofiltration, or
the most preferred process called diffusion dialysis [6–10].

The diffusion dialysis (DD) system due to its superiority compared to other methods
is installed for acid extraction since it is a green process that requires no power dissipation
and has simple progression and equipment [5]. Initiated by Graham (1861), the notion of
dialysis demonstrates a concentration driven spontaneous process using a semi-permeable
membrane to split large and small molecules from each other [11]. However, this method

Membranes 2021, 11, 311. https://doi.org/10.3390/membranes11050311 https://www.mdpi.com/journal/membranes

https://www.mdpi.com/journal/membranes
https://www.mdpi.com
https://orcid.org/0000-0001-9402-1846
https://orcid.org/0000-0003-4785-4567
https://doi.org/10.3390/membranes11050311
https://doi.org/10.3390/membranes11050311
https://doi.org/10.3390/membranes11050311
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/membranes11050311
https://www.mdpi.com/journal/membranes
https://www.mdpi.com/article/10.3390/membranes11050311?type=check_update&version=1


Membranes 2021, 11, 311 2 of 17

has some limitations such as it needs a crucial fabrication of such an ion exchange mem-
brane that can permit the ions to permeate through it as well as some equilibrium restraints
to the concentration of the solution that is regenerated and stimulated [12,13]. Generally,
diffusion dialysis membranes are divided into two categories, they either fall into cation
exchange membranes (CEM) or AEM. The AEMs stand as an essentially used method for
regeneration and separation of the acids whilst CEMs are for the separation of bases. AEMs
are subjected to more consideration since recovery of acid has more demand than bases, so
countless AEMs are in the development and manufacturing phases. The consequences and
outcomes for the physical and chemical properties of membranes on the diffusion dialysis
process are also a hot topic for researchers these days and excellent outcomes have been
reported as per studies [14–18]. Several pieces of research demonstrate and indicate that
the anion exchange membrane is the key component and efficient process for acid recovery.
It is associated with its high ability to separate and regenerate the acid from wastewater.
Poly(DMAEM–co–γ–MPS) gave a diffusion dialysis coefficient UH

+ of 0.016–0.029 m/h
and a separation factor S of 23.3–87.7 [19]. Quaternized poly(2,6–dimethyl-1,4–phenylene
oxide) membranes displayed an ion exchange capacity value of 2.07 mmol/g, diffusion
coefficient UH

+ of 0.020 m/h, and a separation factor S of 73 at room temperature [20].
Highly charged hierarchical porous membranes increased the performance of diffusion
dialysis with higher diffusion dialysis coefficient UH

+ of 0.0273 m/h and a separation factor
S of 86.5 at 25 ◦C [21]. A diffusion dialysis coefficient UH

+ of 0.019 m/h and a separation
factor S of 127 was reported for series-connected hexacations cross-linked membranes [22].
Diffusion dialysis as shown in (Figure 1) has prominence in industries that are fundamen-
tally established on metal processing because their acid can be recovered and regenerated
concurrently with endorsing the recycling of the metal ions from waste streams [13].
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Figure 1. Schematic diagram for the procedure of diffusion dialysis.

The regeneration competence for acid in the diffusion dialysis process entails compar-
atively superior performance for anion exchange membranes. Chiefly, the movement for
anions is through AEM, because of the concentration difference that is the main driving
force during the diffusion dialysis process. This is because of the electrostatic association
of cationic units in the polymer frameworks and architecture. Consecutively, through
the anion exchange membrane, the metallic and H+ ions are supplemented due to the
electroneutrality [14]. Thus, the source of the challenge is the division between H+ and
metal ions. Particularly, in comparison to H+, the metal ions traditionally exhibit greater
hydrated ionic radii and supplementary charges. Due to this, the main conditions to be
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explored for evolving AEMs with enhanced efficiency for diffusion dialysis are the size
prohibition effect and electrostatic repulsion.

Until now, multiple methods have been developed to produce anion exchange mem-
branes that accommodate the diffusion dialysis performance specifications, including
modifying the polymer architectures and altering the cationic head groups. The polymer
structures of the anion exchange membrane are essential for their characteristics. The anion
exchange membranes should be water-insoluble and mechanically significant to achieve
optimum stability and selectivity. Previously, numerous polymer architectures including
poly (arylene ether ketone) [23,24], poly(arylene ether sulfone) [25–27], poly(fluorenyl
ether ketone sulfone) [28], poly(vinyl alcohol) [29], poly(2,6–dimethyl–1,4–phenylene ox-
ide) [30,31], and poly(ether–imide) [32] were established for the manufacture of AEMs
(anion exchange membranes). Besides, to replicate well-connected ion-conducting path-
ways, the efficiency and capacity of ion exchange membranes should be high, leading to
a higher value of diffusion dialysis coefficient for anion exchange membranes [33]. Poly
(2,6–dimethylene–1,6–phenylene oxide) (PPO, Figure 2)) was fundamentally utilized due
to its superior mechanical properties and membrane developing success amongst reported
polymer architectures. The use of BPPO for anion exchange membrane formation restricted
any use of chloromethyl ether (CME), which is a hazardous and restricted material [34]. It
is indeed easy to modify its hydrophobic surface to one that is hydrophilic. Thus, in the pre-
sented work, BPPO has been used as a polymer architecture for these purposes. Contrarily,
the cationic head groups attached to the anion exchange membrane polymer architecture
that investigated anion permeability also have been revealed. For the anion exchange
membranes, a good cationic head group should possess benefits such as high absorbency
of anion, superficial procedure for synthesis, and last but not the least, low costs for the
preparatory materials. In the studies performed until now, several AEMs owning different
cationic head groups have been fabricated for the diffusion dialysis process [20,35–40].
Nevertheless, the diffusion dialysis process for these anion exchange membranes is not
adequate. Hence, this study will fabricate anion exchange membranes for the diffusion
dialysis process by utilizing a new functional group called triphenylphosphine (Figure 3)
(TPP). Triphenylphosphine encompasses a lower acidity value (pKa = 7.64), resulting in
building the anions such that they have much easier disassociation with respect to the
functional groups, resulting in higher penetrability of anions [36]. Furthermore, it is the first
attempt to utilize triphenylphosphine as a cation head group for the formulation of anion
exchange membranes for diffusion dialysis applications, applying the best knowledge and
techniques possible.
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In this paper, the formulation of a sequence of homogeneous anion exchange mem-
branes based on BPPO with varying physico–chemical characteristics has been revealed
by altering the amount of triphenylphosphine (shown in Figure 3) through the use of the
solution casting method into the polymer matrix. This formulation of anion exchange mem-
branes has been validated by FTIR spectroscopy. A detailed investigation was carried out
on the ion exchange power, water absorption, linear swelling ratio, morphology, chemical,
mechanical, and thermal stability of the produced anion exchange membranes. In particu-
lar, through diffusion dialysis, the acid recovery reliability of synthesized anion exchange
membranes was exposed and contrasted with the commercial membrane DF-120B at 25 ◦C.

2. Experimental
2.1. Materials

Sigma-Aldrich chemicals (St. Louis, MO, USA) supplied poly (2,6–dimethyl–1,4–
phenylene oxide) (PPO). Other materials that were used included 2,2–Azo–bis–isobutyro
nitrile (AIBN), triphenylphosphine (TPP), chlorobenzene, ethanol, chloroform, N-methyl–
2–pyrrolidone (NMP), sodium chloride (NaCl), N–Bromo–succinimide (NBS), silver nitrate
(AgNO3), potassium chromate (K2CrO4), sodium sulfate (Na2SO4), hydrochloric acid
(HCl), ferrous chloride (FeCl2.4H2O), and methyl orange (MO) that were received from
Sinopharm Chemical reagent Co. Ltd. (Shanghai, China) and were utilized as attained.
Moreover, deionized water was utilized throughout this research work.

2.2. Procedure for Synthesis of BPPO

According to the previously reported and testified method, this study describes the
successful synthesis of BPPO [41]. First, 6 g of PPO (50 mmol) was dissolved initially into
chlorobenzene (50 mL) in a round bottom flask possessing a magnetic stirrer and refluxed
condenser. The solution was stimulated steadily in order to reduce the variance in internal
concentrations with the movement of components through the membrane [42]. To the
above-stirred solution of PPO, NBS (4.45 g, 25 mmol) and AIBN (0.25 g, 1.5 mmol) were
added. The attained reaction mixture was heated at 135 ◦C for 3 h. The reaction mixture
was poured into an excess of ethanol to precipitate the product after cooling at room
temperature. The attained solid was filtered and washed with ethanol, and the residue
subsequently re-dissolved into chloroform (60 mL) and precipitated into ethanol solution.
The attained solid was collected as a light-yellow powder and dried under vacuum for
48 h at 40 ◦C to get BPPO with a bromination ratio of 75% (DB = 0.75).
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2.3. Procedure for Synthesis of Anion Exchange Membranes

In this work, the solution casting method was utilized for the synthesis of BPPO-based
anion exchange membranes as reported in our previous research [35,43–47]. At first, 7%
(wt %) solution was formed by dissolving 0.7 g (2.6 mmol) of BPPO into N-methyl-2-
pyrrolidone (NMP) solvent. Anion exchange membranes with different physico–chemical
properties were obtained by adding 0.30, 0.50, and 0.70 g (1.10, 1.90, and 2.60 mmol) of TPP
into the casing solution. To accelerate the reaction, the reaction mixture was stirred at 40 ◦C
for 12 h. Then, the solution was casted onto a glass plate at 60 ◦C for 24 h. Dried anion
exchange membranes were peeled off from glass plates and washed with deionized water.
The prepared anion exchange membranes were denoted as TPP–43, TPP–71, TPP–100,
where 41, 71, and 100 refer to the percentage of TPP to BPPO. Figure 4 represents the
chemical structure of the synthesized AEMs.
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2.4. Characterizations
2.4.1. H NMR and FTIR Analysis

The 1H NMR (DMX 300 NMR spectrometer operating at 300 MHZ) was utilized to
confirm the successful formulation of BPPO. The successful synthesis of the AEMs was
proved by attenuated total reflectance (ATR) with FTIR spectrometer (Vector 22, Bruker,
Lakeland, FL, USA) in the range of 4000–400 cm−1.

2.4.2. Ion Exchange Capacity, Water Uptake, and Linear Swelling Ratio

The classical Mohr’s method was utilized to determine the ion exchange capacity of
the synthesized anion exchange membranes as reported in our previous work [35,43,44].
For the conversion of bromide form to chloride, the membrane samples were immersed
into 1.0 (M) NaCl solution for 2 days. To eliminate excessive NaCl, the membrane samples
were washed with distilled water. Then, the membranes samples were immersed in
0.5 (M) Na2SO4 solutions for 2 days. The quantity of Cl– ions eliminated was measured by
titration with 0.05 (M) AgNO3 utilizing K2CrO4 as an indicator. It was measured by the
below relationship:

IEC =
CAgNO3VAgNO3

WDry
(1)
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where W, V, and C depict the dry weight of the membrane sample, titer volume during
titration, and the concentration of AgNO3 solution, respectively.

The dry and precisely weighed synthesized anion exchange membranes were soaked
and saturated into the deionized water at room temperature. After removing surface water
with a tissue paper, the wet weight of membranes was calculated. Water uptake (WR) was
attained from the difference in mass before and after the drying of the membranes by the
below equation [35,44]:

WR =
WWET − WDRY

WDRY
× 100% (2)

where WWET and WDRY show, respectively, the wet and dry weights of the prepared anion
exchange membranes.

The dried anion exchange membrane samples (3 × 1) cm2 were soaked in deionized
water at room temperature. The wet length of membranes was measured after removing
surface water with a tissue paper. The linear swelling ration was measured from the below
formula [48]:

LER =
LWET − LDRY

LDRY
× 100% (3)

where LWET and LDRY show wet and dry lengths of membrane samples, respectively.

2.4.3. Thermal and Mechanical Stability

Herein, a Shimadzu TGA–50H analyzer was utilized to reveal thermal stability of
the synthesized AEMs with a heating rate of 10 ◦C/min under nitrogen flow within the
temperature range 25 to 800 ◦C. Mechanical stability of the prepared AEMs was measured
using Q800 dynamic mechanical analyzer (DMA, TA Instruments, Columbus, OH, USA) at
a stretch rate of 0.5 N/min.

2.4.4. Chemical Stability

For the synthesized anion exchange membranes, the chemical stability was investi-
gated in terms of weight loss as a function of time by immersing them into HCl/FeCl2
solution at 60 ◦C.

2.4.5. Morphology

A field emission scanning electron microscope (FE-SEM, Sirion200, FEI Company
Hillsboro, OR, USA) was utilized to investigate the structure of the prepared AEMs.

2.4.6. Diffusion Dialysis of HCl/FeCl2 Mixture

Herein, the acid recovery performance of the synthesized BPPO-based anion exchange
membranes was revealed via a diffusion dialysis process in a two-compartment cell as
reported in our previous work [35,38,39,49]. It was separated by the synthesized anion
exchange membranes possessing an effective area of 5.7 cm2. For this, the synthesized
membrane was conditioned in the feed solution (0.89 M HCl + 0.25 M FeCl2) for 10 h and
then washed with deionized water before utilizing it in the diffusion dialysis experiment.
One side of the cell was filled up with 100 mL deionized water while the other side
100 mL feed solution. After this, both side solutions were stirred vigorously to remove the
concentration polarization. For each membrane sample, diffusion dialysis was performed
under the same experimental conditions. At last, both feed and permeate were removed
from different sides of the cell after one hour. The concentration of H+ on both sides was
estimated by titration method while Fe2+ concentration was estimated inductive coupled
plasma spectrophotometry (ICP, Optima 7300 DV, PerkinElmer, Waltham, MA, USA).

The dialysis coefficients (U) can be determined by utilizing the below-given equa-
tion [35,49]:

U =
M

At∆C
(4)
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In Equation (4), M denotes the concentration of component transported in (mol),
A represents the effective area (m2) of the membrane, t indicates the time (h), and ∆C
represents the logarithm average concentration between the two sides (mol/m3). ∆C was
measured from the given relationship [35,50]:

∆C =
C0

f − (Ct
f − Ct

d)

ln[C0
f /(Ct

f − Ct
d)]

(5)

where C0
f and Ct

f are feed concentrations at time 0 and t, respectively, and Ct
d is the dialysate.

Dialysis coefficient UH and UFe can be measured by utilizing the above relationships (4)
and (5). The separation factor (S) is the ratio of dialysis coefficients (U) of the two species
present in the solution. It can be revealed from the below relationship [51,52]:

S =
UH
UFe

(6)

3. Results and Discussions
3.1. Bromination of Poly (2,6-Dimethyl-1,4-Phenylene Oxide) (PPO)

Bromination was done by utilizing NBS as a brominating agent and AIBN as an
initiator effectively. Depending on the reaction conditions and reagents utilized in the
experiments, bromination can take place either at the benzylic position or at the aromatic
ring [41,53]. In this study, bromination took place effectively at benzylic position of PPO
in refluxing chlorobenzene solution at 135 ◦C. The obtained 1H NMR spectrum of BPPO
is represented in Figure 5. It represents that the characteristic benzyl bromide group was
located at 4.3 ppm. The degree of bromination for the copolymers was calculated from the
integral area ratio between the benzyl bromide group and the unreacted benzyl signal at
2.1 ppm and was stated to as 75%.
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3.2. FTIR Spectra of the Synthesized Membrane

Herein, FTIR spectroscopy was employed to confirm whether the synthesis of BPPO-
based anion exchange membranes was successful and effective or not. Figure 6 displays
FTIR spectra of pure BPPO in addition to the synthesized anion exchange membrane TPP–
100. The prominent bands and peaks for the BPPO membrane are displayed at 750 cm−1

at almost 90% transmittance and about almost 1250 cm−1 with almost 82% transmittance.
For TPP–100 the studied peaks are at 1100 cm−1 with 72% transmittance and 3450 cm−1

with almost 74% transmittance values. The characteristic band at 750 cm−1 is associated
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with the stretching vibration of C–Br in the pure BPPO membrane [35]. The characteristic
band at 1100 cm−1 is because of the introduction of quaternary phosphonium into the
prepared anion exchange membrane TPP–100 cm−1. This band is not present in the pristine
BPPO membrane. It shows the successful synthesis of the phosphonium quaternized
anion exchange membranes. The wide and expanded band at 3450 cm−1 is due to the
stretching vibrations of hydrogen-bonded -OH group in water molecules, which was
absorbed during the FTIR analysis due to hydrophilicity of the synthesized membrane [54].
Moreover, the band at 750 cm−1 for C–Br stretching in bromobenzyl groups disappeared in
the synthesized anion exchange membranes [35]. The successful attachment of TPP with
BPPO architecture was confirmed by the above accomplished results.
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3.3. Ion Exchange Capacity, Linear Swelling Ratio, and Water Uptake

Ion exchange capacity, linear swelling ratio, and water uptake are some fundamental
and critical parameters to conclude the performance of the membranes. Ion exchange
capacity (IEC) represents the existence of exchangeable functional groups in the polymer
matrix. It is crucial to control the efficiency of the prepared ion exchange membranes
from diffusion dialysis process. It was measured by classical Mohr’s technique and the
attained results are given in Table 1. For the prepared AEM, the value of IEC is found to
be 1.22 to 1.87 mmol/g. By increasing the quantity of TPP into the polymer matrix, IEC
was enhanced gradually, indicating the successful introduction of TPP into the membrane
matrix with the highest IEC of TPP–100 of 1.87 and 1.22 mmol/g of TPP–43 which are very
similar to [48,55,56] and the reason for this value can be the electro-static bonds that result
in embedding density.

Table 1. Composition, theoretical ion exchange capacity (IECT), experimental ion exchange capacity
(IECExp.), water uptake, and linear swelling ratio of prepared anion exchange membranes.

Membranes BPPO (g) TPP (g) IECT
(mmol/g)

IECExp.
(mmol/g) WR (%) LSR (%)

TPP–43 0.7 0.30 1.15 1.22 44 7.60
TPP–73 0.7 0.50 1.6 1.52 47 16.67

TPP–100 0.7 0.70 1.91 1.87 67 19.64
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Water uptake (WR) of the ion exchange membrane demonstrates the capacity for the
water hold. It depends usually on the hydrophilicity of the ion exchange membrane. For
the process of diffusion dialysis for the ion exchange membrane, it is a very important and
significant parameter. It aids in the movement and transference of the ions with the help of
the ion exchange membrane [38,50]. Table 1 shows the water uptake percentages for the
synthesized anion exchange membrane at room temperatures. The value of water uptake is
found to be 44 to 67% for the prepared membrane with the highest (67%) water uptake for
TPP–100. It signifies that as there is an increase in the amount of TPP into the membrane
matrix, the uptake ratio for water is also enhanced from 44 to 67%. To conclude, the uptake
ratio is correlated with an increase in hydrophilicity as the amount of TPP into the polymer
matrix is enhanced.

Table 1 represents the linear swelling ratio (LSR) of the formulated anion exchange
membranes at room temperature. For the anion exchange membrane prepared in this
study, LSR was found to be increasing drastically from 7.60 to 19.64% with increasing the
amount of TPP in the membrane matrix. From this, it is summarized that the prepared
anion exchange membrane possesses tremendous resistance to swelling which in other
words is good for a long time run for the application of diffusion dialysis.

3.4. Thermal and Mechanical Stability

The prepared anion exchange membrane (TPP–43, TPP–71, and TPP–100), as well
as pristine BPPO, were investigated via thermogravimetric analysis (TGA) to check and
validate their thermal stabilities within the temperature range of 30 to 800 ◦C under nitro-
gen flow. Thermogravimetric analysis is basically an analysis done based on temperature
through which the measurement for the mass for the sample used is taken with altering
temperature and time, if there is no significant change in mass/weight, that sample is
considered thermally stable. Figure 7 depicts the TGA thermogram of the prepared anion
exchange membranes and pure BPPO membrane. The weight loss of the studied mem-
branes occurred in three consecutive steps. The evaporation of surface adsorbed water from
the prepared anion exchange membrane occurred around 80 to 140 ◦C which corresponds
to the first step. Degradation of the quaternary ammonium group inside the membrane
matrix took place around 180 to 250 ◦C which corresponds to the second step. Degradation
of polymer architecture was observed around 450 ◦C which associates with the final weight
loss step. Since with increase in temperature, the weight loss % is very low, it is concluded
that the prepared BPPO-based anion exchange membranes possess thermal stability.

Table 2 shows the tensile strength (TS) and elongation at break of the prepared anion
exchange membrane measured at room temperature. Tensile strength is signified as the
amount of force and stress that a substance can hold upon to until it gets fragmented
whereas elongation demonstrates the ductility. Tensile strength and elongation are impor-
tant parameters especially in the application to test the stability of ion exchange membranes,
effusive state of hydration often results in reducing the mechanical strength mainly because
of the water absorption in the domains that have strong affinity with water [57–59].
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Table 2. Tensile strength (TS) and elongation at break of the prepared anion exchange membrane.

Membranes TPP–43 TPP–71 TPP–100

TS (MPa) 42.70 29.05 20.87
Eb (%) 14.67 21.76 52.20

Mechanical stability in this study investigated by utilizing a dynamic mechanical
analyzer (DMA) in a wet state. Results represent that the tensile strength of the prepared
anion exchange was decreased whereas elongation at break was increased with increasing
the amount of TPP into the membrane matrix. The elongation at break of the prepared
membranes was in the range of 14.67 to 52.20 which is lower than the reported anion
exchange membranes in literature [60–62]. It has been observed that the anion exchange
membrane with a higher elongation break possesses lower tensile strength. The prepared
membrane TPP–100 with lower tensile strength and higher elongation exhibited higher
flexibility. Therefore, it is concluded that the synthesized anion exchange membranes
exhibited extraordinary mechanical stability with high ductility and elasticity.

3.5. Chemical Stability

The produced membrane TPP–100 was selected to examine the chemical stability of
the synthesized BPPO-based anion exchange membrane. Chemical stability in other words
is the ability of a substance to resist any chemical change or reaction. The chemical stability
was revealed in terms of weight loss % as a function of immersion time into the HCl/FeCl2
feed solution. The selected membrane TPP–100 was immersed into a feed solution for
8 days at 60 ◦C. Figure 8 denotes the percentage weight loss of the studied membrane
as a function of immersion time. The prominent results signify that the weight loss was
about 5% after 2 days, 8% after 4 days, and was only 12% after 8 days soaking into feed
solution. This loss is almost negligible and hence denotes that the prepared membrane was
sufficiently chemical stable. Therefore, it was concluded that the prepared anion exchange
membranes are good for the recoveries of acids.
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3.6. Membranes Morphology

Investigation for the morphological features of the formulated BPPO-based anion
exchange membranes TPA–43, TPP–71, and TPP–100 was performed through the utilization
of the field emission scanning electron microscope (FE-SEM, Sirion200, FEI Company
Hillsboro, OR, USA). Figure 9 represents SEM micrographs of surfaces and cross-sections of
the synthesized anion exchange membranes. The structure morphology that was depicted
to be homogenous was validated and accepted due to the fine surface without any pores or
holes in surfaces and cross-sectional views of the studied membranes. Roughness value
was also very minute investigated surface and cross-sectional views of TPP–100. It can
be seen that the homogeneity of the prepared AEMs was enhanced by increasing the
quantity of TPP into the polymer matrix. Homogeneous morphology with fine grains and
equal size distributions of anion exchange membranes are usually needed to attain higher
acid recovery performance and efficiency. From this, it is concluded that the higher acid
recovery via diffusion dialysis process can be achieved employing the synthesized anion
exchange membranes.
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3.7. Diffusion Dialysis for HCl/FeCl2 Mixture

Diffusion dialysis performance coefficient with varying the synthesized BPPO-based
anion exchange membranes was studied in a two-compartment cell in batch mode, em-
ploying a mixture of HCl and FeCl2 as model feed at room temperature. Figure 10 shows
the diffusion dialysis coefficient of acid (UH

+
) for the prepared anion exchange mem-

branes. The value of diffusion coefficient of acid (UH
+) for the synthesized BPPO-based

anion exchange membrane is found to be 6.7 to 26.3 (10−3 m/h) at 25 ◦C. It can be seen
that the value of (UH

+) was gradually increased from 6.7 to 26.3 (10−3 m/h) with en-
hancing the amount of TPP into the membrane matrix. Results showed that the attained
value of UH

+ for the prepared membrane is higher than commercial membrane DF-120B
(UH

+ = 0.004 m/h) [35,38,49]. Table 3 represents an interesting and unique comparison of
the synthesized anion exchange membranes with membranes reported in the literature.
It showed that prepared anion exchange membranes exhibited higher diffusion dialysis
efficiency than the previously reported anion exchange membranes under the same ex-
perimental conditions. From this, it is summarized that the prepared anion exchange
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membranes have excellent potential to recover acids. The migration of ions across the
anion exchange membrane is important for the diffusion dialysis process because it is
responsible for the increase in UH

+ of the prepared anion exchange membranes. Table 1
represents that the ion exchange capacity of the prepared anion exchange membranes was
increased with increasing concentration of TPP into the polymer matrix. Thus, the prepared
anion exchange membrane with high ion exchange capacity exhibits more ionic sites which
support the migration of ions especially chloride ion (Cl−) across the membranes. The H+

ions may also diffuse with chloride ions across the anion exchange membrane because
they have a lower valence state to satisfy the conditions of electrical neutrality [62–66].
Therefore, the concentration of H+ enhances, which leads to the increase of the UH

+ value
of membranes. Hence, the synthesized BPPO-based anion exchange membranes can be
potentially employed for acid recovery via the diffusion dialysis process.
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Table 3. Structure, ion exchange capacity, diffusion dialysis coefficient, and separation factor of the prepared AEMs and
reported membrane employing HCl/FeCl2 as the model acidic waste solution at 25 ◦C.

Membranes Structure IEC (mmol/g) UH
+ (10−3 m/h) S Ref.

Quaternized BPPO–TEA
membranes Dense 1.22–1.86 6.7–26 27–49 This work

PVA based hybrid membranes Dense 0.58–1.15 11–18 18.5–21 [63]
PVA–silica anion exchange

hybrid membranes Dense 0.52–1.01 8–10 15.9–21 [65]

Quaternized bionic multisilicon
copolymers Dense 0.46–1.25 7.20–7.50 26.9–42.8 [66]

PVA-based anion exchange
hybrid membranes Dense 0.34–0.76 10–17 12–35 [29]

Quaternized PPO based hybrid
membranes Dense 1.70–2.20 5–11 17–32 [67]

Quaternized PPO based
membranes Dense 1.10–1.80 6–18 16–28 [39]

The separation factor can also be defined as the ratio of the amount of substance that
diffused with respect to what is left in the feed from a semi–permeable membrane. This
separation technique merely relies on the feed concentration and the effluent concentra-
tion, because the membrane does not have sufficient selectivity, some of the unfavored
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substances can get transported through the membrane affecting the separation factor [42].
Figure 11 shows the separation factor (S) of the formulated anion exchange membranes
TPP–43 to TPP–100 at room temperature. The reported values of S for the synthesized anion
exchange membranes were in the range 27 to 49 for TPP 43–TPP 100 at room temperature.
Results represented that the attained value of S is higher than commercial membrane
DF–120B [38] and PVA based hybrid membrane [64–67] at 25 ◦C. From the membranes
TPP–43 to TPP–100, the value of S is found to be enhanced from 27 to 49 with increasing
the quantity of TPP into the polymer matrix. With increasing the amount of TPP into the
polymer matrix, both ion exchange capacity, and water uptake of the synthesized anion
exchange membrane were enhanced. It resulted to the higher value of S for the synthesized
anion exchange membranes. Hence, it is concluded that in order to attain a higher value of
S, an appropriate concentration of TPP is necessary for the synthesized BPPO-based anion
exchange membranes at 25 ◦C.
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4. Conclusions

To conclude, a sequence of a homogenous BPPO-based anion exchange membrane
has been formulated effectively with the solution casting method and is confirmed by
FTIR spectroscopy. The synthesized membranes exhibited homogenous morphology with
excellent thermal, mechanical, and acid stability with enhanced ion exchange capacity,
linear swelling ratio, and water uptake capacity. The diffusion dialysis coefficient of acid
(UH

+) for the synthesized AEMs was in the range of 6.7 × 10−3 to 26.3 × 10−3 m/h whereas
the factor of separation (S) was in the range of 27 to 49 at ambient conditions. Results
also demonstrated that the reported value of acid recovery for the prepared AEMs in this
study is comparatively better than other commercials (DF–120B) and reported membranes
under the same experimental conditions. Therefore, it is highly recommended to use and
to do further studies on higher significant acid recovery values and applications for the
synthesized BPPO–based anion exchange membrane in this study.
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