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Abstract 

  To enhance the proton permeability of the anion exchange membranes used in diffusion 

dialysis, porous ultrafiltration membrane with a thin skin layer rather than the dense 

membrane was utilized for the preparation of diffusion dialysis membrane. In particular, 

brominated poly (phenylene oxide) (BPPO) ultrafiltration membrane was fabricated via a 

phase inversion method and then modified by crosslinking with polyethyleneimine (PEI) and 

subsequent quaternization with trimethylamine (TMA) via nucleophilic substitution reaction. 

Diffusion dialysis related properties of the membranes such as water uptake, ion exchange 

capacity, and thermal and swelling stabilities were investigated. Due to the special structure 

of the membranes (i.e., high porosity and small thickness of the top layer (sub-1 μm), as 

confirmed by scanning electron microscopy), the optimal membrane exhibited 6.4 times 

higher acid dialysis coefficient for HCl recovery from HCl/FeCl2 solution than the 

commercial DF-120 (thickness=320 μm) membrane at the similar separation factor. The 

calculated acid recovery capacity can increase from 11.3 up to 83.7 L m-2 d-1 by replacing 
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DF-120 with our optimal membrane. Our findings show the porous membranes developed 

here have great potential for high-efficiency acid recovery through diffusion dialysis process. 

Keywords: porous membrane; crosslinking; brominated poly(phenylene oxide); diffusion 

dialysis; acid recovery 

 

1. Introduction 

Huge amounts of acidic waste solutions are produced from industrial production processes 

[1-4], direct disposal of these solutions not only pollutes the environment but also causes the 

loss of economic benefits. Diffusion dialysis as an attractive separation technology has been 

widely applied to recover inorganic or organic acid from waste solutions due to the unique 

advantages of diffusion dialysis especially the environmental benignity and low energy 

consumption [5-8]. Diffusion dialysis separation process utilizing anion exchange membrane 

(AEM) is driven by concentration gradient, in which the solutes spontaneously pass through 

AEM from high to low concentration side [9]. Therefore the external power is only required 

for the solution circulation. As the core component for diffusion dialysis, AEMs play the 

central role in the process. In addition to long-term stability including high acidic resistance 

and thermal stability, they are required to possess high acid dialysis coefficient for large-scale 

practical application of acid recovery [10, 11]. 

  Currently, most of AEMs used in diffusion dialysis for acid recovery are dense membranes. 

They are commonly prepared by the direct evaporation of the polymer (homogeneous 

membrane) such as polysulfone, polystyrene, and poly(phenylene oxide) [12], or by the 

copolymerization of monomers within the pores of pre-formed porous membranes substrate 

(heterogeneous membrane) [13-16], However, they are always compact in microstructure and 

thick (several tens or hundreds of microns), which can hinder ion transport in the membrane 
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[12]. For example, the commercial DF-120 membrane with a thickness of 320 μm has proton 

dialysis coefficient (UH
+) of only 0.0085 m h-1 at 25 oC and its processing capability for acid 

recovery from this acidic waste solution is only about 11.3 L m-2 d-1. To date, various 

methods have been employed for the modification of homogeneous dense AEMs [17-24], 

however, valuable improvement in proton permeability is still difficult.  

 To this end, we anticipate that an asymmetrical membrane with porous structure should 

possess higher proton permeability, which can be further enhanced if the thickness can be 

reduced. Ultrafiltration membranes are porous and asymmetrical membrane prepared via a 

phase inversion method, and they have a very thin and nanoporous skin layer, and a thick and 

macroporous supporting layer [25]. Considering the porosity and small thickness of skin 

layer (sub-1 μm), there is a great potential for ultrafiltration membrane to be used in diffusion 

dialysis application after modifications such as crosslinking treatment. Recently, Wu et al 

prepared a series of membranes by immersing ultrafiltration membranes in multisilicon 

copolymer solution, followed by sol-gel reaction to get the membrane for diffusion dialysis 

application [26]. However, these membranes showed low UH
+ of only 0.020–0.025 m h-1 at 

25 oC. The results should be due to the direct immersion of multisilicon copolymer, which 

formed an inorganic –Si-O-Si layer completely blocking all the pores of the resultant 

membranes. Therefore, the advantages of the asymmetric porous structure of ultrafiltration 

membrane were not taken.  

  In the present paper, ultrafiltration membrane was crosslinked by treatment of water soluble 

polyethyleneimine (PEI) solution. Specifically, brominated poly(phenylene oxide) (BPPO) 

with good stability and strength, and easiness for quaternization was chosen as starting 

material for ultrafiltration membrane preparation [27], and it was crosslinked by PEI. The 

original thickness and asymmetrically porous structure of the pristine ultrafiltration 

membrane was maintained and thus high proton permeability with good separation properties 
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of the resultant AEMs could be expected. The modification process and the effects of the 

microstructure of ultrafiltration membrane on the membrane properties and performance will 

be also investigated.  

2. Experimental 

2.1. Materials 

  Brominated poly(phenylene oxide) (BPPO, Mw~ 60,500) with a benzyl substitution ratio of 

0.57 was provided by Tianwei Membrane Co. Ltd. China. 1-methyl-2-pyrrolidone (NMP, 

99.5%), poly(ethyleneimine) solution (PEI, 50wt%, Mw ~750,000), trimethylamine (TMA), 

hydrochloric acid (HCl), anhydrous ferrous chloride (FeCl2), sodium carbonate (Na2CO3), 

potassium permanganate were purchased from Sigma-Aldrich, Australia, and used without 

further purification. Distilled water was used throughout. 

2.2. Preparation of BPPO ultrafiltration membrane  

  BPPO polymer was used as the main component for membrane casting. It was firstly 

dissolved in NMP to form BPPO/NMP polymer casting solution with different concentrations 

(polymer content=25, 30, 35 wt%). After ultrasonication, the resultant solution was left to 

stand overnight until no bubbles were observed. The membranes were prepared by using a 

Gardco® adjustable micrometer film applicator with a stainless steel blade (Paul N. Gardner 

Company, Inc. USA). About 5 mL of the polymer solution was cast on a clean glass plate 

with a gap of 200, 250 or 300 µm. Afterwards the membrane was solidified in a coagulation 

bath of distilled water for several minutes. The resulting membranes were washed thoroughly 

and soaked in the distilled water overnight before use. 

2.3. Preparation of crosslinked and quaternized anion exchange membrane 
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As shown in Scheme 1, the obtained BPPO ultrafiltration membranes prepared from 

different concentrations and thicknesses of the casting solution were firstly immersed in an 

aqueous PEI solution (10 wt%) at 40 oC for 24 h to ensure the full crosslinking of BPPO 

ultrafiltration membranes, which were designated as CPPO membranes. After washing 

thoroughly with water, the membranes were then immersed in an aqueous TMA solution (1 

mol L-1) at 30 oC within given times. The final quaternized and crosslinked BPPO 

ultrafiltration AEMs were designated as QCPPO membranes. 

2.4. Membrane characterization 

2.4.1. SEM analysis  

  Surface and cross-sectional morphologies of the membranes were observed using a scanning 

electron microscope (FEI Nova Nano SEM microscope). The membrane samples were fixed 

on a SEM sample holder with double-sided carbon tape and then sputter-coated with an 

around 0.5 nm iridium layer. For the cross-sectional morphology observation, the membrane 

samples were firstly immersed in distilled water for 24 h, then water on the surface was 

removed by a piece of Kimtech tissue paper. After that, the samples were fractured in liquid 

nitrogen, fixed and coated as described above. 

2.4.2. X-ray photoelectron spectroscopy (XPS)  

  X-ray photoelectron spectroscopy (XPS) spectra were recorded using a Kratos Axis 

UltraDLD instrument (Kratos Ltd, Telford, UK) equipped with a monochromated  

Alkα (1486 eV) source operating at a power of 150 W (15 kV and 10 mA). The photoelectron 

take-off angle with respect to the normal to the surface in all measurements was 0° [28]. 

2.4.3. Thermogravimetric analysis (TGA) 
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Test was conducted using thermogravimetric analyser (TG-DTA/DSC, NETZSCH 449 F3) 

under nitrogen flow and with a heating rate of 10 °C min-1. This technique gives an indication 

of the short-term thermal property and stability of the resultant membrane. 

2.4.4. Water uptake (WU)  

The sample was firstly immersed in water for 2 d at different temperatures; afterwards, 

water at the surface was quickly removed and the weight of the wet sample was recorded 

(Wwet). Dry weight of membrane sample (Wdry) after drying to a constant weight at 80 °C for 

12 h was taken [29]. Water uptake (WU) of the sample was calculated according to the 

equation as follows: 

WU =
𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦

𝑊𝑑𝑟𝑦
                 (1) 

2.4.5. Ion exchange capacity (IEC)   

  Ion exchange capacity (IEC) was measured using the Mohr method. The sample was firstly 

dried to a constant weight and then immersed in an aqueous NaOH solution (0.5 mol L-1) at 

room temperature for 1 d. Distilled water was used to wash off the excessive NaOH and then 

the sample was immersed in an aqueous NaCl solution (1 mol L-1) for 1 d. The concentration 

of hydroxide ions released from the membrane was determined by titration with an aqueous 

HCl solution using methyl orange as indicator. The IEC value was calculated from the 

released hydroxide ions and expressed as mmol g-1 of the dry membrane. 

2.4.6. Chemical stability 

For the application in diffusion dialysis for acid recovery, AEMs should have enough 

stability under acidic condition. Therefore, the acid resistance of the obtained QCPPO 

membrane sample was tested as follows: the sample was immersed in an aqueous HCl (~1 
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mol L-1)/FeCl2 (~0.2 mol L-1) mixture solution for different times at 65 oC, and then, the 

weight change was recorded to distinguish the difference. 

2.4.7. Diffusion dialysis tests 

  Diffusion dialysis runs were performed in a cell with two chambers which were separated 

by a membrane of an effective area of 5.73 cm2[17]. In the experiments the feed side of the 

cell was filled with 140 ml of HCl (~1 mol L-1)/FeCl2 (~0.2 mol L-1) mixture solution and the 

permeate side with 140 mL distilled water. The membranes were conditioned for 1 d in the 

feed solution prior to the test. During the diffusion test, both compartments were stirred at 

identical rates to minimize concentration polarization effects and the cell temperature was 

kept at 25 oC by a water bath. Diffusion was allowed for 45 min and then the HCl/FeCl2 

solutions and water were removed from both sides of the cell. The concentration of HCl in 

the solutions was determined by titration with a standard Na2CO3 solution using methyl 

orange as indicator, while the concentration of FeCl2 was directly determined by titration 

with KMnO4 solution.   

  The separation factor (S) with respect to one species over another is given as the ratio of 

dialysis coefficients (U) of the two species present in the solution. U can be calculated by the 

following formula: 

𝑈 =
𝑀

𝐴𝑡∆𝐶
  (2) 

where M is the amount of component transported in moles, A the effective area in square 

meters, t the time in hours, and ΔC the logarithm average concentration between the two 

chambers in moles per cubic meters and defined as below: 

∆C =
(Cf

0−Cd
t −Cf

t)

ln[(Cf
0−Cd

t )/Cf
t]       (3) 

where Cf
0  and Cf

t  are the feed concentrations at time 0 and t, respectively, and Cd
t   the 

dialysate concentration at time t. It should be noted that (Cf
0 − Cd

t − Cf
t) is not equal to zero, 
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because water transport through the membrane will cause volume changes in the cell 

chambers during the experiment [11]. 

 

 

3. Results and discussion 

3.1. Chemical structure 

 Porous BPPO ultrafiltration membrane was firstly crosslinked by PEI and quaternized by 

TMA to obtained AEMs via nucleophilic substitution reaction between amine groups and –

CH2Br groups in BPPO. In our preliminary work, we demonstrated the necessity of 

crosslinking and quaternization treatments to ensure the mechanical properties and diffusion 

dialysis performance for the resultant membranes (See Table S1), respectively.  It was also 

found that BPPO would dissolve in NMP in several seconds; by contrast, CPPO and QCPPO 

did not dissolve in NMP and remained stable in NMP even after 24 h under stirring, 

attributed to the cross-linking effect of PEI (See Table S2).  For convenience, the pristine 

BPPO ultrafiltration membrane prepared from the casting solution with concentration of 30 

wt% and thickness of 250 μm was firstly selected for modification and further 

characterization. The above-mentioned functionalization process and the chemical 

composition at the top surface of the resultant QCPPO membranes were investigated by XPS.  

The XPS results for BPPO, CPPO and QCPPO-2h membranes after immersing in TMA 

solution for 2 h are shown in Figure 1 (survey spectrum) and Figure 2 (high-resolution 

spectrum of the N1s region). The survey spectrum shows the presence of the expected 

elements, namely O, N, C and Br. From BPPO to CPPO and QCPPO, it can be seen that the 

intensity of N element increases while that of Br element decreases, due to the consumption 

of -CH2Br in BPPO matrix and the introduction of the newly formed amine groups from PEI 
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and TMA, respectively. It is noted that there is hardly Br element left for QCPPO membrane 

after immersing in TMA solution for 2 h. The presence of the quaternary ammonium (QA) 

group is confirmed by the peak at 399.4 eV in the high-resolution spectrum for QCPPO-2h 

membrane [30], and no QA group peak was observed for BPPO and CPPO membranes. That 

is the reason why CPPO showed no proton permeability in our preliminary work (See Table 

S1). 

3.2.  Membrane morphology 

  SEM images of BPPO, CPPO and QCPPO-2h are shown in Figure 3. A typical 

asymmetrical membrane structure with a thin nanoporous top layer, a macrovoid sub-layer 

and a macroporous bottom layer can be observed for BPPO ultrafiltration membrane. Figure 

S1 shows the pore size distribution of BPPO ultrafiltration membrane, it is found that the 

pore size at the top surface is in the range of 4-12 nm, its average pore size at the top surface 

is about 7.6 nm [31]. After being treated by PEI as crosslinker, the nanopores at the top 

surface decreases in size and cannot be observed for CPPO membrane. It is noted that there is 

no obvious change in thickness of the active layer from BPPO (~1.7 μm) to CPPO (~1.7 μm) 

membrane. In other words, the treatment by immersing BPPO ultrafiltration membranes in 

PEI solution does not increase the thickness of the active layer of the membrane; importantly 

the asymmetrically porous structure of BPPO ultrafiltration membrane is retained.  After 

quaternization, the membrane top and bottom surfaces become wrinkled due to the swelling 

by the presence of the hydrophilic QA groups. Moreover, QCPPO membrane exhibits more 

closely connected finger-like macrovoids and lower thickness of membrane and top surface 

(1.05 μm) as compared with the BPPO and CPPO membranes. The possible reason may be 

that the membrane becomes soft due to the presence of abundant hydrophilic QA groups. 

Therefore, the improvement in proton permeability should be expected for the membranes 

due to the significant reduction in thickness (sub-1 μm) and the high porosity. 
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3.3.  Ion exchange capacity (IEC) 

QA groups are ion exchange groups for ion transport, and their density determines the 

membrane properties especially diffusion dialysis performance. As CPPO membranes were 

immersed in 1 mol L-1 TMA aqueous solution at 30 oC to conduct the quaternization process, 

the density of QA groups would be affected by the quaternizing time of CPPO. For simplicity, 

BPPO ultrafiltration membrane prepared from BPPO/NMP casting solution with a polymer 

concentration of 30%wt and thickness of 250μm was selected for the further investigation. 

Figure 4 shows IECs of QCPPO membranes after immersing in TMA solution for different 

times. With increasing the immersion time from 0.5 to 2 h, the IEC values of QCPPO firstly 

increase from 1.86 to 2.13 mmol g-1 due to the increasing QA groups after the reaction 

between TMA and –CH2Br groups. IEC values plateaue when the immersion time is longer 

than 2 h. This is because of the full conversion of –CH2Br groups to QA groups, which is 

consistent with XPS results.  

3.4. Water uptake (WU) 

  The water uptake of the resultant QCPPO membranes at 25 and 65 oC was also measured. 

As shown in Figure 5, the water uptake of QCPPO membranes at the selected temperature 

shows the same variation trend with that of IEC. As it is well known, the water content 

depends largely on the density of hydrophilic QA groups [32]. So the similarity in variation 

trend in IEC and WU with the increasing immersion time is easily understood. As anticipated, 

WU values increased accordingly when the temperature was increased from 25 to 65 oC. It is 

clear that the membrane matrix is affected by such severe swelling at the higher temperatures, 

leading to an increase in free space of membrane material and swelling due to water 

adsorption [32]. 

3.5. Diffusion dialysis performance 
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Diffusion dialysis performance, including proton dialysis coefficient (UH
+) and separation 

factor (S), was investigated to evaluate the potential applications of QCPPO membranes in 

inorganic acids recovery. The mixture of HCl and FeCl2 aqueous solution was used as the 

typical model acidic waste solution. Figure 6 shows the UH
+ and S at 25 oC of QCPPO 

membranes (from the casting solution of the concentration of 30wt% and the thickness of 250 

μm) with different immersion times in TMA solution. With increasing the immersion time, S 

values slightly decrease from 21.9 to 19.5 and remain unchanged when the immersing time is 

longer than 2 h. It means that the separation properties of the membranes are mainly 

determined by the first step (crosslinking treatment), in which BPPO ultrafiltration membrane 

was crosslinked by PEI. By contrast, UH
+ values increase from 0.045 to 0.063 m h-1 when the 

immersion time increases from 0.5 to 2 h, after that, UH
+ values remain unchanged. This trend 

is similar to those of IEC and WU, which indicates that the proton permeability is directly 

determined by the second step (quaternization process) associated with the charge density in 

the membrane matrix. Hence, the diffusion dialysis performance of the membranes can be 

controlled and tailored by adjusting these two steps during their preparation process.   

  It is noted that the commercial DF-120 membrane (dense membrane, thickness= 320 μm) 

possesses UH
+ of 0.0085 m h-1 and S of 18.5 at the same test condition. The optimal QCPPO 

membrane (UH
+=0.063 m h-1, S=20.0) exhibits 6.4 times higher UH

+ for acid recovery from 

HCl/FeCl2 solution than the commercial DF-120 membrane at the similar separation factor. 

Therefore, the calculated acid recovery capacity can increase from 11.3 up to 83.7 L m-2 d-1 

by replacing DF-120 with the optimal membrane. Obviously, the significant improvement in 

proton permeability should be attributed to the special structure of QCPPO membranes 

including the thin active layer (sub-1 μm) and porous membrane matrix, as confirmed by 

SEM results. It is well known that the transport of small molecules such as ions across a 

dense or nanoporous polymer membrane follows a solution-diffusion mechanism, by which 
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ion diffusion rate across the membrane is largely decided by the free volume of the polymer 

[33]. For the common dense membrane with less free volume and the high thickness, ion 

transfer rate is low. For porous ultrafiltration membrane, ions may firstly transport through 

the thin skin layer (sub-1 μm) via nano-channels and show higher transport rate than dense 

membrane with the same thickness because of the larger free volume. The ion transport rate 

in the supporting layer should be accelerated because of significantly increase in free volume 

because of the presence of the abundant finger-like macro-channels [33]. Hence the ion 

diffusivity across the whole porous AEMs is quite higher than that across the dense AEMs.  

  By contrast, the reported AEMs prepared by immersing BPPO ultrafiltration membrane in 

multisilicon copolymer solution followed by sol-gel reaction showed low UH
+ of only 0.020–

0.025 m h-1 at 25 oC, which are only 31.7-39.7% of QCPPO membrane [26]. It is noted that it 

is difficult to remove excessive multisilicon copolymer and an inorganic –Si-O-Si layer was 

formed, thereby blocking all the pores. In contrast, excessive water soluble PEI used as 

crosslinker in our case is easily washed away with water. Thus PEI treatment does not 

increase the thickness of the active layer and membrane itself (see SEM section), and it also 

preserves the microstructure of the BPPO ultrafiltration membrane substrate. In our previous 

work using BPPO ultrafiltration membrane as substrate but using N,N,N’,N’-

tetramethylethylenediamine as cross-linker and quaternization agent, the maximum UH
+ of 

the resultant membranes was 0.043 m h-1 [31]; in other words, QCPPO membranes show 

about a 50% increase in proton permeability.  

3.6. Effect of the composition and thickness of the casting solution   

  The composition and the thickness of the casting solution would significantly affect the 

microstructure of ultrafiltration membrane prepared from phase inversion method especially 

the pore size at the top surface and the thickness of the top layer [25]. Generally, higher 
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polymer content or thickness of the casting solution will lead to higher thickness of the active 

layer and lower porosity of the membrane itself, and vice-versa. In our study, the diffusion 

dialysis membrane properties mainly depend on the microstructure of ultrafiltration 

membrane especially the ultrathin active layer (as compared with dense membranes) and the 

porosity of ultrafiltration membrane matrix. So it is important to investigate the effects of the 

composition and the thickness of the casting solution on membrane performance. BPPO 

ultrafiltration membranes prepared via a phase inversion method from the casting solution 

with different polymer contents and thicknesses were immersed in 10 wt% PEI solution for 

24 h in 40 oC, followed by immersing in 1 mol L-1 TMA solution for 2h.  

Figure 7 shows IEC and WU of QCPPO membranes prepared from the casting solution 

with the thickness of 250 μm and different polymer contents. With increasing the polymer 

content from 25wt% to 35wt%, IEC and WU will decrease from 2.43 to 1.96 mmol g-1 and 

from 805.6 to 377.5%, respectively. That is because of the enhanced thickness and 

compactness of the BPPO substrate membrane as mentioned above (See Figure S2, Table S3), 

which would hinder the quaternization process. Consequently, IEC and WU decrease due to 

the decrease in the amount of the hydrophilic and charged QA groups. Moreover, the QCPPO 

membrane prepared from the lower polymer content (25 wt%) was poor in mechanical 

properties due to the serious swelling (WU=805.6%). The diffusion dialysis performance of 

the corresponding QCPPO membranes is illustrated in Figure 8. It is found that QCPPO 

membrane with a lower polymer content (25 wt%) possesses quite low separation factor (11.0) 

even its UH
+ is as high as 0.070 m h-1, and it is not suitable for diffusion dialysis application. 

By increasing polymer content of the casting solution to 30 wt%, separation factor of the 

resultant QCPPO membrane significantly increases to 20.0, while its permeability decreases 

to 0.063 m h-1. This is easily understood based on the change in membrane microstructure, 

especially the thickness of the active layer of BPPO substrate membrane (see Table S3). 

However, a further increase in polymer content up to 35wt% resulted in a decrease in UH
+ 

from 0.063 to 0.056 m h-1 without any obvious improvement in separation factor (from 20.0 

to 21.1).  

Figure 9 shows IEC and WU of QCPPO membranes prepared from the casting solution 

with the polymer content of 30wt% and different thicknesses. Similar to the above results, the 
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increasing thickness of the casting solution leads to the enhancement in membrane thickness 

and compactness (See Figure S3, Table S3), which subsequently decreases the amount of QA 

groups, resulting in lower IEC and WU values. UH
+ and S of the corresponding QCPPO 

membranes are shown in Figure 10. As can be seen, lower thickness (200μm) of the casting 

solution results in a lower separation factor (9.7) and the obtained membrane is not suitable 

for application in diffusion dialysis. With increasing the thickness of the casting solution to 

250 μm, the membrane separation factor is improved (20.0) while the high proton 

permeability (0.063 m h-1) is achieved. A slight increase in separation factor along with an 

obvious decrease in proton permeability can be observed when the thickness of the casting 

solution further increases to 300μm. 

  These results demonstrate the significant effects of the casting solution on the membrane 

properties especially the diffusion dialysis performance. Finally, the casting solution with 

polymer content of 30 wt% and thickness of 250 μm was shown to be optimal on the basis of 

the above-mentioned results, and the resultant QCPPO membrane was selected for further 

investigation.  

3.7.  Thermal and chemical stabilities 

  Thermal and chemical stabilities are necessary for AEMs to be used in diffusion dialysis.     

The short-term thermal stability of the optimal QCPPO membrane was measured using TGA 

analysis. As shown in Figure 11, the slight weight loss observed at temperatures <120 °C is 

due to the evaporation of absorbed water by the hydrophilic QA groups. Therefore, there is 

no obvious polymer-derived weight loss below temperature of 150 °C caused by the 

degradation of QA groups[34], indicating the excellent thermal stability of the membrane. 

   To investigate the chemical stability of the QCPPO AEMs, the optimal membrane was 

immersed in HCl/FeCl2 feed solution at 65 oC for 7 d; the weight change was recorded with 

the increasing immersion time, as shown in Figure 12. It is noted that the membrane 
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remained stable without any obvious weight loss even after 7 d of immersing. The results 

suggest the QCPPO AEMs have excellent chemical stability. 

Conclusion 

    Anion exchange membranes for diffusion dialysis have been prepared from BPPO 

ultrafiltration membrane by crosslinking and quaternization, both of which determine the 

separation properties and proton permeability of the resultant QCPPO membranes, 

respectively. The diffusion dialysis performance of QCPPO membranes can be significantly 

affect by the composition and thickness of the casting solution. The increase in the polymer 

content or the thickness of the casting solution results in the decrease in proton permeability 

and the increase in separation factor of the membranes. It is found that QCPPO membrane 

prepared from the casting solution with the polymer content of 30wt% and the thickness of 

250 μm shows optimal diffusion dialysis performance. Compared with the commercial DF-

120 membrane, the optimal QCPPO membrane shows 6.4 times higher proton permeability 

with the similar separation factor in the acid recovery from HCl/FeCl2 mixture solution at the 

same condition. The membranes also show good thermal and chemical stabilities. Hence, our 

new membranes are very promising for practical applications in the rapid acid recovery from 

industrial waste acidic solutions.  
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Scheme 1. Schematic diagram of the preparation of the crosslinked and quaternized QCPPO 

AEMs. 

Figure 1. The XPS survey spectra of BPPO, CPPO and QCPPO-2h membranes. BPPO was 

prepared from the casting solution with the polymer content of 30wt% and the thickness of 

250 μm. 

Figure 2. The high-resolution XPS spectra of N1s region of CPPO, and QCPPO-2h 

membranes. BPPO was prepared from the casting solution with the polymer content of 30wt% 

and the thickness of 250 μm 

Figure 3. SEM images of BPPO, CPPO and QCPPO-2h. BPPO was prepared from the 

casting solution with the polymer content of 30wt% and the thickness of 250 μm. 

Figure 4. Ion exchange capacity values (IEC) of QCPPO membranes. BPPO was prepared 

from the casting solution with the polymer content of 30wt% and the thickness of 250 μm. 

Figure 5. Water uptake values (WU) of QCPPO BPPO was prepared from the casting 

solution with the polymer content of 30wt% and the thickness of 250 μm. 

Figure 6. Proton dialysis coefficient (UH
+) and separation factor (S) values at 25 oC of 

QCPPO membranes. BPPO was prepared from the casting solution with the polymer content 

of 30wt% and the thickness of 250 μm. 

Figure 7. IEC and WU of QCPPO membranes prepared from the casting solution with the 

thickness of 250 μm and different polymer contents. 

Figure 8. UH
+ and S of QCPPO membranes prepared from the casting solution with the 

thickness of 250 μm and different polymer contents. 

Figure 9. IEC and WU of QCPPO membranes prepared from the casting solution with the 

polymer content of 30wt% and different thicknesses. 
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Figure 10. UH
+ and S of QCPPO membranes prepared from the casting solution with the 

polymer content of 30wt% and different thicknesses. 

Figure 11. TGA curve of QCPPO membrane. BPPO was prepared from the casting solution 

with the polymer content of 30wt% and the thickness of 250 μm. 

Figure 12. The weight change of QCPPO membrane after immersing in HCl/FeCl2 feed 

solution at 65 oC for different immersing times. BPPO was prepared from the casting solution 

with the polymer content of 30wt% and the thickness of 250 μm. 

 


