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ABSTRACT: Partially compatible polyphenylene oxide - polyvinyl pyrrolidone (PPO-PVP) dense membranes 
have been investigated for recovering sulfuric acid from salt-containing waste acid via diffusion dialysis. The 
compatibility of PPO-PVP blends with varying PVP (K90) contents was studied, and micro-phase separation 
behaviors were observed by transmission electron microscopy. In sulfuric acid solution, the carbonyl groups 
of pyrrolidone moieties react spontaneously with H⁺, rendering the membrane positively charged and 
enabling anion exchange functionality. The mass transfer performance of membranes with different PVP 
mass ratios was studied. PPO-PVP blends are fully miscible at PVP contents ≤ 15 wt%, whereas distinct 
micro-phase separation occurs at 25–55 wt% PVP. The resultant membranes exhibit three micro-domains: 
PPO-rich domain, PVP-rich domain, and PVP aggregates, which are functionally distinguishable micro-
domains rather than thermodynamic phases. The PVP aggregates act as ion transport channels within the 
membrane, and crucially, the membrane’s mass transfer performance is highly dependent on the quantity 
and size of such PVP aggregates. The membrane with initial 45 wt% PVP delivers optimal performance 
(sulfuric acid permeability coefficient 34.9×10⁻⁹ m²·h⁻¹ and sulfuric acid/ferrous sulfate separation factor 17), 
arising from PPO-PVP compatibility transition-induced micro-phase separation that forms distinct micro-
domains to mediate selective acid transport. This research reports an interesting compatibility transition 
phenomenon for the fabrication of micro-phase separated anion exchange membranes. 

Keywords: Polymer blends; Anion exchange membranes; Diffusion dialysis; Micro-phase separation; 
Compatibility transition. 

 

■ 1. INTRODUCTION 

Various modern industrial production processes generate 

a significant amount of acidic wastewater containing salt. 

For instance, in the titania (TiO2) production process 

using the sulfuric acid method, the production of 1 ton 

titania results in 6 ~ 8 tons of spent acid with 17 ~ 22 wt% 

H2SO4 and 40 ~ 60 tons of low-concentration acidic 

wastewater, along with the co-production of 3 ~ 3.5 tons 

of ferrous sulfate heptahydrate [1-3]. The predominant 

treatment methods for acidic wastewater containing salts 

[4] include high-temperature hydrolysis [5], neutralization 

precipitation [6], solvent extraction, evaporative crystalli- 

zation [7], ion exchange [8], and membrane separation 

[8-10] (including electrodialysis [11,12] and diffusion 

dialysis [13-15]). For the treatment of salt-containing 
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spent acid generated by the titania industry, the 

traditional limestone/lime neutralization precipitation 

method generates massive solid waste. Specifically, 7 ~ 

12 tons of titanium gypsum are produced per ton of 

titania [16,17], which further gives rise to a series of 

problems including land occupation, water pollution, and 

resource waste[18]. Methods like ion exchange [19] and 

evaporative concentration [20] have not been widely 

adopted due to their high costs, energy consumption, and 

severe equipment corrosion [21]. Therefore, whether it is 

from an environmental protection perspective or a 

resource recycling perspective, the efficient treatment 

and valorization of salt-containing waste acid is the 

bottleneck that hampers the development of the titania 

industry. 

Diffusion dialysis, based on ion exchange membranes, is 

an efficient separation technique characterized by its high 

selectivity, simple operation, and low energy consumption 

[22]. It has been widely studied in various applications, 

including the separation and recovery of sulfuric acid 

from copper-plated steel wire wastewater [23], 

purification of phosphoric acid from wet-process 

phosphoric acid [24,25], and separation of sulfuric acid 

and nickel sulfate from electroplating waste solutions [26]. 

Studies on the application of diffusion dialysis in the 

treatment of titania waste acid have been conducted 

[15,17]. However, due to the drawback of this process 

[27], this technology has not yet been widely 

implemented in industrial applications. One main 

challenge is the requirement of large membrane area, 

while this membrane is relatively expensive due to its 

complicated fabrication process. Thus, the pursuit of 

high-performance membranes with convenient fabrication 

process and wide material availability is important [28,29].  

Polyphenylene oxide (PPO), a polymer of aryl chains, 

exhibits superior mechanical, chemical, and thermal 

stability versus typical aliphatic polymers [30,31]. With 

excellent film-forming capability and low cost, it is widely 

used in membrane research for energy [32,33], chemical 

engineering [34], and biomedical fields [35]. 

Conventionally, anion exchange membranes (AEMs) 

exhibit favorable acid diffusion coefficients and high 

acid/salt selectivity [36],[37]. He et al.[38] quaternize 

brominated PPO using 1,8-diazabicyclo[5.4.0]undec-7-

ene to prepare AEMs for the separation of HCl-FeCl2, 

achieving an acid permeance (UHCl) of 27.0 × 10-3 m·h-1 

and a separation factor (S) of 63. Lin et al. [13] fabricated 

porous AEMs for HCl-FeCl2 separation, yielding UHCl  = 

5.0 × 10-3 m·h-1  and S = 33. Their quaternized and 

brominated porous AEMs based on PPO [34] showed 

optimal permeance UHCl  = 7.0 × 10-3 m·h-1  and an 

acid/salt separation factor of 97. Khan et al. [39] 

quaternized brominated PPO with triphenylphosphine, 

achieving UHCl  ranging from 6.7 to 26.3 × 10-3 m·h-1 and 

the separation factor (S) ranging from 27 to 49 for HCl-

FeCl2 separation. However, these methods involve 

complex processes and hazardous reagents [40–42], 

leading to high membrane costs. 

Polyvinyl pyrrolidone (PVP) is a commercially available, 

extensively studied polymer. Owing to strongly polar 

amide groups in its molecular structure, PVP is water-

soluble (with polar group interactions), and features 

strong hydrogen-bonding/complex-forming capacities, as 

well as excellent solubility and film-forming properties. 

Zhang et al. [43] prepared completely miscible 

polyethersulfone-polyvinyl pyrrolidone (PES-PVP) blend 

dense AEMs that, under optimal conditions, achieved a 

sulfuric acid permeance UH2SO4
 = 3.0 × 10-3 m·h-1  and a 

sulfuric acid/ferrous sulfate separation factor S = 75. 

These mass transfer performance and selectivity are 

comparable to membranes prepared by conventional 

quaternization methods. Literature results [24,44] show 

that PES-PVP dense membranes undergo protonation 

and acquire fixed positive charges (as shown in Fig. S1) 

after being soaked in 2.0 M sulfuric acid at room 

temperature for 48 hours, endowing them with favorable 

selectivity. Based on the concept of polymer alloys, using 

hydrophilic-hydrophobic polymers miscible within a 

specific concentration range to prepare high-performance 

while low-cost polymer alloy AEMs via simple solution 

casting offers a potential approach to cutting membrane 

costs [43,45]. 

A previous study [45] characterized PPO-PVP (K10, K24, 

K40) miscibility via glass transition temperature, revealing 

distinct phase separation at 30 ~ 65 wt% PVP, with 

miscibility windows below 30 wt% or above 65 wt% PVP. 

The miscibility window's upper limit decreased with 

increasing PVP molecular weight. This miscibility 

transition induces unique physicochemical and optical 

properties in PPO-PVP heterogeneous blends, with 

phase-separated aggregates affecting membrane surface 

morphology and permeability [46]. 

Inspired by these studies, this research utilizes 

unmodified PPO as the hydrophobic component and PVP 

as the hydrophilic component to fabricate PPO-PVP 

blend membranes via solution casting. Acid soaking 

induces PVP protonation, spontaneously rendering the 

membranes as acid-recovery AEMs, enabling safe, cost-

effective fabrication of diffusion dialysis AEMs. It also 

investigates how the PPO-PVP (K90) partial miscibility 
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affects membrane physicochemical properties and mass 

transfer performance, aiming to inform micro-phase 

separated membrane optimization and to clarify blend 

membranes structure-property relationship. 

■ 2. EXPERIMENTAL 

■ 2.1. Materials and Chemicals 

PPO was kindly provided by Shandong Tianwei 

Membrane Technology Co., Ltd, with a number-average 

molecular weight of 25,600. PVP K90 was purchased 

from Macklin. Anhydrous ether was obtained from 

Jinshan Chemical Reagent Co., Ltd. Chloroform, ferrous 

sulfate heptahydrate, sulfuric acid, 0.1 M KMnO4 

standard solution, and 0.015 M Na2CO3 standard solution 

were purchased from Kelong Reagent Co., Ltd. The 

water employed in the experiments was deionized water 

from the laboratory's ultrapure water system. The purities 

and manufacturers of reagents are detailed in the 

Supporting Information, Table S1. 

The simulated waste acid composition (2.68 M H2SO4 - 

0.53 M FeSO4) used for diffusion dialysis experiments 

was based on the composition of industrial titania waste 

acid from a company in Panzhihua City, Sichuan 

Province, China [43], whose composition is shown in 

Table 1. For brevity, the simulated waste acid only 

contains sulfuric acid, ferrous sulfate and water. 

The models and manufacturers of all experimental 

equipment and analytical instruments used are listed in 

the Supporting Information, Table (S2). Fig. (1) depicts 

photographs of the custom-made static diffusion dialysis 

experimental device (a) showing the internal structure of 

the device (b), as well as a schematic illustration of the 

operation mechanism during the static diffusion dialysis 

experiment (c). 

■ 2.2. Preparation and Pretreatment of Blend 

Membranes 

■ 2.2.1. Preparation of Casting Solution 

Each portion of 42.5 g chloroform (solvent) was weighed 

and transferred into a bottle at room temperature. The 

PPO and PVP polymers used must be pre-dried using a 

vacuum drying oven (DZF-6020, NanJing HuiHeng 

Scientific Instrument Co., Ltd.) at 60°C for 12 hours. 

Following the composition specified in Table 2, PPO and 

PVP were weighed and dissolved in chloroform, 

maintaining the total polymer mass fraction of the 

solution at 15 wt%. The mass ratio of PVP relative to the 

total polymer mass is varied to be 15, 25, 35, 45, 55, 65, 

and 75 wt%, respectively. The solution was stirred using 

a magnetic stirrer (DF-101S, Yuhua Instrument Co., Ltd.) 

at a speed of 300 rpm for 12 hours at room temperature 

to ensure the complete dissolution of PPO and PVP in 

chloroform. 

Table 1: Composition of the industrial titania waste acid [43]. 

Component H2SO4 FeSO4 Fe2(SO4)3 MgSO4 TiOSO4 Al2(SO4)3 MnSO4 

Concentration (mol/L) 2.68 0.53 0.11 0.28 0.07 0.08 0.03 

 

 

Figure 1: Photos of the custom-made static diffusion dialysis experimental device (a) displaying the internal structure (b), and 
schematic diagram of the operation mechanism (c). 
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■ 2.2.2. Preparation and Acid Treatment of Blend 

Membranes 

The polymer solution was subjected to a vacuum 

degassing procedure: it was placed within a vacuum 

drying oven and kept at ambient temperature to a 

pressure of - 60 kPa, followed by a 0.5-hour hold to 

remove dissolved gases. Subsequently, the gap of the 

doctor blade coater (KTQ-II, Tianjin Kexin Co., Ltd.) was 

adjusted to 500 μm. A certain volume of the casting 

solution was poured onto pre-cleaned and dried glass 

plates (30 × 30 × 1 cm), and the coating was applied 

using the coater. The wet polymer solution film on the 

glass plate was vacuum-dried at room temperature at -80 

kPa for 24 hours to allow for the evaporation of 

chloroform. Once dried, the glass plates with the 

membranes were immersed in deionized water to 

facilitate the release of the dry membranes, which were 

then further dried in a convection oven (Model 101, 

Beijing YongGuangMing Medical Instrument Co., Ltd.) at 

60°C for 12 hours to evaporate any residual moisture. 

The membranes thus obtained were denoted the as-

prepared membranes. These membranes were then 

immersed in a simulated waste acid solution (2.68 M 

H2SO4 - 0.53 M FeSO4) and, after a 48-hour immersion at 

room temperature, were ready for diffusion dialysis 

experiments. The preparation and post-treatment process 

of membranes is schematically shown in Fig. (2).  

■ 2.2.3. Annealing Treatment of Membranes 

Membranes obtained via the evaporation of solvent 

under vacuum conditions may not have reached a 

thermodynamic equilibrium state in terms of the phase 

separation between PVP and PPO. Annealing treatment 

is expected to enhance the homogeneity of the 

membrane components or induce further phase 

separation until equilibrium. Preheat the vacuum drying 

oven, and place the membranes that have been dried to 

remove moisture into the vacuum drying oven. The 

membranes were subjected to a 4-hour constant 

temperature annealing process at 120°C. Afterwards, the 

membranes were allowed to cool naturally to room 

temperature inside the chamber. The annealed 

membranes were then subjected to acid soaking and 

diffusion dialysis experiments as described below.  

■ 2.3. Compatibility Analysis of PPO and PVP 

■ 2.3.1. Differential Scanning Calorimetry Analysis 

of PPO-PVP Blends 

To investigate the compatibility of PPO and PVP K90, the 

freshly prepared casting solution was dropwise added to 

an excess of anhydrous ether. The precipitate was 

filtered and dried under vacuum at room temperature 

until a constant weight, resulting in PPO-PVP blend 

powders with different PVP contents. 

The glass transition temperature (Tg) of the blend 

powders was determined using a thermogravimetric-

differential scanning calorimetry instrument (DSC-200pc, 

NETZSCH, Germany). To eliminate the thermal history of 

the samples, a two-step heating method was employed, 

with the second heating curve chosen for further analysis. 

Table 2: Composition of the polymer dope solutions for membrane casting. 

PPO (g) PVP (g) PVP Content (wt%) Chloroform (g) 

6.375 1.125 15 42.5 

5.625 1.875 25 42.5 

4.875 2.625 35 42.5 

4.125 3.375 45 42.5 

3.375 4.125 55 42.5 

2.625 4.875 65  42.5 

1.875 5.625 75 42.5 

 

 

Figure 2: Schematic diagram of the PPO-PVP membrane preparation and characterization process. 
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Approximately 10 mg sample was loaded into a Al2O3 

crucible and sealed, and the temperature was increased 

from 30 ℃ to 200 ℃ at a heating rate of 10 ℃/min under 

a nitrogen flow of 20 mL/min. After cooling to 50 ℃, the 

temperature was then increased from 50 ℃ to 400 ℃ at a 

heating rate of 10 ℃/min. 

Additionally, the PPO-PVP blend membranes that had 

been fabricated were also subjected to DSC analyses. 

Membrane samples (2 × 2 mm in size) weighing about 10 

mg were characterized using the same temperature 

program as described above, and the results based on 

the second heating curve were chosen. 

■ 2.3.2. Transmission Electron Microscopy (TEM) 

Characterization 

To analyze the membrane microstructure and evaluate 

the compatibility of PVP with PPO, heat-annealed 

membrane samples with PVP contents of 35 and 45 wt% 

(had not been subjected to diffusion dialysis experiments) 

were selected. Ultra-thin slices of the samples, 50 ~ 70 

nm in thickness, were prepared at room temperature 

using a Leica Microsystems-EM UC7 ultramicrotome. 

TEM images were then acquired using a transmission 

electron microscope (TEM, FEI-Tecnai G2 F30) operated 

at an acceleration voltage of 200 kV. The TEM images 

were analyzed to compare the microstructure and assess 

the miscibility of PPO and PVP.  

■ 2.4. Mass Transport Properties of the 

Membranes 

Membranes subjected to acid soaking at room 

temperature for 48 hours were utilized for diffusion 

dialysis experiments to investigate the trans-membrane 

permeability of sulfuric acid and ferrous sulfate. The 

diffusion dialysis experiments were conducted in a 

custom-made device (Fig. 1(a)), with an effective 

membrane area of 4.91 cm2. The hydrated membrane 

thickness was measured using a digital micrometer 

(Mitutoyo, MDC-25PX), following which the membranes 

were installed into the experimental diffusion dialysis 

setup. 15 mL of simulated waste acid (2.68 M H2SO4 - 

0.53 M FeSO4) was added to one side of the dialysis cell, 

while 15 mL of deionized water was added to the other 

side. A magnetic stirrer was placed in each compartment 

and set to agitate at a speed of 400 rpm. After 3 hours, 

solution samples were taken from both the acid and 

water sides for analyzing the solution composition. The 

concentration of sulfuric acid was determined by titration 

with a 0.015 mol/L Na2CO3 solution, using methyl orange 

(1 g/L aqueous solution) as an indicator. Fe2+ was 

quantified by titration with a 0.1 mol/L KMnO4 standard 

solution. 

The permeance (Ui) and permeability coefficient (Pi) of 

H2SO4 and FeSO4 were calculated using Equations 1 and 

2, respectively, to compare the relative mass transport 

performance of the membranes. The separation factor 

(S) was determined using Equation 3, which was defined 

as the ratio of the permeance of H2SO4 to FeSO4, 

indicating the membrane's selectivity towards H2SO4 over 

FeSO4. 

Ui=
ni

At∆Ci

 (1) 

Pi=Ui∙l  (2) 

Si=
Ui(H2SO4)

Ui(FeSO4)
 (3) 

In the equations, l  is the thickness of the hydrated 

membrane (m), ni  denotes the amount of a particular 

component that has diffused to the water side (mol), A is 

the effective area of the membrane (m2), t is the duration 

of the diffusion dialysis operation (h). ∆Ci is the average 

concentration of the solution in the two compartments 

(mol/m3), and the calculation formula is as follows [15]: 

∆Ci=
cf

0- cf
t - cd

t

ln
cf

0  - cd
t

 cf
t

 
(4) 

where cf
0 and cf

t are feed concentrations at time 0 and t, 

respectively, and cd
t  is the dialysate concentration at time 

t. 

■ 3. RESULTS AND DISCUSSION 

■ 3.1. The dope Solution and the Membrane 

Morphology 

Fig. 3(a) shows the optical photograph of the casting 

solutions immediately after preparation. As the PVP 

content increased, the casting solution became brighter 

however less transparent. After standing for around 12 

hours, only the casting solutions with PVP contents of 15 

wt% and 25 wt% were macroscopically observed to be 

homogeneous, while the others underwent liquid-liquid 

phase separation to varying extents (Fig. 3(b)). The 

upper transparent phase is a PPO-rich solution that also 

contains a minor amount of PVP. The lower turbid phase 

is a more viscous solution rich in PVP. The solution with 

overall 75 wt% PVP content, predominantly exhibits the 

PVP-rich solution phase after standing. It can be 

preliminarily inferred that PVP and PPO are not 
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completely miscible at PVP K90 mass fractions of 35 ~ 

75 wt%. In the freshly prepared solutions, the PVP and 

PPO polymers are mixed due to stirring, and phase 

separation occurs upon standing for some time (eg. 12 

hours). To prevent such phase separation before the 

membrane-casting process, a 30-minute vacuum 

degassing operation was adopted instead of the 12-hour 

degassing process by standing. 

 

Figure 3: Optical photographs of the freshly prepared casting 
solutions (a) and those after standing 12 hours for degassing 
(b), the overall PVP mass ratios in the dope solutions are 
shown. 

Fig. (4) presents optical photographs of the as-prepared 

blend membranes. The membranes containing PVP 

exhibit varying degrees of white turbidity (in contrast to 

the transparent pure PPO membranes, see Supporting 

Information, Fig. (S2)). This clearly indicates micro-phase 

separation within the PPO-PVP blend membranes, and 

suggests that (some) PVP is not uniformly distributed 

throughout the membrane matrix, while the results of 

scanning electron microscopic (SEM) characterization 

further confirm the existence of this micro-domain 

separation (see Supporting Information, Fig. (S3)) Under 

such circumstances, the membrane could achieve 

sulfuric acid permeation through two potential pathways: 

one is that a single domain formed by completely 

miscible PPO/PVP in the membrane, where the 

properties of PVP and PPO are combined, offering the 

stability of PPO along with the acid-absorbing capability 

of PVP, facilitating the trans-membrane transport of 

H2SO4; the other is that PVP forms a separate yet 

continuous domain in the membrane, creating an ion 

transport channel, enabling the trans-membrane 

permeation of sulfuric acid. 

 

Figure 4: Optical photographs of the as-prepared dry PPO-PVP 
blend membranes, where (a) to (e) correspond to membranes 
with initial PVP contents of 15, 25, 35, 45, and 55 wt%, 
respectively. The scale resolution is 0.5 mm. 

It should be noted that in this work, the initial PVP content 

refers to the mass fraction of PVP in the casting 

formulation, whereas the effective PVP content denotes 

the stabilized PVP fraction remaining in the membrane 

after the membrane has been exposed to water and acid 

solutions. When delaminating dried membranes from 

glass plates by immersion in water and subsequent 

soaking in simulated waste acid solutions, it was 

observed that blend membranes with overall PVP mass 

ratios of 45 ~ 65 wt% experienced partial PVP dissolution 

in water, those with 65 wt% dissolved in simulated waste 

acid solutions and in even water for the blend with 75 

wt% PVP. Therefore, these blends with more than 65 

wt% PVP are dimensionally unstable for use as 

membranes in diffusion dialysis. The membranes utilized 

for diffusion dialysis experiments include five types with 

PVP mass ratios of 15, 25, 35, 45, and 55 wt%. The 

membranes with initially 45 wt% and 55 wt% PVP after 

leaching out the unstable PVP were still employed for 

characterizing mass transport performance in diffusion 

dialysis experiments, although the actual PVP content 

had been reduced to below 45 wt% and 55 wt%.  

■ 3.2. Compatibility Analysis of PPO and PVP 

■ 3.2.1. Glass Transition Temperature of PPO-PVP 

Blends 

The DSC curves of PPO, PVP K90, and PPO-PVP blend 

powders with different PVP contents were measured to 

determine the Tg and analyze the compatibility between 

PPO and PVP. 

As shown in Fig. 5(a), PVP K90, PPO, and PPO-PVP 

blend powder with 15 wt% PVP exhibited a single glass 
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transition temperature, indicating that PPO and PVP are 

compatible and can form a homogeneous domain when 

the PVP content is less than or equal to 15 wt%. In Fig. 

5(b), DSC curves of PPO-PVP blend powders with PVP 

contents of 25, 35, 45, 55, 65, and 75 wt% displayed two 

endothermic peaks, suggesting the presence of two glass 

transition temperatures in these PPO-PVP blend powders. 

The lower Tg in these curves is close to the Tg of PVP, 

while the higher Tg is close to the Tg of PPO. This 

phenomenon indicates the occurrence of micro-phase 

separation in the PPO-PVP blend powders with PVP 

contents of 25 ~ 75 wt%, indicating the inability to form a 

homogeneous domain. The DSC results of the PPO-PVP 

blend powders are consistent with the results shown in 

Fig. 3(b). Based on the results from Fig. 3(b) and Fig. 5, 

it can be inferred that PVP K 90 and PPO might form a 

homogeneous domain when the PVP content is in the 

range of 15 ~ 25 wt%. 

However, the DSC curves of the prepared PPO-PVP 

blend membranes are not as distinctly characterized as 

those of the blend powders (see Supporting Information, 

Fig. (S4) for the DSC curves of the PPO-PVP blend 

membranes). This may be attributed to the relaxation of 

molecular chain entanglements following annealing 

treatment, which reduces the heat capacity change 

during the glass transition of the samples.  

■ 3.2.2. Microscopic Structure of the Membranes 

Analyzing the microscopic membrane structure via TEM 

and SEM (Fig. S3) allows us to examine the PVP 

distribution within the membrane. This analysis helps 

determine whether PVP forms continuous transport 

channels in the membrane to facilitate the transport of 

ions. 

The TEM images depicted in Fig. 6(a,b,c,d) reveal the 

presence of aggregates of varying sizes (50 ~ 200 nm, it 

should be noted that the size ranges are based on 

observations of representative TEM images rather than a 

statistical size distribution analysis) within the membrane 

containing overall 35 wt% PVP. The elemental distribution 

maps (f, g, h), in conjunction with the elemental analysis 

provided in the Supporting Information (Fig. S5, S6), 

confirm that these aggregates are enriched with PVP, 

resulting from PVP aggregation. Additionally, distinct 

domain boundaries are observable in the TEM images (c, 

d, e), indicating the presence of phase separation in the 

blend matrix. Judging from the elemental distribution, 

these interfaces are inferred to be the boundaries 

between PPO-rich and PVP-rich domain. It can be 

deduced that the PPO-rich domain, resembling PPO in 

nature, is hydrophobic, while the PVP-rich domain is 

hydrophilic. The PVP aggregates within the PVP-rich 

domain together serve as ion transport channels for the 

permeation of acid and salt. 

The TEM images of the membrane with 45 wt% PVP are 

shown in Fig. (7), where (a), (b), (d), and (e) reveal two 

distinct domains within the PPO-PVP blend membrane. 

Clusters formed by the aggregation of PVP are observed. 

Compared to the blend membrane with 35 wt% PVP, the 

membrane with 45 wt% PVP exhibits a higher number 

density of PVP clusters, as evidenced by representative 

TEM observations. These clusters, together with the 

PVP-rich domain, are essential in the selective 

 

Figure 5: Differential scanning calorimetry (DSC) curves of PPO, PVP K90, and PPO-PVP blend powder with 15 wt% PVP K90 (a), 
DSC curves of PPO-PVP blend powders with PVP contents of 25, 35, 45, 55, 65, and 75 wt% (b). 
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permeation of sulfuric acid through the PPO-PVP blend 

membrane. The PVP clusters in both membranes (35 

wt% and 45 wt% PVP) are predominantly located near 

the domain boundaries, likely due to the thermodynamic 

instability at the interface during phase separation 

between the PPO-rich domain and the PVP-rich domain. 

This instability, stemming from the uneven energy 

distribution at the interface, likely leads to the formation 

of heterogeneous nucleation sites and the aggregation of 

PVP. 

Based on the above results, the final membrane 

morphology arises from the synergy of solution-phase 

miscibility, solvent evaporation, and post-annealing 

treatment. Partial miscibility between PPO and PVP in 

the casting solution determines the initial distribution of 

PPO-rich and PVP-rich regions. During solvent 

evaporation, this heterogeneity is kinetically frozen into 

the solid membrane, resulting in microphase-separated 

morphology. Subsequent annealing promotes further 

micro-phase separation toward a more 

thermodynamically stable morphology, leading to 

enlarged PVP aggregates and clearer micro-domain 

boundaries. These structural evolutions collectively 

govern ion transport behavior during diffusion dialysis. 

■ 3.3. Mass Transport Performance of Membranes 

Fig. (8) presents the measured permeability coefficients 

of sulfuric acid and ferrous sulfate for the membranes 

before (a) and after (b) heat-annealing treatment. The 

membrane with 45 wt% PVP exhibits a significantly larger 

 

Figure 6: Transmission electron microscopic (TEM) images of the heat-annealed blend membrane with 35 wt% PVP (a-e); 
elemental distribution maps of the region shown in Fig. 6(e): carbon element (f), nitrogen element (g), and oxygen element (h). 

 

Figure 7: TEM images of the heat-annealed blend membrane with 45 wt% PVP (a-e); elemental distribution maps of the region in 

Fig. 7(e): carbon element (f), nitrogen element (g), and oxygen element (h). 
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sulfuric acid permeability coefficient (PH2SO4
) compared to 

other membranes, while the ferrous sulfate permeability 

coefficient (PFeSO4
) is only slightly larger than that of other 

membranes. Before annealing, PH2SO4
 is around 15.5 × 

10
-9 m2∙h

-1
 and PFeSO4

 is about 1.5 × 10
-9 m2∙h

-1
, with a 

separation factor (S) of about 10. After annealing, PH2SO4
 

increases to around 34.9 × 10
-9

m2∙h
-1

 and PFeSO4
 

increases to about 2.1 × 10
-9 m2∙h

-1
, indicating a greater 

enhancement in the permeability coefficients of H2SO4 

than FeSO4. The separation factor also increases to 17, 

suggesting that the annealing process not only enhances 

the mass transport performance of the PPO-PVP 

membranes but also its selectivity. This enhancement 

could be attributed to the annealing treatment, which 

promoted phase separation within the membrane, 

leading to the enlargement of the PVP aggregate clusters 

and the formation of more ion transport channels. 

Additionally, the promotion of phase separation 

contributes to the formation of clearer domain boundaries, 

reducing non-selective ion transport due to ambiguous 

boundaries and thereby improving the membrane's 

PH2SO4
 and selectivity. 

For membranes with PVP content ranging from 15 to 35 

wt%, the values of PH2SO4
 and PFeSO4

 are very small. The 

membrane with the best mass transport performance 

within this range is the one with 35% PVP content. After 

annealing, PH2SO4
 is around 1.0 × 10

-9 m2∙h
-1

 and PFeSO4
 

is about 0.24 × 10
-9 m2∙h

-1
, with a separation factor of 4.2. 

This indicates that within the 15 to 35 wt% PVP content 

range, the lower PVP content does not lead to the 

formation of many effective ion transport channels within 

the membrane, and the membrane's selectivity for 

H+/Fe2+ is also not high. 

At an initial PVP content of 55 wt%, a larger amount of 

PVP would theoretically be expected to form more ion 

transport channels; yet significant PVP leaching reduces 

the effective PVP content and compromises the 

hydrophilicity of the membrane. Consistent with this 

phenomenon, experimental results from diffusion dialysis 

show that the membranes with initial 55 wt% PVP do not 

exhibit larger permeability coefficients for either PH2SO4
 or 

PFeSO4
, but rather lower than those of the membranes 

with initial 45 wt% PVP. Before annealing, PH2SO4
 is 

around 10.0 × 10
-9 m2∙h

-1
 and PFeSO4

 is about 1.9 × 

10
-9 m2∙h

-1
, with a separation factor S of around 5. After 

annealing, PH2SO4
 decreases to around 3.6 × 10

-9 m2∙h
-1

 

and PFeSO4
 decreases to about 0.26 × 10

-9 m2∙h
-1

. Both 

the permeability coefficients for H2SO4 and FeSO4 

decrease, while the separation factor increases to around 

14. This suggests that in this case annealing also 

promotes phase separation, leading to clearer domain 

boundaries, but does not result in the formation of more 

effective ion transport channels by PVP aggregation. 

Instead, it reduces the efficiency of ion transport. This 

behavior can be attributed to the fact that excessive PVP 

leads to premature phase separation in the casting 

solution, followed by substantial PVP leaching during 

membrane stabilization, which ultimately disrupts 

continuous ion transport pathways. Elemental analyses 

revealed that the actual PVP content of the initial 45 wt% 

membrane (the effective membrane content is 14.37 

wt%) after water washing was lower than that of the initial 

55 wt% membrane (the effective membrane content is 

24.28 wt%), and both were lower than the PVP content of 

initially 35 wt% membrane (the effective membrane 

content is provided in Table S3). The free volume 

remaining after PVP leaching can enhance H⁺ 

permeability. For the membrane with an initial PVP 

content of 55 wt%, its PPO content is lower than that of 

the initial 45 wt% PVP membrane—this may reduce the 

supportive capacity of the membrane. Consequently, the 

free volume in the initial 55 wt% PVP membrane 

 

Figure 8: Permeability coefficients of sulfuric acid and ferrous sulfate for PPO-PVP blend membranes with different initial mass 
ratios of PVP, before (a) and after (b) heat-annealing treatment. 
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(following PVP leaching) are susceptible to collapse, 

which ultimately results in a lower PH2SO4
 . The annealing 

treatment makes the membrane more compact, with PVP 

clusters being encapsulated by the hydrophobic PPO-rich 

domain, disrupting some ion transport channels and 

leading to a decline in the membrane's ion transport 

performance. Excessive PVP content compromises long-

term stability via leaching. In contrast, 45 wt% initial PVP 

membranes exhibit good performance, attributed to a 

microphase separation–structural integrity balance driven 

by the PPO–PVP (K90) system’s compatibility transition. 

Composition optimization and annealing alleviate PVP 

loss and enhance structural stability, highlighting that 

optimizing PVP content and microphase separation 

degree is pivotal for high-performance diffusion dialysis 

membranes. Post-fabrication treatment such as chemical 

crosslinking would enhance the stability of PVP in the 

blend membranes. 

Thus, the optimal addition amount of PVP in the PPO-

PVP blend membranes is about 45 wt%, at which the 

permeance of sulfuric acid UH2SO4
 is 0.4 × 10

-3
m∙h

-1
, and 

the permeability coefficient PH2SO4
 is about 34.9 × 

10
-9 m2∙h

-1
. The acid/salt separation factor S is around 17. 

Compared to the AEMs mentioned in the Introduction, the 

ion transport performance of the PPO-PVP blend 

membranes is relatively lower. Notably interesting for this 

work, the PPO-PVP membranes, simply prepared 

through solution blending, possess a unique three-

domain system, and its mass transport performance is 

unique due to the peculiar compatibility transition. 

■ 4. CONCLUSION 

This work reports an interesting phenomenon observed 

for PPO and PVP blend membranes with peculiar 

permeability of sulfuric acid and ferrous sulfate. The 

PPO-PVP blend membranes with initially 45 wt% PVP 

have the largest permeability, even larger than those with 

initially 55 wt% PVP. These blend membranes are 

proposed as anion exchange membranes (AEMs) for the 

recovery of sulfuric acid from salt-containing waste acid 

via diffusion dialysis. The PPO and PVP blend 

membranes prepared with chloroform as the solvent and 

subsequent solvent evaporation form a microphase-

separated structure, comprising a PPO-rich domain, a 

PVP-rich domain, and PVP aggregate clusters. The 

presence of PVP-rich domain enhances the hydrophilicity 

of the membrane, which facilitates the protonation of PVP 

and the acquisition of positive charges during acid 

soaking, rendering them as AEMs. The PVP aggregate 

clusters are important for achieving selective permeability 

in the PPO-PVP blend membranes. Results indicate that 

membranes with a larger number of PVP clusters exhibit 

significantly better mass transport performance than 

other membranes. Heat annealing treatment, which 

promotes micro-phase separation, further enhances the 

mass transport performance and selectivity of 

membranes with initially 45 wt% PVP. In contrast, the 

phase separation of the casting solution during the 

preparation of membranes with 55 wt% PVP content 

leads to suboptimal mass transport performance.  

This study investigates the phase separation 

microstructure of PPO-PVP blend membranes and 

assesses their mass transport performance. It reveals 

correlation between the microstructure and mass 

transport performance of micro-heterogeneous PPO-PVP 

blend membranes, offering reference to fabricating AEMs 

for diffusion dialysis using partially miscible commodity 

polymers. 
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