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Preparation of a poly(phthalazine ether sulfone ketone) membrane
with propanedioic acid as an additive and the prediction of its
structure

Peiyong Qin,1 Anni Liu,1 Cuixian Chen2

1Beijing Key Laboratory of Bioprocess, Beijing University of Chemical Technology, Beijing 100029, China
2Department of Chemical Engineering, Tsinghua University, Beijing 100084, China
Correspondence to: P. Qin (E - mail: qinpy@mail.buct.edu.cn)

ABSTRACT: In this study, propanedioic acid was investigated as a potential additive in poly(phthalazine ether sulfone ketone)

(PPESK)/N-methyl-2-pyrrolidone solutions. Compared with poly(ethylene glycol) with a molecular weight of 1000 and Tween 80 as

additives, different phenomena were observed: (1) both fingerlike and spongelike structures of asymmetric ultrafiltration membranes

were induced by rapid gelation, and (2) a spongelike structure membrane with a high pure water flux was obtained under a high

gelation rate. Moreover, the PPESK membrane formation process was recorded with a recently developed optical microscopy (OM)–

charge-coupled device (CCD) camera experimental system. The predicted membrane structure with an OM–CCD system gave good

correspondence with the final membrane structure and performance, as detected by scanning electron microscopy. VC 2014 Wiley Period-

icals, Inc. J. Appl. Polym. Sci. 2015, 132, 41621.

KEYWORDS: kinetics; membranes; separation techniques
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INTRODUCTION

Bioenergy has attracted more and more attention because of a

crude oil crisis. Separation technology is a big challenge in bio-

energy production, especially biomass pretreatment. There are

considerable needs of membranes with different structures,1–3 so

membrane structural prediction is important for membrane

preparation.

Since Loeb and Sourirajan4 exploited the preparation method of

ultrafiltration membranes via a wet phase-inversion process, the

mechanism of membrane formation has been widely studied.

Young and Chen5 thought it was solvent–nonsolvent–polymer

interactions that led to the asymmetric structure of ultrafiltra-

tion membranes. Numerous investigations on the gelation

kinetics were also developed by Strathmann et al.6 A plot of the

square value of the movement of the precipitation front (X2)

against time, may lead to a kinetic model (X254�D E
s 3 1-CP

11CP
� t)

in which �D is the average diffusion coefficient of the nonsolvent

gelation process, � represents the porosity, s is the membrane

tortuosity, and CP is the concentration of nonsolvent in the liq-

uid phase at the point of precipitation. With the assumption

that the cross section of the membrane has the same porosity

and pore tortuosity, the conclusions based on the previously

model were as follows:

1. A finger-structure membrane was obtained via the rapid

gelation method, whereas a sponge-structure membrane was

obtained under a slower gelation rate.

2. The water flux of the finger-structure membrane was larger

than that of the sponge-structure membrane.

In our previous research,7–11 poly(ethylene glycol) with a molec-

ular weight of 1000 (PEG1000) and Tween80 were already

investigated. Both PEG1000 and Tween80 as potential additives

displayed the same tendencies shown in the previous

conclusions.

With an optical microscopy (OM) photography technique, Yong

et al.12,13 further confirmed the two conclusions based on the

previous kinetic model. The precipitation front moved very fast

in the first period, especially within the first 10 s. It was very

difficult to record the moved distance of the precipitation front

because they run the experiments with a relatively lower preci-

sion of instruments. To monitor the process of membrane for-

mation, the equipment was improved by our previous

Additional Supporting Information may be found in the online version of this article.

VC 2014 Wiley Periodicals, Inc.
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research.7–11 Compared with Strathmann’s results, three differ-

ent linear correlations were obtained; these corresponded to for-

mation of the skin layer, the transition layer, and the finger

layer, respectively.7 Clearly, the three layers of membrane

showed different porosities and pore tortuosities. So, the mem-

brane structure prediction with Strathmann’s experiments did

not work perfectly.

Oxalic acid (OA) was able to strongly enhance the gelation rate

of the Poly(phthalazine Ether Sulfone) (PPES) membrane for-

mation and improve the PPES membrane structure because of

the two COOH group in its molecular structure.9 Propanedioic

acid (PA), also as a dicarboxylic acid, can act as a good hydro-

gen donor through the COOH group. Maybe it can also

enhance the gelation rate of membrane formation and improve

the membrane performance and structure. In this study, PA was

selected as an additive to prepare poly(phthalazine ether sulfone

ketone) (PPESK) membranes. Also, an attempt was made to

compare the picture captured by the OM–charge-coupled device

(CCD) system with the scanning electron microscopy (SEM)

picture of the membrane cross section. The results may provide

a guide for the PPESK membrane preparation.

EXPERIMENTAL

Materials

PPESK with a molecular weight of 218,900 was obtained from

Dalian Polymer New Material Co., Ltd. (Liaoning Province,

China). N-Methyl pyrrolidone (NMP) as a solvent and poly(vi-

nyl pyrrolidone) (PVP; K30) and PA as nonsolvent additives

were obtained from Beijing Yili Fine Chemicals Co., Ltd. (Bei-

jing, China).

Preparation of the Flat Membranes

PPESK membranes were prepared by a phase-inversion method.

A certain quality of PPESK, additives, and solvent were injected

into a grinding mouth flask, and the mixture was dissolved for

72 h in a shaker at 60�C. The casting solution was filtered and

vacuumed to remove bubbles. The flat ultrafiltration membrane

was prepared by the casting of polymer solution onto nonwoven

fabrics that were 120 lm thick at 20�C with about 20–40%

humidity. The coated nonwoven fabrics where then immediately

immersed into a 25�C coagulation bath. Finally, the fresh mem-

brane was stored in a dilute formalin solution after solvent

extraction.

Characterization of the Membrane

The ultrafiltration membrane was first immersed in distilled

water to eliminate the formalin influence. SEM observation was

done and the pure water flux and bovine serum albumin (BSA)

rejection of PPESK membrane were measured according to our

previous article.9 SEM was done on a Cambridge S-250 field

emission scanning electron microscope (Cambridge, Inc., United

Kingdom). The pure water flux was determined with distilled

water at 0.1 MPa and 25�C. A concentration of 400 mg/L of

BSA solution was used to characterize the PPESK membrane

rejection at 0.1 MPa and 25�C. The BSA concentration was

measured at a wavelength of 280 nm with a UV spectrophotom-

eter (model UV-2102 PCS, Unico). The viscosity of the PPESK

casting solution was determined at 25�C with a Brookfield DV-

II1CP viscometer (Brookfield, Middleboro, MA). The online

OM–CCD camera system was used to determinate the gelation

rate and observe the membrane structural evolution process.11

About 10 lL of the PPESK casting solution was introduced into

two specially designed accessories of the microscope. A volume

of 1 mL of distilled water was used as coagulant to be rejected

into a compartment with two syringes. The images during

membrane formation were automatically taken by a CCD cam-

era at 12 frames per second. The precipitated thickness of the

PPESK membrane was measured by Image J software (Image J,

National Institute of Mental Health, Bethesda, MD,). All data

represent the average values of three repeated experiments with

less than a plus or minus 5% deviation.

Cloud Point

The cloud points were determined by a titration method.14 The

ratio of PPESK to the additives was 5:4. A series of samples

with 1–10 wt % PPESK and additives were dissolved in NMP

with a water bath at 70�C until a homogeneous solution was

obtained. Then, the solutions were cooled to 25�C. Distilled

water was added little by little to the solutions and mixed. The

composition of the cloud point was obtained when the solution

was just visually turbid.

RESULTS AND DISCUSSION

Influence of the PA Additive on the PPESK Ultrafiltration

Membranes

To compare PA with PEG1000 and Tween80 as additives, which

were already investigated in our previous study,11 the same con-

centrations of PA (0, 1.67, 5, and 6.7%) were selected. PPESK/

NMP at 15.6 wt % was used as the casting solution, whereas

deionized (DI) water was the nonsolvent. Figure 1 shows the

gelation rate of the PPESK casting solution precipitated in DI

water with PA as the additive. PA enhanced the hydrophilicity

of the PPESK casting solution, and the gelation rate of the

PPESK casting solution increased with the PA concentration. At

a PA concentration of 6.7%, the gelation rate reached a maxi-

mum value. However, when the PA concentration was greater

Figure 1. Effect of the PA concentration as an additive on the gelation

rate in PPESK/NMP at 25�C (concentration of PPESK 5 15.6%). X is the

movement of the precipitation front. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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than 7%, PPESK/PA/NMP could not form a homogeneous cast-

ing solution.

Figure 2 shows the cloud points of the PPESK solution with PA,

PEG1000, and Tween80 as additives, respectively. Clearly, with

the addition of PA, the binodal line shifted more toward the

solvent–polymer axis than those of PEG1000 or Tween80. The

shift led to a decrease in the stable one-phase region and

increases in the unstable and metastable regions. Thus, PA addi-

tion caused the casting solution system to be less thermody-

namically stable than those of PEG1000 or Tween80 as

additives, and this led to a fast phase separation.

To clearly show the evolution of the membrane structure as the

PA concentration was increased, a cross section of the PPESK

membranes was observed by OM–CCD, as shown in Figure 3.

The figures show that as the PA content increased, the fingerlike

structure was gradually transformed to a spongelike structure.

The spongelike structure was totally formed when the PA con-

centration was 6.7%. Interestingly, as the PA concentration

increased, the water flux of the membranes increased. The water

fluxes of the membranes with 0, 1.67, 5, and 6.7% PA were 240,

469, 500, and 580 L m22�h21, respectively. The water flux

reached a maximum value at 6.7% PA. The SEM micrographs

of the PPESK membrane cross sections are presented in Figure

4. They also showed an asymmetric structure and exhibited the

same regulation as the optical microscopy (OM) pictures show

in Figure 3.

Figure 5 shows some images of PPESK membrane formation

obtained with the OM–CCD system. When the membranes

Figure 2. Effect of additives on the cloud point of PPESK/NMP/water at

25�C.

Figure 3. Optical micrograph of the membrane prepared by the variation of the PA concentration as an additive in PPESK/NMP at 25�C (concentration

of PPESK 5 15.6%).
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with 6.7% PA (A1–A6) were compared with the control group

(B1–B6) at various precipitated times, we observed that a fin-

gerlike membrane was obtained without PA addition, whereas a

spongelike membrane was observed at a 6.7% PA concentration

with a higher rapid gelation rate. After 40 s of precipitation,

three layers of PPESK membrane were clearly distinguished,

including a dense top layer, a transition layer, and a support

layer.

As shown in Figure 5, the spongelike structure formed more

quickly than the finger structure. Because the molecular struc-

ture of PA was similar to that of OA, also including two COOH

groups, PA as an additive should have played the same role as

OA during the PPESK membrane formation.9 Hydrogen bonds

could be formed between PA and NMP through the C@O as a

hydrogen-bond acceptor in NMP and the COOH group as a

hydrogen donor in PA.9 The amount of free molecular NMP in

the polymer solution decreased because of hydrogen-bond for-

mation; this enhanced the phase separation of the PPESK mem-

brane solution. Also, PA and PPESK formed a bridge complex

through the two AOH groups in PA and the carbonyl and

nitrogen groups of PPESK.9 The high rigid molecular structure

of the bridge complex resulted in a low PPESK solubility. More-

over, the phase-separation rate of the polymer solution

increased because of the steric hindrance. Like OA, PA also

showed strong hydrophilic characteristics, and water vapor in

the atmosphere easy diffused into the polymer solution; this

accelerated the microphase formation. As shown in Figure

5(A1), two phases, a polymer-rich phase and a polymer-poor

phase, were formed before the nonsolvent was introduced into

the polymer solution. All of the previous factors led to a high

flux and rapid phase separation during PPESK membrane for-

mation. It is well known that delayed liquid–liquid demixing

will cause spongelike structure formation and that instantaneous

demixing will result in a fingerlike structure. However, when

the component of the casting solution was near biondal; the

polymer solution system was highly thermodynamically unsta-

ble, and when very little coagulant (water vapor in air) was

introduced into the system, it resulted in microphase separation

[Figure 5(A1)]. When the microphase system was immersed in

coagulant, the casting solution system would pass through the

metastable region with a very fast speed and cause spinodal

demixing. Thus, a spongelike structure was obtained.

In fact, the viscosity also played an important role. The viscos-

ities of the casting solutions with 0, 1.67, 5, and 6.7% PA were

determined with 1162, 1540, 2630, and 3453 cP, respectively.

Figure 4. SEM of the membranes prepared by the variation of the PA concentration at 25�C (concentration of PPESK 5 15.6%).
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The drastic increasing viscosity slowed down the solvent outflow

and nonsolvent penetration rate. The slow diffusion rate pro-

vided enough time for the rich phase to coalesce and, thus,

form denser top layers; this resulted in a high BSA rejection.

As strong hydrophilic additives, the added PA resulted in a less

thermodynamically stable and enhanced gelation rate; this was

pronounced compared to the effects of the viscosity increase.

Therefore, a finger pore could not form at this fast phase separa-

tion. A spongelike structure formed with the rapid gelation rate.

The pKa1 and pKa2 of PA were 2.85 and 5.70, respectively.

Although the pKa1 and pKa2 of OA were 1.27 and 4.27, respec-

tively. PA was less acidic than OA; this will result in a weak abil-

ity for hydrogen-bond formation for PA compared with OA. PA

also shows less hydrophilicity than OA because of its long

carbon chain. All of these decreased the phase-separation rate

compared with OA as an additive. However, the molecular

structure of PPESK was more rigid than that of PPES. It was

also interesting that the membrane structure evolution from a

Figure 5. Membrane cross-sectional structure evolution with the precipitated time at 25�C (A1–A6: 6.7% PA, B1–B6: 0% propanedioic as an additive). A

concentration of 15.6 wt % PPESK/NMP was used as the polymer solution, whereas DI water was the nonsolvent. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]
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fingerlike structure to a spongelike structure was easier for the

PPESK membrane than the PPES membrane. The spongelike

structure of the PPESK membrane was found at 5% PA,

whereas the spongelike structure of the PPES membrane was

formed at 10% OA. These results show that a high rigid molec-

ular structure also enhanced the phase separation and sponge-

like structure formation. We concluded that polymer molecular

conformation also played an important role in the membrane

structural evolution.

Figure 6 shows the pure water flux and BSA rejection of the

PPESK membrane. Like with the PPES membrane with OA as

an additive, the pure water flux and BSA rejection of the

PPESK membrane also exhibited a positive correlation with the

PA concentration. Because of the strong hydrophilicity of PA,

the casting solution exhibited a high thermodynamic instability

and reached a critical state. Even a small amount of water

vapor permeation into the casting solution caused microphase

separation. Moreover, the increasing viscosity of the casting

solution prevented water vapor from rapidly crossing the skin

layer and going deep into the casting solution. The high viscos-

ity of the casting solution also resulted in a small pore size in

the top skin layer; this led to a high BSA rejection. The casting

solution system with PA as an additive showed a higher gela-

tion rate and a large number of microphase zone [Figure

5(A1)] during membrane formation; this resulted in a high

porosity in the top skin layer of the PPESK membrane. In this

case, the PPESK membrane exhibited a high water flux and

rejection. The pure water flux of the PPESK membrane was

about 500 L m22 h21, and its membrane structure was sponge-

like when the concentration of PA was 5%, whereas the pure

water flux of the PPES membrane was only about 300 L m22

h21 and its membrane structure was fingerlike when the con-

centration of OA was 5%.9 The BSA rejection of the PPESK

membrane increased from 85 to 95% with increasing additive

content, whereas the BSA rejection of the PPES membrane was

more than 96%.9 The high rigid molecular structure of PPESK

led to a higher flux and lower BSA rejection than those found

in the PPES membrane.

Some articles have already reported the relationship between the

gelation rate and the membrane structure.15 It was noted that the

gelation rate of the fingerlike structure membrane was faster than

that of the spongelike structure membrane.16 Thus, rapid gelation

led to a fingerlike structure formation, whereas slow gelation

resulted in a spongelike structure membrane. At the same time,

the relationship between the membrane structure and perform-

ance was also investigated. It was considered that the water flux

of the fingerlike structure membrane was larger than that of the

spongelike structure membrane. Strathmann and coworkers6,17–19

confirmed these conclusions via a set of photographs, which

agreed with the conclusions of other scholars.20,21

In our earlier research,11 two additives, PEG1000 and Tween80,

were used. The gelation rate showed the same variation trend

with the membrane flux change. The same conclusions were

reached as those of Strathmann and coworkers.6,17–19 However,

phenomena different from those observed by other scholars

were obtained when PA or OA was used as an additive. These

were as follows:

1. Both the fingerlike structure membrane and the spongelike

structure membrane could be induced by rapid gelation

method.

2. The water flux of the spongelike structure membrane was

larger than that of fingerlike structure membrane.

From results in an PPES/NMP/OA solution in our previous

study9 and PPESK/NMP/PA solution in this study, the previous

conclusions were obtained when the additive with a strong

hydrophilicity accelerated the microphase separation of the

membrane skin layer when the casting polymer solution was

exposed to the atmosphere.

Predication of the Membrane Structure by OM Imagery

The prediction of the membrane performance and structure is

still a big challenge in membrane preparation. Membrane for-

mation was observed with the online OM–CCD camera experi-

mental system (OM–CCD), whereas SEM was used to observe

the actual cross section of the membranes.

When the SEM image in Figure 4 was compared with the

photograph taken from the online OM–CCD camera experi-

mental system in Figure 3, the membrane structure observed

on the OM–CCD exhibited almost the same cross section with

that observed with SEM. Figure 7 compares the SEM images

of four classical membrane structures with their OM images

taken from OM–CCD. The results show that OM images and

the final membrane structures (SEM) were in good agreement.

These indicated that the membrane formation process observed

with OM–CCD was almost the same as the actual membrane

formation. The photos in Figure 7 clearly show that the mem-

brane structure was composed of a skin layer, a transition

layer, and a finger/sponge layer. As shown in Figure 7(A1,B1),

a fingerlike structure membrane, which often had a high flux,

was obtained with 2.5% PA as an additive in PPESK/NMP.

When the PA concentration increased to 7.5%, the membrane

structure was obviously transformed to a spongelike structure,

as shown in Figure 7(A3,B3). A concentration of 18%

Figure 6. Pure water flux and BSA rejection of the PPESK membrane as a

function of the PA content. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Cross sections of the membranes images under different conditions taken by both (A) SEM and (B) OM (OPM, optical micrograph images).

(A1,B1) 18 wt % PPESK/NMP was used as the polymer solution. A concentration of 2.5% PA was used as an additive at 60�C. (A2,B2) 18 wt % polysul-

fone (PSF)/NMP was used as the polymer solution at 60�C. (A3,B3) 18 wt % PPESK/NMP was used as the polymer solution. A concentration of 7.5%

PA was used as additive at 60�C. (A4,B4) 18 wt % PPESK/NMP was used as the polymer solution. A concentration of 7.5% PVP was used as additive at

25�C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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polysulfone (PSF) induced nonuniform macrovoid formation,

as displayed in Figure 7(A2,B2). Moreover, as shown in Figure

7(A4,B4), the spongelike structure was totally formed with

7.5% PVP as an additive.

The OM photos and SEM pictures were in good agreement and

indicated that the gelation rate and OM images obtained from the

OM–CCD system could be used to guide membrane preparation

to quickly obtain excellent membrane performance and structure.

CONCLUSIONS

Novel phenomena were observed when PA was used as an addi-

tive to prepare PPESK membranes. PA, as a strong hydrophilic

additive, made the casting solution reach a critical state. At this

state, PA led to the microphase separation of the membrane

skin layer and enhanced the gelation rate of the PPESK mem-

brane formation. In case of microphase separation and a fast

gelation rate, the spongelike structure membrane exhibited a

higher flux than the fingerlike structure membrane. Polymer

molecular conformation also played an important role in the

membrane structure evolution. OM images obtained from OM–

CCD were used to predict the membrane structure.
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