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A B S T R A C T   

In recent work, Aqueous Phase Separation (APS) based on pH change induced polyelectrolyte complexation has 
shown great potential for the preparation of sustainable polymeric membranes with tunable structures. 
Unfortunately, thus far this has only been possible with a single polyelectrolyte combination. In this work, we 
demonstrate that this APS approach extends beyond a single system by preparing sustainable membranes from 
polyelectrolyte complexes (PECs) of the weak polyanion poly(acrylic acid) (PAA) and the strong polycation poly 
(diallyldimethylammonium chloride) (PDADMAC). PE solutions are mixed in an acidic medium where PAA is 
uncharged, and then this mixture is cast and immersed in a coagulation bath at a pH where PAA becomes 
charged and able to form a PEC with the oppositely charged PDADMAC. Since this process includes both phase 
separation and PE complexation, it is expected that membrane structure and performance is influenced by a 
combination of many factors. Casting solution pH, PAA molecular weight, and coagulation bath pH all directly 
affect the phase separation behavior of PAA/PDADMAC complexes in ways similar to conventional nonsolvent 
induced phase separation (NIPS). In addition, coagulation bath salinity and PE mixing ratio influence the 
complexation behavior. Through tuning of all these parameters it is possible to create a wide variety of mem-
brane structures, ranging from nodular symmetrically porous membranes, to asymmetric membranes with cel-
lular pores and in some cases dense top layers. The nodular membranes show good performance as micro-
filtration membranes with excellent oil retention (> 95% for 3–4 µm droplets) and good water permeances. 
However for the cellular membranes, filtration led to collapse of the porous structure, emphasizing the im-
portance of PE selection for membrane applications.   

1. Introduction 

Polymeric membranes are mostly produced by phase separation 
techniques. Nonsolvent induced phase separation (NIPS) is the pre-
ferred approach due its versatility and simplicity [1]. For NIPS, a 
polymer is dissolved in an organic solvent and precipitated in the form 
of a membrane when the polymer solution is immersed in a nonsolvent 
bath (commonly water). The nonsolvent must be miscible with the 
solvent so that solvent can diffuse out and nonsolvent can diffuse into 
the polymer solution to trigger precipitation of the polymer upon im-
mersion. The interactions of polymer, solvent, and nonsolvent together 
with the kinetics of phase separation are the main factors that affect 
membrane structure and consequently membrane performance. NIPS is 
very well-established since its discovery in the early 1960s and there 
exist many factors that affect the process. Lately, the toxicity of com-
monly used solvents for NIPS such as N-methyl-2-pyrrolidone (NMP) 

have been highlighted and the use of these types of solvents has become 
increasingly regulated [2]. Therefore a range of approaches have been 
devised with the goal to reduce the environmental impact of NIPS. 
Recent literature discusses the use of alternative solvents [3,4], ap-
proaches that treat the contaminated nonsolvent streams [5] as well as 
an evaluation of complete life-cycle of polymeric membranes[6]. Re-
cently, approaches have been developed to obtain phase separation 
membranes from water-based media [7,8] including the aqueous phase 
separation (APS) approach [9–11]. Driven by the awareness of sus-
tainability in the membrane field, APS opens novel pathways to pro-
duce new porous materials and innovative ways to meet environmental 
requirements. 

APS requires the use of a polymer that can be both soluble and in-
soluble in water. Using stimuli-responsive polymers is one way to fulfil 
this requirement. In the literature, temperature-responsive polymers  
[7,12] and pH-responsive polymers have been used [10,13]. Here, 
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homogenous polymer solutions are prepared under the condition where 
the polymer is soluble in water. Subsequent control over the stimuli, 
allows the polymer to be precipitated in the form of a solid membrane. 
In a slightly different approach, instead of using just one polymer, 
polyelectrolyte complexation of two oppositely charged polyelec-
trolytes (PEs) has also been reported for membrane production via APS  
[8,11,14]. When two oppositely charged PEs mix they form a poly-
electrolyte complex (PEC) that is usually water-insoluble. In water, PEs 
are accompanied by small counter-ions and upon complexation these 
counter-ions are released to the solution leading to an increase in the 
entropy of the system. This entropic gain is the main driving force of PE 
complexation, although other interactions (electrostatic, hydrogen 
bonds, van der Waals) can also have an effect [15]. Besides not using 
toxic solvents for membrane preparation, a cross-linking step is not 
necessary for the two PE approach, while it is in single polymer APS 
approaches. In addition, new tuning parameters, like the ratio of the 
PEs in the complex, enrich the control over phase separation. 

PEs are classified as strong or weak; strong PEs are the ones that 
remain charged over the entire pH range (1–14), whereas weak PEs are 
charged at only certain pH values. Very simply, the pH value at which 
half of the repeating units of a PE are charged is defined as the pKa 

value [16] and a polyanion can be charged when the solution pH is 
above the pKa value, and uncharged below the pKa; vice versa is valid 
for polycations. Therefore by controlling pH, it is possible to mix weak 
polyanions and polycations without complexation and later trigger 
complexation and precipitation of PEC after casting. 

Membrane formation using PECs of two strong PEs has been re-
ported in the work of Sadman et al. [8] and a previous publication from 
our group [14]. In these cases, since both the PEs are strongly charged it 
is not possible to control the complexation reaction by pH, rather 
complexation can be controlled by charge screening by using high salt 
concentration solutions (a so-called salinity change induced approach). 
These studies reported the formation of porous membranes that can 
operate for ultrafiltration [8] and nanofiltration [14] applications. 
However, an especially promising approach results from the formation 
of PEC membranes from the strong polyanion poly(sodium 4-styr-
enesulfonate) (PSS) and the weak polycation poly(allylamine hydro-
chloride) (PAH) [11]. Here, casting solutions were prepared at high pH 
where PAH is uncharged and membranes were obtained at low pH 
where PAH is charged and able to form a PEC with PSS (a so-called pH 
triggered approach). Depending on the PE molecular weight, PE con-
centrations, and coagulation bath salinity, membranes can be made 
ranging from the microfiltration to nanofiltration regimes. The devel-
oping literature on PEC based membranes with APS clearly show that, 
not only is it possible to make membranes without using toxic chemi-
cals (as in NIPS), it also has remarkable potential for a wide array of 
membrane applications due to great control over membrane structure 
through new and already known tuning parameters. 

So far pH triggered APS has only been possible with a single poly-
electrolyte couple (PSS/PAH). One of the aims of this study is to show 
that membrane formation via pH-triggered APS is also possible for 
other PE combinations. Each PE pair has different interactions, different 
phase separation behavior and therefore different final PEC properties. 
In order to prove that membrane formation is not specific to just one PE 
pair, it is almost a necessity to demonstrate the possibility to use other 
pairs for membrane formation. For that reason, in this study the weak 
polyanion poly(acrylic acid) (PAA) and the strong polycation poly 
(diallyldimethylammonium chloride) (PDADMAC) are used. These PEs 
are the inverse counterparts to the PSS/PAH system [11], where the 
anion was a strong polyelectrolyte and the cation was a weak poly-
electrolyte. This is the first report on PAA/PDADMAC membranes 
prepared by APS, however PAA/PDADMAC bulk complexes and mul-
tilayer films were studied before which can be a guide for this study. 
PAA and PDADMAC are thus well established to form PE complexes, 
but the interaction is also known to be weaker than for other typical PE 
pairs [17,18]. The phase behavior and precipitation kinetics as well as 

thin PAA/PDADMAC multilayer-coated membranes have been pre-
viously reported. Liu and coworkers studied the complexation kinetics 
of PAA/PDADMAC, especially for conditions with different PE mixing 
ratios and different salt concentrations [19]. Their results indicated that 
overall complexation occurs in three stages and that at the first stage 
counter-ion release occurs in the order of milliseconds. Koetz and 
Kosmella studied the effect of PE concentration and molecular weight 
on the phase behavior of poly(sodium acrylate) and PDADMAC com-
plexes [20], showing that higher molecular weight polymers are more 
prone to undergo phase separation. Francius et al. observed for PAA/ 
PDADMAC multilayers that donut-like shapes occurring on the surface 
just after the assembly where these shapes and rest of the film have 
different properties (like hydration and Young’s modulus). These shapes 
disappeared due to natural aging within several days or thermal 
treatment within couple of hours [21]. Bütergerds and coworkers stu-
died the effect of the degree of ionization of PAA on PAA/PDADMAC 
multilayer growth [22]. Even at very low degrees of PAA charge (only 
6% ionized), layer growth occurred indicating that complexation of 
these to PEs is not only due to ion-ion interactions, as also confirmed by 
others [23–25]. Alonso et al. worked on the effect of pH on PAA/ 
PDADMAC multilayer growth in the frame of effect of pH on PAA’s 
hydration properties [25]. Interestingly, they claimed that at pH 13 
where the PAA supposed to be completely charged, the complexation of 
PAA/PDADMAC is not favorable. They explained that PDADMAC has 
hydrophobic nature and when PAA is fully ionized the repeating units 
are surrounded by water molecules. In that case, PAA/PDADMAC ionic 
bonds releases less energy than the one needed to break hydrogen 
bonds between water and PAA. On some occasions PAA/PDADMAC 
have been used as thin membrane coatings, to act as sacrificial mem-
brane coatings [26], drug release systems [27], organic solvent nano-
filtration membranes [28] and oxygen barriers [29]. 

In this study, for the first time, PAA/PDADMAC complex mem-
branes were prepared by pH-induced aqueous phase separation. 
Homogenous casting solutions are prepared by mixing the two PE so-
lutions at a pH where PAA is uncharged (pH ≪ pKa of PAA of 4.5  
[22,25,30,31]) and unable to form a complex with PDADMAC. After 
casting the film is immersed in a coagulation bath at a pH where PAA 
becomes charged (pH ≫ pKa of PAA of 4.5), which triggers the for-
mation of the PAA/PDADMAC complex. This study does not only shows 
the possibility of membrane formation for PE pairs other than PSS/ 
PAH, it also investigates the phase separation behavior of this PE pair. 
Since it is a totally different pair from our previous work [11] it is 
expected to have different properties and phase separation behavior. 
Still the trends demonstrate that, a parallel between APS and NIPS can 
be made by considering an acidic pH to be the solvent and a alkaline pH 
as the nonsolvent of NIPS process; allowing for a real and clear con-
nection between APS and traditional membrane production. Overall, 
we show that there is a connection between the factors that influence 
membrane formation in NIPS and factors that affect membrane for-
mation in APS by PE complexation. Here, the effect of casting solution 
pH, PAA molecular weight, coagulation bath pH and salinity, and fi-
nally PE mixing ratio were all investigated and the structure and fil-
tration performances of resultant membranes are characterized. 

2. Experimental section 

2.1. Materials 

Poly(acrylic acid) (PAA, Mw ~ 250 kDa, 35% in water and 
Mw ~ 450 kDa, ~1250 kDa and ~3000 kDa, powder), poly(diallyldi-
methylammonium chloride) (PDADMAC, Mw 200–350 kDa, 20% in 
water), sodium dodecyl sulfate (SDS, ≥99% pure), oil red EGN and n- 
hexadecane, sodium hydroxide (NaOH, ≥98% pure), sulfuric acid 
(H2SO4, ≥97% pure) and hydrochloric acid (HCl, ACS Reagent 37%) 
were all purchased from Sigma Aldrich. Sodium Chloride (NaCl, phar-
maceutical grade, SanalP) was kindly supplied by Akzo Nobel. MilliQ 
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water (resistivity at 25 °C of 18.2 MΩ.cm) was used in coagulation 
baths and all PE solutions (unless indicated otherwise). Demineralized 
water (conductivity ~5 μS.cm−1) was used in the membrane washing 
steps after coagulation. 

2.2. Membrane preparation 

2.2.1. Solution preparation 
pH 1 and pH 3 solutions refer to PE mixtures prepared with PAA of 

250 kDa molecular weight. The pH 3 solution was prepared by mixing 
stock solutions of PAA (250 kDa) and PDADMAC as received in a de-
sired ratio. Here, the mixing ratio is defined as the ratio of the number 
of PAA monomers to PDADMAC monomers. The pH of the polyelec-
trolyte solutions were measured with an indicator paper, as due to the 
high viscosity of the polymer solutions, using a pH-meter was not 
possible. The pH of all PE solutions and mixtures used in this study is 
given in Fig. S1 in Supporting Information. The PAA stock solution was 
found to have a pH value of 1 and the PDADMAC solution had a pH 5, 
while after mixing the pH value of the solution was around 3. pH 1 
solutions were prepared by adding H2SO4 (≥97% pure) to the stock PE 
solutions. 0.04 g of acid was added per 1 g PAA solution (35 wt%) and 
0.10 g of acid was added per 1 g of PDADMAC solution (20 wt%). After 
homogenization, the pH of PAA and PDADMAC solutions were ap-
proximately 1. These individual solutions were mixed together in a 
desired ratio and the final solution pH was always close to 1. High Mw 

solutions refer to PE mixtures prepared with 450 kDa PAA. An aqueous 
solution is prepared by mixing 3.23 g water and 0.16 g 1 M NaOH for 
every 1.00 g of PAA powder. After homogenization, the pH of the so-
lution was approximately 3 and it is then mixed with PDADMAC stock 
solution in desired ratio, leading to pH 3 PE mixture. All solutions used 
in this study and their properties are summarized in Table 1. Prior to 
casting, all the solutions were stored without stirring to remove air 
bubbles in order to reduce membrane defect formation. 

2.2.2. Casting 
Transparent and bubble-free solutions were cast on a Teflon plate or 

on transparent plastic sheets (to be able to easily observe the phase 
separation rate) with a casting knife of 0.3 mm casting thickness. Then, 
the cast film was immersed in a coagulation bath. The coagulation bath 
pH was adjusted with NaOH and NaCl was used for saline coagulation 
baths. After coagulation, the membranes were washed at least 4 times 
with demineralized water for at least 20 min per washing step. During 
coagulation, a small amount of dispersion of the casting solution to the 
coagulation bath was observed for some cases (an example for the 
dispersion is given in Fig. S2 in Supporting Information). 

2.3. Membrane characterization 

2.3.1. Structure 
Membrane samples were air dried and then fractured after immer-

sion in liquid nitrogen. Some of the membranes lost their opacity during 
drying indicating collapse of the pores upon drying. In these cases, fresh 
un-dried samples of these membranes were first immersed in a 15 wt% 
glycerol solution then dried so that glycerol would fill the pores and 
prevent them from collapsing during drying. The samples were sputter 
coated with a 5 nm Pt/Pd layer (Quorum Q150T ES). The cross-section 

and surface morphologies of the membranes were investigated by 
scanning electron microscopy (SEM, JSM6010LA). 

2.3.2. Performance 
For the filtration performance of the membranes, first, pure water 

permeability (PWP) measurements were conducted. For that, the 
membranes were placed in dead-end filtration cells in which pure water 
was pressurized towards the filtration system with nitrogen gas. 
Permeate was collected and its weight was measured as a function of 
time, giving the pure water flux (L·m−2·h−1). The membrane active 
area for the cells was 3.0 cm2. The permeability (L·m−2·h−1·bar−1) was 
calculated by taking the slope of flux over transmembrane pressure 
(bar). 

After the pure water permeability measurements, membranes pre-
pared from pH 3 solutions precipitated in the pH 12 bath were subjected 
to retention tests. For these tests, the same dead-end setup was used and 
instead of pure water, an oil-in-water emulsion stabilized by the anionic 
sodium dodecyl sulfate (SDS) surfactant with droplet size of 3–4 µm 
was used. The emulsion is prepared by following the procedure of 
Dickhout et al [32]. Firstly, n-hexadecane was colored with an oil red 
EGN dye in order to make the samples measurable by UV/vis. Ap-
proximately 0.2 g of dye was mixed with 6 g of n-hexadecane, and this 
mixtures was filtered in order to remove undissolved particles. Then, 
this mixture was diluted with 0.463 g/L aqueous SDS solution in order 
to obtain 0.2 wt% oil–water emulsion. This stock emulsion was mixed 
for 15 min at 14000 rpm. For filtration measurements, the emulsion 
was further diluted with the SDS solution 20 times to obtain a 0.01 wt% 
oil–water emulsion. During retention tests the emulsion is stirred con-
tinuously. Before oil retention tests, membranes were compacted for 
approximately 2.5 h of pure water permeability testing at 0.5 bar and 
retention test were also conducted at this pressure until 10 mL of 
permeate was obtained. Feed, permeate and retentate samples were 
collected and analyzed with UV–vis spectrophotometer (Shimadzu UV- 
1800, Japan) at a wavelength of 521 nm. Retention is calculated as 

= ×+Retention C(%) 1 100P
C C

2
F R

where CP, CF and CR are the concentrations of the oil in the permeate, 
feed and in the retentate samples, respectively. The feed is the solution 
that was in the cell prior to the rejection test, while the retentate is the 
solution that was left in the cell after the test. 

3. Results and discussion 

Recently, APS by pH-triggered PE complexation was established for 
PSS-PAH and it shows great potential for sustainable membrane for-
mation [11]. Here we aim to highlight that this approach will also work 
for other PE pairs, while at the same time studying the many para-
meters that affect membrane structure and performance. This section 
discusses the effect of casting solution pH, polymer molecular weight, 
and coagulation bath pH together with a comparison of APS with tra-
ditional NIPS in terms of these factors. In addition, coagulation bath 
salinity and mixing ratio of the PEs will be discussed as new parameters 
that are specific to APS by PE complexation. 

Table 1 
Properties and composition of the PE mixtures used in this study.        

Nomenclature PAA Mw PDADMAC Mw pH of the solution Mixing ratio (PAA:PDADMAC) Total polymer Concentration  

pH 1 solution 250 kDa 200–350 kDa 1 2:1 23.2 wt% 
pH 3 solution 250 kDa 200–350 kDa 3 2:1 25.1 wt% 

2.5:1 25.8 wt% 
3:1 26.5 wt% 

High Mw solution 450 kDa 200–350 kDa 3 2.5:1 21.4 wt% 
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3.1. Casting solution pH 

For polymeric membrane formation by phase separation it is always 
important to obtain clear and homogeneous casting solutions in order 
to obtain defect-free layers, since any agglomeration and any impurities 
lead to structural weaknesses within the membrane. In this study, 
casting solutions were obtained by suppressing the complexation of 
PAA and PDADMAC. This is achieved by protonation of PAA by ad-
justing the pH well below its pΚa value (which is ~4.5 [22,25,30,31]). 
Membranes are formed at pH values above the pΚa value of PAA as here 
PE complexation is triggered. A solution with a pH value lower than 4.5 
is analogous to the solvent in NIPS process and a solution with a pH 
higher than 4.5 is analogous to the nonsolvent in NIPS process. In NIPS, 
the composition of the casting solution is known to strongly influence 
the phase separation process and therefore the structure of the resultant 
membranes [33–35]. Changing the pH of the casting solution in APS is 
equivalent to changing the composition (solvent to non-solvent ratio) of 
casting solution in the NIPS process. Different starting points in the 
phase separation system leads to different phase separation paths which 
in return changes the phase separation kinetics and therefore the 
membrane structure. Being closer to precipitation point, i.e. at pH 3 vs 
pH 1, a more porous structure is expected due to faster phase separa-
tion. 

To understand the effect of pH of the casting solutions on membrane 
formation, PE mixtures at two different pH values (pH 1 and pH 3) were 
prepared. These solutions, in a 2:1 mixing ratio, were immersed in pH 
12 bath. A mixing ratio of 2:1 is selected as initially this led to the 
formation of membranes with reasonable mechanical properties; the 
effect of mixing ratio is discussed later. SEM images of membranes 
made from the pH 1 and pH 3 casting solutions are shown in Fig. 1. The 
major difference between these two membranes is their general 
morphologies. While coagulation of the pH 1 solutions leads to asym-
metric structure (thin skin layers on top of porous supporting layers), 
coagulation of pH 3 solutions resulted to symmetric membranes (same 
porosity and pore size throughout the cross-section). This is completely 
in line with the observations in NIPS. That is, when nonsolvent is added 
to polymer solution, it is moved closer to the precipitation point and 
phase separation occurs faster leading to more open membrane struc-
tures [33]. Indeed for the pH 3 solution, phase separation starts 

immediately after immersion in the coagulation bath and is faster than 
the pH 1 solution as shown in Video 1 in Supplementary Material. 

The skin layers of pH 1 solution membranes are so thin that they are 
not easily distinguishable in the cross-section SEM images even at 
higher magnifications (see Fig. S3). The existence of the skin layer can 
be confirmed from the top surface SEM image, where the membrane 
surface is covered with a thin layer, although there are large defect-like 
pores. The reason for these defects can be bubbles. Although all the 
solutions were stored without stirring until all visible bubbles dis-
appear, bubble formation was ocasionally observed during coagulation. 
Moreover, the supporting porous layer of the membrane from pH 1 
solution exhibits a sponge-like cell structure. pH 3 solutions coagulated 
at pH 12 led to formation of membranes with a symmetric morphology. 
From the SEM images (Fig. 1 and Fig. S4) is can be seen that the 
membrane has a porous and nodular structure. 

Together with SEM observations, the pure water permeability 
(PWP) of the membranes was measured as an important indicator of 
membrane performance. PWP measurements for the pH 1 solution 
membranes frequently resulted in total collapse of the membrane pores 
(indicated by decrease of water flux to zero over time) or less com-
monly rupture of the membrane (indicated by sudden increase in water 
flux). This behavior indicates that the membranes prepared from the pH 
1 solution are mechanically weak as they cannot maintain their struc-
ture under the 0.5 bar pressure applied for the PWP measurement. SEM 
images of a membrane after 4 h of filtration are given in Fig. S6 and 
these further confirm the total collapse of the porous structure. Al-
though, the dense films obtained after filtration tests are mechanically 
more stable since they can withstand 4 bars of pressure more than 16 h, 
initial porous and permeable films are non-ideal to be used for filtration 
applications. In addition, the initial flux values obtained before the 
collapse of the structure from the PWP measurements were within the 
range of nanofiltration membranes, as would be expected based on 
existence of a dense skin layer. On the other hand, the PWP values of 
the pH 3 solution membranes were in the order of 1000 
L·m−2·h−1·bar−1 at 0.5 bar indicating the membranes can perform as 
microfiltration membranes. For these membranes, a certain amount of 
compaction during the initial stages of the flux measurements is ob-
served (~60%), but this is followed by stable performance over 3 h. 
SEM images confirm that this membrane remains porous after 4 h of 

Fig. 1. SEM images of cross-section and top surfaces of the membranes prepared with pH 1 and pH 3 casting solutions in 2:1 mixing ratio. The solutions are 
coagulated in pH 12 bath. Cross-section images are at ×500 magnification with 50 µm scale bars and surface images at ×5000 magnification with 5 µm scale bars. 
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filtration (Fig. S6). However, when the transmembrane pressure in-
creased, flux decreased, (instead of increasing as mechanically stable 
membranes) indicating further collapse of the structure. This can be 
interpreted that 0.5 bar of pressure is optimum for these membranes to 
have high rejection and high flux, which is reasonable for microfiltra-
tion membranes. 

What this section already clearly demonstrates is that the PAA/ 
PDADMAC system also leads to the formation of stable membranes that 
can be produced through pH triggered induced polyelectrolyte com-
plexation. This demonstrates that this APS approach is much more 
widely applicable than for just the paring of PSS/PAH studied by Baig 
et al. [11]. Likely many more weak and strong polyelectrolytes could be 
combined, allowing a wide variety of different materials to be studies 
for novel membrane materials. 

3.2. Molecular weight 

Increasing molecular weight (MW) of the polymer used typically 
results in membranes with higher mechanical and chemical stability 
due to increased number of polymer–polymer interactions and en-
tanglements [36]. Together with more interactions the viscosity of the 
polymer solution changes with MW which immediately alters the phase 
separation kinetics resulting to different membrane structures. More-
over, it is reported that polymers with different molecular weights can 
have different phase separation behavior for typical NIPS polymers [34] 
as well as for PECs [20]. Therefore the MW of the polymer is seen as a 
very important parameter to control both membrane structure and 
stability. In order to understand the effect of MW and how it improves 
the mechanical stability of the membranes, solutions with higher mo-
lecular weight PAA are prepared. 450 kDa, 1250 kDa and 3000 kDa 
PAA powder were considered for solution preparation, however only 
450 kDa resulted in a homogenous solution; others solutions were 
simply too viscous or formed an inhomogeneous gel. The viscoelastic 
behavior of the 450 kDa PAA solution and the PE mixtures prepared 
with it already showed some degree of gel formation (see Video 2) 
however, casting was still possible. 

Fig. 2 shows SEM images of the membranes prepared with solutions 
at pH 3 from 250 kDa (pH 3 solution) and 450 kDa PAA (high Mw solu-
tion) coagulated in a pH 12 bath. Both membranes are porous and have 
symmetric structures. The membrane from 250 kDa PAA has nodular 

structure, while the membrane with 450 kDa this structure is sup-
pressed resulting to cellular pore structure. It is known for NIPS systems 
that nodular and cellular structures results due to phase separation 
following different paths in the phase diagram [1,36]. This immediately 
shows that increasing PAA MW changes the phase separation behavior 
of the complex leading to membranes with different structures. Top 
surface images in Fig. 2 were analyzed for pore size distribution given 
in Fig. S7. For both membranes average pore size is smaller than 
0.5 µm, indicating that these membranes can operate for microfiltration 
applications [1]. Besides, the 450 kDa PAA membrane has a narrower 
pore size distribution with a slightly smaller average pore size. As the 
450 kDa PAA membrane has smaller and cell-like internal pores, it is 
expected to be more mechanically stable and to undergo less structural 
compaction during filtration. However, filtration measurements con-
ducted at 0.5 bar pressure shown in Fig. 2 indicate that water flux drops 
to approximately 20% of its initial value within 3 h of measurement. A 
degree of pore compaction during filtration is common for polymeric 
membranes [33], however this much of compaction implies larger 
structural changes. Indeed SEM images given in Figs. S6 and S8 show 
that after filtration, the membranes compacted to become dense films. 

Filtration results also show a three orders of magnitude difference in 
permeability between the 250 kDa and the 450 kDa membranes al-
though the porosity and thickness of the membranes are similar. During 
the experiments it was observed that 450 kDa PAA membranes shrank 
much more than 250 kDa ones during storage in water prior to filtra-
tion. SEM images (see Fig. S8) show that after shrinking the membrane 
became thicker and less porous making it much more resistant towards 
water permeation than its initial state. Therefore, the orders of mag-
nitude of difference in permeability values of the membranes is likely 
due to structural changes of 450 kDa membranes upon shrinking. Al-
though the exact reason why the 450 kDa membrane shrank much more 
than 250 kDa membrane is not completely clear, it may be due to dif-
ferences in relaxation behavior of the PEs. Liu et al. reported structural 
rearrangement of the newly formed complexes [19], and Francius and 
coworkers reported physical aging for PAA/PDADMAC multilayer over 
several days [21]. Both these studies imply a high mobility of PEC 
chains after PEC formation. Such mobility would indeed allow chain 
reorientation/relaxation that could allow the observed shrinkage, 
especially if during complexation such relaxation was not possible. This 
could be more apparent at higher MW, where the high viscosity of 

Fig. 2. SEM images and filtration measurements of the membranes prepared with 250 kDa and 450 kDa PAA in 2.5:1 mixing ratio. The solutions were at pH 3 and 
they were coagulated in pH 12 bath. Cross-section images are at ×500 magnification with 50 µm scale bars, surface images at ×5000 magnification with 5 µm scale 
bars and filtration test were performed at 0.5 bar. 
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450 kDa PAA solution indicates a degree of gel formation due to the 
entangled conformations of the polymer chains (Video 2). In summary, 
PE molecular weight certainly influences membrane structure, however 
for the case of PAA/PDADMAC, increasing the molecular weight of PAA 
led to significant changes in viscoelastic behavior which made the so-
lution unsuitable for membrane preparation. 

3.3. Coagulation bath pH 

It is well known that for the NIPS approach, coagulation bath 
composition has an immense effect on resultant membrane morphology  
[33,35] this is also true for APS. Analogous to adding solvent to the 
coagulation bath in NIPS to reduce the driving force for precipitation, in 
APS the pH of the bath provides the nonsolvent quality. Here, a more 
alkaline bath corresponds to a nonsolvent with a stronger precipitating 
power, while on the other hand, a less alkaline (more acidic) bath acts 
as if solvent is being added to the coagulation bath and creating a 
weaker driving force for solvent-nonsolvent exchange, which in turn 
leads to a slower phase separation. 

Here, the pH 1 solution, at a 2:1 ratio, was cast and immersed in the 
coagulation baths at pH values from 5 through to 14 in steps of 1 pH 
unit. PE complexation occurred for all these coagulation baths pH va-
lues, however not all pH values led to the formation of homogenous 
films. The membrane precipitated in the pH 14 bath deformed during 
coagulation (Fig. S9), with phase inversion possibly acting too quickly 
with subsequent film shrinkage also leading to some structural de-
formations. All other films could be operated as flat sheet membranes 
(Fig. S9), with SEM images shown in Fig. 3. All membranes have an 
asymmetric structure with very thin skin layers and spongy support 
layers. As the coagulation bath pH increases, the pores are getting 
smaller and the pore size distribution becomes narrower (small pores 
together with large cavities in pH 5.7 vs. nearly symmetric structure for 
pH 13). Moreover, the support layer is better covered by the thin skin 
layer (large pores in pH 5 vs. almost no pore for pH 13). It is observed 
that as the coagulation bath pH increases, the phase separation rate 
increases. This completely matches with observations from NIPS sys-
tems [33] and expectations from the mechanism of PE complexation. 
The higher the pH of the coagulation bath, the greater precipitating 
power of the nonsolvent and the faster phase separation leading to a 
structure with smaller pores. Moreover, the larger the difference in pH 
values between the casting solution and the coagulation bath, the faster 
PAA can be charged which would lead to faster complexation and faster 
precipitation of the PEC. Membranes prepared with MilliQ water (pH 
5.7) and demineralized water (pH 6–7) baths are not homogenous 
films, and are very weak and delaminate easily. Other films are 
homogenous and it is observed during the experiments that the mem-
brane prepared with a pH 13 bath has the best mechanical properties, 
which is most likely connected to its denser structure (smaller pores). 

pH 3 solution in 2:1 ratio was also immersed in coagulation baths 
with varying pH. For the coagulation baths with pH values up to 11, the 
phase separation rate was so low, and the casting solution became 
dispersed in the bath (as shown in Fig. S2). This behavior is likely due 
to the low driving force for phase separation at these low bath pH va-
lues. It can be considered like adding nonsolvent to the casting solution 
and adding solvent to the coagulation bath at the same time. In these 
cases, the pH of the casting solution and coagulation bath are very close 
to one another and this leads to a reduced solvent-nonsolvent exchange 
rate during phase separation. Thus, the polyelectrolyte complex is dis-
persed in the coagulation bath before the solidification point is reached. 
Additionally, immersing the pH 3 solution in a pH 13 bath resulted to 
unevenly coagulated and deformed polymeric films (see Fig. S10) while 
immersion in pH 12 bath led to homogenous and continuous films (as in  
Video 1). Therefore pH 12 is considered to be the optimum for coa-
gulation bath pH for the pH 3 solutions and it is used for the further 
experiments. 

3.4. Coagulation bath salinity 

The parameters discussed so far all directly affect the phase se-
paration process rather than PE complexation allowing us to make di-
rect comparisons with NIPS. On the other hand, coagulation bath sali-
nity is directly related with the PE complexation process since the 
presence of salt reduces the driving force for complexation. Moreover, 
salt is known to be a plasticizer for PECs [37], thus the complexation 
behavior and the PEC structure of PAA and PDADMAC is expected to 
differ when immersed in saline baths. Indeed, our previous work re-
ported an increase in skin layer thickness and also changes in the 
porous support layer structure when coagulation bath salinity was in-
creased [11,14]. 

Here, the pH 1 and pH 3 solutions are immersed in 0.5 M and 1.0 M 
NaCl baths. Cross-section and top surface SEM images of these mem-
branes are given in Fig. 4. SEM images show that all membranes have 

Fig. 3. SEM images of cross-sections of the membranes prepared by coagulation 
of the pH 1 solution in coagulation baths at varying pH values. The cross-section 
images are at ×500 magnification and top images are at ×5000 magnification. 
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an asymmetric structure. A very thin skin layer and a porous support 
layer are observed for all four membranes. The structure of the mem-
branes prepared from pH 1 solution in saline baths are very similar to 
the ones prepared in alkaline pH baths. However, the difference in 
structure of membranes from pH 3 solutions coagulated in saline baths 
and alkaline baths are very striking. Fig. 1 shows clearly that the 
membrane prepared in the alkaline bath has nodular structure and no 
skin layer is observed at the surface. On the other hand, the membranes 
prepared in the saline bath have sponge-like cellular structure and very 
thin skin layer on the surface just like the ones made from pH 1 solu-
tions. A comparison for SEM images of membranes prepared in alkaline 
baths and saline baths is given in Fig. S11. When coagulation bath 
salinity increases, better coverage of the skin layer is observed, however 
it is still very thin and difficult to quantify from cross-section SEM 

images. This is a new observation as other studies [11,14] show in-
crease in skin layer thickness with more concentrated saline coagula-
tion baths. 

Although structural differences have been observed upon addition 
of salt to the coagulation bath for APS membranes [11,14], this much of 
a structural difference (from nodular to cell-like, see Fig. S11) has not 
been observed before. It is known that presence of salt changes the 
dissociation behavior of PEs [16]. Given that pKa value of PAA is ap-
proximately 4.5 [22,25,30,31], the pH difference with pH 1 solutions is 
approximately 3.5 and the membranes made from these solutions al-
ways have a cell-like structure. On the other hand, for 3pH solutions the 
difference is approximately 1.5 and leads to nodular structures. In the 
presence of salt these differences increase due to a shift in the dis-
sociation behavior of PAA and again cellular structure is observed. In 

Fig. 4. SEM images of cross-sections of the membranes prepared by coagulation of the pH 1 and pH 3 solution in coagulation baths of 1 M NaCl. The cross-section 
images are at ×500 magnification and top images are at ×5000 magnification. 
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the literature on NIPS, when phase separation occurs in the metastable 
region, membranes tend to have a nodular structure and when it occurs 
in two-phase region, the structure is commonly cell-like [1,38]. 

Salt changes the conformation and dissociation behavior of PEs  
[16], it also acts as a plasticizer for PECs making the chains more 
mobile [37] and suppresses the entropic gain due to counter-ion release 
when in the coagulation bath. Therefore, it affects both the thermo-
dynamic and kinetic aspects of the complexation, which immediately 
changes the phase separation behavior of the PEC making the coagu-
lation bath salinity a strong factor determining the structure of a 
membrane which is very specific to APS systems with PEs. 

3.5. Mixing ratio 

The monomer ratio of PEs in a PEC is an important parameter that 
affects the PEC structure and properties [39]. Any material made from 
PECs would be affected by the exact composition of the PEC. Therefore, 
monomer ratio is a new tuning parameter for the membranes prepared 
with PE complexation induced APS not present in traditional NIPS. In 
this section, the effect of mixing ratio of PAA monomers to PDADMAC 
monomers in the casting solutions is investigated. It needs to be noted 
that the mixing ratio referred to in this paper is the monomer ratio of 
PEs in the casting solutions. It is possible that some of the polymer 
chains may leach out into the coagulation bath during phase inversion. 
This would result to a deviation between the mixing ratio and PEC’s 
actual monomer ratio, however it is assumed that mixing and actual 
composition of the PEC would be close to each other. For polyelec-
trolyte complexation, one might expect that an optimal ratio of com-
plexation would be a 1:1 ratio of cationic and anionic monomers. Still, 
in recent years it has become clear that the natural ratio in which 
polyelectrolyte complexes form (or grow in layer-by-layer systems) is 
very specific to the exact polyelectrolyte pair. For polyelectrolyte pairs 
where both polyelectrolytes have strong charges, and where the 
monomers are of the same size, a ratio close to 1:1 is typically found, for 
example for PSS/PDADMAC [40]. However, for a large and strong 
polyanion monomer complexing with a small and weakly charged 
polycationic monomer very different ratios are found, for example 1:2 
for PSS/PAH [41] also leading to the best mechanical properties. 
Looking at our monomers PDADMAC is large and strongly charged, 
while PAA has much smaller monomers that are weakly charged. As 
such also for this system, an optimal ratio would be expected with an 
excess of PAA over PDADMAC. Indeed, phase separation of solutions in 
1:1 ratio result to gel-like structures whereas solid precipitates were 
obtained where PAA was in excess. 

In this section, pH 1 solutions and pH 3 solutions will be discussed 
separately. For the pH 1 solutions H2SO4 was first added to the stock PE 

solutions, then after that they are mixed in the monomer ratios of PAA 
to PDADMAC of 1.5:1, 2:1, 2.5:1 and 3:1. Phase separation of pH 1 
solutions in 1:1 ratio led to very soft and weak gel-like films. Since the 
polymer concentrations of the stock solutions were fixed for the initial 
PE solutions, the mixtures for the different monomer ratios have 
slightly different polymer concentration as 22.3 wt%, 23.2 wt%, 
24.0 wt% and 24.7 wt%, respectively, which is assumed not to have a 
significant effect on complexation and PEC structure. Mixing these PE 
solutions in monomer ratio 1.5:1 and 2:1 leads to clear solutions, while 
higher ratios lead to a undesired phase separation. Although the exact 
reason for the phase separation cannot be well understood, the effect is 
considered to be related with the observations of Litmanovic and 
coworkers [24] who showed that under acidic and excess PAA condi-
tions, PAA and PDADMAC are interacting through ion–dipole interac-
tions and this kind of complex shows UCST around 25 °C. Indeed, Fig. 
S12 shows the thermal behavior of pH 1 solutions prepared in various 
ratios. The solutions that phase separated at ambient temperature 
(~20 °C) became homogenous upon heating and demixed again after 
cooled down. Since casting solution temperature is another parameter 
known to affecting membrane formation by phase separation, solutions 
were only cast at ambient temperature in order not to create further 
complexity. Although the work of Litmanovic and coworkers [24] does 
not directly help to explain why we see such a sharp difference in 
membrane formation as a function of mixing ratio, it does shows the 
importance of mixing ratio on phase behavior of PE mixtures. 

The clear pH 1 solutions were cast and immersed in a pH 12 coa-
gulation bath. Cross-sections images of the resultant membranes are 
given in Fig. 5. Both membranes are asymmetric with very thin skin 
layers and porous, spongy support layers. The 1.5:1 ratio membrane has 
different degrees of porosity throughout the cross-section; with the 
larger pores on the top expected to lower the mechanical strength of the 
film. Indeed, the membrane was not strong enough to be placed into a 
filtration cell, moreover it is observed that the film delaminates from 
the part that has largest pores. On the other hand, the 2:1 ratio mem-
brane does not have these large cavities and therefore it is more me-
chanically stable than the 1.5:1 ratio membrane. While the 2:1 ratio 
could now be considered an optimum for membrane formation for the 
pH 1 solutions, the membranes are still not strong enough for the fil-
tration tests as already discusses in previous sections. 

pH 3 solutions were prepared by directly mixing the two PE solu-
tions, as received. Again, the solutions were mixed in the ratio from 
1.5:1 to 3:1, which slightly varies in polymer concentration from 
24.1 wt% to 26.5 wt%. All mixtures led to clear solutions. When these 
solutions were coagulated in pH 12 coagulation baths they all formed 
opaque white films. However, the precipitate from the 1.5:1 mixture 
was so weak that it disintegrated in the coagulation bath as shown in  

Fig. 5. SEM images of cross-sections of the membranes prepared with pH 1 and pH 3 solutions with varying monomer ratio. The solutions are coagulated in pH 12 
bath. The images are at ×500 magnification and scale bars indicate 50 µm. 
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Fig. S13. SEM images of the other membrane cross-sections are shown 
in Fig. 5. All these membranes are porous and have a symmetric mor-
phology with a nodular structure, which can be more easily seen in a 
higher resolution SEM image in Fig. S4. Membrane thickness decreases 
as the mixing ratio increases, which indicates the formation of more 
compact membranes with increasing mixing ratio. During experiments, 
it is observed that 2:1 membrane was more delicate than the others 
during handling. 

Although the SEM images do not show a significant differences upon 
changes in mixing ratio, more distinguishable and reproducible changes 
are seen in the filtration results. Fig. 6 shows PWP and oil retention 
results of these three membranes. PWP results show a decrease when 
the mixing ratio increases, again indicating a more compact (denser) 
structure of the higher ratio membranes. When these three membranes 
are compared, we find that all three show good removal of oil droplets 
at relevant water permeabilities for microfiltration type membranes. Of 
all these membranes, the one prepared at a ratio of 2.5:1 has the best 
performance in terms of oil droplet rejection and a reasonable water 
permeability for a microfiltration membrane. Therefore, the 2.5:1 ratio 
can be seen as an optimum for the preparation of microfiltration 
membranes, also given the better mechanical properties compared to 
the 2:1 ratio. 

The structure of a membrane plays a significant role in its me-
chanical stability and consequently its performance. Macrovoids are 
defined as big cavities in the polymeric film which causes low me-
chanical stability to the membrane. Moreover, cell-like structures are 
more desired than nodular structure for membranes. Applied force in 
cell-like structures is distributed better than in nodular ones making 
cell-like structures more mechanically stable. An example for filtration 
tests of the membranes with nodular and cell-like structure is given in  
Fig. S6. The ones with cell-like structure have also a skin layer making 
the membrane more resistant towards water permeation and therefore 
the initial PWP values are much lower than the membranes with nod-
ular structure without a skin layer. However independent of the PWP 
value, all membranes show significant compaction with water flux 
values dropping by more than one third of their initial value. The extent 
of compaction indicates that while the films with cellular structure are 
not suitable for membrane applications, the ones with nodular structure 
can operate and function well for microfiltration. It is reported in lit-
erature that PAA/PDADMAC has weaker interactions when compared 
to other pairs and therefore a PEC from this PE pair is very mobile [17] 
possibly leading to weaker materials. In light of this information and 
our observations during the experiments, PAA/PDADMAC can certainly 
lead to the formation of relevant membrane structures, but other 
strong–weak PE couples should be tested to guarantee a better me-
chanical stability. 

4. Conclusion 

This paper discusses polyelectrolyte complexation induced mem-
brane formation from the weak polyanion PAA and the strong polyca-
tion PDADMAC. Membranes were obtained from aqueous phase se-
paration induced by pH triggered polyelectrolyte complexation. 
Formerly, it was shown that very promising membranes can be formed 
from the strong polyanion PSS and weak polycation PAH [11]. An 
immediate result of this current work is that membrane formation with 
pH induced PE complexation is shown to be widely applicable, rather 
than just being the feature of a single polyelectrolyte couple. Also for 
PAA/PDADMAC it was possible to obtain membranes with a good 
control over their structure. 

In this work, we have highlighted the versatility of pH induced APS 
systems and the many parameters that are available to control mem-
brane structure and hence performance. Of these parameters, the effect 
of casting solution pH, molecular weight, coagulation bath pH and 
salinity and finally mixing ratio of PEs were investigated. The first three 
parameters mentioned are ones that affect the phase separation beha-
vior of PECs. Significantly, their influence is completely in line with 
what one would expect from conventional NIPS systems, if the pH is 
considered as an analogue to the solvent to non-solvent ratio in the 
casting solution and coagulation bath. The strong link between our 
observations on APS and observations for NIPS indicate the similarities 
between the two approaches. In addition, coagulation bath salinity and 
PE mixing ratio affect the complexation behavior of the PEs and thus 
resultant membrane structure. These parameters do not have a NIPS 
counterpart and are unique to PE complexation based APS. 

The membranes with a symmetric nodular structure from pH 3 
casting solutions in alkaline baths were found to be very relevant for 
microfiltration applications as indicated by very high oil-droplet re-
tentions and good permeabilities. Through tuning of the above para-
meters other structures could be prepared, including those with a thin 
skin layers and asymmetric cellular porous structures. Although these 
membranes have appealing structures, they were not considered sui-
table for pressure-driven filtration applications as the structure col-
lapses during filtration experiments. Although this may be seen as a 
discouraging aspect, the observation clearly shows the importance of 
the PE selection in APS. Overall, the PE complexation induced APS 
approach is suitable for many PE systems and membrane structure and 
performance can be controlled via a number parameters akin to those 
found in both traditional phase separation and polyelectrolyte com-
plexation literature. Therefore with an educated selection of PEs, 
knowledge of related processes and the drive towards more sustainable 
production process, APS membranes hold great promise in the field of 
membrane science and technology. 
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