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Abstract: Polyelectrolyte complex (PEC) hydrogel, formed via physically electrostatic crosslinks be-
tween polyanion and polycation, is an interesting hydrogel in terms of its nontoxicity and solvent-free
technique. In this work, poly (sodium 4-styrenesulfonate) (PSS)/poly (diallyl dimethyl ammonium
chloride) (PDADMAC) complex hydrogels were prepared. Firstly, the PSS/PDADMAC complex
aggregates using various PSS/PDADMAC mole fractions that were prepared in the presence of
NaCl solution. Then, the aggregates were resolubilized under stirring at 70 ◦C for 2 h to obtain
a homogeneous PEC solution. Finally, the PEC solution was dialyzed using a dialysis membrane
with 3500 molecular cut-off for 1 day. The dialysis bath was changed every interval period of 2 h
to control the rate of reversible electrostatic interaction, resulting in the homogenous PEC hydrogel
with porous morphology as revealed by SEM and BET investigations. The dimensional stability and
viscoelasticity of the PEC hydrogel was studied by DMA experiment, which showed the viscoelastic
behavior at a compressive force ranging from 0 to 0.1 N. Finally, PSS/PDADMAC hydrogels showed
a high water absorbency property and excellent affinity to textile anionic dyes.

Keywords: polyelectrolyte complex hydrogel; porosity; viscoelasticity; absorbency; textile dye removal

1. Introduction

Hydrogels are three-dimensional network polymers, which are achieved by either
physical or chemical crosslinks [1]. Hydrogels exhibit interesting properties such as high-
water uptake, separation, scaffolds, control release, biomedical properties, electroresponsive
properties, as well as having an electrochemical performance. Therefore, they could of-
fer potential applications in various fields, including environmental remediation [2–7],
membrane [8–10], tissue engineering [11,12], drug release and drug delivery [13–22], sen-
sors [23–29], and supercapacitors [30–34]. Polyelectrolyte complex hydrogels (PEC hy-
drogels) belong to physical crosslinks such as hydrogen bonding, van der Waals, and
ionic (electrostatic) interactions. Examples of PEC hydrogels include biobased hydrogels
such as polysaccharide hydrogels, which can be prepared from cationic/anionic biopoly-
mers, such as cationic/anionic polysaccharide complexes [35–37]. Other PEC hydrogels
are synthetic polyelectrolyte complexes between an anionic polyelectrolyte such as poly
(sodium-4-styrene sulfonate) (PSS) and a cationic polyelectrolyte such as poly (dimethyl
diallyl ammonium chloride) (PDADMAC) [38]. Advantageously, PECs are the complexes
formed between oppositely charged polymers combined with H-bonding, van der Waals
forces, and dipole interactions, leading to the formation of networks without the chemi-
cal cross-linkers, thereby reducing the possible toxicity and other undesirable effects of
reactive reagents.

The process of the formation of PEC hydrogels can be divided into three steps. Firstly,
the primary complex aggregate (i) forms immediately in an uncontrolled manner once
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oppositely charged polyelectrolyte solutions are mixed, leading to PEC aggregate. Then,
the complex aggregate can be resolubilized again in the presence of electrolytes such as
NaCl, resulting in a viscous PEC solution (ii). The electrolyte plays a role in swelling the
PEC aggregate by shielding the anionic polyelectrolyte against the cationic polyelectrolyte
to prevent the reformation of the aggregate. At the critical content of the electrolyte, the PEC
solution is obtained. Lastly, the PEC hydrogel (iii) is achieved by controlling the dilution of
the electrolyte concentration via the dialysis process. Gradual diffusion of the electrolyte
slowly causes phase separation, arising from the reformation of electrostatic interaction.
Finally, the PEC hydrogel is obtained [38]. There are many factors affecting the structure,
dimensional stability, and the mechanical and physical properties of PEC hydrogels, such as
polyelectrolyte mole fractions, polyelectrolyte molecular weights, polyelectrolyte polymer
structure, temperature conditions, dialysis membrane, and ionic strength.

In summary, the key factors affecting the PEC hydrogel structure are the polyan-
ion/polycation mole ratio, salt concentration, and desalting process. The PEC aggregate in
the presence of salt causes the aggregate to be swollen; the greater the salt concentration,
the larger the size of the swollen aggregate, consequently resulting in the homogenous PEC
solution. In the presence of salt, it can be explained that salt plays a role in dispersing the
ordered PE/PE complexation into the coiled structure. The formation of the PEC hydrogel
is then obtained by gradual desalting through the dialysis technique, which causes phase
separation, creating a porous structure with a cell wall composed of the PE–PE complex.
So far, little information on PEC formation, structure, porosity, and compressive strength
has been reported.

Therefore, the scope of this work was to prepare a PSS/PDADMAC-based PEC hy-
drogel. The effects of the stoichiometric fractions and the desalting process on the hydro-
gel properties (dimensional stability, water uptake, morphology, strength, and porosity)
were evaluated.

2. Materials and Methods
2.1. Materials

Poly (sodium-4-styrene sulfonate) (PSS, Mw 70,000 g/mol) and 20% (w/w) poly
(dimethyl diallyl ammonium chloride) (PDADMAC, Mw 200,000–350,000 g/mol) (Scheme 1)
were purchased from Sigma Aldrich. Sodium chloride (NaCl) and dialysis membrane with
molecular cut-off of 3500 were obtained from QRëC, and Spectrumlabs, respectively.

Scheme 1. The Structures of PDADMAC and PSS.

2.2. Preparation of PEC Hydrogel

PSS/PDADMAC PEC hydrogels having various PSS:PDADMAC mole fractions were
fabricated. In this experiment, 7 series of PSS/PDADMAC PEC aggregates were prepared
as follows: PSS0.80:PDADMAC0.20, PSS0.70:PDADMAC0.30, PSS0.60:PDADMAC0.40,
PSS0.50:PDADMAC0.50, PSS0.40:PDADMAC0.60, PSS0.30:PDADMAC0.07, and PSS0.20:
PDADMAC0.80, which were designated to f0.8, f0.7, f0.6, f0.5, f0.4, f0.3, and f0.2, respec-
tively. The compositions of chemicals used for PSS/PDADMAC hydrogel preparation are
summarized in Table 1. First, PSS/PDADMAC swollen aggregates were synthesized by
mixing PSS/NaCl solution with 20 wt% PDADMAC solution. Second, the as-prepared
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swollen aggregates were resolubilized by continuous stirring at the temperature of 70 ◦C.
Finally, the PSS/PDADMAC solutions were dialyzed using dialysis membrane tube to
obtain PSS/PDADMAC PEC hydrogels. An example of PSS0.30:PDADMAC0.70 hydrogel
(f0.3) was prepared as follows: 50 mL of 0.3 mole PSS containing 3 M of NaCl solution were
prepared in a 250 mL beaker, and then 28.3 g (0.7 mole) of 20 wt% PDADMAC solution was
slowly added, resulting in the formation of swollen aggregate, as shown in Figure 1 [39].
Then, the as-prepared aggregate was resolubilized under stirring at 70 ◦C for 2 h. Note that
the solution volume was adjusted to 50 mL prior to dialysis. Then, dialysis was carried
out by desalting method using dialysis membrane tube in a deionized water bath for 24 h
(interval period of 2 h for bath change) to obtain the PSS/PDADMAC PEC hydrogel.

Table 1. Compositions of PSS/PDADMAC PEC hydrogels preparation.

Sample Mole Fraction *
PSS:PDADMAC

NaCl
(M)

PSS
(g)

20% (w/w) PDADMAC (Cal.
on Solid Content, g)

f0.8 0.8:0.2 4 8.24 1.62
f0.7 0.7:0.3 4 7.21 2.43
f0.6 0.6:0.4 4 6.18 3.23
f0.5 0.5:0.5 4 5.15 4.04
f0.4 0.4:0.6 3 4.12 4.85
f0.3 0.3:0.7 3 3.09 5.66
f0.2 0.2:0.8 3 2.06 6.47

* Mole fraction was calculated from monomers (sodium styrene sulfonate and diallyldimethylammonium chloride).

Figure 1. Solubility test of PSS/PDADMAC aggregate (f0.3) in 1 M, 2 M, and 3 M NaCl solutions.

2.3. Characterization Techniques

Scanning electron microscopy (SEM) was performed using scanning electron micro-
scope (SEM JEOL model JSM-6400LV, Japan) at an accelerating voltage of 15 kV. Samples
were freeze-dried using Christ model beta 1–8 LD plus and kept dried prior to character-
ization. Dynamic mechanical analysis (DMA) was carried out using DMA861e Mettler
Toledo. Hydrogel with diameter of 8 mm was prepared. Characterization conditions
were as follows: testing mode: compression mode, displacement amplitude: 316 µm, and
testing temperature: 25 ◦C. Surface area is determined using Micromeritics BET analyzer
(model 3Flex). All freeze-dried samples were cleaned by N2 gas desorption at temperatures
between 150 ◦C and 200 ◦C prior to testing. N2 gas adsorption at the temperature of liquid
state was performed to obtain adsorption isotherm. Water absorption was carried out by
immersion method using a freeze-dried sample. The triplicate samples before immersion
(dry) and after immersion were weighed and subsequently calculated and averaged as
follows: percent water uptake (%) = (Waf −Wbf)/Wbf × 100, where; Waf = hydrogel weight;
Wbf = dry weight.
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C.I. Reactive Blue 49 (an anionic dye for dyeing cellulose) adsorption onto freeze-dried
PEC hydrogels was carried out. First, 50 mL of dye solutions (50 ppm, 100 ppm, and
150 ppm) was prepared in a 250 mL Erlenmeyer flask for each hydrogel sample. Then,
25 mg of freeze-dried PEC hydrogel was added into the prepared flask. The flask was
agitated (85 rpm at room temperature) on a shaker to investigate adsorption kinetic. A
total of 3 mL of dye solution was taken at 60 min. interval time to measure residual dye
absorbance using LabTech (BlueStar B) spectrophotometer at λmax = 590 nm. Note that
after measuring residual dye absorbance, the sample was put back into the Erlenmeyer
flask again. Then, percent dye adsorption (% dye adsorption) vs. contact time (t) was
measured. The adsorption capacity Qt (mg/g) at a certain contact time (t) was calculated
and plotted.

3. Results and Discussion
3.1. Mechanism of PSS/PDADMAC PEC Hydrogel Formation

Typically, the PSS/PDADMAC PEC complex is present in an aggregate form. How-
ever, the PSS/PDADMAC aggregate can be converted into PSS/PDADMAC hydrogel, as
described earlier. The structure and properties of PSS/PDADMAC hydrogel are greatly de-
pendent on the stoichiometric mole ratio between polycation and polyanion. In the case of
polyelectrolytes, their molecular weights are defined by the average molecular weight (Mw
or Mn), which cannot be used for the calculation of the stoichiometric mole ratio. Therefore,
in this experiment, the stoichiometric mole ratio of ions (cation and anion) was calculated
based on the mole of the monomers (sodium styrene sulfonate (SS, Mw = 206 g/mole) and
diallyl dimethyl ammonium chloride (DADMAC, Mw = 161 g/mole)). The mechanism of
the PSS/PDADMAC PEC hydrogel formation can be divided into three steps (aggregate
formation, solubilization of the aggregate, and PEC hydrogel formation). At the first step,
polycation and polyanion polyelectrolytes are mixed. As a result, phase separation due
to the polyelectrolyte complex formation immediately occurs, resulting in an aggregate,
as seen in Figure 1. At the solubilization step (heating/stirring), the NaCl concentration
and temperature play a role in dispersing the electrostatic interaction; the greater the salt
concentration, the greater the dispersibility. At this step, Na+ and Cl− in the aqueous
phase are re-absorbed into the aggregate. The absorption rate is enhanced by mechanical
and thermal treatment, as illustrated in Figure 2. The minimum concentration of NaCl
solution that completely dissolved PSS/PDADMAC aggregate was carried out. In the case
of f0.3 (referred to Figure 1), the solubility test was investigated in the presence of 1 M,
2 M, and 3 M NaCl. It was found that the PSS/PDADMAC aggregate was only swollen in
the presence of 1 M NaCl, partially soluble in the presence of 2 M NaCl, and completely
soluble in the presence of 3 M NaCl at the fixed temperature of 70 ◦C. Therefore, 3 M NaCl
was chosen in this case. From Table 1, the minimum NaCl concentrations for f0.2-f0.4 and
f0.5-f0.8 are 3 M and 4 M, respectively. It was found that f0.4 and below require a lower
minimum NaCl concentration than f0.5 and above. These results imply that the electrostatic
strengths of f0.5 and above are higher than those of f0.4 and below, hence requiring the
higher minimum NaCl concentration to separate the polycation and polyanion. At the
desalting step, the PEC hydrogel was slowly formed, due to the reversible formation of
the electrostatic force between the polycation and polyanion, resulting in phase separation.
After the desalting process was complete, the viscoelastic hydrogels are obtained, as shown
in Figure 3.

3.2. Physical Appearance of PSS/PDADMAC PEC Hydrogels

The obtained PSS/PDADMAC PEC hydrogel representatives are illustrated, as shown
in Figure 3. As can be seen, all of the hydrogels are opaque except for f0.2, which is
translucent and was never dried, due to its hygroscopicity. PDADMAC is called polysalts,
which is a hygroscopic polymer by its nature. Therefore, hydrogels containing high ratios
of PDADMAC exhibit not only hygroscopicity but also dimensional instability due to the
mobility of the hydrogel cell wall. On the other hand, PSS, which contains a rigid aromatic
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pendant group, is responsible for the dimensional stability of PSS/PDADMAC hydrogels
with high PSS mole fractions, as observed in Figure 3. Therefore, the f0.2 hydrogel is
not suitable for the applications where dimensional stability is concerned. The opacity of
the hydrogels is derived from their porous structure, which was confirmed by the SEM
images. The volume size and shape are found to be dependent on the mole fraction. For
the f0.5 representative, the hydrogel exhibits compactness and stiffness of structure, arising
from the strongest electrostatic interaction at the charge balance point [38]. At PSS mole
fractions above f0.5 (f0.6-f0.8), the net charge balance is negative. An increase in PSS mole
fraction (f0.6-f0.8) results in an increase in volume and size, with excellent dimensional
stability arising from the repulsive interaction among PSS sulfonate anions. On the other
hand, at PSS mole fractions below f0.5 (f0.4-f0.2), the net charge balance is positive, resulting
in a hygroscopic PE–PE complex cell wall (discussed later), which leads to hydrogels with
poor dimensional stability, particularly f0.3 and f0.2. Moreover, due to the hygroscopic
nature of the PDADMAC, the hydrogel sample (f0.2) which had the highest content of
PDADMAC was present in a never-dry gel form.

Figure 2. The drawing model illustrates the transformation of PSS/PDADMAC aggregate into
hydrogel using desalting method.

Figure 3. The appearance of PSS/PDADMAC PEC hydrogels obtained from various PSS mole fractions.

3.3. Scanning Electron Microscopy

During the desalting step using the dialysis membrane, the reversible electrostatic
interaction slowly formed, causing a gradual phase separation to produce the cell wall of
the PEC hydrogel, as shown in the SEM images (Figure 4). At the initial desalting step,
the phase separation quickly occurs at the surface of the dialysis membrane tube, forming
a solid-like PEC hydrogel at the inner side of the dialysis tube, which helps control the
diffusion rate of the electrolyte. As the solid-like PEC hydrogel was obtained, the dialysis
was stopped, and the PEC viscoelastic hydrogel was removed. To observe the porous
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structure, the sublimation of the iced water crystals, which resembled pores due to the
freeze-drying process, was carried out prior to SEM analysis. As can be seen from the SEM
images of the freeze-dried samples (Figure 4), the porous structure comprising macropores
(arising from phase separation) and micropores (arising from water re-absorption into
the cell wall) is observed. In the case of the f0.8 and f0.7 samples, macropores with a
thick and dense cell wall are observed. The thick and dense cell wall is derived from the
hydrophobic-rich aromatic pendant groups of PSS, which deter the water re-absorption
into the cell wall. Therefore, in these cases, the micropores on the cell wall are not observed.
In comparison, the f0.6 and f0.5 samples exhibit much smaller and denser macropores,
which exhibit a porous, thin cell wall (micropores), indicating that the cell wall formation as
well as the water re-absorption into the cell wall gradually occur. A further decrease in PSS
content (f0.4-f0.2) results in a porous, thin cell wall with large macropores. As can be seen,
the micropores are large due to the hygroscopicity of the cell wall containing dominant
PDADMAC ratios, which allow for more water re-absorption into the thin cell wall than
in the case of the f0.8-f0.5. As presented in Figure 2, hydrogels with a PSS content below
f0.5 exhibit dimensional instability as well as poor mechanical properties, due to their large
macropores combined with their porous, thin cell wall (large micropore). The macropore
size of the (f0.8-f0.2) hydrogels is summarized in Table 2.

Figure 4. SEM images of porous PSS/PDADMAC PEC hydrogels.

Table 2. Macropore size of (f0.8-f0.2) hydrogels.

Sample Macropore Size (µm) SD

f0.8 28.871 12.040
f0.7 22.573 7.666
f0.6 5.869 2.711
f0.5 11.627 7.285
f0.4 68.768 22.203
f0.3 32.496 17.264
f0.2 42.045 15.805

3.4. Surface Area Determination by BET Analysis

The surface area is one of the most important properties of porous materials which
are widely investigated in various fields of applications, such as pollution remediation,
catalysts, separation materials, drug delivery, tissue engineering, and sensors. In this study,
the surface area determination of the freeze-dried PEC hydrogels was carried out using
a Micromeritics BET analyzer. The BET analysis was performed based on the adsorption
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isotherms of nitrogen gas molecules at a range of pressures that caused a formation of
the monolayer coverage of N2 molecules. The obtained isotherms are transformed into
the linear BET plot (in a region of P/Po range from 0 to 0.3). Thereafter, the surface area
was determined and summarized in Table 3. The results show that the BET surface area
decreases with a decrease in the PSS mole fraction. The surface areas of f0.8, f0.7, f0.6,
f0.5, f0.4, and f0.3 samples are 3.54, 2.16, 1.72, 0.98, 1.19, and 0.48 m2/g, respectively. Note
that, at the stage of the sample preparation using N2 gas to clean the surface at a high
temperature under vacuum, the delicate sample, f0.3, which has large macropores with
porous, thin cell wall, was prone to collapse, resulting in a significant decrease in the surface
area determined by BET analysis. Therefore, the BET surface areas of delicate hydrogels,
particularly f0.4 and f0.3, might not represent the true values. Note that the BET surface
area of f0.2 was not measurable for that reason.

Table 3. BET surface areas of PSSPDADMAC PEC hydrogels.

Sample BET Surface Area
(m2/g)

Pore Volume Pore Size

Single Point
Adsorption Total

Pore Volume
(cm3/g)

Single Point
Desorption Total

Pore Volume
(cm3/g)

Adsorption Average
Pore Diameter
(4V/A by BET)

(Å)

Desorption Average
Pore Diameter
(4V/A by BET)

(Å)

f0.8 3.5402 0.003848 0.004257 43.477 48.103

f0.7 2.1645 0.002135 0.002555 39.450 47.217

f0.6 1.7297 0.002654 0.002992 61.383 69.194

f0.5 0.9876 0.001358 0.007038 54.997 285.050

f0.4 1.1959 0.001179 0.001671 39.424 55.885

f0.3 0.4858 0.000428 0.000716 35.218 58.968

3.5. Compressive Strength by Dynamic Mechanical Analysis

Apart from dimensional stability, the dynamic properties of the viscoelastic materials,
including hydrogels, are very important in terms of special applications, such as scaffolds
and drug release. In this experiment, hydrogels were subjected to dynamic mechanical
analysis using a compression mode. The obtained stress–strain (displacement) curves are
illustrated in Figure 5. At the initial step, the compressive strength increases, depending
on the PSS mole ratio; the higher the PSS mole fraction (f0.5-f0.8), the higher the initial
compressive strength. It is observed that at the yield point, the further application of force
causes a slight decrease in compressive strength. At this stage, it can be explained that
the hydrogel cell walls start to displace by force due to the viscoelastic behavior of the
PEC hydrogels. Then, the compressive strength gradually increases again, arising from the
hydrogel cell wall being compacted by compressive force, as graphically drawn (Figure 6).
The viscoelasticity can be further explained by loss modulus (E′ ′) and storage modulus (E′)
plots (Figure 7). As can be seen, E′ at the initial step gradually increases (viscoelastic behav-
ior) but then increases significantly with an increase in frequency, indicating an increase in
the storage modulus due to the compact structure of the cell walls by force. On the other
hand, the loss modulus (E′ ′) gradually increases, indicating the viscoelastic behavior of
the PSS/PDADMAC hydrogel. The loss modulus/storage modulus ratios (E′ ′/E′) against
frequencies (Hz) are plotted and shown in Figure 8; the lower the E′ ′/E′ value, the greater
the compact structure of the hydrogel cell wall, as graphically illustrated in Figure 6. As
can be seen in all cases, the E′ ′/E′ value gradually decreases with an increase in frequency,
demonstrating that at higher frequencies, the PEC hydrogels exhibit a solid-like character
due to the compact structure of the cell walls. The effect of frequency causes polyanions
and polycations in the cell wall to vibrate, dissociating the electrostatic bonds (salt linkage).
Under applied strain, polymer chains are forced to orientate along the force direction,
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resulting in a solid-like material. The viscoelasticity of the PEC hydrogels is interesting in
terms of drug release under compressive conditions such as the stomach system.

Figure 5. Stress–strain (displacement) curves of PSS/PDADMAC PEC hydrogels obtained from DMA.

Figure 6. Viscoelastic behavior and compact structure of PSS/PDADMAC PEC hydrogels by
compressive force.

3.6. Water Absorbency

The percent water uptake of freeze-dried PEC hydrogels was measured (compared to
their dry weight). The results are compared and shown in Figure 9. From the resultant data,
the swelling capability of the freeze-dried PEC hydrogels can be divided into two groups;
the extremely high percent water uptake (f0.2-f0.4) and the low percent water uptake
(f0.5-f0.8). The extremely high percent water uptake is found in the samples with high
PDAMAC content due to its porous, thin cell wall containing macropores. As can be seen,
the PEC hydrogels with a high content of PDADMAC are swollen and deformed due to their
lack of dimensional stability, as illustrated in Section 3.1. The water absorption properties
of the hydrogels are interesting in the fields of applications, including in biomedicals and
water remediation.

3.7. Textile Dye Adsorption

The preliminary testing of the PSS/PDADMAC hydrogel on the removal of an anionic
textile dye (C.I. Reactive Blue 49) is shown in Figure 10. The reactive dyes, which belong
to the anionic dyes, are not only important dyes in the textile dyeing industry (which
account for 80% of cellulosic dyeing), but are also the most environmentally unfriendly
dyes, due to the removal difficulty of unreacted hydrolyzed color from wastewater [40].
Due to a high porosity and absorbency as well as an ionic–ionic interaction capability, the
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PSS/PDADMAC hydrogels exhibit the excellent removal of a representative anionic dye
(Figure 10).

Figure 7. Loss modulus (E′ ′), storage modulus (E′) plots of PSS/PDADMAC PEC hydrogels.

Figure 8. Loss modulus (E′ ′)/storage modulus (E′) ratios of PEC hydrogels.

To elucidate the dye adsorption performance of the hydrogels, the batch adsorption
test was carried out using a shaker. A series of 50 mL of initial dye concentrations (50 ppm,
100 ppm, and 150 ppm) were prepared. Then, 25 mg each of freeze-dried hydrogel samples
(f0.2-f0.8) was added into an Erlenmeyer flask containing dye solution. The contact time
vs. the adsorption capacity is plotted, as shown in Figure 11. The marked dye adsorption
is found in the case of f0.2-f0.4 samples, where the hydrogels exhibit positive net charge,
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hence attracting to the anionic dye. In the case of f0.5 and f0.6 samples, which exhibit
neutral charge and negative net charge, respectively, the anionic dye adsorption is much
lower due to the absence of an attractive force (f0.5) and the effect of the repulsive force
(f0.6). Moreover, a further increase in contact time leads to the dye desorption, due to
the repulsive interaction among negatively charged dye molecules. For 100 ppm and
150 ppm, the dye adsorption trend on the f0.2-f0.4 samples is found in a similar manner to
the 50 ppm dye solution, albeit exhibiting a higher adsorption capacity (Qt). In the case of
the f0.4 sample (the highest dimensional stability compared to f0.2 and f0.3), the adsorption
capacity at equilibrium (qe) is found to be 74 mg/g, 168 mg/g, and 245 mg/g for the
initial dye concentrations of 50 ppm, 100 ppm, and 150 ppm, respectively. The adsorption
performance of the PEC hydrogel toward the textile anionic dyes is attributed to the PEC
positive net charge. Generally, the dyeing of cellulose is carried out in an alkaline condition.
Therefore, the PSS/PDADMAC PEC hydrogel is an ideal candidate for textile wastewater
decoloration due to its net charge that is independent of pH value, which was found in the
polysaccharides-based polyelectrolyte complex hydrogel [6].

Figure 9. Percent water uptake of PSS/PDADMAC PEC hydrogels.

Figure 10. Illustration of PSS/PDADMAC hydrogel performance on C.I. Reactive Blue 49 removal.
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Figure 11. Adsorption capacity vs. contact time plots.

4. Conclusions

In this work, poly (sodium 4-styrenesulfonate) (PSS)/poly (diallyldimethylammonium
chloride) (PDADMAC) complex hydrogels that had various PSS:PDADMAC mole fractions
were prepared. SEM images showed that PSS/PDADMAC PEC hydrogels with high PSS
mole fractions (f0.8-f0.7) comprised macropores (due to phase separation) and a thick and
dense cell wall in the absence of micropores. In the case of a high PDADMAC mole ratio,
the hydrogels exhibited macropores and a porous, thin cell wall (which was derived from
water re-absorption into the thin cell wall, creating micropores). The hygroscopicity of
the PE/PE complex cell wall was responsible for the water re-absorption ability. The BET
surface area analysis revealed that the surface area decreased with a decrease in the PSS
mole fraction, where the highest surface area of 3.5402 m2/g was found in the case of
the f0.80 hydrogel and the lowest surface area of 0.4858 m2/g was found in the case of
the f0.30 hydrogel. However, the BET surface area might not represent the true values
due to the severe cleaning condition at a high temperature under vacuum, which caused
sample damage, particularly to the delicate hydrogels (f0.4-f0.2). From the DMA results, the
PSS/PDADMAC hydrogels exhibited viscoelastic behavior at a compressive force ranging
from 0 to 0.1 N, causing the displacement of the hydrogel cell wall along the force direction.
Finally, the PSS/PDADMAC hydrogels showed their high-water absorbency and affinity to
textile anionic dyes. Based on the unique properties found, the PSS/PDADMAC hydrogel
can be a potential candidate in the fields of tissue engineering, drug release, and wastewater
treatment applications.
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the manuscript.



Polymers 2022, 14, 1699 12 of 13

Funding: The 90th Anniversary of Chulalongkorn University, Rachadapisek Sompote Fund
(GCUGR1125633054D), and TSRI Fund (CU_FRB640001_01_62_1).

Institutional Review Board Statement: Not applicable.

Acknowledgments: This work was financially supported by the 90th Anniversary of Chulalongkorn Uni-
versity, Rachadapisek Sompote Fund (GCUGR1125633054D), and TSRI Fund (CU_FRB640001_01_62_1).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Thakur, S.; Thakur, V.K.; Arotiba, O.A. History, classification, properties and application of hydrogels: An overview. In Hydrogels:

Recent Advances; Thakur, V.K., Thakur, M.K., Eds.; Springer: Singapore, 2018; pp. 29–50.
2. Hu, X.; Yan, L.; Wang, Y.; Xu, M. Self-assembly of binary oppositely charged polysaccharides into polyelectrolyte complex

hydrogel film for facile and efficient Pb2+ removal. Chem. Eng. J. 2020, 388, 124189. [CrossRef]
3. Hu, X.; Yan, L.; Wang, Y.; Xu, M. Smart and functional polyelectrolyte complex hydrogel composed of salecan and chitosan lactate

as superadsorbent for decontamination of nickel ions. Int. J. Biol. Macromol. 2020, 165, 1852–1861. [CrossRef]
4. Chan, K.; Morikawa, K.; Shibata, N.; Zinchenko, A. Adsorptive removal of heavy metal ions, organic dyes, and pharmaceuticals

by dna–chitosan hydrogels. Gels 2021, 7, 112. [CrossRef]
5. Li, P.; Wang, T.; He, J.; Jiang, J.; Lei, F. Synthesis, characterization, and selective dye adsorption by pH- and ion-sensitive

polyelectrolyte galactomannan-based hydrogels. Carbohydr. Polym. 2021, 264, 118009. [CrossRef]
6. Zhao, J.; Xing, T.; Li, Q.; Chen, Y.; Yao, W.; Jin, S.; Chen, S. Preparation of chitosan and carboxymethylcellulose-based poly-

electrolyte complex hydrogel via SD-A-SGT method and its adsorption of anionic and cationic dye. J. Appl. Polym. Sci. 2020,
137, 48980. [CrossRef]

7. Zhang, Y.; Wang, P.; Hussain, Z.; Zhang, H.; Wang, H.; Chang, N.; Li, F. Modification and characterization of hydrogel beads and
its used as environmentally friendly adsorbent for the removal of reactive dyes. J. Clean. Prod. 2022, 342, 130789. [CrossRef]

8. Durmaz, E.N.; Baig, M.I.; Willott, J.D.; de Vos, W.M. Polyelectrolyte complex membranes via salinity change induced aqueous
phase separation. ACS Appl. Polym. Mater. 2020, 2, 2612–2621. [CrossRef]

9. Emonds, S.; Kamp, J.; Borowec, J.; Roth, H.; Wessling, M. Polyelectrolyte complex tubular membranes via a salt dilution induced
phase inversion process. Adv. Eng. Mater. 2021, 23, 2001401. [CrossRef]

10. Baig, M.I.; Willott, J.D.; de Vos, W.M. Tuning the structure and performance of polyelectrolyte complexation based aqueous phase
separation membranes. J. Membr. Sci. 2020, 615, 118502. [CrossRef]

11. Davachi, S.M.; Haramshahi, S.M.A.; Akhavirad, S.A.; Bahrami, N.; Hassanzadeh, S.; Ezzatpour, S.; Hassanzadeh, N.;
Malekzadeh Kebria, M.; Khanmohammadi, M.; Bagher, Z. Development of Chitosan/Hyaluronic acid hydrogel scaffolds via
enzymatic reaction for cartilage tissue engineering. Mater. Today Commun. 2022, 30, 103230. [CrossRef]

12. Rajaram, A.; Schreyer, D.J.; Chen, D.X.B. Use of the polycation polyethyleneimine to improve the physical properties of Alginate–
Hyaluronic acid hydrogel during fabrication of tissue repair scaffolds. J. Biomater. Sci. Polym. Ed. 2015, 26, 433–445. [CrossRef]
[PubMed]

13. Chen, Y.; Yan, X.; Zhao, J.; Feng, H.; Li, P.; Tong, Z.; Yang, Z.; Li, S.; Yang, J.; Jin, S. Preparation of the Chitosan/Poly(glutamic
acid)/Alginate polyelectrolyte complexing hydrogel and study on its drug releasing property. Carbohydr. Polym. 2018, 191, 8–16.
[CrossRef] [PubMed]

14. Umaredkar, A.A.; Dangre, P.V.; Mahapatra, D.K.; Dhabarde, D.M. Fabrication of Chitosan-Alginate polyelectrolyte complexed
hydrogel for controlled release of Cilnidipine: A statistical design approach. Mater. Technol. 2020, 35, 697–707. [CrossRef]

15. Sonawane, R.O.; Patil, S.D. Gelatin–κ-carrageenan polyelectrolyte complex hydrogel compositions for the design and development
of extended-release pellets. Int. J. Polym. Mater. Polym. Biomater. 2017, 66, 812–823. [CrossRef]

16. Meka, V.S.; Sing, M.K.G.; Pichika, M.R.; Nali, S.R.; Kolapalli, V.R.M.; Kesharwani, P. A comprehensive review on polyelectrolyte
complexes. Drug Discov. Today 2017, 22, 1697–1706. [CrossRef]

17. Hu, X.; Wang, Y.; Zhang, L.; Xu, M. Formation of self-assembled polyelectrolyte complex hydrogel derived from Salecan and
Chitosan for sustained release of vitamin C. Carbohydr. Polym. 2020, 234, 115920. [CrossRef]

18. Shu, M.; Long, S.; Huang, Y.; Li, D.; Li, H.; Li, X. High strength and antibacterial polyelectrolyte complex CS/HS hydrogel films
for wound healing. Soft Matter 2019, 15, 7686–7694. [CrossRef]

19. Kesharwani, P.; Bisht, A.; Alexander, A.; Dave, V.; Sharma, S. Biomedical applications of hydrogels in drug delivery system:
An update. J. Drug Delv. Sci. Technol. 2021, 66, 102914. [CrossRef]

20. Xue, W.; Liu, B.; Zhang, H.; Ryu, S.; Kuss, M.; Shukla, D.; Hu, G.; Shi, W.; Jiang, X.; Lei, Y.; et al. Controllable fabrication of
Alginate/Poly-L-ornithine polyelectrolyte complex hydrogel networks as therapeutic drug and cell carriers. Acta Biomater. 2022,
138, 182–192. [CrossRef]

21. Ghauri, Z.H.; Islam, A.; Qadir, M.A.; Gull, N.; Haider, B.; Khan, R.U.; Riaz, T. Development and evaluation of pH-sensitive
biodegradable ternary blended hydrogel films (Chitosan/Guar gum/PVP) for drug delivery application. Sci. Rep. 2021, 11, 21255.
[CrossRef]

22. Dreiss, C.A. Hydrogel design strategies for drug delivery. Curr. Opin. Colloid Interface Sci. 2020, 48, 1–17. [CrossRef]

http://doi.org/10.1016/j.cej.2020.124189
http://doi.org/10.1016/j.ijbiomac.2020.10.039
http://doi.org/10.3390/gels7030112
http://doi.org/10.1016/j.carbpol.2021.118009
http://doi.org/10.1002/app.48980
http://doi.org/10.1016/j.jclepro.2022.130789
http://doi.org/10.1021/acsapm.0c00255
http://doi.org/10.1002/adem.202001401
http://doi.org/10.1016/j.memsci.2020.118502
http://doi.org/10.1016/j.mtcomm.2022.103230
http://doi.org/10.1080/09205063.2015.1016383
http://www.ncbi.nlm.nih.gov/pubmed/25661399
http://doi.org/10.1016/j.carbpol.2018.02.065
http://www.ncbi.nlm.nih.gov/pubmed/29661325
http://doi.org/10.1080/10667857.2018.1456617
http://doi.org/10.1080/00914037.2016.1276060
http://doi.org/10.1016/j.drudis.2017.06.008
http://doi.org/10.1016/j.carbpol.2020.115920
http://doi.org/10.1039/C9SM01380F
http://doi.org/10.1016/j.jddst.2021.102914
http://doi.org/10.1016/j.actbio.2021.11.004
http://doi.org/10.1038/s41598-021-00452-x
http://doi.org/10.1016/j.cocis.2020.02.001


Polymers 2022, 14, 1699 13 of 13

23. Rong, Q.; Lei, W.; Liu, M. Conductive hydrogels as smart materials for flexible electronic devices. Chem. Eur. J. 2018, 24,
16930–16943. [CrossRef] [PubMed]

24. Rahmani, P.; Shojaei, A. A review on the features, performance and potential applications of hydrogel-based wearable
strain/pressure sensors. Adv. Colloid Interface Sci. 2021, 298, 102553. [CrossRef] [PubMed]

25. Liu, Q.; Dong, Z.; Ding, Z.; Hu, Z.; Yu, D.; Hu, Y.; Abidi, N.; Li, W. Electroresponsive homogeneous polyelectrolyte complex
hydrogels from naturally derived polysaccharides. ACS Sustain. Chem. Eng. 2018, 6, 7052–7063. [CrossRef]

26. Shang, J.; Shao, Z.; Chen, X. Electrical behavior of a natural polyelectrolyte hydrogel: Chitosan/Carboxymethylcellulose hydrogel.
Biomacromolecules 2008, 9, 1208–1213. [CrossRef]

27. Li, G.; Zhang, G.; Sun, R.; Wong, C.-P. Dually pH-responsive polyelectrolyte complex hydrogel composed of Polyacrylic acid and
Poly (2-(dimthylamino) ethyl methacrylate). Polymer 2016, 107, 332–340. [CrossRef]

28. Dhanjai; Sinha, A.; Kalambate, P.K.; Mugo, S.M.; Kamau, P.; Chen, J.; Jain, R. Polymer hydrogel interfaces in electrochemical
sensing strategies: A review. TrAC-Trends Anal. Chem. 2019, 118, 488–501. [CrossRef]

29. Song, H.; Sun, Y.; Zhu, J.; Xu, J.; Zhang, C.; Liu, T. Hydrogen-bonded network enables polyelectrolyte complex hydrogels
with high stretchability, excellent fatigue resistance and self-healability for human motion detection. Compos. Part B Eng. 2021,
217, 108901. [CrossRef]

30. Deng, Y.; Wang, H.; Zhang, K.; Shao, J.; Qiu, J.; Wu, J.; Wu, Y.; Yan, L. A high-voltage quasi-solid-state flexible supercapacitor with
a wide operational temperature range based on a low-cost “water-in-salt” hydrogel electrolyte. Nanoscale 2021, 13, 3010–3018.
[CrossRef]

31. Peng, K.; Wang, W.; Zhang, J.; Ma, Y.; Lin, L.; Gan, Q.; Chen, Y.; Feng, C. Preparation of Chitosan/Sodium alginate conductive
hydrogels with high salt contents and their application in flexible supercapacitors. Carbohydr. Polym. 2022, 278, 118927. [CrossRef]

32. Guo, Y.; Bae, J.; Zhao, F.; Yu, G. Functional hydrogels for next-generation batteries and supercapacitors. Trends Chem. 2019, 1,
335–348. [CrossRef]

33. Feng, E.; Gao, W.; Yan, Z.; Li, J.; Li, Z.; Ma, X.; Ma, L.; Yang, Z. A multifunctional hydrogel polyelectrolyte based flexible and
wearable supercapacitor. J. Power Sources 2020, 479, 229100. [CrossRef]

34. Wei, J.; Zhou, J.; Su, S.; Jiang, J.; Feng, J.; Wang, Q. Water-deactivated polyelectrolyte hydrogel electrolytes for flexible high-voltage
supercapacitors. Chem. Sus. Chem. 2018, 11, 3410–3415. [CrossRef] [PubMed]

35. Mejía, E.H.; Contreras, H.; Delgado, E.; Quintana, G. Effect of experimental parameters on the formation of hydrogels by
polyelectrolyte complexation of Carboxymethylcellulose, Carboxymethyl starch, and Alginic acid with Chitosan. Int. J. Chem.
Eng. 2019, 2019, 3085691. [CrossRef]

36. Yang, J.; Shen, M.; Wu, T.; Luo, Y.; Li, M.; Wen, H.; Xie, J. Role of salt ions and molecular weights on the formation of Mesona
chinensis polysaccharide-Chitosan polyelectrolyte complex hydrogel. Food Chem. 2020, 333, 127493. [CrossRef] [PubMed]

37. Kulkarni, A.D.; Vanjari, Y.H.; Sancheti, K.H.; Patel, H.M.; Belgamwar, V.S.; Surana, S.J.; Pardeshi, C.V. Polyelectrolyte complexes:
Mechanisms, critical experimental aspects, and applications. Artif. Cells Nanomed. Biotechnol. 2016, 44, 1615–1625. [CrossRef]
[PubMed]

38. Murakawa, K.; King, D.R.; Sun, T.; Guo, H.; Kurokawa, T.; Gong, J.P. Polyelectrolyte complexation via viscoelastic phase
separation results in tough and self-recovering porous hydrogels. J. Mater. Chem. B 2019, 7, 5296–5305. [CrossRef]

39. Starchenko, V.; Müller, M.; Lebovka, N. Sizing of PDADMAC/PSS complex aggregates by polyelectrolyte and salt concentration
and PSS molecular weight. J. Phys. Chem. B 2012, 116, 14961–14967. [CrossRef]

40. Santifuengkul, P.; Srikulkit, K. Salt-free dyeing of cotton cellulose with a model cationic reactive dye. J. Soc. Dye Colour. 2000, 116,
398–402.

http://doi.org/10.1002/chem.201801302
http://www.ncbi.nlm.nih.gov/pubmed/29786914
http://doi.org/10.1016/j.cis.2021.102553
http://www.ncbi.nlm.nih.gov/pubmed/34768136
http://doi.org/10.1021/acssuschemeng.8b00921
http://doi.org/10.1021/bm701204j
http://doi.org/10.1016/j.polymer.2016.11.037
http://doi.org/10.1016/j.trac.2019.06.014
http://doi.org/10.1016/j.compositesb.2021.108901
http://doi.org/10.1039/D0NR08437A
http://doi.org/10.1016/j.carbpol.2021.118927
http://doi.org/10.1016/j.trechm.2019.03.005
http://doi.org/10.1016/j.jpowsour.2020.229100
http://doi.org/10.1002/cssc.201801277
http://www.ncbi.nlm.nih.gov/pubmed/30105848
http://doi.org/10.1155/2019/3085691
http://doi.org/10.1016/j.foodchem.2020.127493
http://www.ncbi.nlm.nih.gov/pubmed/32659659
http://doi.org/10.3109/21691401.2015.1129624
http://www.ncbi.nlm.nih.gov/pubmed/26757773
http://doi.org/10.1039/C9TB01376H
http://doi.org/10.1021/jp3095243

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of PEC Hydrogel 
	Characterization Techniques 

	Results and Discussion 
	Mechanism of PSS/PDADMAC PEC Hydrogel Formation 
	Physical Appearance of PSS/PDADMAC PEC Hydrogels 
	Scanning Electron Microscopy 
	Surface Area Determination by BET Analysis 
	Compressive Strength by Dynamic Mechanical Analysis 
	Water Absorbency 
	Textile Dye Adsorption 

	Conclusions 
	References

