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AbstractIn recent years, a temperature-sensitive hydrogel was reported as a promising draw agent in forward osmo-
sis (FO) technology. PEG, acts as porogen, as an enabler to improve the swelling property of hydrogels. From FO test,
the addition of porogen to the hydrogel can improve the water flux of FO by increasing the swelling properties of the
hydrogel. And the hydrogel modified with porogen improves the concentration efficiency of wastewater from 1.09 to
1.124 times, indicating that the modification of the hydrogel by the porogen has positive significance for FO technol-
ogy. In this study, an advanced hydrogel was synthesized via physical copolymerization by using N-isopropylacryl-
amide and sodium acrylate. The internal structure was investigated by SEM test where it was found that that porogens
have different mechanisms of action on hydrogel performance: Porogen affects the swelling property of hydrogel by
changing the internal network structure through physical “occupation”. The effect of porogen concentration is to act on
the porosity of hydrogel, while the main effect of the molecular weight of porogen on the hydrogel structure is by alter-
ing the pore size.
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INTRODUCTION

Smart polymer hydrogel is a relatively new functional polymer
material which has a three-dimensional network structure formed
by a chemical bond, hydrogen bond, and van der Waals forces [1-5].
This hydrogel is water-insoluble and responsive to external stimuli
(e.g., temperature, humidity, pH) due to the presence of abundant
hydrophilic chemical functional groups such as hydroxyl, amide,
sulfonic acid, and carboxyl [6]. Smart polymer hydrogel can be
swollen or expanded up to several thousand times the dry weight
of the hydrogel itself in water. The structure, physical properties,
and chemical properties of the hydrogel will be changed according
to the changes in the external environmental factors such as tem-
perature, light intensity, pH, and electric field [7,8]. In particular,
the temperature-sensitive hydrogel has the behavior of volume phase
transition in which the volume shrinkage and expansion can be
macroscopically observed with the change in temperature, hence
presenting the function of water absorption and desorption. Due
to its unique molecular structure, the hydrogel is widely used in
agricultural field, biomedicine, and packaging industry [9-11].

Recently, there has been increasing attention to the use of the for-
ward osmosis (FO) technology for sewage treatment. FO represents
a low-energy membrane separation technology that employs osmotic
pressure as a driving force [12]. The main factors thought to be

influencing the performance of FO are the membrane properties
and the draw agent [13,14]. However, the concentration polariza-
tion and high salt rejection possessed by the liquid agent limit the
further development of FO [15].

In recent years, the temperature-sensitive hydrogel was reported
as a promising draw agent in FO technology that could overcome
the limitations above [16-18]. Although the hydrogel possesses the
anti-salt characteristic in the FO [19], the water flux generated by
the hydrogel is lower than the flux generated by the high-concen-
tration liquid draw solution [20,21]. Therefore, increasing the water
flux of temperature-sensitive hydrogels represents the common goal
to the research field of FO technology. The changes of water flux
can be determined by the osmotic pressure of the hydrogel con-
sidered from a few aspects, including the mixture of the polymer
and water, the elastic reaction of the network, and the osmotic
pressure of the ionizable molecules [19]. The most effective way is
to increase the mixing ratio of the polymer and water, which in
turn affects the swelling properties of the hydrogel [22]. Moreover,
the contact interface between water and the hydrogel can be im-
proved by introducing a porous layer into the hydrogel and subse-
quently increasing the rate of swelling and deswelling properties of
the hydrogel. This method seems feasible to design a high-perfor-
mance hydrogel for FO application [23].

Therefore, herein, we explored the action mechanisms of poro-
gens on hydrogel performance, and an effective method to increase
the water flux of FO through increasing the hydrogel osmotic pres-
sure. Finally, concentrating the esterification wastewater by differ-
ent hydrogels has achieved good results, which proves the positive
effect of the porogen on the concentration of wastewater.
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EXPERIMENTAL

1. Hydrogel Preparation
The following steps prepared the hydrogel NIPAM/SA. Initially,

the precursory materials of N-isopropyl acrylamide (NIPAM), so-
dium acrylate (SA), N,N-methylenebis(acrylamide) (MBA), ammo-
nium persulfate (APS), poly(ethylene glycol) (PEG4000), and deion-
ized water were mixed into a glass bottle and filled with nitrogen
gas under the condition of 25 oC for 20 min to remove the oxygen
[24-26]. Then, the glass bottle containing with all precursory mate-
rials was placed into an oscillator for 30 min. After the mixture was
entirely dissolved in the glass bottle, it was sealed up to initiate the
polymerization reaction at 90 oC for 2 h. The hydrogel obtained
was immersed in deionized water for five days at 25 oC to remove
the unreacted reagent where the deionized water was replaced every
8 h. Finally, the resulting hydrogel was placed into a vacuum oven
at 70 oC for 48 h. The contents of each component are summarized
in Table 1.
2. Preparation of FO Membrane

The FO membrane was prepared by mixing the cellulose triac-
etate, maleic acid, 1,4-Dioxane and acetone into a sealed Erlen-
meyer flask followed by constant stirring at 25 oC for 24 h using a
magnetic stirrer. Then, the obtained dissolution was degassed fol-
lowed by the immersion precipitation method according to the lit-
erature to produce the FO membrane [27,28].
3. Measurements
3-1. FTIR Characterisation

The functional groups of hydrogel samples (NIPAM/SA and
NIPAM/SA/PEG4000) and preparation materials (PEG4000, SA
and NIPAM) were dried in a vacuum oven at 70 oC for 24 h and
separately ground into powder. This was followed by characteriza-
tion via Fourier transform infrared spectrometer (FTIR, Vertex 70,
Bruker), respectively.
3-2. SEM Characterization

The morphology of hydrogel samples was determined by field
emission scanning electron microscope (SEM, SU8010, Hitachi). All
samples were freeze dried in vacuum freeze dryer (NAI-L1-80, Shang-
hai) under – 40 oC and cryogenically fractured in liquid nitrogen.
3-3. Swelling Test

The water swelling property of the hydrogel was analyzed as fol-

lows: 0.2 g of dried hydrogel was put into a dialysis bag which was
then placed in 1.0 L deionized water for 24 h. The swollen hydrogel
was measured after 24 h, wiped surface free water with filter paper.
The swelling ratio of the hydrogels Q (g/g) was calculated by For-
mula 1 [29-31]:

Q=(WtW0)/W0 (1)

where, Wt is the weight of the hydrogel after immersion in water
over a period of time, W0 is the weight of the dried hydrogel, and
(WtW0) is the weight of water absorbed by hydrogels.
3-4. Hydrogel Kinetics Test

The swelling test of the dried hydrogel was conducted by im-
mersing the hydrogel in an excessive deionized water for 24 h, and
the swelling ratio at this time was marked as equilibrium swelling
ratio (Qe). Before the swelling test was initiated, the weight of the
dried hydrogel was recorded. Then, the hydrogel was immersed in
the deionized water in which the weight of the hydrogel was recorded
every 30 min throughout the test. The free water presence on the
surface of the hydrogel was wiped with filter paper before every
measurement, and the swelling ratio at different time was marked
as instantaneous swelling ratio (Qt). The water absorption ratio can
be calculated by Formula 1.

An efficient integration formula for the swelling kinetics was
deduced directly from the swelling ratio, Formula 2:

kt=In[(QeQ0)/(QeQt)] (2)

where, Qe is equilibrium swelling ratio, Q0 is initial swelling ratio
of the dried hydrogel, and Qt is instantaneous swelling ratio.

The swelling kinetics was analyzed by plotting the graph of
In[(QeQ0)/(QeQt)] versus time t, and the slope of the curve k
refers to swelling rate.
3-5. FO Measurement

FO measurements were carried out in homemade equipment,
schematically illustrated in Fig. 1. 0.2 g of dry hydrogel was im-
mersed in deionized water for five minutes to activate the hydro-
gel ions, and then the hydrogel was placed on the active side of the
FO membrane as a draw agent while different concentration of the
solution or deionized water was placed on the other side. The water
flux, F (LMH), was calculated using Formula 3 [32]:

F=V/(A×T) (3)

Table 1. Preparation conditions for hydrogels
Sample No. NIPAM (g) SA (g) MBA (g) APS (g) PEG (g) Proportion of variable

01 1.43 1.43 0.09 0.06 0 PEG4000=0 wt%
02 1.40 1.40 0.09 0.06 0.06 PEG4000=2 wt%
03 1.37 1.37 0.09 0.06 0.12 PEG4000=4 wt%
04 1.34 1.34 0.09 0.06 0.18 PEG4000=6 wt%
05 1.31 1.31 0.09 0.06 0.24 PEG4000=8 wt%
06 1.40 1.40 0.09 0.06 0.06 (PEG200) PEG200=2 wt%0
07 1.40 1.40 0.09 0.06 0.06 (PEG400) PEG400=2 wt%0
08 1.40 1.40 0.09 0.06 0.06 (PEG600) PEG600=2 wt%0
09 1.40 1.40 0.09 0.06 0.06 (PEG800) PEG800=2 wt%0
10 1.40 1.40 0.09 0.06 0.06 (PEG1000) PEG1000=2 wt%
11 1.40 1.40 0.09 0.06 0.06 (PEG4000) PEG4000=2 wt%
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where, V (L) is the volume of water absorbed by the hydrogel via
the FO membrane, calculated by dividing the mass of the water by
its density. Here, the mass of water was measured by an analytical
balance (BSM-120.4, Shanghai). A (m2) is the effective area of FO
membrane (6×104 m2), and T (h) is the process time of the test.
3-6. Concentrating Test

Using NIPAM/SA and NIPAM/SA/PEG4000 as draw agents,
respectively, esterified wastewater (COD=500 ppm) was tested by
the above method of FO measurement for 12 hours. The water flux
and COD concentration of the raw material solution were recorded
each hour in the process.

RESULTS AND DISCUSSION

1. FTIR Spectrum Analysis of Hydrogels
The occurrence of polymerization was confirmed by FTIR of

the final solid material (PEG4000, SA, NIPAM) and hydrogel pow-
der, as shown in Fig. 1. The curves of 1, 2, 3, 4, and 5 on Fig. 1 repre-
sent the FTIR spectrum of PEG4000, SA, NIPAM, NIPAM/SA,

Fig. 1. FTIR of PEG4000, SA, NIPAM, NIPAM/SA, and NIPAM/
SA/PEG4000.

Fig. 2. FTIR of hydrogels with different molecular weight of PEG.

Fig. 3. SEM images of hydrogel samples. (a) NIPAM/SA, (b) NIPAM/SA/2 wt%PEG4000, (c) NIPAM/SA/4 wt%PEG4000, (d) NIPAM/SA/
6 wt%PEG4000, and (e) NIPAM/SA/8 wt%PEG4000.

and NIPAM/SA/PEG4000, respectively. Comparing the curves 4,
5 with 2 and 3, the presence of hydrogel-specific hydrophobic func-
tional group (-CH(CH3)) at 1,398 cm1 and 1,452 cm1, the hydro-
philic functional group (-CONH2) at 1,542 cm1, N-H bending and
C-H bending at 3,400cm1 and 2,975cm1, respectively, strongly indi-
cate the successful synthesis of the hydrogel (NIPAM/SA/PEG4000)
by physical co-polymerization. Adsorption bands at 1,100cm1 related
with the C-OH groups in unreacted PEG 4000 (curve 1), are absent
in the final copolymer (curve 4, 5), which represents PEG 4000 as
an additive does not participate in hydrogel polymerization.

The curves in Fig. 2 show the similar vibrational absorption peak
of hydrogel-specific groups. It proved that the hydrogels have been
successfully synthesized, and the different molecular weight of PEG
did not alter the chemical groups of hydrogel.
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2. Morphologies of Hydrogels
Fig. 3 shows SEM images of cross-sections of freeze-dried hy-

drogel samples. It can be seen that all samples have well-defined
porous structure. But there is a difference in the size and number
of pores with different amount of PEG4000 participating in the phase
separation process. The surface morphology of the irregular pores
was observed in the SEM image of NIPAM/SA not modified by
PEG4000, while the network structure formed was not obvious
(Fig. 3a). By the addition of the porogen, the surface of the NIPAM/
SA/PEG4000 exhibits a regular porous microscopic network struc-
ture (Fig. 3b). The addition of PEG4000 in polymer reaction phase
endows the hydrogel with pores, and the internal network struc-
ture of hydrogel becomes more regular with increasing amount of
PEG4000 from 2 wt% to 4 wt% (Fig. 3b, 3c). The formation of the
regular porous structure can be explained as that PEG4000 pro-
vides a space barrier in the hydrogel network at initial polymeriza-
tion stage, and then pores result produced after phase separation
of the homogeneous polymer solution. As the PEG4000 content
continues to increase from 4 wt% to 8 wt%, the network structure
becomes irregular, mainly because excessive PEG4000 presents a
more interconnected pore structure to destroy the uniform porous
structure (Figs. 3c-3e).

SEM images of the internal network structure of hydrogels with
varying molecular weight of PEG are exhibited in Fig. 4. It can be
seen from the cross-sections of hydrogels, as the molecular weight
increases from 200 to 4,000, the difference of internal structures is
more obvious that the size of the pores is interestingly larger, and
the network structure becomes more regular.
3. Swelling and Deswelling Properties of Hydrogels

The swelling ratio of hydrogel samples with varying content of
PEG4000 as a function of swelling time is plotted in Fig. 5(a). It can
be seen that in the preliminary stage, all the hydrogel samples rap-
idly absorbed water, and the swelling ratio obviously increased over
time. As the content of PEG4000 increased from 0 wt% to 2 wt%,
the water absorption rate and the equilibrium swelling rate were
interestingly improved from 138.43 g/g to 167.83 g/g. However, with
the content of PEG4000 continuing to increase from 2wt% to 8wt%,

Fig. 4. SEM images of hydrogel samples. (a) NIPAM/SA/PEG200, (b) NIPAM/SA/PEG400, (c) NIPAM/SA/PEG600, (d) NIPAM/SA/PEG800,
(e) NIPAM/SA/PEG1000, (f) NIPAM/SA/PEG4000.

Fig. 5. (a) Swelling ratio of NIPAM/SA/PEG4000 hydrogels with vary-
ing content of PEG4000. (b) Hydrogel kinetics of NIPAM/
SA/PEG4000 hydrogels with varying content of PEG4000.

the water absorption rate and equilibrium swelling rate declined
from 167.83 g/g to 103.25 g/g, indicating that excess content of
PEG4000 could restrain the water absorption capacity of the hy-
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drogels. This conclusion is consistent with the above experimental
results of SEM section: appropriate amount of porogens could im-
prove the performance of hydrogel by promoting the network pore
size and the more uniform network structure, while the excess
amount of porogen would reduce capillary action on account of
over-dense interpenetrating porous structure.

By plotting the graph of ln[(QeQ0)/(QeQt)] versus time t of
hydrogel samples with varying content of PEG4000 and linearly
fitting the curves of graph, as is shown in Fig. 5(b), the swelling
rate constant k was obtained from slopes of fitting graphics, which
are listed in Table 2. To justify the slope-decreasing along with the
PEG-content increasing, the swelling rate of the hydrogel added
with 2 wt% PEG4000 increased by 21.24%, while the k value rose
by 73.68% than the original one, which means the swelling rate has
been increased. As seen in Fig. 5 and Table 2, the NIPAM/SA/
PEG4000 hydrogel with PEG-porogen added has a higher swell-
ing rate than that of NIPAM/SA without being modified by pore
former, indicating that PEG4000, as a porogen, has an improved
performance on the hydrogel. Because, large pores provide enough
space for hydrophilic group-contact-points with water molecules,
thereby accelerating the water absorption rate. Whereas, NIPAM/
SA/2 wt%PEG4000 shows highest swelling rate, demonstrating an
excess of the porogen would restrain the hydrogel offering its best
performance on pore-forming.

The swelling ratio of hydrogel samples with varying molecular
weight of PEG as a function of swelling time is shown in Fig. 6(a).
It can be seen that as the molecular weight of PEG increases from
200 to 4,000, the equilibrium swelling ratio of the hydrogel is im-
proved from 140.1 g/g to 167.83 g/g, rising by 19.8%, implying that,
the molecular weight of PEG has a positive promotion effect on
water absorption properties of hydrogel in the test range.

Fig. 6(b) is the curve of ln [(QeQ0)/(QeQt)] versus time t of
hydrogel samples with varying molecular weight of PEG. The
swelling rate constant k was obtained by linearly fitting the curves,
which are listed in Table 3. It can be seen that with the molecular
weight of PEG increasing, the swelling rate increases slightly, illus-
trating porogens improve the performance of hydrogels, to some
extent, and the contribution of high molecular weight is more visible.

From the above conclusion of the SEM test, the size of hydro-
gel pores would increase as the molecular weight of the PEG in-
bcreased. Therefore, the water absorption rate and retention prop-
erties of the hydrogel are improved with the molecular weight of
PEG increased.
4. FO Testing with Esterification Wastewater

From the above swelling ratio experiment, it can be concluded

that all the hydrogel samples basically reached swelling equilib-
rium in 3 h; therefore, 3 h was chosen as the test time for the FO
water flux test. To investigate the effect of hydrogel porogens on FO
technology, NIPAM/SA/2.0 wt%PEG4000 hydrogel and NIPAM/
SA were chosen as draw agents.

In Fig. 7, water fluxes in the 3 h FO process using NIPAM/SA
hydrogels and NIPAM/SA/PEG4000 hydrogels as draw agents, deion-
ized water and varying concentration of esterification wastewater
(COD concentration=1,000ppm, 2,000ppm, 4,000ppm, 6,000ppm,
8,000 ppm) as the feed solution are shown, respectively. Fig. 7 shows

Table 2. Swelling rate constant of NIPAM/SA hydrogel and NIPAM/
SA/PEG4000 hydrogels with varying content of PEG

Samples Swelling rate
constant k (103 h1)

Adj.R-square
(%)

NIPAM/SA/0 wt% PEG4000 07.6 95.43
NIPAM/SA/2 wt% PEG4000 13.2 94.16
NIPAM/SA/4 wt% PEG4000 09.7 98.21
NIPAM/SA/6 wt% PEG4000 08.8 95.01
NIPAM/SA/8 wt% PEG4000 08.4 93.38

Fig. 6. (a) Swelling ratio of NIPAM/SA hydrogels with varying molec-
ular weights. (b) Hydrogel kinetics of NIPAM/SA hydrogels
with varying molecular weights.

Table 3. Swelling rate constant of NIPAM/SA hydrogels with vary-
ing molecular weight of PEG

Samples Swelling rate
constant k (103 h1)

Adj.R-square
(%)

NIPAM/SA/PEG200 09.1 98.63
NIPAM/SA/PEG400 09.9 89.89
NIPAM/SA/PEG600 10.2 91.21
NIPAM/SA/PEG800 10.3 86.24
NIPAM/SA/PEG1000 10.6 87.23
NIPAM/SA/PEG4000 13.2 74.35
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the FO water flux of pure hydrogel and porogen modified hydro-
gel in deionized water and esterified wastewater with varying con-
centrations of COD (COD concentration=1,000 ppm, 2,000 ppm,
4,000 ppm, 6,000 ppm, 8,000 ppm) When pure water was used as
feed solution, NIPAM/SA/PEG4000 and NIPAM/SA generated
4.62 LMH and 3.91 LMH FO water flux, respectively. And when
1,000 ppm esterified wastewater was used as feed solution, the
water flux of NIPAM/SA/PEG4000 dropped significantly with de-
creased by 15.37%, because, it is well known that, high concentra-
tion of COD leads to the reduction of osmotic pressure. Even so, it
is still higher than that of NIPAM/SA with decreasing by 30.14%.
As the concentration of esterification wastewater increased from
2,000 ppm to 8,000 ppm, the FO water flux produced by the two
hydrogels showed a similar trend. But the decline degree of NIPAM/
SA (decreased by 16.44%) is larger than that of NIPAM/SA/PEG4000
(decreased by 13.33%), indicating that the porogen promotes the
progress of the FO process by enhancing the driving force of draw
agents. This proves that the porogen had enhanced the water ab-
sorption properties of hydrogel and meanwhile also enhanced the
osmotic pressure of the forward osmosis that subsequently im-
proved the forward osmosis process. And as observed from the
changes of the COD concentrations, the water flux produced by

the modified hydrogel was smaller than that of the unmodified
hydrogel. This proves that the hydrogel modified by porogens can
optimize the application of hydrogel as an extractant in the FO
process.

The result of the concentration test on esterification wastewater
by FO technology is shown in Fig. 8. Over time, the concentration
of esterification wastewater increased, from the original 500 ppm
to 545 ppm and 562 ppm, respectively, which is 1.09 times and
1.124 times. It is proved that the hydrogels can be used to concen-
trate part of the wastewater through FO technology, which is valu-
able in terms of concentration. In addition, the water flux produced
by NIAPM/SA/PEG4000 is greater than that of NIPAM/SA, which
has an obvious advantage on concentration. Therefore, porogen
can enhance the adaptability value of hydrogel draw agent in FO
technology.

CONCLUSIONS

This paper presents that the addition of porogen to hydrogel
can improve the water flux of FO by increasing the swelling prop-
erties of the hydrogel. This paper presents that porogens have dif-
ferent mechanisms of action on hydrogel performance, and the
addition of porogen to the hydrogel can improve the water flux of
FO by increasing the swelling properties of the hydrogel. Porogen
affects the swelling property of hydrogel by changing the internal
network structure through physical “occupation”. The effect of poro-
gen concentration is to act on porosity of hydrogel, while the main
effect of the molecular weight of porogen on the hydrogel struc-
ture is by altering the pore size. The concentration test shows that
both NIPAM/SA/PEG4000 and NIPAM/SA hydrogels can con-
centrate wastewater with a certain concentration and have certain
application value. Among them, the water flux and concentrated
effect produced by NIPAM/SA/PEG4000 were better than that of
NIPAM/SA; the COD concentration of wastewater is concentrated
by 1.124 times and 1.09 times, respectively. Therefore, the porogen
can improve the positive osmosis efficiency by improving the swell-
ing property, which demonstrates that the hydrogel modified by
porogen (NIPAM/SA/PEG4000) shows promise to be used as a
draw agent in forward osmosis technology.
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Note:
Materials: N-isopropyl acrylamide (NIPAM, 98%) and sodium

acrylate (SA, 95%) were purchased from Xiya Chemical Industry
and Tianjin Heowns Biochem Industry, respectively. The N,N-
methylenebis(acrylamide) (MBA, 99%) and ammonium persulfate
(APS, 98%) were obtained from Shanghai Chemical Industry. The
FO membrane tested in this study was produced using several
materials, including cellulose triacetate (CTA) (Eastman Chemical
Company), maleic acid (95%) (Shanghai Yuanye Biotechnology
Industry), acetone (95%) and 1,4-Dioxane (99%) (Beijing Chemical
Works). Pure water used in all experiments was obtained by Lanyi
Company.

Table S1. Ra points of AHC, TS-AHC, and modified TN-AHC-P
membranes

Membrane AHC TS-AHC TN-AHC-P
Ra point (nm) 66.9 46.5 75.2

Fig. S1. Swelling ratio of NIPAM/SA/PEG4000 hydrogels with vary-
ing content of PEG4000.

Fig. S2. Swelling ratio of NIPAM/SA hydrogels with varying molec-
ular weights.

Fig. S3. Schematic diagram of forward osmosis test.


