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A B S T R A C T

The present study aims to investigate the properties, identification, and comprehension of the obstacles 
encountered in the forward osmosis process when utilizing a hydrogel drawing agent (FO-HG). Furthermore, a 
comparison is made between the FO-HG system and conventional forward osmosis systems employing a salt 
solution drawing agent. The comparison and evaluation of the swelling process of hydrogel and the kinetics of 
water penetration are conducted in both un-constrained and constrained states. Furthermore, the investigation 
and analysis are carried out to determine the presence or absence of internal concentration polarization (ICP) and 
external concentration polarization (ECP) phenomena. These phenomena are studied in situations with and 
without mixing, as well as in different orientations of the membrane (FO-mode and PRO-mode). The impact of 
these phenomena on the water flux of the systems FO-HG and FO-NaCl is also examined. An evaluation is 
conducted to determine the influence of the amount and size of hydrogel used as a draw agent in the FO-HG 
system on the water flux. The results of the study reveal that smaller hydrogel particles in the FO-HG system 
exhibit a higher flux compared to larger particles. Additionally, it is observed that the water flux in PRO-mode is 
unexpectedly higher when salt water is used as feed solution. This phenomenon can be ascribed to a counter- 
osmotic effect, originating from the FO state. Despite the high water absorption capacity of hydrogel and its 
potential as an ideal drawing agent in the forward osmosis process, the results demonstrate that the flux of the 
FO-HG system is inferior to that of the FO-NaCl system. Finally, the focus is on resolving the low flux issue by 
suggesting a process involving multiple cycles throughout day and night. We investigate the influence of 
hydrogel particle size, membrane surface, hydrogel layer thickness, as well as swelling and deswelling time in 
one cycle. The swelling time displays a peak at an optimal absorption duration, while the deswelling time does 
not show a similar optimal point, highlighting the difference between swelling and deswelling phenomena. 
Therefore, the hydrogels’ high absorption capacity alone is insufficient for achieving desalination success. The 
research findings emphasize the high importance of synthesis of a membrane with minimal resistance, enabling a 
high water flux and suitable selectivity.

1. Introduction

The exponential increase in the global population, accompanied by 
gradual expansion of industrial activities, climate change, and scarcity 
of fresh water resources, has transformed the provision of drinking 

water for daily use and the water required by industries into a significant 
challenge [1–4]. Various solutions have been proposed to address this 
challenge, including the desalination of sea water and brackish waters as 
well as the treatment of wastewater [5–7]. Membrane technology has 
emerged as a key technology in water and wastewater treatment 
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processes, primarily due to its efficient removal of pollutants from water 
sources [8]. Nevertheless, membrane processes such as reverse osmosis 
and nanofiltration entail substantial operating costs due to the necessity 
of hydraulic pressure to counterbalance the osmotic pressure of the feed 
water. Thus, the forward osmosis (FO) process is presently being deemed 
as a suitable candidate and alternative for the mentioned processes 
[9–11].

The forward osmosis (FO) process involves the utilization of a semi- 
permeable membrane and two solutions, namely a feed solution (FS) 
and draw solution (DS), which possess distinct osmotic pressures. This 
difference in osmotic pressure is the driving force in FO processes for 
water transport between the feed solution (with low osmotic pressure) 
and the draw solution (with high osmotic pressure), while the semi- 
permeable membrane effectively hinders the movement of ions 
[12–17]. Unlike the RO process, the FO process does not require sig
nificant hydraulic pressure [18]. The choice of a suitable draw agent 
should take into account factors such as chemical stability and 
compatibility with the FO membrane [12,17,19–21]. The perfect for
ward osmosis membrane should possess an active layer that exhibits 
suitable selectivity and a substrate that allows for high flux. Addition
ally, its structure should be designed in a manner that minimizes con
centration polarization, reverse salt flux (RSF), and fouling. The FO 
processes often face several challenges, including high reverse salt flux, 
concentration polarization (both internal and external), low mechanical 
strength of the membrane, limited flux, and substantial energy con
sumption for regenerating the draw solution and recovering water from 
the draw solution [5]. Factors like solute properties, membrane surface 
properties, membrane structure, and hydrodynamics play a crucial role 
in controlling concentration polarization [22–24]. In FO processes, the 
reverse solute flux arises from the variation in solute concentration be
tween the two sides of the membrane. Consequently, the reverse salt flux 
diminishes the effective osmotic pressure difference between the two 
sides of the membrane, resulting in a decrease in the efficiency of FO 
systems [25–27].

In recent years, hydrogels have gained significant attention as draw 
agents in the FO process due to their distinct properties [28,29]. 
Hydrogels are generally polymer based materials that are formed 
through inter-chain physical or chemical crosslinking, resulting in the 
development of a three-dimensional network structure. Typically, 
hydrogels have the ability to absorb water several times compared to 
their own dried weight [30–35]. Researchers were convinced to utilize 
hydrogels as the draw solution in the FO process due to their ability to 
exert substantial osmotic pressure and achieving a dramatic swelling 
ratio. The recovery and regeneration of these entities can be facilitated 
through external stimuli such as temperature, pressure, and pH, thereby 
creating an opportunity in this field. Furthermore, the fact that they are 
not soluble in water appears to prevent the occurrence of reverse solute 
flux during the forward osmosis procedure.

The hydrogel plays a crucial role in a FO-HG system. The driving 
force and performance of the FO-HG system are significantly influenced 
by various factors, including the chemical structures, cross-linking 
density, and particle sizes of pure hydrogels [28]. Li et al. [36] con
ducted the initial exploration into the capabilities of ionic and non-ionic 
hydrogels as novel type draw agent for forward osmosis. Through their 
analysis of the impact of charge density on the swelling pressure of these 
hydrogels, they determined that ionic hydrogels exhibit greater water 
flux in comparison to non-ionic hydrogels. They showed that their 
hydrogels exhibited an initial water flux ranging from 0.1 to 1.1 LMH 
during the forward osmosis process when deionized water was used as 
the feed solution. This flux is notably lower when compared to other 
draw solutions that contain inorganic salts. For instance, a draw solution 
of 0.5 M NaCl resulted in a flux of 20.5 LMH when 10 mM NaCl was 
utilized as the feed solution [37]. Additionally, the water flux was re
ported to be 1–3.57 LMH for a draw solution of CuSO4 (0.5–1.0 M) with 
brackish water as the feed solution [38], and 7.55–15.1 LMH for a draw 
solution of MgCl2 (1.7–6.9 g/L) with 33 mg/L NaCl as the feed solution 

[39]. The impact of hydrogel particle size on water flux has been 
highlighted by Omidian et al. [40]. Smaller particles exhibited a higher 
surface-to-volume ratio, resulting in a greater contact surface area and 
subsequently a higher water flux. Razmjoo et al. [41] identified larger 
surface area, greater interstitial volume, and narrower capillary pores as 
the contributing factors to the higher osmotic pressure observed in 
smaller hydrogel particles. An essential attribute of hydrogels is their 
low reverse diffusion rate, which is a result of their insolubility in water 
[42]. Ma et al. [43] conducted a study on the impact of various draw 
solutions on the internal and external concentration polarizations, as 
well as their influence on the effective osmotic pressure in the FO pro
cess, based on the model and experimental data. This research revealed 
that an increase in the concentration of the draw solution, in the absence 
of CP limitations, leads to a higher osmotic pressure and subsequently, a 
greater water flux. In contrast, Wang and et al. [44] asserted that the 
osmotic pressure is diminished by CP effects, causing a decrease in water 
flux. This suggests that CP effects have counteracted a substantial 
amount of the osmotic pressure driving force. Hence, with the increase 
in draw solution concentration, the influence of CP becomes more pro
nounced. The decline in water flux due to both ECP and ICP effects is 
significantly more substantial than the decrease in water flux resulting 
from ECP alone, indicating that ICP is the predominant limitation on 
water flux performance in the FO system [43].

Despite these important achievements, researchers faced important 
obstacles such as concentration polarization, low water flux, and process 
discontinuity, as highlighted in a series of studies [36,42,45–47]. The 
main goal of this study is to investigate, recognize, and enhance 
comprehension of the challenges posed by the FO-HG system in com
parison to conventional FO systems that utilize salt solutions as the 
drawing agent. In this research, sodium acrylate hydrogels are utilized 
as the drawing agent in the FO-HG process. The FO-HG process is carried 
out under two conditions, with and without mixing of the feed solution, 
to evaluate and explore the impact of internal and external concentra
tion polarization on the water flux. Furthermore, the obtained results are 
analyzed and reviewed by considering the resistance relationships in the 
FO-HG system in different membrane directions (FO and PRO-mode). 
This study introduces an innovative approach by examining the con
centration or osmotic pressure profile as a driving force for fresh water 
flux in FO-HG systems. It includes a comparative analysis of hydrogel 
versus non-hydrogel draw solutions within forward osmosis systems 
(which are hereafter referred to as FO-NACL and FO-HG systems, 
respectively), thereby addressing the challenges associated with the 
FO-HG system. To gain insights into the phenomenon of water diffusion 
into hydrogel and its kinetics, the swelling behavior of the hydrogel is 
assessed in both un-constrained and constrained states. Furthermore, 
the attention is directed towards addressing the low flux problem, 
therefore a multicyclic system is proposed as an alternative to a batch 
system to optimize the fresh water flux. Additionally, the impact of 
operational parameters on the performance of the proposed continuous 
FO-HG system has been thoroughly investigated. The research delves 
into examining the impact of hydrogel particle size, membrane surface, 
hydrogel layer thickness, along with swelling and deswelling time 
within a multicyclic process. We emphasis that the type of membrane is 
not the focus of this study; whether it is an RO membrane or a specific FO 
membrane, both can fulfill the objectives of our research. Ongoing work 
within our research group is dedicated to identifying a suitable mem
brane for the FO-HG application.

2. Experimental

2.1. Materials

In both the FO-NaCl and FO-HG systems, the TW30-1812-75HR 
model of the RO Film-Tec commercial membrane, manufactured by 
DUPONT, served as the semi-permeable membrane for the forward 
osmosis process. In the FO-HG system, TAISAP BC 283FA sodium 
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acrylate superabsorbent were employed as the drawing agent. On the 
other hand, in the FO-NaCl system, draw solutions and feed solutions 
with different concentrations of NaCl salt, manufactured by Merck (99.5 
%) in Germany, were utilized.

2.2. Measurements and tests

2.2.1. Flux measurement in FO-HG system
In the FO-HG system as shown in Fig. 1, a glass setup was utilized 

which consists of two separate cylindrical parts. The membrane between 
these two cylindrical parts was held in place by a flange. 1.5 g of 
superabsorbent as a drawing agent was placed on the upper side of the 
membrane, while on the opposite side of the membrane, the desired 
concentration feed solution was introduced from within the burette 
connected to the lower part of the glass setup. A plastic cap was utilized 
to cover the upper end of the system to prevent the hydrogen from 
evaporating during the course of the experiment. By changing the 
orientation of the membrane, the FO-mode (the active layer facing the 
feed solution) and the PRO-mode (the active layer facing the draw 
agent) were evaluated. The feed solution concentration underwent 
changes in different trials, from pure water to NaCl salt solutions with 
concentrations of 2000, 10000, and 30000 mg/L. The membrane’s 
effective area, which referred to the surface of the membrane in contact 
with the feed solution, measures 19.6 cm2. To determine the volume of 
water absorbed by the hydrogel, reduction of the volume of the feed 
solution in the burette at 2-h intervals over a period of 24 h was 
considered. By utilizing Eq. (1) [48], the water flux; J (LMH) in various 
modes within the FO-HG system was then calculated. 

J=
V

A × t
(1) 

In this equation, V (L) is the volume of the adsorbed water by 
hydrogel, A (m2) is the effective surface area of the membrane, and t (h) 
is duration of water absorption in each step.

2.2.2. Flux measurement in FO-NaCl system
Referring to Fig. 1, in the FO-NaCl system, a drawing agent 

composed of 8 g of 0.25 M, 0.5 M and 1.0 M NaCl salt solution was 
utilized in both FO and PRO modes, without any agitation. The feed 

solution encompassed NaCl solutions with different concentrations 
(2000, 10000, and 30000 mg/L), alongside pure water. The recorded 
data in this section pertains to the reduction in volume of the desired 
feed solution compared to a specific amount at the start of the process in 
the burette, measured at regular time intervals, and Eq. (1) was utilized 
to calculate the water flux.

2.2.3. Concentration polarization (CP) measurement test
The forward osmosis process was carried out in both FO and PRO 

modes within the FO-HG system. The feed solution encompassed various 
compositions, including pure water and NaCl salt solution with con
centrations of 2000, 10000, and 30000 mg/L. Two different conditions 
were employed during the testing process, i.e. agitation and no-agitation 
of the feed solution to examine the occurrences of internal concentration 
polarization (ICP) and external concentration polarization (ECP). In this 
experiment, a magnet stirrer was used to effectively control the ECP in 
the FO and PRO processes. By creating turbulency, the presence or 
absence of ICP and ECP phenomena in each state could be determined, 
depending on the orientation of the membrane. Furthermore, the 
assessment of their influence on water flux was carried out in both FO 
and PRO modes.

2.2.4. Measurement of hydrogel swelling in un-constrained and constrained 
states

The investigation focused on the swelling ratio of the hydrogel in the 
un-constrained state, when it came into contact with water from all 
sides. A tea bag, containing 0.05 g of hydrogel, was used to immerse the 
hydrogel in pure water and NaCl salt solutions at concentrations of 
5000, 10000, 20,000, and 30,000 mg/L. The experiment lasted for a 
duration of 80 min. To investigate the swelling of the hydrogel in a 
constrained state, where it was not in contact with water from all sides 
but only on one side, a piece of fabric was employed as a substitute 
instead of membrane in the FO setup. The fabric served solely as a means 
to hold the hydrogel in place within the experimental setup depicted in 
Fig. 1. The size of the fabric pores was sufficiently large that the resis
tance against water diffusion in the HG could be easily disregarded. The 
hydrogel absorbed pure water as a feed solution by allowing it to pass 
through the fabric. Since the fabric offered minimal resistance to water 
penetration from the feed side to the hydrogel side, it was crucial to 
maintain consistent conditions and prevent a sudden decrease in the 
height of the pure feed water inside the burette. To achieve this, the 
volume of feed inside the burette was regularly monitored and recorded 
over a period of 80 min, in between any decrease immediately 
compensated by adding pure water to maintain the initial level. This 
ensured that no hydraulic pressure difference occurred and the experi
ments proceeded with minimum error. The hydrogel’s swelling ratio 
(SR) was derived by employing Eq. (2) [49]. 

SR=
WS − Wd

Wd
(2) 

Where Wd, and WS denote mass of the dry hydrogel, and swollen 
hydrogel at a given time, respectively.

2.2.5. Investigating the effect of hydrogel mass and particle size on FO-HG 
system

To evaluate how hydrogel mass impacts water flux in the FO-HG 
system, two different quantities of hydrogel, 1.5 and 0.5 g, were uti
lized as the drawing agent in the FO-mode using pure water as the feed 
solution. The investigation and analysis of hydrogel thickness can also 
be conducted through this test. The evaluation of hydrogel particle size 
as a draw agent in the FO-HG system was performed using various 
hydrogel sizes of equal mass. Dry hydrogels were produced at the 
desired micro scale by employing the NARYA-MPM-2*250H planetary 
ball-mill, manufactured in Iran, operating at a speed of 350 rpm. The 
ratio of 10:1 (weight of balls to weight of dry hydrogel) was maintained 

Fig. 1. Forward osmosis system setup.
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throughout the milling process, which lasted for a duration of 4 h. The 
measurement of hydrogel particle size distribution was conducted using 
Image Processing and Analysis in Java 8 (Image J) software. Initially, 
photographs of hydrogel particles in three different sizes were captured 
on a designated surface. These photographs were then calibrated using a 
specific scale. By utilizing the particle size distribution feature of the 
Image J software, the surface area and abundance of hydrogel particles 
in the captured images were determined. Subsequently, based on the 
acquired area and abundance data, graphs illustrating the distribution of 
hydrogel particle sizes were plotted, depicting the relationship between 
the hydrogel particle radius in micrometers and their abundance in all 
three cases.

3. Results and discussion

3.1. Effect of salt concentration on hydrogel equilibrium swelling

The correlation between time and the amount of equilibrium 
swelling of the hydrogel is presented in Fig. 2. The data was collected 
through the tea bag test, where the hydrogel was immersed in containers 
with varying concentrations of the feed solution. When the solution 
contained NaCl salt with increasing concentrations, the osmotic pressure 
of the solution also increased, leading to a decrease in the osmotic 
pressure difference between the solution and the hydrogel. As a result, 
the hydrogel equilibrium swelling experienced a decreasing trend as the 
salt concentration increased. It should be noted that a significant 
reduction in the swelling ratio occurred at extremely low levels of NaCl 
concentration, specifically below 1000 mg/L. According to Li et al., the 
equilibrium swelling rate decreased with increasing the ionic strength 
(which is an indicative of the salt concentration) of the solution [50].

3.2. Effect of different feed concentrations on FO-HG system performance

The changes in flux of the FO process in the FO-HG system as a 
function of time are depicted in Fig. 3. The study examined the behavior 
of both pure water and NaCl solution with different concentrations as 
the feed solution over time. The investigation was carried out in two 
modes, FO and PRO, without stirring of the feed solution. Based on the 
data presented, it is evident that the water flux has consistently 
decreased over time in both FO and PRO modes. It is noteworthy that the 
highest water flux was observed when pure water was utilized as the 
feed in both FO and PRO modes. The flux decreased due to a reduction in 
the osmotic pressure difference across the membrane. The presence of 
pure water as a feed solution eliminated the challenge of ICP and ECP 
due to the absence of solutes. Conversely, when a NaCl solution with 
different concentrations was employed as the feed in the FO-HG system, 
as water permeated from the feed solution to the hydrogel, the feed 
solutes accumulated near the surface of the active layer, leading to the 

activation of the ECP phenomenon on the selective layer and a decrease 
in the osmotic pressure difference [36]. On the other hand in the 
FO-mode, due to the presence of hydrogel and its insoluble property, the 
substrate contains only pure water, thus ICP is prevented. In PRO-mode, 
as the feed solutes permeate the substrate’s pores, in conjunction with 
ECP, ICP arises in the substrate. It should be emphasized that the 
hydrogel’s water absorption takes place through molecular penetration, 
resulting in a strong ECP of the dilution type within the hydrogel in both 
FO and PRO modes. Obviously, also the utilization of pure water as feed 
results in a decrease in flux over time. This decrease in flux leads to a 
reduction in both the osmotic and swelling pressure of the hydrogel, 
consequently causing a decrease in the driving force. Furthermore, it can 
be observed from Fig. 3a and b that the flux curves for feeds containing 
different salt concentrations in the PRO-mode exhibited a closer 
resemblance to each other compared to the FO-mode. This indicates that 
in the PRO-mode, ICP is controlling the system which is almost the same 
for all feed concentrations. But in FO-mode, there is no ICP and the 
differences are due to the ECP difference.

The variation in the degree of swelling of the hydrogel as a function 
of time is visualized in Fig. 3c, providing insights into the influence of 
different concentrations of the feed solution during the forward osmosis 
test. Based on Fig. 3c, it is evident that over time, water permeates from 
the feed solution side and through the membrane. Consequently, the 
hydrogel absorbs the water, leading to a gradual swelling of the 

Fig. 2. Swelling of hydrogel in different feed concentrations in un- 
constrained state.

Fig. 3. Water flux against time for different concentrations of feed solution in 
two cases: a) FO-mode, b) PRO-mode. c) Comparison of swelling ratio in 
different concentrations of feed in the FO-HG system.
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hydrogel (as shown in Fig. S1). Notably, the rate of swelling and water 
absorption exhibits a steeper slope during the initial hours of the process 
compared to the later stages. The water absorption capacity of hydrogel 
is reliant on its swelling pressure. With an increase in water absorption, 
the swelling pressure of hydrogel gradually decreased, leading to a 
decrease in water flux. Fig. 3a and b clearly depict the gradual decrease 
in flux over time in both FO and PRO modes, regardless of the concen
tration of the feed solution. When pure water was employed as the feed 
in the process, the highest degree of flux and swelling was observed. This 
can be attributed to the notable discrepancy in osmotic pressure be
tween pure water and hydrogel, which exceeded the difference in os
motic pressure between NaCl salt solutions and hydrogel. As a result, a 
more pronounced driving force was established. Additionally, the use of 
pure water as feed led to a higher water absorption rate by the hydrogel 
during the early hours of the process. In contrast, when the feed con
tained NaCl salt with different concentrations was used, as the concen
tration of NaCl feed solution became higher, the osmotic pressure of the 
feed solution increased, leading to a decrease in the osmotic pressure 
difference across the membrane and a subsequent reduction in the 
driving force of the process. In this case, the hydrogel absorbed water at 
a comparatively slower rate, resulting in a lower percentage of swelling. 
Consequently, leading to a gradual swelling process and a delayed 
attainment of equilibrium swelling.

3.3. Effect of ECP and ICP and air bubble entrapment

Fig. 4 illustrates the contrast in flux between FO-mode and PRO- 
mode under two distinct conditions: with and without using stirrer in 
the feed side. The experiment was conducted using two different con
centrations of NaCl solution as feed (10000 and 30000 mg/L) in the FO- 
HG system. Agitation resulted in a significantly higher flux compared to 
the flux obtained without agitation in both scenarios. This can be 
attributed to the effective control of ECP through the generation of a 
turbulent flow in the feed solution, which subsequently reduced the 
resistance of the feed side boundary layer. As previously discussed, the 
decrease in flux can be attributed to the reduction of the osmotic pres
sure difference. This reduction was caused by concentration polarization 
on both sides of the membrane (both the NaCl feed solution side and the 
HG side), which was in turn achieved by increasing the salt concentra
tion in the feed for both FO and PRO modes and swelling the HG. As 
stated earlier, even in the absence of concentration polarization in the 
feed solution, the swelling of the hydrogel leads to a decrease in the 
difference of osmotic pressure due to the reduction in charge density 
between the hydrogel and feed solution. This decrease ultimately leads 
to a decrease in the water flux. The presence of concentration polari
zation aids to highlight this reduction.

Based on the data presented in Fig. 4c, it can be observed that the flux 
in FO-mode is greater than the flux in PRO-mode when using pure water 
as the feed. The experimental setup involved a horizontal membrane, 
which was initially dry, with an air-filled substrate. It is possible that the 
presence of air bubbles trapped under the active layer in PRO-mode 
created a resistance, resulting in a lower flux compared to FO-mode. 
The comprehension of this can be achieved by focusing on Fig. S2a. 
Figs. S2b and S2c depict the membrane in FO and PRO modes respec
tively, right after coming into contact with water, without any delay. 
The observation of the upper surface of the membrane reveals wetting in 
FO-mode, accompanied by a transient air bubble that quickly disap
pears; this phenomenon is absent in PRO-mode. Nevertheless, after a 
duration of 1.5 h, the surface of the membrane in PRO mode (Fig. S2d) 
exhibited wetting as the entrapped air was progressively expelled, 
although a few air bubbles remained (as shown via dotted red circle). 
These observations provide confirmation for the stated hypothesis. 
Accordingly, in PRO-mode, the hydrogel’s water absorption time can be 
prolonged not only by the resistance of the membrane but also by the 
resistance caused by trapped air, resulting in a decrease in flux. This 
phenomenon has not been documented in the existing literature 

concerning FO-HG systems.
The statement commonly made is that generally the water flux is 

greater in PRO mode compared to FO mode. However, this assertion 
holds true solely for traditional FO systems when the feed consists of 
pure water, thereby eliminating ICP from the feed side. In the case of 
real feed solutions e.g. wastewater feeds the FO-mode and PRO-mode 
fluxes can be comparable. Particularly for the FO-HG system in FO 
mode, since there is no ICP on the HG side and due to the presence of ICP 
in the feed side, it is anticipated that the flux in PRO-mode would be 
lower than in FO-mode. However, the data presented in Fig. 4a and b 
exhibit a contradictory scenario. Specifically, the flux in PRO-mode for 
salt water feed outperforms that of FO-mode. The change in behavior 
observed between salt water feed and pure water feed prompts the 
query: what is the cause behind it? (Refer to Fig. 4a, b, 4c). The potential 
explanation for this matter could lie in a counter-osmotic effect (Fig. 5a). 
Due to water penetration and passage through the active layer in FO- 

Fig. 4. FO and PRO flux diagrams in the FO-HG system in two situations with 
stirrer and without stirrer in NaCl feed solution with concentrations of a) 
10000 mg/L, b) 30000 mg/L, c) pure water.
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mode, pure water accumulates in the substrate. This accumulation cre
ates an osmotic pressure difference between the pure water in the sub
strate and the feed water, resulting in a reverse osmotic flux from the 
substrate side to the feed side. The decrease in the net flux of the system 
is likely attributed to this factor. Analyzing the resistances of both sce
narios can provide valuable insights. Referring to Fig. 5 for the FO-mode, 
the total resistance can be written as: 

RFO
t =RFO

ECP + RFO
AL + RFO

COE + RFO
ICP + RFO

SL + RFO
air + RFO

IF + RFO
HG (3) 

and for PRO-mode: 

RPRO
t =RPRO

ECP + RPRO
ICP + RPRO

SL + RPRO
air + RPRO

AL + RPRO
IF + RPRO

HG (4) 

Considering the non-ideal contact between HG and the membrane 
surface, an interfacial resistance RIF is factored in for both modes. The 
experimental results of the flux indicate that the overall resistance in the 
FO-mode is higher than that of the PRO-mode: 

RFO
t > RPRO

t (5) 

Fig. 5. Schematic description of osmotic pressure profile in a) FO-HG system and b) FO-Non-HG system for FO and PRO modes.
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RFO
ECP +RFO

AL + RFO
COE + RFO

ICP + RFO
SL + RFO

air + RFO
IF + RFO

HG

> RPRO
ECP + RPRO

ICP + RPRO
SL + RPRO

air + RPRO
AL + RPRO

IF + RPRO
HG (6) 

Upon comparing the resistances of the two modes, it becomes 
evident that the overall resistance of the FO-mode is greater than that of 
the PRO-mode. Specifically, this higher resistance is attributed to the 
counter-osmotic effect, denoted as RFO

COE. The agitation effectively regu
lates the resistance of ECP, known as RECP. The resistance of the active 
layer of the membrane (RAL) is nearly identical for both modes. The 
substrate resistance due to the structure (RSL) remains consistent for 
both modes. The ICP resistance is insignificant in the FO-mode 
compared to the PRO-mode, assuming that the hydrogel does not 
release ions. The resistance caused by HG, denoted as RHG, is approxi
mately the same for both modes. After simplifying Eq. (6), the equation 
can be rewritten as follows: 

RFO
COE >RPRO

ICP + RPRO
air (7) 

Based on this analysis, it can be concluded that the counter-osmotic 
effect in FO-mode exerts a stronger influence compared with the resis
tance of ICP (RICP) along with the resistance of air bubbles (Rair) within 
the substrate in PRO-mode. Consequently, the flux in PRO-mode is 
higher than that in FO-mode. It is important to highlight that in cases 
where the fouling effects are severe from the ICP type, e.g. real waste
water the superiority of FO-mode over PRO-mode should be considered 
and studied. Fig. 5 further demonstrates a conceptual contrast between 
FO-HG system and FO systems using non-hydrogel draw agent by 
showcasing the osmotic pressure profile across various sections of the 
system. However, there are similarities in the osmotic pressure profile in 
these two systems. For instance, when the feed consists of pure water, 
the profile remains almost identical regardless of the membrane 
configuration in the feed side. It is evident that in the case of FO-HG, as 
opposed to FO-non-HG, reducing the ECP in the hydrogel is not feasible. 
Also, in PRO-mode with real feed solution, similarities can be observed 
in their profiles. However, the most significant contrast arises when 
comparing FO-mode with a unique real feed solution. In such instances, 
the osmotic pressure profile in the substrate significantly differs between 
FO-HG and FO-non-HG. The underlying cause appears to be the counter- 
osmotic effect. In FO-HG mode, the ICP resistance is almost nonexistent, 
whereas in FO-non-HG mode, the ICP resistance is fully present and 
impactful.

3.4. Effect of different feed concentrations on water flux in FO-NaCl 
system

Figs. S3a–S3d illustrates the water flux diagrams in FO and PRO 
modes, showcasing various feed solutions within the FO-NaCl system 
without stirring. Based on Figs. S3a and S3b, as usual there was a 
declining trend in the water flux for feed concentrations of 2000, 10,000 
and 30,000 mg/L in both FO and PRO modes. The concentration of the 
feed or draw solution played a significant role in determining the 
resistance caused by ECP and ICP in either side. This resistance most 
likely reached a critical value and a certain limit. When the concentra
tion exceeded this critical limit, the effectiveness of concentration po
larizations decreased. Consequently, the flux values at high 
concentrations (e.g. 10000 and 30000 mg/L) became similar with only a 
slight difference, as depicted in the Figures. The observation of the same 
phenomenon in the case of FO-HG was illustrated by Fig. 3a and b.

In both FO and PRO modes, the water flux was naturally at its highest 
when the feed solution consisted of pure water (Figs. S3a and S3b). 
According to the results, the use of pure water as feed in PRO-mode led 
to a higher flux compared to FO-mode. This disparity can be explained 
by the fact that in PRO-mode, the substrate was located on the feed side. 
Furthermore, since the feed was composed of pure water, the ECP and 
ICP on the feed side did not exert any influence, and only the ECP on the 
draw solution side was observable. However, in FO-mode, the impact of 

both ECP and ICP was observed on the draw solution side. Water 
diffusion from the active layer of the membrane on the feed side caused 
the dilution of ICP and ECP, affecting the overall resistance. Simulta
neously, the effect of ECP was nullified on the feed side, which solely 
comprised pure water. Therefore, the flux in PRO-mode was anticipated 
to be superior to FO, as evidenced by the findings of the experiments.

When using a salt solution feed in PRO-mode, the higher concen
tration of DS compared to FS leads to lower resistance on the feed side 
than on the draw solution side. Consequently, it is expected that the 
PRO-mode will have a higher flux than the FO-mode. However, certain 
factors may disrupt and alter the situation. For example, the presence of 
actual wastewater as a feed e.g. wastewater from food processing plants 
like dairy factories etc. or the entrapment of air bubbles in the substrate 
when the system is set up vertically, as illustrated in Fig. 1 and S2a. In 
cases where the feed solution is saltwater or actual wastewater, the air 
bubbles, due to the higher surface tension at higher concentrations 
compared to pure water [51], may become more deeply trapped in the 
substrate and may prove challenging to release from the skin layer. 
Consequently, it is observed that the flow rate in PRO-mode is lower 
than that in FO-mode under more realistic conditions, as indicated by 
the results of the experiments conducted in Fig. S3b. Therefore, in sce
narios involving more realistic feed solutions, fouling, particularly 
irreversible fouling, can lead to a significant decrease in the PRO-mode 
flux. The selection of FO-mode or PRO-mode and its impact on the FO 
process in terms of flux behavior and membrane fouling has been 
extensively studied by various researchers. Tiraferri et al. [52] high
lighted that operating the FO process in the PRO-mode can result in a 
higher water flux. This is because the draw solution is in direct contact 
with the active layer and is less affected by internal concentration po
larization (ICP). However, when real wastewater is used as the feed 
solution, membrane fouling is more pronounced in the PRO-mode due to 
the contact between the support layer and the feed solution. Zhao et al. 
(2022) further explored [53] the feasibility of double-skinned forward 
osmosis membranes with improved flux and antifouling properties for 
sludge thickening. Additionally, Eyvaz et al. [54], Alihemati et al. [1] 
and Ansari et al. [55] provided a comprehensive review on forward 
osmosis membranes. Consequently, the FO-mode is widely employed in 
wastewater treatment applications. Fig. 3 and S3 reveal several signifi
cant points upon comparison:

1- In general, in the majority of cases within the FO-NaCl system, 
even with a draw solution concentration of 0.25 M, the water flux sur
passes the FO-HG system. As the concentration of the draw solution 
decreases, leading to a reduction in the osmotic pressure difference in 
the FO-NaCl system, the flux experiences a significant decrease. This 
reduction is so pronounced that when the concentrations on both sides 
of the membrane are equal, the flux tends to zero. This phenomenon is 
illustrated in Fig. S3c for a draw solution concentration of 0.5 M with a 
feed concentration of 30,000 mg/L, and in Fig. S3d for a draw solution 
concentration of 0.25 M with a feed concentration of 10,000 mg/L. 
Unlike the FO-NaCl system, the flux in the FO-HG system did not 
decrease to zero at any of the feed concentrations of 0, 2000, 10000, and 
30000 mg/L.

To enhance comprehension of the subject, Fig. S4 illustrates the 
variations in osmotic pressure difference between the draw solution and 
the feed solution across different feed concentrations, alongside the 
draw solution with varying concentrations and the hydrogel. The first 
water fluxes from Fig. 3a–S3b, S3c and S3d have been used as input in 
equation (8). 

J= LP(πD − πF) (8) 

In this equation, the term in the parentheses is the osmotic pressure 
difference (πD and πF are the draw and feed solution osmotic pressure 
respectively), and LP is the water permeability which was measured as 
1.9 LMH/bar for the used membrane. The data indicate that as the 
concentration of the draw solution decreases, both the osmotic pressure 
difference and the water flux approach zero. Under these circumstances, 
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the hydrogel tested maintains a nearly constant flux, which does not 
reach zero across all examined feed concentrations (0, 2000, 10000 and 
30000 mg/L). It is important to note that theoretical calculations suggest 
that the osmotic pressure difference and water flux are significantly 
greater than the values observed in the laboratory, by one to two orders 
of magnitude, a reduction attributed to the effects of internal and 
external concentration polarization.

This highlights a significant conceptual distinction between the ab
sorption mechanisms in hydrogel and salt water as a draw agent. In 
hydrogel, the driving force is the swelling pressure, whereas in salt water 
solution, it is the osmotic pressure. The experimental results showcased 

in Fig. 3 and S3 may serve as a practical resolution to the ongoing debate 
regarding the most suitable and logical term for water absorption in a 
hydrogel. This debate was sparked by the article authored by Zhao et al. 
[56] and Wang et al. [57]. The swelling pressure of an ionic polymer 
hydrogel can be divided into three components [58]: mixing, elastic, and 
osmotic phenomenon caused by the contribution of ions in the hydrogel. 
Therefore, osmotic pressure assigns a component of the swelling pres
sure to facilitate water absorption, and each component operates ac
cording to its own mechanism that their resultant manifests as the 
swelling pressure. In the FO-HG system, the non-zero flux indicates that, 
apart from the ion term, the mix and elastic terms are actively involved. 

Fig. 6. Comparison of flux in FO-HG system with pure water feed in FO-mode during 24 h a) Effect of different amount of hydrogel on water flux, b) Swelling of 0.5 g 
of hydrogel after completion of the experiment, c) Swelling of 1.5 hydrogel after completing the experiment, d) the effect of hydrogel particle size on water flux, e) 
hydrogel particle size distribution, and f) schematic of a small an a big hydrogel particle during the swelling process.
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On the other hand, in the FO-NaCl system, the flux tends towards zero 
due to the concentration tendency of saltwater on both sides towards 
each other. This is because only the ion concentration difference 
mechanism or the osmotic pressure mechanism acts as the driving force 
in this system.

2- The duration of the test for FO-HG in Fig. S3 spanned 24 h, 
whereas it only lasted for 4 h in the FO-NaCl system. If the test was 
prolonged for the FO-NaCl system, the flux would inevitably drop to zero 
quickly. On the other hand, in the FO-HG system, the flux did not reach 
zero even after 24 h, thanks to the unique swelling characteristic of HG, 
which exhibits a high water absorption capacity.

A further distinction between the two systems lies in their capacity to 
diminish ECP resistance on the draw solution side. This reduction is 
achievable in the FO-NaCl system through the high mobility of DS, 
which allows for turbulence generation. Conversely, in the FO-HG sys
tem, characterized by high viscoelasticity, such reduction is unattain
able. The uncontrollable aspect of the ECP of the hydrogel as a draw 
agent is a direct result of the process’s nature. Furthermore, within the 
FO-HG system, the FO-mode yields a draw agent side ICP value of zero. 
Conversely, in the FO-NaCl system, none of the modes produce an ICP 
value of zero. To sum up, a perfect equivalence between an FO-NaCl 
system and an FO-HG system is extremely difficult to establish, 
considering the reasons stated above. In order to replace the usual draw 
solutions by hydrogels, it is essential for the hydrogel to absorb a sub
stantial amount of water during reaching the equilibrium. Additionally, 
the limited contact area between the hydrogel and the membrane gives 
rise to an augmented interstitial volume within the hydrogel-hydrogel 
particles and hydrogel-membrane interface. This augmentation subse
quently diminishes the capillary force and water penetration, resulting 
in a decrease in the flux [40,41,59].

3.5. Effect of amount and size of hydrogel particles on FO flux

In the FO-HG system, the driving force is a result of the osmotic 
pressure discrepancy between the hydrogel particles and the feed solu
tion on both sides of the membrane. Different masses of hydrogel were 
examined to determine their effect on osmotic pressure and the flux of 
the FO-HG system. The FO process-induced flux experiences a decrease 
when the hydrogel mass is reduced from 1.5 g to 0.5 g, as shown in 
Fig. 6a–c. This reduction in hydrogel mass during the FO process leads to 
a decrease in the overall swelling pressure, which is equal to the sum of 
the swelling pressures exerted by each individual hydrogel particle. In 
essence, the capacity to absorb water diminishes, leading to a decline in 
the overall driving force of the process and consequently reducing the 
flux.

The investigation on the impact of hydrogel particle size in the FO- 
HG system demonstrates that smaller hydrogel particles exhibit a 
higher flux in comparison to larger particles, as shown in Fig. 6d. Fig. 6e 
illustrates the particle size distribution of three hydrogel samples. The 
particles were classified into three groups according to their average 
size: 200, 400, and 550 μm. These groups were arranged in ascending 
order from smallest to largest, referred to as small, medium, and big 
respectively. It is noteworthy that as the particle size decreased, the 
sharpness of the distribution increased, resulting in a narrower particle 
size band.

The following interpretation can be illuminating regarding the ob
servations. The reason for these effects, according to Omidian et al., is 
that small absorbents have more surface area per volume that are 
accessible to water than large absorbents. Additional water is accom
modated by the interstitial volume through typical capillary action. 
When considering the two extremes of the hydrogel particle sizes, it is 
conceivable that water drainage is quite simple in cases of extremely 
wide bores, i.e. larger particles. More water is absorbed at a given depth 
of permeation into the absorbent particles, which results in an increase 
in the rate of absorption and water being held in the interstitial volume 
in the capillaries among the particles is the cause of the increased 

equilibrium absorption value [40].The others also reported the same 
observations [60]. According to the evidence, the particles’ swelling 
process involves of water molecules diffusion into the polymer network, 
as well as the relaxation of the polymer chains, resulting in a rubbery 
polymer state (swollen) on the most outer surface of the hydrogel par
ticles. The diffusion rate of hydrogel particles decreases as one moves 
from the outer layer (the rubbery shell) to the more rigid part (the inner 
core) that has no swelling, as shown in Fig. 9f. The smaller the rigid core, 
the faster the swelling process [61].

The water flux in the FO-HG process is significantly influenced by the 
size of the hydrogel particle, as stated by Li et al. Using PSA with an 
average size of 150 μm as the draw agent resulted in a flux of 57.4 % 
higher than that of PSA with an average size of 600 μm. The similar 
trend was also observed in the FO process using the other modified 
synthesized PSA in their work. They asserted that the reason could be 
due to the different contact area between the hydrogel-hydrogel parti
cles and the particle-membrane. The surface to volume ratio of smaller 
particles is higher, which leads to a larger area of contact and a higher 
water absorbency and water flux [62]. At the start of water uptake, a 
hydrogels’ swelling ratio is almost identical regardless of the particle 
size according to Razmjou et al. report. However, the point at which the 
accelerated swelling occurs, the particle size becomes influential. A 
higher swelling ratio is a result of smaller hydrogel particles. In order to 
investigate the impact of interstitial volume and particle-membrane 
contact on water flux in the FO process, they modified the hydrogel 
into disk shapes to decrease the interstitial volumes. The disc exhibited a 
considerably lower water flux compared to the powder. However, the 
addition of a small quantity of hydrogel powder beneath the disc 
resulted in a significant increase in flux. This experiment has demon
strated that the impact of the contact areas between the hydrogel par
ticles and the membrane surface on the water flux is of greater 
importance compared to the interstitial volumes [41].

Hence, it can be inferred that the impact of hydrogel particle size on 
swelling processes and the ultimate swelling ratio is attributed to three 
factors: i) the interstitial volume of the particles, ii) the surface area of 
the particles per unit volume, and iii) the proper contact between the 
particle-particle and particles and the membrane surface. However, the 
mechanisms of the hydrogel swelling due to the change in the hydrogel 
particle size, for the tea-bag experiment can be meaningfully different 
from the FO-HG experiment. For the tea-bag experiment, the first two 
reasons can be involved, while for the FO-HG experiment, the two last 
reason are functioning. In the FO-HG experiment, the absence of free 
water (because of fast absorption of the permeated water across the 
membrane by the hydrogel) that can be transported through capillary 
action renders the interstitial volume insignificant. By reducing the size 
of the HG particles, the surface area of the particles increases. This, in 
turn, enhances the contact between particles, making it easier for water 
to be absorbed from the lower layers of the HG to the higher layers. 
Consequently, this results in greater swelling and flux. Furthermore, an 
optimal interaction between the particles and membrane surface 
significantly improves the initial absorption of water when the size of 
the HG particles decreases.

3.6. Investigating the swelling of hydrogel in un-constrained and 
constrained states

Fig. 7a, b and 7c display the swelling ratio outcomes of hydrogel in 
both constrained and un-constrained states when exposed to pure water 
along with the water flux using fabric and the FO membrane in the 
setup. The results indicated that the swelling in the un-constrained state 
was approximately two times greater than the swelling in the con
strained state. The hydrogel particles have the capacity to absorb water 
from all directions in the un-constrained state as they are in contact with 
water in all sides. However, in the constrained state, the hydrogel was 
solely exposed to water from a single side (note Fig. 8). In essence, when 
hydrogel particles are in a constrained state, they can solely absorb 
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water from one side, specifically the surface of the membrane. Alter
natively, water can permeate swollen hydrogel particles that are in close 
proximity to the membrane surface. Hence, the extent of water pene
tration in the constrained state, as mentioned previously, is influenced 
by factors such as the contact surface area between the membrane and 
the hydrogel, as well as the interaction among hydrogel particles. 
Therefore, when the contact surface between water and hydrogel 

particles is reduced, the absorption process takes place more gradually 
and the swelling decreases, resulting in a delay in reaching equilibrium 
absorption. Based on Fig. 7a, it is evident that the equilibrium swelling 
ratio in the constrained state has not been achieved even after approx
imately 80 min. Conversely, in the unconstrained state, the hydrogel has 
attained equilibrium swelling ratio (226) in a significantly shorter 
duration, less than 20 min. The water flux for the scenario involving a 
piece of fabric instead of the FO membrane is presented in Fig. 7c. The 
remarkable water flux achieved in this simple experiment effectively 
highlights the significance of the resistance offered by the existing FO 
membranes in a system employing HG as the draw agent, resulting in a 
reduction in the flux. In essence, the elimination of membrane resistance 
has led to a substantial increase in flux. Furthermore, apart from the 
significant increase in flux, there is also a substantial decrease in the 
time required to achieve equilibrium. This concern is evident when 
comparing the swelling of hydrogel in the FO setup using fabric (Fig. 7a) 
and membrane (Fig. 7b).

In other words, it can be stated that in the un-constrained state, when 
hydrogels are in contact with water from all directions, there is excess 
water in the space between hydrogel particles. This water is readily 
accessible and can be absorbed by the hydrogel. Hence, as the size of the 
hydrogel particles decreases, the particles surface area per volume in
creases, allowing for a greater amount of excess water to be absorbed. As 
a result, the process of diffusion and swelling takes place at an accel
erated pace. Nevertheless, under constrained state and in the presence of 
the membrane (i.e. in the FO-HG system), as mentioned earlier, there is 
no excess water within the interstitial space of the hydrogel particles, 
and the water created by the osmotic pressure which passed through the 
membrane is immediately absorbed by the hydrogel.

4. Process suggestion and optimization

One important point that is very important in terms of the process is 
the low flux of fresh water by the FO-HG system. This issue can be 
resolved by the correct arrangement and operation of the process, 
overcoming the shortcomings discussed in the upper sections and as a 
result, the flux of the produced water can experience a significant 
improvement. The use of a high volume of hydrogel on the membrane 
and the implementation of the process in one stage does not result in 
success in fresh water with high flux. Complete saturation of the 
hydrogel to achieve equilibrium swelling is a time-consuming process 
that has a very slow logarithmic growth rate.

The final section of the article will focus on recommendations for 
addressing the low flux issue. One suggestion is to implement a process 
involving multiple cycles throughout the day and night (24 h), rather 
than a single step for water swelling and deswelling in a FO-HG system. 
Various stimuli can trigger the release of water from hydrogels, which 
varies according to the specific type of hydrogel. In this discussion, we 
have focused on a representative thermosensitive hydrogel of the lower 
critical solution temperature (LCST) type. The cyclic process profile of 
the heat-responsive FO-HG system is illustrated in Fig. 9. Fig. 9a displays 
the flux versus time profile, while Fig. 9b illustrates the temperature 
versus time profile. A full cycle encompasses the combination of the red 
curve (Cooling and swelling stage) and the green curve (Heating and 
deswelling stage). The entire cycle lasts from time A to E (ΔtAE). The red 
curve initiates with the cooling phase (ΔtAB2) and progresses to the 
swelling phase of the hydrogel (ΔtB1C). Point B1 marks the start of the 
swelling period. Similarly, the green curve commences with the heating 
phase (ΔtCD2) and completes with the water release phase (ΔtD1E).

Point D1 marks the initiation of the water release phase, representing 
a thermodynamic event. This point aligns with the LCST temperature. 
The phase of temperature elevation commences at the ambient tem
perature, progressing towards the LCST temperature, and continues 
beyond this point until reaching a specific optimal temperature (ΔtCE). 
Throughout a 24-h period, the time cycle of ΔtAE, which constitutes a 
complete process, is consistently repeated.

Fig. 7. a) hydrogel swelling ratio versus time for two constrained and un- 
constrained states, b) hydrogel swelling ratio in FO-HG system with mem
brane using pure water feed in FO-mode and c) comparison of water flux of FO- 
HG system constrained state with a piece of fabric and with membrane using 
pure water feed in FO-mode.
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Fig. 8. Schematic of constrained versus un-constrained water absorption.

Fig. 9. Profile of the cyclic swelling-deswelling process for fresh water production via FO-HG system.

Fig. 10. Produced fresh water flow rate as a function of the number of cycles/Day, swelling or deswelling time for 30000 mg/L saltwater and PRO mode in a cyclic 
process; a) effect of membrane surface area, b) effect of HG thickness, c) effect of HG particle size and d) effect of deswelling time.
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In this section, it is important to note that the laboratory data of 
sodium acrylate hydrogels has been utilized, with the assumption that 
these hydrogels exhibit thermos-responsive characteristics. Hence, this 
HG serves as a probe component. Consequently, the overall behavior 
and pattern of fresh water production rate variations are expected to be 
influenced by independent variables including hydrogel particle size, 
membrane surface area, thickness of hydrogel layer on the membrane 
surface, as well as the duration of swelling and deswelling in a single 
cycle, which will hold significant conceptual value.

The average flux for the medium and small hydrogel particles was 
derived using equations (A1) to (A7). For further information, please 
refer to appendix Figure S5a and S5b illustrate the variations of HG 
water flux over time for the two particle sizes tested for a feed of 30000 
mg/L saltwater in PRO-mode. It is evident that the average flux is higher 
than the instantaneous flux.

Based on Fig. 10a–c, it can be observed that, in general, the amount 
of produced water reaches its maximum value with the increase of 
swelling time. This indicates that there is an optimal absorption time, 
corresponding to the number of cycles per day, to achieve the maximum 
amount of fresh water, as shown in Fig. 10a by orange arrows. The graph 
shows a steep slope from low times to optimal swelling time equal to ~2 
h (optimal cycle number/day equal to ~8), reaching the maximum 
amount of produced water, while the slope is gentler from high ab
sorption times to optimal absorption time. It is worth noting that the best 
swelling time (ideal number of cycles) is found within time periods less 
than 3 h. Moreover, as a rule, the quantity of fresh water also grows in 
line with the enlargement of the membrane surface.

The comparison of the curves in Fig. 10b reveals that the flux rises as 
the thickness of the hydrogel increases. This increase is nearly linear at 
lower thicknesses, but becomes non-linear at higher thicknesses, leading 
to a slower growth rate (not shown in the figures). The diffusion and 
absorption kinetics play a role in this phenomenon.

The fresh water yield from hydrogel particles with a size of 200 μm 
and a membrane surface area of 5 m2 is nearly the same as the water 
yield from particles of 400 μm and a surface area of 10 m2 (Fig. 10c). 
This indicates that selecting the optimal hydrogel particle size can result 
in significant economic savings and allow for a reduction in system di
mensions, thereby directly impacting system operation from both a 
process and economic standpoint.

Fig. 10d reveals a noteworthy distinction: while the fresh the water 
flux exhibits a peak at an optimal swelling duration, the deswelling time 
graph lacks such an optimal point. Instead, the amount of fresh water 
produced is maximized at the minimum absorption time, which co
incides with the highest number of cycles as shown in the figure. This 
observation highlights the fundamental difference between swelling and 
deswelling phenomena. Absorption or swelling is characterized as a 
kinetic process driven by the diffusion and uptake of water, whereas 
deswelling is identified as a thermodynamic process. As the duration of 
water release extends, the quantity of water produced diminishes. This 
conclusion is predicated on the premise that the release phenomenon is 
thermodynamic in nature; once specific conditions are met, such as 
those for a thermos-responsive hydrogel at or above the lower critical 
solution temperature (LCST), water is released with minimal resistance.

Attainment of thermodynamic conditions is crucial, as it determines 
when the discharge will occur rapidly. Consequently, as the discharge 
time decreases/increases, the number of process cycles increases/de
creases throughout the day and night, resulting in a increases/decreases 
in the amount of produced water. It is worth noting that reducing the 
water release time, thereby increasing the number of cycles, leads to a 
notable variance in the maximum produced water with an increase in 
membrane surface area. Conversely, in longer release times or with a 
very low number of cycles, the amount of produced water remains 
constant and approaches each other asymptotically for various mem
brane surfaces.

5. Conclusion

This study investigated the behavior of an ionic hydrogel in the FO 
system, comparing it to salt water as a draw solution. When pure water 
was utilized as the feed, the swelling ratio in the un-constrained state 
was approximately 226, whereas in the constrained state, it reduced to 
half. However, when membrane was introduced into the FO setup, the 
swelling ratio experienced a significant decrease by one order of 
magnitude within the experimental timeframe. This decrease could be 
attributed to the membrane’s high resistance. In the FO-HG and FO-NaCl 
systems, water flux is higher than salt solution feed when feed is pure 
water due to ECP and ICP. Water flux is higher in FO-NaCl compared to 
FO-HG in different modes with varying concentrations. FO-NaCl system 
generally has higher water flux than FO-HG. However, the FO-HG sys
tem maintains flux above zero at all feed concentrations up to 30000 
mg/L. The hydrogel’s ECP on the draw solution side is uncontrollable 
due to its immobility. Comparing FO-NaCl and FO-HG systems, the os
motic pressure difference between NaCl draw solution and pure water 
feed was greater than the swelling pressure between hydrogel and pure 
water. This led to higher water flux in FO-NaCl system, highlighting a 
drawback of FO-HG system. In some cases the FO-HG system, the os
motic pressure difference can exceed the osmotic pressure difference in 
the FO-NaCl system, leading to increased water flux. However, a perfect 
equivalence between an FO-NaCl system and an FO-HG system is 
extremely difficult to establish, considering the reasons stated. The 
limited contact area between the hydrogel and membrane reduces 
capillary force and water penetration, decreasing the flux. In the FO-HG 
system, the water flux in the PRO-mode was unexpectedly higher than in 
the FO-mode with salt water feed. This can be attributed to the counter- 
osmotic effect. Increasing the hydrogel quantity also increased water 
flux due to enhanced swelling pressure. Additionally, reducing hydrogel 
particle size resulted in enhanced flux, as seen in previous studies. 
Finally, the main emphasis was placed on suggestions for resolving the 
low flux issue. One recommendation put forward was the implementa
tion of a process that involves multiple cycles throughout the day and 
night (24 h), as opposed to a single step for water swelling and desw
elling in a FO-HG system. The discussion centered around a represen
tative LCST hydrogel type. The study investigated the influence of 
hydrogel particle size, membrane surface, hydrogel layer thickness on 
the membrane surface, as well as swelling and deswelling time in a 
multicyclic process. While the swelling time displayed a peak at an 
optimal absorption duration, the deswelling time did not show a similar 
optimal point. This observation underscores the fundamental disparity 
between swelling and deswelling phenomena in terms of actual system 
operation.

Therefore, the exceptional capacity of hydrogel to have high ab
sorption is not sufficient for success in desalination, and according to the 
findings of this research, the synthesis of a membrane with minimal 
resistance and therefore high flux and suitable selectivity is crucial. 
Ongoing work within our research group is dedicated to identifying a 
suitable membrane for the FO-HG application. Therefore, the design of 
the FO-HG system and understanding its challenges and how to solve 
them is very important and requires further studies.
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Appendix

The amount of fresh water for a specific thickness of hydrogel can be estimated by Equation (A1). 

Q= η.Jw.Δtcool+swel.N.Am (A1) 

where Q is produced fresh water (L/Day), Jw is average flux of absorbed water (LMH), Δtcool+swel is cooling and swelling stage time ( h
cycle), Am is the 

membrane surface area (m2) and N is the number of cycles per day 
(

number of cycles
Day

)

which is calculated as follows: 

N=
24

Δtcool+swel + Δtheat+deswel
(A2) 

where Δtheat+deswel is heating and deswelling stage time ( h
cycle). It is established from equation (9)that there exists an inverse correlation between the 

number of cycles occurring within a day and night and the durations of water swelling and deswelling time. To accurately depict the true functionality 
of the HG in different scenarios, the efficiency coefficient, denoted as η, is introduced. It is highlighted that, when a fixed hydrogel thickness is 
assumed, the membrane surface area and the hydrogel quantity are linked and vary together. The average flux was obtained through equation (A3). 

Jw =
1

t − t0

∫ t

t0
Jw(t)dt (A3) 

The instantaneous flux (LMH) change was approximated over time using exponential functions. These were presented with equations (A4) and 
(A5) for the HG medium size (400 μm) and HG small size (200 μm) respectively. 

Jw =0.13180 + 0.66856e− 0.54336t (A4) 

Jw =0.193305 + 1.257887e− 0.428167t (A5) 

By substituting equations (A4) and (A5) into equation (A3), the average flux for the medium and small hydrogel particles was obtained through 
equations (A6) and (A7), respectively. 

Jw =
1
t
(
1.23044 − 1.23044e− 0.54336t +0.13180t

)
(A6) 

Jw =
1
t
(
2.93785 − 2.93785e− 0.428167t +0.193305t

)
(A7) 

Data availability

Data will be made available on request. 
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