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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Sodium metasilicate was used as a draw 
solution for seawater desalination by 
forward osmosis.

• Reaction products of Na2SiO3 with 
HNO3 are sol-gel of silicic acid and 
Na2NO3 plant nutrients.

• A water flux of 23.24 LMH was achieved 
with 1 M sol-gel DS and DI water feed 
solution.

• CTA membrane rejected 99 % of silica 
resulting in 8.85 g/Lm2 RSF only for 1 M 
sol-gel.

• The specific energy consumption was as 
low as 0.00717 kWh/m3 for 1 M sol-gel 
DS.
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A B S T R A C T

A novel sol-gel using sodium metasilicate (SMS) was used as a draw solution (DS) in the forward osmosis (FO) to 
provide nutrients to soil and plants without a regeneration step. SMS sol-gel has an osmotic pressure of 55 bar 
and 73.4 bar for 0.75 M and 1 M of SMS, respectively, which is higher than 1 M NaCl (48.9 bar). To test the 
novelty of the SMS sol-gel as DS, two concentrations of 0.75 M and 1 M were tested against DI water and 0.5 M 
NaCl feed solution (FS), and 1 M of SMS for real seawater at 35 g/L. A commercial cellulose triacetate (CTA) 
membrane was used, where experimental results showed SMS at 1 M using DI water as FS at active layer draw 
solution (ALDS) membrane orientation had a 42 % recovery rate, compared to active layer feed solution (ALFS) 
at 36 % recovery. The highest average flux achieved was 23.24 LMH with DI water as FS, using 1 M SMS sol-gel 
as DS at ALDS. Whereas using seawater at ALDS had a 23.5 % recovery and ALFS had a 15.2 % recovery. Testing 
seawater at ALDS with three 24-h cycles had 55.8 %, 45.4 %, and 32.9 % recovery for the first, second, and third 
cycles, respectively. There was a 99 % rejection of silicon and sodium ions for both SMS concentrations. The 
specific energy consumption was lowest at 0.00717 kWh/m3 in the first 24-h cycle of seawater as FS.

* Corresponding author.
E-mail address: ali.altaee@uts.edu.au (A. Altaee). 

Contents lists available at ScienceDirect

Desalination

journal homepage: www.elsevier.com/locate/desal

https://doi.org/10.1016/j.desal.2024.118517
Received 15 October 2024; Received in revised form 20 December 2024; Accepted 29 December 2024  

Desalination 600 (2025) 118517 

Available online 30 December 2024 
0011-9164/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:ali.altaee@uts.edu.au
www.sciencedirect.com/science/journal/00119164
https://www.elsevier.com/locate/desal
https://doi.org/10.1016/j.desal.2024.118517
https://doi.org/10.1016/j.desal.2024.118517
http://creativecommons.org/licenses/by/4.0/


1. Introduction

Rising water scarcity and climate change pose a growing concern in 
multiple geographic areas worldwide, with primary impacts observed in 
Northern Africa, Southeast Asia, and the Middle East [1,2]. With 
increasing population, improper land use and management, and extreme 
weather conditions, the search for a clean water source continues to be 
one of the most significant challenges of the 21st century. Industries and 
their land use and waste disposal measures also have an impact on water 
scarcity and nutrient depletion of aquatic and land habitats [3]. The 
agricultural industry consumes over 70 % of the world’s water sources 
for irrigation [4,5]. The reliance on precipitation can negatively impact 
the yield of crops produced, most specifically during extreme drought 
conditions, as it affects the concentration and infiltration of soils, ulti
mately influencing land management [6]. With higher water shortages 
being experienced, harvesting capabilities have been reduced, and land 
degradation has increased, eventually decreasing the biodiversity of the 
soil [7]. In addition to water scarcity, climate change has a severe impact 
on the environment, presented in desertification and dust storms, 
degrading arable land quality, where 250 million people worldwide live 
in severe arid/semi-arid regions [8,9]. The scourge of dust storms, 
fuelled by desertification and land degradation, further compounds 
environmental woes, impacting human health and ecosystem stability. 
Physical, chemical, and biological methods were suggested for land 
restoration and dust control [10–12].

Chemical agents, such as calcium chloride, magnesium chloride, 
sodium lignosulfonate, super-adsorbent polymers, and sodium meta
silicate (SMS), were suggested for dust control and land restoration 
[13,14]. Sodium metasilicate, an adhesive compound widely used in 
industries, is alkaline, colourless, non-flammable, and last for extended 
periods of storage [15]. It has multiple applications in soil stabilization/ 
solidification, nutrient supply to plants, and dust control [11,16,17]. In 
soil solidification, SMS is mixed with a metal salt or acid to form a sol- 
gel. Sodium metasilicate is applicable for sandy soil stabilization, 
forming gelatinous metal silicates [11]. In addition to soil treatment, 
studies demonstrated that sodium silicate improves the germination and 
growth of wheat [16]. Another study by Zhou et al. (2018) suggested 
that sodium metasilicate improved cucumber growth and resistance to 
pathogens [17]. However, the high pH levels of SMS need to be miti
gated to avoid negatively impacting the surrounding environment [18]. 
The wide range of sodium metasilicate applications for land restoration, 
dust palliative, and improving plant germination and growth offer op
portunities for further investigation as a draw solution in the forward 
osmosis process for dilution and membrane purification technologies. In 
the latter application, SMS will be the draw solution, while seawater is 
the feed solution for SMS dilution.

SMS can be prepared in situ when freshwater is available for the 
applications mentioned above. Unfortunately, a water source of low 
salinity is not easily accessible in arid or remote mining regions. 
Accordingly, a membrane technology could be adapted for desalination 
and wastewater treatment for freshwater supply. Forward osmosis (FO) 
technology has been investigated for the past two decades, including for 
seawater mining to extract minerals [19], urban runoff [20], and 
leachate wastewater treatment [21], and has increasing potential for 
commercial applications. Compared to reverse osmosis (RO) membrane 
technologies with increasing maintenance and operation costs, FO is an 
alternative technology that can perform quality water treatment without 
hydraulic pressure and reduce fouling tendency and, thus, maintenance 
and energy costs [22–24]. The FO depends on osmotic pressure between 
concentrated and diluted solutions to drive the filtration process. Once 
the permeate water dilutes the draw solution, it can undergo further 
regeneration treatment or be used directly [8,25,26]. The diluted SMS 
draw solution could be used directly without the regeneration process. 
By omitting the regeneration process, the cost of the FO for processing 
the SMS will be significantly reduced.

Although hydrogel or solution-gel (sol-gel) draw solution has been 

investigated in the past, there are a few studies in this field. Li et al. 
(2011) investigated two ionic and two non-ionic polymer hydrogels as 
draw solutions in forward osmosis. All four of the conducted experi
ments produced an initial water flux of <1.2 LMH [27]. Another study 
by Li et al. (2011) further investigated composite polymer hydrogels 
against pure polymer hydrogels, once again resulting in an initial water 
flux of <1.5 LMH [28].

This study proposed SMS as a novel draw solution in the FO process 
to produce a hydrogel as a sol-gel for multiple applications, including 
dust suppression, a source for nitrogen fertilizer, land restoration, and 
soil improvement. The SMS sol-gel will be diluted in the FO process, 
omitting the regeneration process for direct application on soil for plant 
growth, land restoration, and dust control. The research questions are: i) 
Does SMS sol-gel generate enough water flux in the FO process? ii) Is the 
FO membrane fouling reversible when seawater is the feed solution, and 
iii) what is the specific power consumption for SMS dilution? Three 
types of water sources were investigated as feed solutions, including 
deionized water (DI water), sodium chloride (NaCl) solution, and 
finally, real seawater. A commercial cellulose triacetate (CTA) mem
brane (Sterlitech, USA) was applied in the FO process. The experimental 
work studied the impact of membrane orientation, SMS concentration, 
and feed salinity on the water flux.

2. Methodology

2.1. FO membrane characteristics

A commercial cellulose triacetate (CTA) membrane, FTSH2O™ 
(Sterlitech, USA), was implemented for this investigation. Table 1 shows 
the data on the membrane characteristics obtained from the manufac
turer Sterlitech. Before use, the CTA membrane was immersed in DI 
water to ensure complete wetting. Furthermore, before commencing the 
experiments, the membrane was washed with DI water for 30 min to 
remove any additives from the surface. The contact angle of the active 
and support layers of the membrane was measured by the sessile drop 
method (Biolin Scientific ThetaLite 100). Malvern Panalytical instru
ment (Malvern Zetasizer) measured the zeta potential of the FO mem
brane. To determine the pore radius of the CTA membrane, the porosity 
(φ) was calculated using the wet and dry weights of the membrane, 
using gravimetric measurements as per eq. 1 [29]: 

φ =

w1 − w2
ρw

w1 − w2
ρw

+ w2
ρp

(1) 

Where w1 is the wet weight of the membrane in grams, w2 is the dry 
weight of the membrane in grams, and ρw is the density of water (1.00 g/ 
cm3), and ρp is the density of the polymer. Following this, the average 
pore radius (Rm) was also calculated using the Guerout-Elford-Ferry Eq. 
[30]: 

Rm =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(2.90 − 1.75φ)8hTJw

√

φPA
(2) 

Table 1 
CTA membrane characteristics.

Parameters FTSH2O CTA Flat Sheet membrane

Feed temperature (◦C) Maximum = 50
pH range 3–7
Chlorine tolerance Maximum = 2 ppm
Transmembrane Pressure Minimum = 5 psi
Contact angle active layer (o) 68.1 ± 1
Contact angle support layer (o) 60.2 ± 0.5
Zeta Potential (mV) − 12.8 ± 1.18
Average pore radius at pH 5 (nm) 27.94
Average pore radius at pH 7 (nm) 28.2
Average pore radius at pH 9 (nm) 30.70
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Where h is water viscosity (Pa s), Jw is water flux per unit time, P is 
operational pressure (0.1 MPA), A is effective membrane area, T is the 
membrane thickness, and φ is membrane porosity.

2.2. Sodium metasilicate hydrogel preparation

A 300 mL DI water was added to different weights of sodium meta
silicate in a 1 L beaker with continuous stirring to produce a homoge
neous solution. A 45 g and 61 g of SMS were mixed with DI water to 
produce 0.75 M and 1 M SMS solution concentrations. The reaction was 
conducted in a fume hood, and nitric acid was gradually added to the 
SMS solution to neutralize the alkaline pH. The SMS solution turned to a 
milky colour just below pH 11. An additional 200 mL DI water was 
added gradually to the SMS solution under continuous stirring until the 
solution attained a pH of 7–8. It was envisioned that the SMS reaction 
with nitric acid (70 % concentration) would reduce the solution pH to 
about pH 7 to 8 to produce sodium nitrate (NaNO3) and metasilicic acid 
(H2SiO3) as follows: 

2HNO3 +Na2SiO3→2NaNO3 +H2SiO3 (3) 

Sodium nitrate is a fertilizer and source of nitrogen for plants’ 
growth, while silicic acid hydrogel is a soil stabilizer [31,32]. The re
action products can be used to provide essential nutrients to plants and 
dust control.

2.3. Forward osmosis system

The experiment setup will consist of a forward osmosis (FO) 
laboratory-scale crossflow filtration, the CF042A-FO Cell, manufactured 
by Sterlitech (United States) with a 42 cm2 (0.0042 m2) active mem
brane area. The CTA membrane was placed in the FO-Cell, where the 
feed solution flowed across the membrane into the draw solution. Both 
feed and draw solutions were circulated at 2 L per minute (LPM) using a 
WT3000-1JA Micro Gear Pump by Longer Pump for each solution. This 
circulation was consistent throughout the experiment to ensure no 
impact on the results. A flow meter from Blue-White Industries Ltd. F- 
550 model F-55375 L was used, one on the draw side of the cell and the 
other on the feed side of the cell. The pH of the feed and draw solution 
was measured using the Jenco (Australia) Vision Plus pH 6810, ensuring 
pH stability. Fig. 1 shows a schematic diagram of the FO unit. The feed 
solution was placed on an EK-15KL compact bench scale, connected to a 

laptop with a data logging system, RsWeight, to measure the changing 
mass of the solution as water moved from the feed solution compartment 
to the draw solution compartment.

As part of the experimentation, two concentrations, 0.75 M and 1 M 
of sodium metasilicate-based draw solution, were tested, both active- 
layer facing feed solution (ALFS) and active-layer facing draw solution 
(ALDS). For all FO experiments, the DS beaker was placed on a magnetic 
stirrer, ensuring the solution’s homogeneousness. The tests were con
ducted at laboratory room temperatures, which are approximately 25 
◦C. The electronic scale will be connected to a laptop during the FO 
process, automatically measuring the feed solution’s mass change. The 
feed and draw solution samples were characterized using ICP-MS anal
ysis. Furthermore, SEM and EDX were used to investigate the membrane 
fouling, and FT-IR was used to investigate the functional groups of the 
membrane.

The permeation mass was recorded in 15-min intervals and con
verted to water flux using the following formula: 

Jw =
Δm

ρ.A.t (4) 

Where Jw is water flux (LMH), Δm is the mass difference (kg), ρ is the 
density (kg/L), A is membrane area (m2), and t is time (h).

The reverse salt flux (Js), which is the back-and-forth diffusion of 
salts across the membrane, can be calculated by: 

Js =
C1m1 − C0m0

At
(5) 

Js is the salt flux (g/m2h), C1m1 is feed concentration and mass after time 
(t), and C0m0 is feed concentration and mass at a time (0). The con
centration of salts in the feed solution was measured using a conduc
tivity meter.

The rejection rate was calculated to investigate the sodium (Na) and 
silica (Si) levels present when DI water is the feed solution and silica 
when NaCl is used as the feed solution. 

R =

(

1 −
Cp

Cf

)

×100% (6) 

Cp (mg/L) is the permeate concentration, and Cf (mg/L) is the solute 
concentration.

As it is a novel draw solution, the recovery rate was investigated to 

Fig. 1. Forward osmosis system setup using a flat sheet FTSH2O membrane in the Sterlitech CF042A-FO Cell.
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understand the mechanism of SMS and how much permeate is recov
ered, using the following formula: 

Recovery =
Qp

Qf
*100% (7) 

Qp is the permeate flow (m3/h), and Qf is the feed flow rate (m3/h).
The following formula calculates the specific power consumption (Es 

– kWh/m3) of the FO system: 

Es− FO =
Pf Qf + PdQd

η.Qp
(8) 

Where Pf is the feed pressure (bar), and Pd draw solution feed pressure 
(bar), the Qf and Qd for this experiment, both the feed pressure and draw 
solution pressure were maintained at 2 LPM, η represents the pump ef
ficiency (0.85), and Qp is the permeate flow. The specific energy used for 
seawater as a feed solution was calculated.

Water flux recovery (FR) was calculated after each cycle using the 
expression below: 

FR =
J1

J0
×100% (9) 

J0 represents the average flux from the first cycle, whereas J1 represents 
the average flux taken from the second cycle.

2.4. Feed solution

For the feed solution, DI water was utilized to have a basis for the 
results and to understand the interactions of SMS sol-gel as a draw so
lute. The second part of the experiments used 0.5 M of NaCl solution as 
the feed solution to represent the average seawater total dissolved solids 
(TDS). Finally, real seawater was used as the feed solution in the final 
section of the experiments. Seawater was collected from the coastlines of 
Sydney, NSW. Table 2 shows the compositions of the collected seawater 
samples. This investigation used two SMS concentrations, 0.75 M and 1 
M.

2.5. Hydrogel rheology and swelling properties

RheoCompass (Anton Parr, Australia) rotational rheometer was 
employed as the primary tool for characterization. The hydrogel samples 
comprising varying concentrations were subjected to rheological mea
surements to investigate the hydrogels’ mechanical properties and 
viscoelastic behavior. Prior to testing, each sample underwent careful 
preparation, ensuring uniformity and consistency. The rheological 
measurements were conducted under specific conditions, and parame
ters such as viscosity and shear stress were determined to assess the 
structural and flow properties of the hydrogels. The RheoCompass 
software facilitated the interpretation of the rheological data, providing 
valuable insights into the performance and rheological characteristics of 
the SMS hydrogel at different concentrations. This methodology con
tributes to a comprehensive understanding of the hydrogel’s mechanical 
behavior, essential for its potential applications in various fields.

The hydrogel water content and swelling are important character
istics that determine the hydrogel’s water-holding capacity. Hydrogel 

specimens, each with a thickness of 2 cm, were utilized for water content 
and swelling tests, all conducted under neutral pH conditions. The 
hydrogel water uptake (WU) was calculated by drying hydrogel samples 
in an oven at 105 ◦C for 6 h, and the dry weight (Wdriedhydrogel) was 
recorded. Post-drying, the pieces were immersed in DI water at room 
temperature for 24 h, and after removing excess moisture using blotting 
paper, the moist weight (Wmoisthydrogel) was determined. The water up
take was then calculated using the following equation, with 5 samples 
tested and the average results reported. 

Water uptake =
Wmoisthydrogel − Wdriedhydrogel

Wmoisthydrogel
(10) 

Furthermore, the swelling degree of the hydrogel, indicative of its anti- 
swelling properties, was assessed. The initial weight of the hydrogel 
(Winitial) was recorded and placed in DI water for 2 h or a NaCl solution 
of varying concentrations. The final weight (Wfinal) was recorded, and 
the swelling degree (SD) was determined using the following equation. 

SD =
(
Wfinal − Winitial

)
*Winitial*100 (11) 

Brunauer-Emmett-Teller (BET) analysis was conducted on the hydrogel 
where nitrogen gas, acting as an absorbate, was used on 1 g of dried 
hydrogel and placed in a glass column. Following this, degas was carried 
out for 4 h. Pore size analyses were conducted on the samples for 4 h.

2.6. Hydrogel and membrane morphological characterization

Dried samples of SMS hydrogel, featuring concentrations ranging 
from 0.75 M to 1 M, underwent a systematic characterization using 
advanced microscopy techniques. Firstly, for Scanning Electron Micro
scopy (SEM), the dried hydrogel samples were meticulously prepared by 
oven-drying at 105 ◦C for 6 h. These dried samples were mounted on 
aluminum stubs, coated with a thin layer of gold/palladium, and 
examined using a high-resolution scanning electron microscope (Zeiss, 
Sydney, Australia) to unravel detailed surface morphology. Simulta
neously, Energy Dispersive X-ray Spectroscopy (EDX) was employed 
alongside SEM to explore the elemental composition using the same 
instrument. The SEM instrument, equipped with an EDX detector, 
facilitated elemental mapping and qualitative analysis, providing in
sights into the distribution of elements within the hydrogel structure. 
Fourier Transform Infrared Spectroscopy (FT-IR) was also conducted to 
delve into the molecular structure. The preparation of hydrogel was 
similar to using the SEM/EDX instruments. Dried hydrogel specimens 
were ground into fine powder and analyzed using a Fourier transform 
infrared spectrometer, unveiling characteristic peaks and molecular in
teractions indicative of the hydrogel’s functional groups. Brunauer- 
Emmett-Teller (BET) analysis was also conducted on the hydrogel 
where nitrogen gas, acting as an absorbate, was used on 1 g of dried 
hydrogel and placed in a glass column. Following this, degas was carried 
out for 4 h. Pore size analyses were conducted on the samples for 4 h.

The contact angle of the used membranes was measured to gain in
sights into the surface wettability and hydrophilicity of the membrane 
after it had been used with SMS hydrogel as the draw solution. Water 
contact angles were determined using the Biolin Scientific ThetaLite 100 
measurement system and a sessile-drop method. Each sample underwent 
measurements at a minimum of three different locations, and the 
average water contact angle, along with an associated error value, was 
reported as the final result.

3. Results and discussion

3.1. SMS hydrogel characterization

The SMS hydrogel was subjected to several tests to investigate its 
properties. Two Hydrogel samples were produced, one at 0.75 M and the 
second at 1 M SMS concentration. The tests conducted included BET 

Table 2 
Seawater composition and characteristics.

Ions/Parameters Concentration Ions/Parameters Concentration

Ca2+ (mg/L) 605 Suspended Solids (mg/L) 0.48
Mg2+ (mg/L) 1519.3 TDS (mg/L) 34,566
Cl− (mg/L) 8504 Conductivity (mS/cm) 49
Na+ (mg/L) 12,526.7 pH 6.31
K+ (mg/L) 558.2 Turbidity (NTU) 0.27
SO4

− (mg/L) 2743.5
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analysis, rheology tests to test the viscosity of the hydrogel, FT-IR of 
dried hydrogel, contact angle of the hydrogel, water content analysis, 
swelling, and SEM imaging.

3.1.1. Rheology
Hydrogels are viscoelastic materials and have the combined char

acteristics of solids and liquids. The viscosity of the SMS hydrogel was 
measured at 1 M concentration. The temperature was maintained at a 
constant 25 ◦C. Fig. 2a illustrates the shear rate against the viscosity 
(Pa). As can be seen from Fig. 2a, viscosity decreases as the shear rate 
increases, defining the hydrogel as a shear-thinning viscous capacity. 
The shear-thinning aspect of SMS hydrogel is classified within the non- 
Newtonian fluids. As a polymer with crosslink bonds, the SMS hydrogel 
structure stretches and realigns with moving discs as the shear increases, 
reducing viscosity. As a result, this realignment of the hydrogel structure 
causes an increase in porosity and breakdown of molecular interactions. 
Kestin et al. (1981) investigated the viscosity of sodium chloride 
aqueous solution with temperatures ranging from 20 to 150 ◦C and 
various pressures. The average viscosity was 973.2 mPa at 25 ◦C for 1 M 
of sodium chloride [33]. Compared to sodium chloride, the SMS solu
tion’s average viscosity of the peak from where the shear stress and 
viscosity graphs meet is approximately 5984 mPa⋅S, proving it has a very 
high viscosity and increases with the SMS concentration in the solution. 
Additionally, as will be seen from the FT-IR analysis of the SMS 
hydrogel, the hydroxyl groups, most specifically from the metasilicic 
acid, increase the intermolecular attractive forces, increasing the 
hydrogel’s viscosity.

In Fig. 2a, the graph shows the relationship between the shear rate 
and the shear stress applied to the hydrogel. The shear stress peaks at 
approximately 80 Pa and drops steadily within the plastic or permanent 
deformation region, implying that the SMS hydrogel has the highest 
strength at 80 Pa. The hydrogel reaches a fracture point on larger strains, 
ultimately losing its strength, and deformation or degradation occurs. 
The SMS hydrogel is physical, meaning that when the sodium meta
silicate and nitric acid combine to make sodium nitrate and metasilicic 
acid, non-covalent bonds link them. Regarding the viscous behavior of 
the hydrogel, after deformation, the SMS hydrogel can realign and come 
back together. The non-covalent bonds can degrade under stress yet 
conveniently retain their properties, and any changes are dependent on 
the environment, such as the pH and temperature [34]. Although the 
SMS hydrogel does not have a strengthened covalent crosslink, its ability 
to transform with environmental stimuli and revert to its strengths and 
capabilities without impeding its structure is a novel strength to be 
utilized within the FO system. The hydrogel, if it retains its structural 
integrity, can withstand more substantial dilution without compro
mising its porous properties. This characteristic would be helpful when 
testing the diluted draw solution on the soil’s water-holding abilities.

3.1.2. FT-IR analysis
FT-IR was used to examine the functional groups of the dried SMS 

hydrogel. A 1 M SMS hydrogel solution was prepared, dried, and pul
verized. Three different measurements were taken of the powder, and an 
average was formed to produce the graph in Fig. 2b. The graph shows 
several dips at either end of the wavenumbers. Between 3000 and 3708 
cm− 1, a broad and sharp dip appears within the O–H stretching func
tional group. The O–H bonds are from the metasilicic acid, implying 
that hydroxyl is readily available. The intermolecular attractions of the 
O–H group readily attach to other hydrogen atoms in water, making it 
hydrophilic. Another dip that can be seen is between 1565 and 1753 
cm− 1, where the peak is at 1646 cm− 1 and lies within the C––O 
stretching functional group. Another dip is between 1261 and 1472 
cm− 1, with a peak of approximately 1370 cm− 1. From the FTIR reference 
table, the functional group is O–H bending. Another large dip on the 
graph is between 847 and 1261 cm− 1, both broad stretch and strong 
peak, sitting at around 1040 cm− 1. The dip resides within the S––O 
stretching functional group, resulting from the silicic acid formed when 
mixing nitric acid and sodium metasilicate. Like other hydrogels, the 
SMS hydrogel can hold water due to the hydrophilic moieties of its 
hydroxyl functional groups and attach to other water molecules while 
keeping its structure intact. Additionally, between 566 and 847 cm− 1 

ranges, there is a Si–O symmetric stretching group, as well as between 
400 and 500 cm− 1, there is a prominent peak which is associated with Si- 
O-Si bending vibration and is associated with the polymerization of the 
complex silicate structure [35].

3.1.3. Density, swelling, water content, and BET
The mechanical changes of a hydrogel can be related to its swelling, 

deswelling, and water content properties. For example, adding nitric 
acid to the SMS solution to stabilize the pH of the solution releases the 
silica from within the crosslink interaction of the polymer, affecting the 
hydrogel’s mechanical strength [36]. When looking at a polymerized 
hydrogel for agricultural applications, the porosity and permeability of 
the hydrogel are essential to investigate.

Regarding the density calculation, the method used was a 25 mL 
volumetric flask for 0.75 M and 1 M SMS hydrogel. The density for 0.75 
M and 1 M was 1.0592 g/m3 and 1.1084 g/m3, respectively. The density 
of the hydrogel is altered depending on the concentration of SMS, pH, 
and amount of nitric acid added to the solution. SMS hydrogel’s density 
is higher than water’s, causing it to sink at the bottom of the beaker 
(Fig. A1, Appendix). When observing the swelling behavior of the SMS 
solution, it was found to shrink rather than swell because of the phe
nomena of syneresis. Adding nitric acid releases the silicon from the 
sodium silicate and impacts its structure by reducing the porosity and 
making it harder [36,37]. The higher density suggests that it is suitable 
for water retention properties, which in irrigation applications implies 
the reduction of the frequency of irrigation. In terms of the specific 

Fig. 2. (a) Shear rate against viscosity and shear stress of SMS hydrogel, (b) FT-IR of SMS hydrogel.
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volume, being <1 m3/g means that the hydrogel cannot retain water as 
well as other hydrogels; however, by reducing the SMS concentration, 
the specific volume increases, which improves water retention 
properties.

For the moisture content, 1 M SMS hydrogel was placed on a 
centrifuge at 2000 RPM for 2 min to remove excess water. The hydrogel 
was then placed on a petri dish in the oven at 105 ◦C for 2 h until 
completely dry. The calculated moisture content was 36 %, signifying 
the hydrogel’s porous nature and ability to hold water. BET analysis was 
undertaken to determine the surface area and pore size of the SMS 
hydrogel. With a pore diameter of 4.75 nm, the SMS hydrogel can be 
classified as a macroporous material holding vast amounts of water. The 

hydrogel pore volume and pore diameter are 0.06 cc/g and 13.8 m2/g, 
respectively. The tiny hydrogel’s pores and surface area explain the 36 
% water content. A smaller surface area can limit the amount of water 
that can be absorbed or held.

3.2. Water flux

Water flux provides insight into the viability of using the SMS draw 
solution in the FO process. The water flux was measured with sodium 
metasilicate (SMS) sol-gel as a draw solution and DI water, 0.5 M NaCl, 
and seawater feed solutions. The CTA membrane was positioned at the 
active layer facing the feed solution (ALFS) and the active layer facing 

Fig. 3. Water flux for both membrane orientations at ALDS and ALFS, (a) DI Water as FS using 0.75 M & 1 M SMS concentrations, (b) 0.5 M NaCl as FS using 0.75 M 
& 1 M SMS concentrations, (c) seawater as FS using 1 M SMS concentrations, (d) seawater as FS for 3 × 24-h cycles, (e) average flux, (f) average flux and recovery 
rate for seawater for 3 × 24-h cycles.
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the draw solution (ALDS) to evaluate the impact of membrane orienta
tion on the water flux. The experiments were conducted for 6 h at each 
membrane orientation for two SMS concentrations, i.e., 0.75 M and 1 M, 
to study the impact of draw solution concentration on the water flux. 
Two feed solutions, DI water and NaCl, were used for each membrane 
orientation and 0.75 M and 1 M SMS concentration. For all experiments, 
the flow rate of the feed and draw solutions was maintained at 2 LPM, 
representing a crossflow velocity of 0.36 cm sec− 1. Furthermore, the 
temperature of the draw and feed solution was maintained at 25 ◦C.

Fig. 3a shows the water flux for 0.75 M and 1 M SMS concentration 
using DI water as feed solution for both membrane orientations. With 
ALDS at 0.75 M SMS-DI water, the initial and final water flux was 19.52 
LMH and 13.38 LMH, indicating a 31.4 % water flux decline in water 
flux in 6 h. With ALFS at 0.75 M SMS-DI water, the initial water flux was 
7.33 LMH, and the final water flux was 5.25 LMH, resulting in a 28.6 % 
water flux decline. In comparison, water flux decline was faster in the 
ALDS direction due to the greater water flux. For ALDS with 1 M SMS-DI 
water, the initial water flux was 32.52 LMH, and the final water flux was 
15.37 LMH, showing a 52.7 % decline in the water flux after 6 h. For 
ALFS with 1 M SMS-DI water, the initial water flux was 20.48 LMH and 
decreased to 13.47 LMH, resulting in a 34.2 % water flux decline.

While a higher water flux was achieved at 1 M SMS-ALDS, the overall 
water flux decline throughout the experiment was significantly higher 
than the 0.75 M SMS. The 1 M SMS produced a 2.3 times greater water 
flux than the 0.75 M SMS with DI water feed solution. Appendix A1 
substantiates that the larger osmotic pressure of 1 M SMS (73.36 bar) 
compared to 0.75 M SMS (55.02 bar) generated more water flux, causing 
rapid draw solution dilution by the high permeate flux. In contrast, a 
lower water flux was achieved in the ALFS than in the ALDS because of 
the intensive ICP that cannot be easily mitigated [38]. Increasing the 
SMS concentration by 33 %, from 0.75 M to 1 M, more than doubled the 
initial water flux.

The impact of the feed solution on the water flux was evaluated using 
NaCl feed solution. Fig. 3b shows the water flux for 0.5 M NaCl as a feed 
concentration resembling seawater using 0.75 M and 1 M SMS for both 
membrane orientations. For ALDS with 0.75 M SMS, the initial water 
flux was 10.86 LMH, and the final was 4.71 LMH, resulting in a 56.7 % 
water flux decline. However, for ALFS with 0.75 M SMS, the initial water 
flux was 6.10 LMH and decreased to 3.02 LMH at the end of the FO test, 
resulting in a 50.5 % decline in water flux. In the case of ALDS with 1 M 
SMS, the initial and final water flux was 12 LMH and 8.67 LMH, 
respectively, resulting in a 27.8 % water flux decline, while ALFS’s 
initial and final water flux was 6.76 LMH and 4.96 LMH, respectively, 
indicating a 26.6 % water flux decline. As per Appendix A1, the osmotic 
pressure of 0.75 M and 1 M SMS is 55.02 and 73.36 bar, respectively, 
compared to 24.46 bar for 0.5 M sodium chloride. In practice, water flux 
decreases with increasing the feed solution due to the decreased osmotic 
driving force and intensive concentrative CP.

Compared to FO tests with DI water, there was a higher decline in 
water flux using NaCl as FS, primarily due to i) the higher initial water 
flux when DI water is the FS that resulted in a rapid DS dilution and ii) 
severe CP in the FO tests with 0.5 M NaCl FS, resulting in reduced water 
flux. The water flux in the FO tests with DI water FS was almost three 
times greater than the NaCl FS, accelerating the DS dilution and rapidly 
decreasing the osmotic pressure driving force.

According to Table 3, SMS hydrogel’s high density (1.1084 g/m3 for 
1 M) and viscosity (3.2*103 mPa.s) slow its diffusion from the bulk so
lution to the membrane surface, especially in the ALFS mode. Thus, the 

internal CP intensifies in the ALFS orientation compared to the ALDS. 
For example, the results in Fig. 3a and b show that the initial water flux 
with 0.75 M SMS-ALDS is substantially greater than in 0.75 M SMS- 
ALFS, and it is almost equal to that in 1 M SMS-ALFS despite its 
higher osmotic pressure (Appendix A1). The reason for this is due to the 
difficulties for the SMS hydrogel to penetrate through the support 
membrane layer in the ALFS mode besides the effect of internal CP. 
Therefore, operating the FO in the ALDS yields better water flux, 
considering the FS quality responsible for membrane fouling.

In comparison to the study of SMS sol-gel as DS, Idris et al. (2021) 
investigated various molarities of NaCl as DS. At 1 M NaCl, being the 
highest molarity tested, the water flux was approximately 8.5 LMH [39]. 
In comparison, at 0.75 M SMS, the water flux achieved was more than 
double the literature findings. Fig. 3e shows the average water flux for 
0.75 M and 1 M SMS draw solutions in the FO operates in the ALDS and 
ALFS. As expected, the average water flux increased with the SMS draw 
solution’s concentration. The average water flux for DI water feed so
lution tests was 23.24 LMH and 15.34 LMH for the 1 M and 0.75 M SMS 
in the ALDS. The corresponding water flux for 1 M and 0.75 M SMS in 
the ALFS was 15.55 LMH and 10.79 LMH. A slightly higher average 
water flux was achieved in the FO tests with 1 M SMS compared to the 
0.75 M SMS DS due to the tangible water flux in the DI water tests and 
insignificant CP.

On the contrary, there was a considerable average water flux dif
ference due to the SMS concentration increase in the FO tests with 0.5 M 
NaCl draw solution. There is a 51 % average water flux difference due to 
increasing the SMS concentration from 1 M to 0.75 M in the ALDS FO 
tests with NaCl feed solution. Looking at the effect of membrane 
orientation, specifically for NaCl as FS and 0.75 M SMS DS, there was an 
18 % difference in average flux between ALDS to ALFS. Severe 
concentrative CP and slow diffusion of SMS sol-gel into the support 
membrane layer (in the ALFS) are the main reasons for the marginal 
difference in the average water flux of the FO tests with NaCl feed 
solution.

3.3. Reverse salt flux

The reverse salt flux (RSF), or reverse salt diffusion, is the diffusion of 
salts going back across the semi-permeable membrane from the draw 
solution into the feed solution compartments, most explicitly contrib
uting to draw solution loss. Using DI water as the feed solution, a con
ductivity meter was used to measure the TDS of the feed solution 
throughout the experiments. The results found that the conductivity in 
the FS increased with time. As the SMS concentration increased from 
0.75 M to 1 M, the Js also increased (Fig. 4a). In ALDS tests, for example, 
RSF was 1.65 g/m2h and 8.85 g/m2h for 0.75 M and 1 M SMS draw 
solution concentrations. RSF was lower in the ALFS tests, 1.04 g/m2h 
and 4.53 g/m2h for 0.75 M and 1 M SMS, due to the impact of dilutive 
ICP, reducing the SMS concentration at the membrane surface. The 
larger molecular weight of SMS (122.06 g/mol) and high viscosity are 
accountable for the low RSF in the FO membrane compared to con
ventional draw solutions. A previous study by Yahia et al. 2024 revealed 
that the RSF for 1 M NaCl and MgCl2 in the ALDS test was 22.56 g/m2h 
and 12.30 g/m2h, respectively [40]. Compared to this study, the RSF of 
1 M SMS is much lower than for NaCl and MgCl2 draw solutions, indi
cating a crucial advantage of SMS in the reduction of RSF in the FO 
process [41].

The Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) was 
used to measure the concentration of sodium and silica in the feed so
lution (Fig. 4b). For 0.75 M SMS, the sodium concentration in the feed 
solution was 0.21 g/L and 0.15 g/L in ALDS and ALFS, where ALFS had 
only slightly lower sodium concentration due to the intensified ICP on 
the draw solution side. The sodium concentration increased to 0.64 g/L 
and 0.58 g/L in the ALDS and ALFS tests with 1 M SMS draw solution. In 
contrast, the silica concentration was 0.03 g/L in the ALFS with 0.75 M 
SMS test, while it was not detected in the ALDS tests. For 1 M SMS, the 

Table 3 
Fluid Properties of SMS Hydrogel.

Properties of SMS hydrogel SMS 0.75 M SMS 1 M

Density, (g/m3) 1.0592 1.1084
Specific Volume (m3/g) 0.944 0.9022
Specific weight (N/m3) 10.39 10.87
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silica concentration subtly increased to 0.05 g/L and 0.04 g/L in the 
ALDS and ALFS, respectively. The CTA FO membrane exhibited over 99 
% rejection of SMS in both membrane orientations.

3.4. Seawater feed solution

Seawater with 34.5 g/L concentration was used as the FS when 
investigating 1 M SMS sol-gel to generate enough osmotic pressure 
driving force for freshwater extraction. Initially, the FO membrane was 
tested for 6-h at both membrane directions, and the best performance 
membrane orientation was tested in three 24-h cycles, using DI water to 
clean both sides of the membrane between each cycle, and membrane 
fouling was monitored.

Fig. 3c shows the FO tests with 1 M SMS DS and seawater FS for the 6- 
h experiment. At ALDS, the initial water flux began at 9.14 LMH, 
decreased gradually, and reached 5.59 LMH after 6-h, resulting in a 38.8 
% decline. However, at ALFS, the initial was 6.29 LMH, and the final 
water flux was 3.61 LMH, indicating a 42.6 % decline in water flux. The 
severe dilutive ICP was responsible for the steeper water flux decline in 
the ALFS test. There was a sharp drop in water flux over the first 30 min 
due to a combination of greater DS dilution and initial membrane 
fouling by the seawater. Fig. 3e shows the average water flux in the FO 
experiments, with the average water flux with seawater being lower 
than that for the 0.5 M NaCl FS due to the slight variation in the osmotic 
pressure driving force and probably membrane fouling by the seawater. 
Results show that an average water flux of 6.78 LMH and 4.28 LMH was 
achieved in the ALDS and ALFS FO tests with seawater feed solution and 
1 M SMS draw solution compared to 9.5 LMH and 5.68 LMH for 0.5 M 
NaCl feed solution and 1 M SMS draw solution.

The 6-h 1 M SMS-seawater tests in the ALDS showed higher average 
water flux than at ALFS; therefore, three 24-h cycles were used at 1 M 
SMS-ALDS. Fig. 3d shows the performance of these cycles. DI water was 
used to clean the membrane for 60 min between the cycles to investigate 
if it was adequate for membrane cleaning and water flux recovery. The 
initial water flux of the first cycle was 8.38 LMH, and the final was 2.68 
LMH, resulting in a 68 % water flux decline over 24 h. In the second 
cycle, the initial water flux was 5.14 LMH, and the final water flux was 
2.18 LMH, resulting in a 57.6 % water flux decline. The third cycle 
achieved the lowest water flux, with an initial water flux of 3.05 LMH 
and a final water flux of 1.58 LMH, resulting in a 48.2 % decline. Indi
vidually, the water flux decline was 38.7 % and 40.7 % in the second and 
third cycles due to fouling materials build up on the membrane. The 
results indicate that membrane cleaning with DI water was ineffective, 
and there was an increase in fouling after each cycle. The average water 
flux in the first, second, and third filtration cycles was 4.53 LMH, 2.32 

LMH, and 2.18 LMH, respectively, while the corresponding recovery 
rate was 55.8 %, 45.4 %, and 32.9 %, respectively (Fig. 3f). Membrane 
fouling was responsible for the reduction in water flux and the recovery 
rate in the consecutive filtration cycles.

The FR between the first and second cycles was 61 % and 59 % be
tween the second and third cycles. Additionally, the average water flux 
of each cycle was reduced. The results indicate that the effect of fouling 
on the membrane increased when the experiment was extended from 6-h 
to 24-h, and fouling mitigation methods are required to retain the 
membrane’s water flux. Additionally, results imply seawater pretreat
ment and/or cleaning methods should be investigated to combat the 
effects of fouling and ICP/ECP and see if this improves the water flux, 
rather than using DI water alone to clean the membrane between uses 
and cycles.

3.5. FT-IR, SEM/EDX, contact angle

The FT-IR analysis was conducted for the CTA membranes as follows: 
i) membrane 1 is for a pristine CTA membrane, ii) membrane 2 refers to 
seawater 6-h tests, and iii) membrane 3 is for 24-h tests with seawater. 
Fig. 5a shows the FT-IR for membrane 1, membrane 2, and membrane 3. 
There are several common peaks between 1314 and 1606 cm− 1; some 
are stretching and wide. Membrane 1 has a sharper peak at 1530 cm− 1, 
signifying strong N–O functional groups. All membranes have high 
transmittance of C––O stretching functional groups that do not seem to 
have been affected by the FO processes, between 1813 and 2809 cm− 1, 
specifically around the peak of 2300 cm− 1 for membrane 3. The results 
show strong O=C=O stretching bonds, 2809 to 3018 cm− 1, and there is 
greater absorbance of N-H bonds for membrane 1. For membrane 2, the 
transmittance of the N-H bonds signifies stronger bonding between the 
nitrates and hydrogen molecules. There are minor wide peaks between 
3018 and 3696 cm− 1, which is related to OH functional groups. The FT- 
IR analysis shows that the hydrogen and nitrate molecules created bonds 
and remained on the membrane after cleaning with DI water. When 
comparing this to membrane 3, there is not as much precision of the 
nitrates, most likely due to higher absorption rather than transmittance. 
Therefore, functional groups of note to mention are most specifically 
related to the N-H functional groups, showing stronger bonding between 
the nitrates from the sodium nitrate molecule and hydrogen from the 
membrane.

Fig. 5b and c show SEM images of fouled support and active layers for 
membrane 3 that experience considerable water flux decline after 24-h 
filtration. Fig. 5b shows moderate fouling on the active layer facing the 
draw solution. Although the membrane was flushed with DI water be
tween each cycle, the SEM image shows some fouling, indicating the 

Fig. 4. a) Reverse Salt Flux (RSF) for DI Water as FS for both 0.75 M and 1 M SMS sol-gel at ALFS and ALDS membrane orientation, (b) sodium and silica rejection 
from the feed solution using DI water.
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ineffectiveness of DI water alone in cleaning to remove or reduce the 
fouling layer. Fig. 5c, however, shows the support layer of membrane 3 
facing the feed solution. The layer of fouling materials on the support 
layer of the membranes also shows the implication of osmotic gradient 
reduction and compilation of organic and inorganic foulants from 
seawater feed. The diffusion of seawater ions from the feed to the draw 
compartment could be the reason for membrane fouling.

Energy-dispersive X-ray spectroscopy (EDX) was also carried out. A 
comparison of the elemental compositions of membranes 1 and 3 is 

presented in Table 4. The main changes from membranes 1 and 3 are the 
depletion of carbon, suggesting an increase in fouling on the mem
brane’s surface, and the increase in oxygen for both active and support 
layers, implying the presence of some metal oxides on the membrane 
surface, which is particularly evident on the active layer of membrane 3 
(Table 4). For example, the concentration of magnesium, manganese, 
and copper ions increased from 0.0 %, 0.01 %, and 0.02 % in the pristine 
membrane to 0.13 %, 0.02 %, and 0.3 % in membrane 3. These metal 
ions were diffused from the feed to the draw solution and resulted in 
membrane fouling. Notably, silicon fouling was not an issue although 
the active layer side of the membrane contacted with the SMS sol-gel. 
Silica concentration subtly increased from 0.01 % in the pristine mem
brane to 0.02 % in membrane 3.

The contact angle of the CTA membranes’ active layer was measured 
after the filtration tests and compared with the pristine membrane 
contact angle in Table 1. The contact angle of Membrane 3 was reduced 
to 40.43o, which is a 42 % decrease. The decrease in the contact angle 
indicates the hydrophilicity of the membrane is increasing, probably due 
to the formation of metal oxides, such as magnesium oxide, on the active 
membrane layer of membrane 3. Table 4 shows an increase in magne
sium, magnesium, and copper in the active layer of membrane 3. In 
effect, metal oxides enhance the water affinity of the membrane by 
introducing hydroxyl groups, enhancing water permeability.

3.6. Recovery rate and energy consumption

Table 5 shows the specific power consumption and recovery rate for 

Fig. 5. (a) FT-IR of Membrane 1, 2, 3 (b) SEM of membrane 3 active layer (c) SEM of membrane 3 support layer.

Table 4 
Elemental composition comparison between membrane 1 (pristine CTA mem
brane) and membrane 3 (using 3 cycles of 24 h with seawater as feed).

Elements Membrane 1, 
support layer 
(wt%)

Membrane 3, 
support layer 
(wt%)

Membrane 1, 
active layer 
(wt%)

Membrane 3, 
active layer 
(wt%)

Carbon 49.8 45.02 48.46 46.12
Oxygen 49.3 52.62 51.05 51.68
Silicon 0.05 0.00 0.01 0.02
Sulfur 0.20 0.00 0.12 0.05
Chlorine 0.10 0.45 0.02 0.57
Calcium 0.11 0.00 0.02 0.01
Manganese 0 0.00 0.00 0.02
Iron 0 0.00 0.14 0.04
Copper 0.15 0.00 0.02 0.30
Sodium 0.12 1.15 0.11 1.10
Magnesium 0 0.00 0.01 0.13
Cadmium 0.15 0.00 0.02 0.00
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all FO experiments at various membrane orientations. As indicated in 
Table 5, for every feed solution and the SMS concentration, the ALDS 
membrane orientation has a consistently higher recovery rate than the 
ALFS membrane orientation. For example, at 0.75 M SMS-0.5 M NaCl 
draw solution and feed solution, there was a 56 % increase in the re
covery rate for changing the membrane orientation from ALFS to ALDS. 
The FO tests with DI water feed solution accomplished higher recovery 
rates than those with 0.5 M NaCl and seawater due to the greater os
motic pressure and the negligible concentrative CP in the DI water tests. 
The recovery rate in the 1 M SMS-DI water test was almost twice that in 
the 1 M SMS-0.5 M NaCl or seawater, indicating the impact of feed 
salinity on the FO recovery rate.

The FO tests show an obvious increase in the specific energy re
quirements (Es) in the FO tests that had a limited water flux. Table 5
shows that the FO tests with DI water feed solution induced the highest 
permeation flow (Qp). All specific energy was below 0.02 kWh/m3, 

whereas RO uses up to 2 to 5 kWh/m3 [42,43], showing a significant 
energy saving in FO systems compared to RO systems. Table 5 shows a 
slight increase in the energy requirements with an increase in feed 
salinity due to the reduced permeation flow. It is evident from Table 5
that the specific energy increased in ALFS due to the lower permeation 
flux and recovery rate compared to ALDS. Therefore, there is a corre
lation between the permeate and the specific energy. The 24-h seawater 
tests (ALDS), with a 55.8 % recovery rate, achieved 0.00717 kWh/m3 Es 
due to extended experimental time. The Es increased to 0.00880 kWh/ 
m3 and 0.01216 kWh/m3 in the second and third cycles, respectively, 
due to the lower water flux in these tests caused by membrane fouling. 
Previous studies have also linked FO energy consumption with fouling 
tendencies; the higher the fouling, the higher the energy consumption 
[44], and obviously a decline in permeate flux throughout the experi
ments. Overall, seawater would be an excellent potential feed solution 
with the SMS sol-gel as a draw solution, but it may need pretreatment to 
remove the fouling materials that are responsible for membrane fouling 
and or physical and or chemical cleaning between each cycle.

4. Conclusion

Sodium metasilicate (SMS)-based sol-gel draw solution was prepared 
from the reaction of SMS with nitric acid to produce silicic acid and 
sodium nitrate, which are essential nutrients for plants. Experiments 
revealed that SMS sol-gel possesses a considerable advantage, gener
ating 15.34 LMH and 23.24 LMH average water flux for 0.75 M and 1 M 
SMS for DI water as feed, respectively, which is competitive to other 
hydrogel-based draw solutions such as conventional draw solutions such 
as NaCl and MgCl2. The corresponding average water flux for 0.5 M NaCl 
was 6.29 LMH and 9.5 LMH for 0.75 M and 1 M NaCl draw solution, 
indicating the impact of feed TDS and CP on the FO performance. 
Although SMS exhibited a negligible RSF, the RSF was lower in the ALFS 
tests due to the dilutive ICP phenomenon and the relatively high SMS 
viscosity that impeded its diffusion into the support membrane layer. 
Generally, the ICP-MS test revealed that RFS was mainly the low mo
lecular weight sodium ions that diffused from the draw to the feed so
lution. FO membrane fouling was detected in the 24-h filtration tests 
with seawater feed solution and 1 M SMS. In the 3 cycles of FO tests, the 
maximum water flux declined from 8.38 LMH in the first cycle to 3.05 
LMH in the third cycle due to sodium or divalent ions such as calcium 
and magnesium. Future work should address membrane fouling by 
suggesting suitable cleaning methods and or seawater pretreatment to 
remove fouling materials. Overall, experiments demonstrated the 
feasibility of using SMS sol-gel as a draw solution in the FO process and 
its potential use for improving the soil water retention capacity and 
nutrient supply to plants.
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Appendix A 

A.1. Osmotic pressure

The osmotic pressure of Na2SiO3 was estimated using the Van’t Hoff equation: 

Table 5 
Recovery rate and specific energy for all experiments with their corresponding 
SMS concentration and membrane orientation.

Feed Water 
Source

SMS 
Concentration

Membrane 
Orientation

Recovery 
Rate (%)

Specific 
Energy, Es 
(kWh/m3)

DI Water 0.75 M ALDS 33.7 0.00148
ALFS 32.7 0.00153

1 M ALDS 42.0 0.00119
ALFS 36.5 0.00137

0.5 M NaCl 0.75 M ALDS 14.8 0.00422
ALFS 9.5 0.00658

1 M ALDS 21.8 0.00229
ALFS 15.6 0.00400

Seawater 1 M ALDS 23.5 0.00355
ALFS 15.2 0.00550

1st 24-h 
cycle 
Seawater

1 M ALDS 55.8 0.00717

2nd 24-h 
cycle 
Seawater

45.4 0.00880

3rd 24-h 
cycle 
Seawater

32.9 0.01216
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π = iMRT 

Where π is the osmotic pressure, ‘i’ is Van’t Hoff’s factor, M is the molar solution concentration (mol/L), R is the ideal gas constant (0.08206 L atm 
mol− 1), and T is the temperature in Kelvin. For Na2SiO3, that value is 3. For temperature in Kelvin, the laboratory temperature was 25 ◦C, or 298 K. 
Two concentrations were used for sodium metasilicate, 0.75 M and 1 M. From Van’t Hoff’s equation, the osmotic pressure was 55.02 bar for 0.75 M 
SMS, 73.36 bar for 1 M SMS, and 48.91 bar for 1 M NaCl.

A.2. Swelling

A 50 mL vial consisting of 15 mL hydrogel, only undergone centrifuge to separate the gel from the solution, was used and mixed with 35 mL of 0.5 
M NaCl. The solution and hydrogel were shaken and left at room temperature to investigate the swelling nature of the hydrogel. After 24 h, rather than 
swelling, the hydrogel was reduced by 33 % to 10 mL. A second and third 50 mL vials were used with 15 mL each of the SMS hydrogels; however, this 
time with 35 mL of DI water. The solution and hydrogel were shaken and left at room temperature for 24 h. After 24 h, one of the vials remained 
consistent at 15 mL, and the second was reduced slightly by 1 or 2 mL.

Fig. A1. SMS hydrogel layers, showing a high density of hydrogel at the bottom of the beaker.

Fig. A2. SEM Images of the support layer of membranes 2 and 3.
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A.3. Soil water retention capacity

Table A1 
Water retention capacity of soil with and without sodium metasilicate treatment.

5 g soil +10 mL sodium metasilicate Day 0 Day 1 Day 25 Weight Reduction (%)

Soil + Water 25.49 25.34 22.40 12.13
Soil +0.5 M 26.03 25.89 23.38 10.19
Soil +0.75 M 25.93 25.79 23.32 10.07

Data availability

Data will be made available on request.
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