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This study integrates performance optimization with an economic analysis of a hollow fiber forward osmosis
(HFFO) system using a novel sodium metasilicate (SMS)-based sol-gel draw solution. The SMS sol-gel is diluted
during the FO process using treated sewage effluent as the feed solution, addressing wastewater reuse challenges.
Unlike conventional draw solutions requiring energy-intensive regeneration, the diluted SMS is directly applied
for soil enhancement, eliminating regeneration needs. Optimized parameters include feed flow rates (60-80 L/

h), draw flow rates (50-75 L/h), transmembrane pressure (0.2-0.3 bar), and a draw solution molarity of 0.3 M.
The system achieved a peak water flux of 17.82 LMH in AL-DS orientation and an ion rejection rate of 97.8 %.
Notably, the specific solution cost (SSC) varied between $0.16 and $0.37 per cubic meter, depending on oper-
ational parameters, with the optimized system achieving the lowest SSC of $0.16 per cubic meter, demonstrating
significant cost-effectiveness and sustainability.

1. Introduction

Sodium metasilicate (SMS) has emerged as a significant agent in soil
treatment and stabilization, particularly noted for its ability to enhance
soil strength and durability when used in conjunction with other stabi-
lizers [1]. Upon dissolution, SMS generates a colorless alkaline solution
rich in silicon, which provides numerous agronomic benefits. These
benefits include improved soil quality, enhanced nutrient availability,
better water retention, increased resistance to plant diseases, and
greater tolerance to environmental stressors [2,3]. Empirical studies
have corroborated the positive impact of SMS on plant growth; for
instance, Mali and Aery (2008) reported enhanced germination and
growth of wheat [4], while Zhou et al. [5] observed improved growth
and pathogen resistance in cucumbers [5].

Despite the advantages offered by SMS, its preparation necessitates
freshwater, a resource often scarce in arid regions. To mitigate this
challenge, innovative membrane technologies, such as forward osmosis
(FO), can be employed for desalination and wastewater treatment,

thereby ensuring a reliable supply of freshwater, as well as its role in the
circular economy through nutrient extraction such as phosphate [6].
Unlike traditional pressure-driven processes, FO leverages osmotic
pressure differentials across a semi-permeable membrane, facilitating
the natural migration of water from a less concentrated feed solution to a
more concentrated draw solution [7-9]. The FO process presents several
benefits, including lower energy requirements, reduced membrane
fouling, and decreased operational costs [10-12]. A consistent rise in FO
research over the past decade reflects this growing interest; however,
limited large-scale implementation and economic uncertainties remain
key barriers [13]. One of the major cost-related challenges lies in the
energy demands associated with draw solution regeneration. For
instance, a study by Junco et al. outlines a scenario where the use of a
less efficient osmotic agent resulted in regeneration energy costs that
outweighed the anticipated savings from the FO process [14].

Recent research by Kazwini et al. [15] explored the use of flat sheet
membranes (FSM) in FO applications with SMS-based sol-gel as a draw
solution and seawater as the feed solution. The SMS-based sol-gel draw
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solution was prepared through the reaction of SMS with nitric acid,
yielding silicic acid and sodium nitrate. Their findings demonstrated the
potential of this approach to enhance soil water retention and nutrient
supply [15]. However, the study lacked comprehensive performance
optimization and economic evaluation, which are essential to fully
realize the potential of SMS-based FO systems.

The selection of membranes plays a crucial role in the efficiency of
FO systems, as material composition, structure, and fabrication method
directly influence their performance [16]. Hollow fiber forward osmosis
(HFFO) membranes are particularly suited for FO applications due to
their high surface area-to-volume ratio, which enhances mass transfer
efficiency and enables compact system designs [17]. They also offer
excellent mechanical stability and low resistance to solute diffusion,
maximizing osmotic pressure and improving water flux (Jw) [18,19].
Among them, Aquaporin-based HFFO membranes, further enhance
performance by incorporating transmembrane proteins that facilitate
rapid water transport while maintaining high selectivity and low reverse
solute flux (RSF) [20,21]. Previous studies on HFFO membranes,
including those conducted by Jalab et al. [22], Sanahuja-Embuena et al.
[17], Shibuya et al. [23] and Li et al. [24], have primarily focused on
effects of operational parameters on performance metrics. However,
these studies have largely overlooked the critical aspect of economic
feasibility.

To address these gaps, this paper presents a novel approach that
integrates both performance and economic optimization of HFFO system
using a newly applied SMS-based sol-gel draw solution in combination
with treated sewage effluent (TSE) as the feed. The draw solution is
progressively diluted through the FO process for direct soil application,
thereby eliminating the need for regeneration. Key operational para-
meters—feed and draw flow rates, transmembrane pressure (TMP), so-
lute concentration, and membrane orientation—are analyzed for their
effects on system performance, including water flux, reverse solute flux,
and specific reverse solute flux (SRSF), as well as overall system cost.

2. Materials and setup
2.1. Membrane characterization

Optimal forward osmosis (FO) membranes feature an ultra-thin,
dense selective layer to ensure high water permeability and solute
rejection, supported by a thin, porous layer for mechanical stability and
minimal resistance to solute diffusion. This design maximizes osmotic
pressure while mitigating internal concentration polarization (ICP) and
external concentration polarization (ECP), which can hinder mass
transfer [25,26]. Additionally, high membrane hydrophilicity also helps
in fouling reduction [27]. In this study, Aquaporin-based HFFO mem-
brane was utilized, which features aquaporins—transmembrane pro-
teins that enable rapid water transport [20,21]. Compared to
conventional polymeric membranes, Aquaporin-based membranes offer
superior water permeability and selectivity while maintaining high Jw
with minimal RSF [20,21]. The Aquaporin-based HFFO membrane used
in this study incorporates a TFC structure, similar to recent TFC-FO
membranes enhanced with hydrophilic interlayers to improve selec-
tivity and flux [28]. Detailed specifications of the Aquaporin membrane
module used in this study are summarized in Table 1.

2.2. Feed solution and draw solution preparation

The feed solution (FS) used in the FO process was TSE obtained from
a Doha wastewater facility. It had a total dissolved solids (TDS) con-
centration of 2816 mg/L, along with minor amounts of phosphorus,
nitrogen, and organic materials, making it unsuitable for direct appli-
cation in irrigation. To simulate the TSE, the FS was prepared by dis-
solving industrial-grade NaCl (99.5 % purity, Fisher Scientific, UK) in
distilled water at a concentration of 1.465 g/L.

The draw solution (DS) was prepared using sodium metasilicate
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Table 1
Geometrical, physical and chemical specifications of the HFFO module.
HFFO module Manufacturer Aquaporin A/S
Model HFFO2
Type Hollow fiber membrane
Material TFC with integrated aquaporin

proteins

HFFO Module dimensions " (mm) 300x70
Module Membrane active area * 2.3
Dimensions (m?)

Active layer charge * Negative
Fiber Internal Diameter * 0.20
(mm)

Fiber Outer Diameter * 0.27
(mm)

Fiber length (mm) b 270

Recommended  Operating mode * Counter-current flow
Operating TMP feed to draw ° (bar) 0.2
Conditions Temperature Range ° (°C) 5-30

PH range 3-10

Operating TMP * (bar) <4
conditions Feed inlet pressure * (bar) <4
limits Draw inlet pressure * (bar) <2

Free chlorine tolerance * <0.1
(mg/L)

Temperature ° (°C) <50
PH range 2-11

2 Value were obtained from the membrane manufacturer
b values were obtained from authors

(SMS) from Sigma-Aldrich at concentrations of 0.2 M, 0.3 M, 0.4 M, and
0.5 M. Since SMS is highly alkaline, phosphoric acid was used to adjust
the pH to 8, ensuring compatibility with the membrane. The resulting
reaction products are beneficial to plants, with sodium phosphate
providing essential phosphorus for plant growth [29], while silicic acid
hydrogel acts as a soil stabilizer [30].

2.3. Experimental setup

A laboratory pilot-plant setup for the FO process was established
horizontally, as shown in Fig. 1. The objective was to evaluate FO per-
formance and economic feasibility under various operational condi-
tions. The system consisted of four tanks for FS and DS inlet/outlet. It
operated in a batch, single-pass mode using uncirculated FS and DS for
each run, allowing straightforward assessment of membrane efficiency.

Operational parameters were monitored using digital balances,
pressure meters, flow meters, and conductivity sensors, all connected to
an automated data acquisition system logging data every five seconds.
The tanks were placed on a digital balance to record weight changes for
flow rate and Jw calculations. Flow rates were also measured with F-550
variable area flow meters (Blue-White, USA), and circulation was
facilitated by two Masterflex gear pump drives (Cole-Parmer, USA).
Conductivity was measured before and after each run using an Orion
Star A215 Conductivity Meter (Thermo Fisher Scientific, USA), and TMP
was adjusted manually with pressure valves.

Before testing, membranes were flushed with distilled water (1.7 uS/
cm) for 45 minutes to stabilize the system. Experiments were conducted
in two orientations: FS facing the active layer (AL-FS) and DS facing the
active layer (AL-DS). Counter-current flow was selected based on the
manufacturer’s recommendation and supported by previous studies,
which demonstrate its superiority over co-current configurations by
enhancing the osmotic pressure gradient across the membrane [31] to
[24]. One parameter was varied at a time, while others were held con-
stant, and each test was repeated three times to ensure data reliability.
The study tested feed flow rates (40-100 L/h), draw flow rates (25-100
L/h), transmembrane pressure (0-1 bar), and DS molarity (0.2-0.5 M), as
detailed in Tables 2 and Table 3.
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Fig. 1. HFFO experimental setup.

Table 2
Operational parameters of the HFFO performance test.

FS DS

Flow rate Solution Flow rate
(L/h) (L/h)

Solution

TMP Membrane orientation
(bar) °c

Flow direction Temperature

DI H,0 40 0.2M 25
1.465 g/L NaCl SMS

AL-FS Counter current 25

AL-DS

Only one of the listed parameters was modified while the others remained constant.

Table 3
Operational parameter modified during the HFFO performance test.

FS flow rate DS flow rate = TMP DS Molarity ~Membrane Orientation

(L/h) (L/h) (Bar) (M)
40 25 0 0.2 ALF
60 50 0.2 0.3
80 75 0.3 0.4 AL-D
100 100 1 0.5

2.4. Performance of forward osmosis

Sensor data (flow rates, conductivity, pressure) were utilized to
calculate key performance parameters, including Jw, RSF, SRSF, and
water recovery. Also, membrane selectivity was determined using ion
chromatography (IC) to measure the rejection of specific ions in the feed
and draw solutions.

e - Jw, measured in LMH (L/m?-h), was calculated as:

_ QFS,in - QFS.out _ QDS,out - QDS,in

AMem

(€8]

J,
v AMem

where Qrsin, Qrs,out> Qps,in and Qps oue (L/h) represent the FS and DS flow
rates in and out of the membrane, and Ay, is the membrane area.

- RSF measured in GMH (g.m’z.h’l), was calculated as:

OFS, i
(GFs.out - W&) x f x Qs our

AMET'!

RSF = (2)

Where o5s o and ops in represent the conductivity of the feed outlet and
inlet solution, respectively, and f is the conductivity conversion factor
that describes the relation between conductivity and salt concentration.
In this paper,  was tested at 0.414 mg-L’l-pS’l-cm. WR, water recov-
ery, defines the percentage of water in FS passing through the mem-
branes and was calculated as:

_ QFS,in - QFS,out

'S.in

WR x 100% 3

- TMP was determined by the equation:

Prsin + Prsour  Ppsin + Pps,out
2 2

TMP = @

Where Prs in, Prsouts Pps,n and Pps oy (bar) denote pressure measured at
feed inlet, feed outlet, draw inlet and draw outlet, respectively.

- Rejection rate (R) during FO process was calculated as:
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G
R=1- " x100% )
CF,in
CDS.uut X QDS out
C = =% ©
v QDS.out - QDS,in

where C,, Cr i, and Cps oy are the concentrations in the permeate water,
FS inlet and DS outlet, respectively.

2.5. Economic analysis of forward osmosis

The techno-economic feasibility of a full-scale FO process was
assessed based on laboratory-scale experimental results, including both
capital costs and operational costs. Capital costs cover direct expenses
such as FS intake, circulation pumps for FS and DS, and FO membrane
modules. Site preparation and construction are projected to constitute
an additional 10 % of the total equipment expenses. Indirect capital
costs, estimated at 27 % of direct costs, cover a range of necessities,
including installation services, design fees, and professional expenses
[32].

Operational costs include a variety of factors such as, feed intake,
circulation pumps, membrane replacement, and membrane operation
which is anticipated to be 10 % of the FO membrane’s capital cost.
Furthermore, operational costs also account for chemical expenses
involving the draw and dosing solutions, insurance costs approximated
at 0.5 % of the total capital costs, and labor and maintenance expenses
estimated at 2 % of the production rate [33,34]. A critical, often un-
derappreciated aspect of operational costs is related to energy con-
sumption for recirculation pumps, representing 25-30 % of total energy
demand, which emphasizes the importance of optimizing pump opera-
tion reduce energy usage [35].

All calculations for capital costs and operational costs associated
with the FO process were adapted from established economic evalua-
tions, using assumptions as detailed in Table 4. Capital costs are in USD
and operating costs are in USD per annum.

2.5.1. Capital cost (CC)

- Capital cost of FS intake (CCrs_ir) [33,34]

CCrs_ir = 0.1 x 996(Qgs)*® )

Where CCrs_jr is the capital cost of FS intake ($), Qs is the feed flow
rate (m3/day).

Unlike reverse osmosis (RO), forward osmosis does not require
pressurization of the FS. This key distinction significantly reduces pre-
treatment costs, which are estimated to be only 10 % of those associ-
ated with conventional RO systems.

Table 4

List of parameters considered in capital cost and operational cost.
Parameter unit value Reference
Plant Production Capacity (Qperm) m®/d 100,000 [36,37]
Plant Design Life (DLp) years 20 [38-39]
Plant operation time h/year 8760 [38]
Membrane design life (DLysem) years 10 [38]
Membrane unit Cost (UCyem) $/m? 30 [38,33]
Feed Pressure Drop (Pgs) bar 2 [38,39]
Draw Pressure Drop (Pps) bar 1 [38]
Pump efficiency (n) % 0.85 [38,37]
Energy Rate (ER) $/kWh 0.10 [36,371
Interest Rate (ir) % 6 [38,37]1

Plant load factor (PLy) - 0.9 [38]
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- Capital cost of circulation Pumps (CCpumps)

Cost and performance data for pumps from Torishima Pump Com-
pany, Japan, known for their corrosion-resistant, multi-stage centrifugal
pumps, were incorporated in this study. A power law cost model was
employed to establish cost functions for high-pressure pumps, address-
ing the challenge that pump costs do not straightforwardly correlate
with flow rate and pressure. The regression analysis of this data yielded
the following approximate cost function for pumps operating at flow
rates below 200 m*/h:

CCpumps = 52 x Qy X P, if Q, < 200 m*/h ®
Where CCpymps represents the capital cost of the circulation pumps ($),
Qp is the pump’s flow rate (m%/h) and P, is the pump’s applied pressure
(bar). This equation is utilized for both FS and DS [38,34].

- Capital cost of membrane (CCpem)

CCyem. = Amtem. X UCyem, ©

Where CChem. is the capital cost of the FO membrane ($), Apem. is the
membrane area (m?) and UCpem is the cost per square meter of mem-
brane ($/m?). It is important to note that the lower packing density in
FO modules generally results in higher costs compared to RO modules
[38,34].

- Capital cost of site development (CCis.) [32]

CCsie = (CCrsy + CCpumps + CChem.) X 0.1 (10)

- Direct capital cost (DCC) [38,36,39]

DCC = (CCFSIT + CCPu_mps + CCMemA + CCsi[e) (11)

- Indirect capital cost (ICC) [32]
ICC = DCC x 0.27 (12)

- Total capital cost (TCC) [38,36,39]
TCC = DCC + ICC (13)

- Total annualized capital Cost (TACC)

Total Annualized Capital Cost (TACC) is determined using the
amortization factor, which is calculated as follows:

. . DLp
az T+ HT 14)
(ir+1)"* -1

TACC = a x TCC (15)

Where a is the amortization factor, ir is the interest rate, PDL is the plant
design life (years), TCC is the total capital cost ($) and TACC is the total
annualized capital cost ($/year) [38,36,39].

2.5.2. Operational cost (OC)

- Operational cost of FS intake (OCrs_ir) [38,36]

0.028 x P;r x Qps x ER

OCFS,IT = n

X 365 x PL¢ (16)
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- Operational cost of energy required by pumps (OCg)

The specific energy consumption (SEC) of the FO process (kWh/m?)
is calculated using Eq. (17) [38,40].

(Pps Qrs) + (Pps Qps) + (TMP Qgs)

SEC = a7)
36 N Qperm
OCg = SEC X Qperm X ER x 365 X PLy 18)
[38,33,34]

- Operational cost of membrane replacement (OCyem—rep) [38,39]

CChrem X i1

— (19)
1 — (1 + ir) Pven

OCMem—Rep =

Eq. (19) calculates the membrane replacement cost in $/year per
replaced membrane during its design life. To determine the annual
operational cost of membrane replacement over the plant’s design life,
the result is multiplied by W, where Nyem-gep is the number of
replaced membranes during the plant’s design life.

- Operational cost of membrane operation (OCyem—ope) [33]

OCMem—Ope = 0.1 x CCyem (20)

- Operational cost of chemicals (OCcper) [33,34]
OCehem = 0.0225 x F, x 365 x PL; @1

Where F; is total flow rate of the system (mg/day).

- Operational cost of insurance (0G;) [33,34]

OC; = 0.005 x TCC (22)

- Operational cost of labor and maintenance (OC;) [33,34]

OCrem = 0.2 X Qperm X 365 Xx PLg¢ (23)

- Total annualized operational cost (TAOC) [33,34]

OCrem = OCps_ir + OCg + OCuem-rep + OCprtem—ope + OCchem
+ OC; + OCrem
24)

- Specific Solution Cost (SSC) [33,34,38]

TACC + TAOC
SSC= ——— 25
Qperm X PLg x 365 25

Where SSC is the specific solution cost ($/m%)
3. Results and discussion
3.1. Performance of forward osmosis

Concentration polarization is divided into internal and external
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types, with both dilutive and concentrative effects, as shown in Fig. 2.
ICP occurs within the membrane’s support layer, while ECP takes place
at the membrane-solution interface. In AL-FS mode, water permeates
from the FS to the DS, leading to dilutive ICP in the support layer, which
reduces the osmotic pressure of the DS. Simultaneously, concentrative
ECP increases the osmotic pressure of the FS. In AL-DS mode, ICP on the
FS side becomes concentrative, raising its osmotic pressure. Meanwhile,
dilutive ECP on the DS side lowers the osmotic pressure of the DS.

3.1.1. Effect of FS flow rate

Jw: Feed flow optimization was necessary, as excessively high flow
could reduce water recovery, increase reject volumes, and raise energy
consumption. concentrative ECP in AL-FS mode and ICP in AL-DS mode
could become significant, reducing the osmotic pressure difference and
lowering Jw. Therefore, optimizing the feed flow rate was critical to the
FO system’s performance. The relationship between feed flow rate and
Jw for both AL-FS and AL-DS modes is shown in Fig. 3 For AL-FS mode,
Jw increased from 7.43 LMH at 40 L/h to 8.63 LMH at 100 L/h, rep-
resenting a total rise of 16.06 %. Notably, this increase was nonlinear,
with 9.36 % total rise occurring just from the first increment, as the flux
rose to 8.13 LMH when the flow rate increased from 40 L/h to 60 L/h.
Similarly, in AL-DS mode, Jw increased from 11.2 LMH to 12.61 LMH, a
total rise of 12.59 %, with the same nonlinear behavior observed. These
findings align with those of Al-Musawy et al. [31], Jalab et al. [41], and
Sanahuja-Embuena et al. [17], who also observed higher Jw with
increased feed flow rates, due to reduced ECP effects. Shibuya et al. [23]
similarly noted that flux increased with feed flow rates up to a point,
after which it plateaus. Conversely, Akhtar et al. [42] reported minimal
impact of feed flow rate on Jw compared to DS flow rate. Li et al. [24]
found that feed flow did not significantly affect the osmotic process
when using deionized water, suggesting that feed composition must be
considered alongside flow rate for optimal FO performance.

RSF: Our experimental results, as shown in Fig. 3 indicated a direct
correlation between feed flow rate and RSF. Lower volumetric flow rates
of the FS resulted in reduced solute transfer from the DS to the FS, with
the lowest RSF observed at 2.74 GMH at a feed flow rate of 40 L/h. In
contrast, at a feed flow rate of 100 L/h, the highest reverse diffusion of
DS solutes into the feed was recorded, with an RSF of 3.00 GMH of SMS,
marking an overall increase of 9.32 % in AL-FS mode and 7.62 % in AL-
DS mode compared to the lowest flow rate. Similarly, studies by Al-
Musawy et al. [31] and Jalab et al. [41] also observed significant in-
creases in RSF with higher feed flow rates, reporting increments of 47.4
% and 200 %, respectively. Conversely, in cases where feed flow had no
significant influence on Jw, a similar lack of effect was noted on RSF
(Akhtar et al. and Li et al. [42,24]). The observed increase in RSF with
higher feed flow rates is explained by the direct proportionality between
Jw and RSF, influenced by the membrane’s selectivity. This relationship
is driven by intensified convective transport at elevated Jw, which
promotes the migration of solutes from the draw solution to the feed
side. Similar findings were reported by Jalab et al. [41] and Heo et al.
[43], who observed higher RSF with increasing Jw.

SRSF: With increased feed flow rates, Jw rise outpaced that of the
RSF, leading to reduced SRSF values from 0.369 g/L to 0.347 g/L in AL-
FS mode, and from 0.522 to 0.499 g/L in AL-DS mode as shown in Fig. 3
Contrasting with studies employing NaCl as the DS, in which the SRSF
escalated with increased flow rates due to a higher rise in RSF relative to
Jw, as reported by Al-Musawy et al. [31] and Jalab et al. [41], our
findings highlight the benefits of using sodium metasilicate as a DS
attributed to its lower RSF.

3.1.2. Effect of DS flow rate

Theoretically, DS flow rate significantly influences concentration
polarization within the membrane. In AL-FS mode, higher DS flow re-
duces ICP, while in AL-DS mode, it mitigates ECP. Increasing the DS flow
reduces its retention time in the FO module, which helps maintain the
osmotic driving force and improves both Jw and recovery. However,
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Fig. 3. Effect of FS flow rate on FO performance.

excessively high flow rates can increase energy costs and risk mechan-
ical damage to the hollow fibers, as noted by Sanahuja-Embuena et al.
[17].

Jw: Fig. 4 shows that increasing DS flow rates resulted in higher Jw.
In AL-FS mode, the membrane demonstrated Jw values of 7.43, 9.51,
10.38, and 10.41 LMH at DS flow rates of 25, 50, 75, and 100 L/h,
respectively, translating into a 40.05 % enhancement in flux for a 300 %
increase in DS flow rate. Similarly, in AL-DS mode, Jw values increased
from 11.2 LMH to 14.26 LMH, marking a 27.34 % rise. The effect of DS
flow rate on Jw was more critical in AL-FS mode due to the stronger
influence of dilutive ICP compared to ECP. The increase in Jw was
nonlinear, plateauing as DS flow rates reached higher levels. This occurs
because the maximum concentration achievable in the FO module is the
initial DS concentration, which is approached at higher flow rates.
Consequently, there is an optimal DS flow rate, beyond which further
increase becomes impractical and uneconomical. Our findings are in
concordance with the outcomes from a suite of HFFO studies, including
those by Jalab et al. [22], Sanahuja-Embuena et al. [44], Akhtar et al.,

[42], Jalab et al., [41], Sanahuja-Embuena et al., [17] and Shibuya
et al., [23] showing a noticeable increase in Jw ranging approximately
from 24 % to 34 %. In contrast, Li et al., [24] reported no significant
changes in Jw with DS flow, suggesting that the minimum DS rate
examined was sufficiently high to mitigate the dilution effect of the DS.

RSF: Fig. 4 shows that increasing DS flow rates intensified solute
back diffusion to the feed side. RSF rose from 2.74 GMH to 3.90 GMH in
AL-FS mode, and from 5.85 GMH to 8.14 GMH in AL-DS mode. A lower
RSF at the minimal DS flow rate studied is desirable, as it minimally
reduces the driving force and obviates the need for DS re-concentration.
The straightforward relation of RSF and Jw is also confirmed in these
experiments. Furthermore, it is noteworthy that the same studies
exploring the effects of FS flow rate on Jw also examined the impact of
DS flow rate on RSF, consistently revealing an increase in RSF with
higher DS flow rates.

SRSF: As shown in Fig. 4, increasing the DS flow rate marginally
elevated the draw solute loss per water pass in AL-DS, from 0.522 g/L to
0.571 g/L. However, the DS flow rate’s impact on SRSF in AL-FS mode
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Fig. 4. Effect of DS flow rate on FO performance.

was negligible, as the increase in RSF was offset by a proportional in-
crease in Jw, with SRSF ranging from 0.367 to 0.374 g/L.

The impact of DS flow rate on SRSF reveals a varied landscape among
the studies considered. Notably, only a subset of the research previously
mentioned has focused on examining changes in SRSF in response to DS
flow rate adjustments. Among these, the study conducted by Jalab et al.
[22], reported significant rise in SRSF from 1.29 to 2.68 mmol/L as the
DS flow rate increased. On the other hand, Sanahuja-Embuena et al. [17]
presents a contrasting perspective, suggesting that SRSF remains largely
unaffected by variations in DS flow rate.

3.1.3. Effect of TMP

FO operates based on the osmotic pressure gradient between the DS
and FS, so applied hydraulic pressure typically has a minimal effect on
performance since it is well below the osmotic pressure differential.

Jw: As illustrated in Fig. 5, Jw increased slightly from 7.25 to 7.63
LMH in AL-FS mode and from 10.80 to 11.72 LMH in AL-DS mode. This
marginal increase is attributed to the additional pressure in the FS,
which enhances water transport toward the draw side.

RSF: Fig. 5 showed a slight decrease in RSF was observed as TMP was
increased in both membrane orientations. This reduction is rationalized
by the requirement for reverse salt diffusion to counteract the added
hydraulic pressure from the draw to the feed side, thereby diminishing
RSF as TMP increases.

SRSF: As shown in Fig. 5, SRSF decreased as TMP increased, from
0.38 to 0.35 g/L in AL-FS mode and from 0.55 to 0.48 g/L in AL-DS
mode.

AL-FS
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These results are consistent with those reported by Sanahuja-
Embuena et al. [44], Sanahuja-Embuena et al. [17], and Li et al. [24],
where only minimal variations in Jw, RSF, and SRSF were noted at
elevated TMP. However, FO membrane design, favoring thinner and
more fragile supports, limits the extent to which TMP can be increased
without risking structural damage.

3.1.4. Effect of DS concentration

In theory, an increase in DS concentration is anticipated to enhance
the osmotic driving force, thereby elevating Jw across the membrane as
well as the RSF.

Jw: As depicted in Fig. 6, Jw increased notably with higher SMS
concentrations due to the corresponding rise in osmotic pressure. In AL-
FS mode, flux increased from 7.43 LMH at 0.2 M to 12.93 LMH at 0.5 M,
with incremental rises at each 0.1 M step (10.72 LMH at 0.3 M and 12.35
LMH at 0.4 M).. Similarly, in AL-DS mode, flux values raised from 11.2
LMH to 17.82 LMH. The flux increase can follow either a linear or
asymptotic trend based on DS concentration. Initially, the increase in Jw
is linear, where osmotic pressure directly correlates with flux. However,
beyond 0.3 M, the rate of flux increase becomes asymptotic due to
intensified dilutive concentration polarization, reducing the effective-
ness of the DS driving force.

RSF: As shown in Fig. 6, RSF increased significantly with rising SMS
concentration, from 2.74 GMH to 7.34 GMH in AL-FS mode, and from
5.85 GMH to 15.82 GMH in AL-DS mode. At 0.5 M, RSF was roughly
three times higher than at 0.2 M, indicating that while increasing DS
concentration enhances Jw, it disproportionately escalates solute back
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Fig. 5. Effect of TMP on FO performance.
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diffusion.

SRSF: As illustrated in Fig. 6, SRSF increased slightly from 0.369 g/L
at 0.2 M to 0.399 g/L at 0.3 M in AL-FS mode. At higher concentrations,
progressive increase in SRSF was noted, reaching a peak of 0.630 g/L at
0.5 M. A similar trend was observed in AL-DS mode, with SRSF ranging
from 0.522 g/L to 0.887 g/L. AL-DS mode showed SRSF values
approximately 40 % to 50 % higher than those in AL-FS mode.

The correlation of DS concentration with Jw, RSF, and SRSF aligns
with findings reported by Tran et al. [6], and Saiful et al. [45]. Com-
parable trends have also been observed on HFFO studies by Salih and
Al-Alawy [46,47], Salamanca et al. [18], Sanahuja-Embuena et al. [44,
171, Al-Musawy W.K. et al. [31], Behboudi et al. [48], Akhtar et al. [42],
and Shibuya et al. [23].

3.1.5. Membrane selectivity

The ionic composition of the TSE and diluted DS after the FO process
was analyzed using ion chromatography (IC) with a Metrohm IC 850
Pro, as summarized in Table 5. Ion permeation from the TSE into the DS
was minimal, with high rejection rates ranging from 87.58 % to 97.81 %,
confirming the strong selectivity of the membrane. These results are
consistent with those reported by Saiful et al. [45], who also observed
high solute rejection using FO membranes.

3.2. Economic analysis of forward osmosis

The influence of FO performance and operational parameters on
both CC and OC is summarized in Table 6. Cost increases due to oper-
ational adjustments can be offset by improvements in Jw, thereby
enhancing overall cost efficiency. When cost savings from increased Jw
exceed the additional expenses from operational changes, the system
achieves optimal economic performance. However, it is important to
note that the findings do not account for the economic associated with
RSF.

Table 5
Tonic composition of TSE and diluted DS compared to FAO irrigation limits with
removal efficiency (%).

Ions Concentration (mg/L) Removal %
TSE Diluted DS Irrigation
Limit

AL-FS AL-DS FAO [49] AL-FS  AL-DS
Chloride (CI) 419.34  20.39  23.02 142.0 95.14 94.51
Nitrate (NO3) 22.33 1.48 1.74 5.0 93.36 92.21
Sulfate (SO4) 205.79  4.88 6.15 20.0 97.63 97.01
Calcium (Ca) 77.75 3.18 9.65 20.0 95.91 87.58

Magnesium (Mg)  21.41 0.47 0.98 5.0 97.81 95.43

3.2.1. Effect of FS flow rate

Increasing the FS flow rate had a noticeable impact on both capital
and operational costs, with the most significant changes observed in
CCrs_it;, CCpumps; OCrs_ir and OCcpem. As the FS flow rate increased,
related costs escalated by 65 % to 122 % due to higher capacity and
power needs for managing larger volumes. However, the rise in costs
was non-linear. The non-linear increase in Jw with higher flow rates
moderated some cost escalations, particularly for membrane-related
expenses, partially offsetting additional costs. Fig. 7(a) shows the
annual costs for varying feed flow rates.

3.2.2. Effect of DS flow rate

An increase in the DS flow rate had a significant impact on both
capital and operational costs, with the most notable changes occurring
in CCPumps; CCMem; OCEy OCMem—Rep; OCMemfope: and OCChem~ The optimal
cost was achieved at 50 L/h, where the increase in flux from 25 L/h to 50
L/h resulted in substantial savings in membrane-related capital and
operational costs. Beyond 50 L/h, although flux continued to increase,
the rate of improvement diminishes, and the resulting operational cost
reductions are insufficient to offset the rising capital and operational
expenses related to pumps, energy, and DS consumption. Consequently,
the system’s overall economic efficiency declined at DS flow rates higher
than 50 L/h. This trend is clearly illustrated in Fig. 7(b), which outlined
the annual breakdown of capital and operational costs across varying DS
flow rates.

3.2.3. Effect of TMP

Increasing TMP primarily resulted in a rise in OCg, as additional
energy was required. However, this was fully offset by slight decreases in
other capital and operational costs, with overall costs decreasing by up
to 5 % in AL-FS mode and 7.8 % in AL-DS mode. These savings were
attributed to improved Jw, which reduced the membrane area and
associated costs. The overall relationship between TMP and the annual
cost distribution is shown in Fig. 7(c).

3.2.4. Effect of DS concentration

As noted under Fig. 7(d), increasing the DS concentration had the
highest impact on capital and operational costs. The most significant
cost reductions occurred between 0.2 M and 0.3 M, driven by a sub-
stantial increase in flux and water recovery, leading to minimized costs
across most categories. Between 0.3 M and 0.4 M, costs continued to
decrease, but at a slower rate. However, from 0.4 M to 0.5 M, costs began
to rise slightly as the flux improvements no longer offset the increasing
DS expenses under OCcpen-
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Table 6

Results in Engineering 27 (2025) 106502

Influence of FO operational parameters and performance on capital and operational costs.

Cost Impact FO Performance FO Operational Parameters
(Impacting FO Performance)
Jw & Recovery FS DS TMP Molarity
Flow Rate Flow Rate
CC CCrs.ar Decrease Increase - - -
CCpumps Decrease Increase Increase Increase -
CCwMem. Decrease - - - -
CCsite Decrease Increase Increase Increase -
CCindirect Decrease Increase Increase Increase -
ocC OCps.it Decrease Increase - - -
0OCg Decrease Increase Increase Increase -
OCMEM Rep Decrease - - -
OCmEM_Ope Decrease - - -
OCchem Decrease Increase Increase Increase
OCi Decrease Increase Increase Increase -
OCram - - - -
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Fig. 7. Annual cost analysis of FO System Under Different Operating Conditions.

3.2.5. Effect of Membrane orientation

As illustrated in Fig. 7, AL-DS consistently demonstrated lower
overall costs, primarily due to the higher Jw in this configuration. The
increased Jw improved water recovery efficiency, reducing both capital
and operational expenses, making AL-DS more cost-effective. However,
it is important to note that while AL-DS offered cost benefits, it also
experienced significantly higher SRSF compared to AL-FS.

3.2.6. Specific solution cost (SSC)

The specific solution cost (SSC) for both AL-FS and AL-DS modes was
evaluated under varying operational parameters. In AL-FS mode, SSC
ranged between 0.21 and 0.37 $/m?®, while in AL-DS mode, SSC was
lower, ranging from 0.16 to 0.26 $/m?. Compared to literature values,
Hafiz et al. [38] reported SSC of 0.48 $/m?>, and Choi et al. [36] found
water costs in FO-RO hybrid system ranging from 0.71 to 0.84 $/m?,
both significantly higher than our findings. Furthermore, Patel et al.
[33] reported SSC of 0.37 $/m?, while in another study, Patel et al. [34]

estimated SSC of 0.23 $/m?>. These results demonstrated that SMS pro-
vided considerable economic advantages, especially under optimized
operational parameters. The cited studies similarly accounted for both
CAPEX and OPEX in their SSC evaluations and were based on compa-
rable baseline assumptions, including plant capacity, design life, mem-
brane cost, and the use of wastewater or brine as feed solution.

4. Conclusion

This study successfully demonstrated the feasibility of using hollow
fiber forward osmosis (FO) membranes to effectively dilute sodium
metasilicate (SMS)-based sol-gel as a novel DS, offering a sustainable
approach to addressing water scarcity. Utilizing TSE as the FS not only
facilitated the dilution of the SMS but also effectively addressed
wastewater reuse challenges. The findings revealed that optimal feed
and DS flow rates of 60-80 L/h and 50-75 L/h, respectively, maximized
Jw while minimizing SRSF. Furthermore, increasing SMS molarity
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beyond 0.3 M improved Jw; however, it also caused a disproportionate
rise in RSF, highlighting the need for a balance between efficiency and
solute loss. TMP, optimized within the range of 0.2-0.3 bar, had mini-
mal impact on Jw but effectively mitigated RSF, ensuring improved
operational efficiency. Membrane orientation played a significant role in
performance, with the active layer facing the DS (AL-DS mode) resulting
in higher Jw due to reduced internal concentration polarization; how-
ever, it also led to increased RSF compared to the active layer facing the
FS (AL-FS mode). Notably, the maximum Jw achieved was 17.82 LMH,
while membrane selectivity demonstrated high ion rejection rates of up
to 97.8 %. Economic analysis indicated that AL-DS mode offered lower
specific solution costs ($0.16-$0.26/m>®) compared to AL-FS mode
($0.21-$0.37/m?), reinforcing the economic feasibility of the system for
large-scale implementation. Among the examined operational parame-
ters, DS concentration had the most significant impact on costs, with
major reductions observed when increasing concentration from 0.2 M to
0.3 M due to enhanced Jw and recovery; however, diminishing returns
were noted at higher concentrations. Overall, the optimized FO process
presents an efficient and cost-effective solution for water-scarce regions,
contributing to sustainable water resource management and wastewater
reuse initiatives.
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