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Abstract.

This study investigates the feasibility of using sodium carbonate (Na,COs3) and sodium bicarbonate (NaHCO),

by-products of carbon dioxide (CO,) capture processes, as draw solutions (DSs) in forward osmosis (FO) systems. The
primary objectives were to evaluate the basic performance of these DSs, analyze membrane fouling behaviors, and assess
economic feasibility. The FO process demonstrated superior water flux performance with Na,COs, attributed to its high
osmotic pressure, followed by NaHCO3 and sodium chloride (NaCl). Fouling analysis revealed that Na,COs; mitigates fouling
due to its alkaline nature, which inhibits biofouling and scaling. Economic evaluations confirmed Na,CO; as the most
cost-effective DS, offering significant cost savings over NaHCO; and NaCl at all recovery levels. These findings highlight the
potential of Na,CO;3 as a sustainable and efficient DS for wastewater treatment and other FO applications, emphasizing its

compatibility with CO, capture technologies.
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1. Introduction

Carbon dioxide (CO,), a prominent greenhouse gas,
primarily originates from the combustion of conventional
fuels for energy production. Elevated levels of CO; in the
atmosphere contribute to global warming, triggering a
cascade of environmental issues such as natural disasters,
rising sea levels, and disruptions to ecosystems. Addressing
this critical global warming challenge, Carbon Capture,
Utilization, and Storage (CCUS) technology has emerged as
a solution. CCUS technology is designed to capture CO;
emissions from industrial processes, subsequently repurposing
it, and securely storing the remaining CO, (Hong 2022).
The adoption of CCUS technology holds substantial
promise in significantly curbing greenhouse gas emissions
and mitigating the effects of climate change.

To employ CCUS technology for capturing CO;
emissions from various industries or thermal power plants,
the utilization of CO, absorbents is a common practice (Li
et al. 2013). CO, absorbents work by chemically binding
with CO,, rendering it suitable for safe storage or
alternative applications. Frequently utilized CO, absorbents
encompass amines and carbonates. Amines react with CO;
to produce carbamate or carbamic acid (Said et al. 2020),
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while carbonates yield stable metal carbides (Salminen and
Kobylin 2006). Recent research has also explored solid
absorbents like zeolites and metal- organic frameworks for
CO; capture (Sumida et al. 2012, Megias-Sayago et al.
2019). The choice of absorbent for CO, capture hinges on
factors such as the concentration of CO; in the exhaust gas,
operating temperature, pressure conditions, and the intended
use of the captured CO, (Tiwari et al. 2022).

2Na0H+C02_)Na2C03+H20 (1)

Na2C03 + COZ + H20 d 2NaHC03 (2)

Sodium hydroxide, abbreviated as NaOH, stands out as
an exceptionally effective CO, absorbent in CCUS
technologies (Yincheng et al. 2011). As demonstrated in
Eq. (1), NaOH readily forms Na,COz when it reacts with
CO: (Yoo et al. 2013). Notably, NaOH’s distinct advantage
lies in its remarkably high reactivity with CO,, enabling
swift and efficient CO, absorption. Furthermore, NaOH
boasts the benefits of wide availability and cost-
effectiveness compared to other absorbents. Moreover,
Na,COs, a by-product of the NaOH-CO reaction, holds the
potential to enhance CCUS utilization across multiple
industries (Hocking 2005). Na2COs plays a key role in the
CCUS process, offering affordability, high utilization rates,
and strong CO, capture capacity (Yoo et al. 2013). It can
react with CO, to form NaHCOs3 as a by-product and allows
easy separation and recovery of captured CO, through a
reversible reaction (Toan et al. 2019).

The forward osmosis (FO) process is a technique for
extracting clean water from contaminated sources, which
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Fig. 1 Schematic diagram of CO, capture and wastewater
treatment processes

Table 1 Characteristics of FO membranes used in this study
Draw  Water permeability Salt permeability

Structural

solutions  (L/m?h/bar) (L/m?/h) parameter (um)
NaCl 0.73

NaHCOs 3.07 0.51 197

Na2COs 1.08

Table 2 Detailed composition of the synthetic domestic
wastewater used in this study (Chekli et al. 2017)

Compounds Concentration
Glucose (mg/L) 275
Peptone (mg/L) 100

Beef extract (mg/L) 100

Urea (mg/L) 10
NaHCOs (mg/L) 100
KH2PO4 (mg/L) 20
NH4CI (mg/L) 25

MgClz-6H20 (mg/L) 10

CaClz-2H20 (mg/L) 5
pH 6.58
Conductivity (mS/cm) 0.226
COD (mg/L) 390

may contain heavy metals and organic pollutants, by
employing a semi-permeable membrane in conjunction with
a high-concentration inducing solution (Shaffer et al. 2015,
Benyahia et al. 2024). In this method, a low-concentration
influent is juxtaposed with a high-concentration inducing
solution possessing elevated osmaotic pressure. This
disparity in osmotic pressure between the semi-permeable
membranes prompts the movement of pure water from the
low-concentration side to the high-concentration side.
Interestingly, the high-concentration Na,COs; or NaHCOs,
generated as a by-product during CO; capture with NaOH,
can serve as a suitable inducing solution for the FO process.
These compounds inherently possess the capability to
induce high osmotic pressure. In practice, reusing the draw
solution (DS) from the FO process and ensuring a
sustainable supply of clean water necessitates a method for
concentrating the initially diluted DS (Ge et al. 2013).
Cation exchange membrane electrolysis technology
employs a cation exchange membrane to regulate ion
movement and transforms electrical energy into chemical
energy using two electrodes (Paidar et al. 2016). In this
process, the cation exchange membrane permits the passage

of cations while hindering the movement of anions. The
effectiveness of this procedure is notably influenced by
several operational factors, including influent water quality,
membrane type, temperature, pressure, and flow rate
(Bazarah et al. 2022). Notably, the choice of a cation
exchange membrane can lead to scaling issues, dependent
on the properties of the source water (Sosa-Fernandez et al.
2021). Higher operating temperatures are advantageous as
they reduce overall power consumption by enhancing ion
migration and electrochemical reaction rates (Selamet et al.
2013). While flow rate does not substantially affect a
process performance, it plays a significant role in bubble
formation and temperature control within the system
(Majasan et al. 2018, Teuku et al. 2021). Consequently, this
technology is capable of producing NaOH, a CO, absorbent,
and recovering CO, gas from a diluted Na>COs3 solution
using a FO process.

Fig. 1 illustrates a process that integrates three key
components (i.e., a CO; capture process, a FO process, and
a cation exchange membrane electrolysis process) for
wastewater treatment, the generation of high-concentration
NaOH and the separation of CO; via the cation exchange
membrane electrolysis process. There, this integrated
process achieves three purposes: CO, capture, wastewater
treatment, and the recycling of NaOH (i.e., a crucial CO-
absorbent).

In this system, FO dilution of Na,COs helps regulate
water balance, preventing scaling and reducing wastewater
in membrane electrolysis. It also stabilizes ion concentrations,
improving membrane longevity and reducing operational
issues. While dilution lowers conductivity, proper control
can optimize NaOH production and CO: evolution while
enhancing overall system efficiency.

This study aims to assess the feasibility of employing
Na2COs; and NaHCOs, both derived from the CO, capture
by-products illustrated in Fig. 1, as DSs for the FO process.
To achieve this objective, the basic performance of the FO
process employing these CO- capture by-products, Na,CO3
and NaHCOs;, was evaluated. Furthermore, the potential for
membrane fouling was investigated through long-term
operation of the FO process employing synthetic wastewater
as the influent. Lastly, an economic evaluation was
conducted based on the long-term evaluation.

2. Materials and methods
2.1 FO Membranes

Thin-film composite (TFC) polyamide (PA) FO
membrane was obtained from Toray Korea. Membrane
samples were extracted from the module and preserved in
deionized water at a temperature of 4 C. Details about the
FO membrane employed in this research are characterized
in Table 1.

In this study, a mathematical approach was employed to
simultaneously determine these parameters under non-
pressurized conditions (Tiraferri et al. 2013). Experimental
measurements were conducted using a lab-scale FO unit
with an effective membrane area of 20.02 cm?. The
operating temperature was maintained at 25 <C, and the
cross-flow velocities of both solutions were set to 25 cm/s.
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Fig. 2 Schematic diagram of a lab-scale FO experimental set-up

2.2 Feed and draw solutions

In this study, synthetic municipal wastewater was
employed as the feed solution (FS), and its composition,
with a chemical oxygen demand (COD) of 390 mg/L, is
outlined in Table 2 (Chekli et al. 2017). We used Na,COs,
NaHCOs, and NaCl as DSs. Detailed information about
these three DSs can be found in Table 3. Osmotic pressure,
diffusivity, and viscosity measurements for these three
solutes were obtained using OLI Stream Analyzer 3.2 (OLI
System Inc., Morris Plains, NJ, USA). All chemicals used
in this study were of reagent grade and were procured from
Sigma Aldrich (USA).

2.3 Lab-scale FO experiments

The FO process performance was evaluated in a closed-
loop bench-scale FO system as shown in Fig. 2 (Kim et al.
2021). This lab-scale FO unit has an effective membrane
area of 20.02 cm? with a channel dimension of 77 mm long,
26 mm wide, and 3 mm deep. The FO cell had two
symmetric channels on both sides of the membrane for
co-current flows of FS and DS. Variable speed gear pumps
(Cole-Parmer, USA) were used to pump the liquid in a
closed loop. The DS tank was placed on a digital scale and
the weight changes were measured by a computer in real
time to determine water flux. Conductivity and pH meters
(HaCH, Germany) were connected to a computer to monitor
the reverse salt flux (RSF) of draw solutes in the FS tank.

FO experiments were conducted in either the AL-FS
mode (i.e., the active layer is facing the FS) or the AL-DS
mode (i.e., the active layer is facing the DS). Before each
performance experiment, the FO membrane was stabilized
for 30 minutes with DI water as FS and CO, adsorbent
solution as DS. Once stabilized, the water flux was
measured continuously throughout the experiment with a 3
minutes time interval. All experiments were conducted at a
crossflow velocity of 8.5 cm/s, and a constant temperature
of 25 . The performance of each chemical as DS was
assessed with synthetic wastewater simulating municipal
wastewater as FS. In all experiments, a concentration of 1
M was used for each DS. The experiments, using synthetic

Table 3 Detail information of draw solutions (1 M) used in
this study. Thermodynamic properties were determined at
temperature of 20 € and 1 M concentration by using OLI
Stream Analyzer 3.2

Chemicals Sodium Sodium Sodium
carbonate bicarbonate chloride
Formula Na2COs3 NaHCOs NaCl
Molecular weight
(g/mol) 106 84 58.4
Osmotic pressure 5593 4208 46.35
(atm)
Diffusivity 0.85 117 14

(x 1072 m?¥s)

wastewater as FS, were carried out for one day (i.e., 24
hours) during which the water flux was measured
continuously (i.e. one measurement every three minutes).

2.4 Membrane characterization

Membrane surface characterization was conducted by
collecting membrane coupons after experiments, soaking
them in DI water for a few seconds to remove FS and DS,
and then dried in a desiccator for 1 day. The surface
morphologies of the FO membrane were observed and
analysed by scanning electron microscopy (SEM, VEGAS3,
Tescan, Czech) and energy dispersive X-ray spectroscopy
(EDX, X-ACT 10, Oxford, England) following the
procedures described in a previous study (Woo et al. 2016).
Samples taken from each membrane were first lightly
coated with Au/Pd and then the SEM imaging was carried
out at an accelerating voltage of 10 kV.

2.5 Economic feasibility evaluation

This study employed the cost estimation model
proposed by other studies (Park et al. 2020, Saleh et al.
2020). The draw solute make-up cost was neglected in this
study because they are generated in the hybrid system, and
the impact of the draw solute make-up cost can be
neglected. Specific water production cost is calculated by
summation of annual operating costs and annualized capital
costs.
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2.5.1 Capital cost
- Wastewater intake and pretreatment

CCwwip[$] = 1.143 X 996(Ffpeq)*® 3)

where, Ff..q is the feed flow rate fed into the FO process
(m3/d). The ratio of wastewater pretreatment cost
compared to the conventional seawater reverse 0SMOsis
(SWRO) was assumed to be 1.143 (Vinardell et al. 2022).

- FO membrane

CCmemb,FO [$] =30 X Amemb,FO (4)

Amemb,FO = Ffeed X R/]w (5)

where, Apems ro 1S the FO membrane area (m?). The FO
membrane cost is assumed as 30 $/m? (Zhang et al.
2011).

- Draw solute

CCDraw[$] = Ddraw X CD,FO,in X FD,FO,in % 3600 (6)

where, Dgraw is the draw solute cost ($/kg), Cproinis the
inlet concentration of the DS in the FO process (kg/m3),
and Fpro,in is the inlet flow rate of the DS in the FO process
(m3/s).

- Storage Tank

1,300 < V < 21,000 gal
CCranl$] = 1.5 1.218 x f,, x exp [2.631 ()
+1.3673(In V) — 0.06309(In V)2

21,000 < V < 11,000 gal

CCranel$] = 1.5 x 1218 X f,, x exp [11.662 (&)
—0.0614(In V) + 0.04536(In V)2

where, f,,, was fixed as 2.7 for expressing stainless steel
316 as a material of construction. To calculate the volume
of the DS storage tank, the residence time of DS is assumed
as 30 minutes.

- High-pressure pump

CCpump[$] = 52FHPAPHP lf FHP < 200m3/h (9)

CChump [$] = 81(FypAPyp)**°

if 200m3/h < Fyp < 450m3/h (10)
APHP = APnet + APfC (11)
APfC = 0.01ancl'7 (12)

where, APy, is the applied pressure (bar), and Fyp is the
flow rate in the high-pressure pump (m3/d). This cost
function was applied to the DS circulating pump, the FS
circulating pump.

TCC = 1411 X (CCsyip + CCrmemp,ro + CCoraw
+ CCrank + CChump) (13)

Total annualized capital cost (TACC) is calculated by
amortization factor.

i(i+ 1"
T i+ -1 (4
TACC = a X TCC (15)
2.5.2 Operating cost
- Electricity

OCelec[$/Y] = [deump
+ Wpump] X Denergy X 365 x Ly (16)

deump = APy X Qq (17)

where, Wapymp and Wyp,.,, are the energy consumptions
(kWh/d) of the DS circulating pump, FS circulating pump,
respectively, Denergy is the electricity cost ($/kWh), Ly
is the load factor, AP, and AP are the applied pressure of
the DS circulating pump, FS circulating pump, and Q; and
Qy are the flow rate of DS and FS.

- Membrane replacement

O0Cremp [$/}’] = 0.1 X CCremp (19)
- Chemical supply

- Insurance
OCinsurel$/y] = 0.005 X TCC (21)

- Labor and maintenance

OCiapor[$/Y] = 0.02 X F, x 365 x Ly (22)

TAC = TACC + (0Ceiec + OCinsure + 0Ciapor) (23)

Total annualized cost (TAC) and specific water cost
(SWC) can be calculated as follows.

SWC = rac 2
~ F, x L X365 (24)

3. Results and discussion
3.1 Basic performance of the FO process

3.1.1 Effect of DS type on thermodynamic properties

This study employed three different DSs: Na,COs,
NaHCOs3, and NaCl. Na;CO3z and NaHCOs were selected as
by-products of carbon absorption by NaOH, while NaCl
served as a reference. To assess the basic performance of
the FO process, the thermodynamic properties, specifically
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Table 4 pH change after 2 hr operation

Draw AL-FS mode AL-DS mode
solutions 0.1M 0.3 M 0.6 M 0.1M 0.3M 0.6 M 1M
Na.COs3 9.8+0.1 101+01 102+03 104zx04 99+0.1 100+£0.1 10401 104 +£0.1
NaHCOs 75%0.6 751 74+08 8.2+0.7 7401 7604 75103 7.7+£0.1
NaCl 6.2+£0.1 6.4x0.1 72+11 6.9+09 6.1+0.1 6.2+0.1 6.2+£0.2 6.6 0.6
60 T T T
(a) Increasing the concentration of Na,COs, NaHCOs, and
Ehadi 1 NaCl in the DS enhanced water flux due to the rise in
%40 g osmotic pressure, with NaCl exhibiting the highest water
50| <7 flux. Water flux in the FO process is determined by osmotic
§ 30l 7 i pressure and diffusivity, as shown in Fig. 3. Higher osmotic
s s~ pressure increases the driving force, while higher diffusivity
%’zo L < , can intensify internal concentration polarization (ICP),
£ ——Nacl reducing the effective osmotic pressure gradient. Although
o1} T ::“:;’3 - Na,COs has very high osmotic pressure, its relatively low
= diffusivity results in significant ICP, making the increase in
' 02 04 06 08 1.0 water flux for NaCl more pronounced. Na,COs showed
Concentration (M) high water flux at low concentrations, but as its
20 - - \ concentration increased, its flux trend resembled that of
_18l(b) NaHCO;. This is because NaHCO; maintains consistent
"o 1.6 1 diffusivity, whereas Na,CO3’s diffusivity decreases, leading
E 1.4k to greater ICP. NaHCO; exhibited the lowest osmotic
o ) pressure and thus the lowest water flux at low
P‘; 7| R concentrations. However, as concentration increased,
S sl 000 e NaHCOs’s consistent diffusivity caused its water flux to
3 o6l become similar to that of Na,COs.
-E o4l —:ac' The RSF varied depending on the DS type and was
. — — NaHcO, . . . .
02l - Nagco, influenced by increasing concentrations of NayCOs,
NaHCOs3, and NaCl. In general, higher concentrations led to
0.0 L L L L . . .
0.0 0.2 0.4 0.6 0.8 1.0 greater RSF due to the increased concentration gradient

Concentration (M)
Fig. 3 Changes of osmotic pressure and diffusivity of three
DSs (NaCl, NaHCOs; and Na;COs) with increasing their
concentrations

osmotic pressure and diffusivity, of the three DSs were
examined (see Fig. 3). The osmotic pressure of NaCl,
NaHCOs, and Na,COs increases with concentration due to
the higher number of dissolved ions influencing the
solution’s  colligative properties. At equal molar
concentrations, Na,COgz exerts the highest osmotic pressure,
followed by NaCl and NaHCOs. The concentration of these
salts also affects solute diffusivity in the DS, with higher
concentrations generally decreasing diffusivity due to
increased ionic interactions and viscosity. NaCl,
dissociating into two ions, moderately reduces diffusivity.
NaHCOs, also dissociating into two ions, similarly reduces
diffusivity but may introduce buffering effects that slightly
alter the ionic environment. Na,COs, producing three ions
per molecule, significantly reduces diffusivity due to the
highest increase in ionic interactions and solution viscosity.

3.1.2 FO performance (water flux and RSF) under AL-
FS mode

Fig. 4 illustrates the effect of DS concentration on water
flux and RSF in the FO process under the AL-FS mode.

across the membrane. Despite having the highest osmotic
pressure and ionic strength, Na,COs, which dissociates into
three ions (two Na* and one COs%) per molecule, exhibited
moderate RSF. This was attributed to the larger size of
COs* ions, which made diffusion through the FO
membrane more difficult. NaCl, dissociating into two ions
per molecule, exhibited the highest RSF due to its superior
diffusivity. Conversely, NaHCOs, which also dissociates
into two ions but with slightly different ionic properties,
displayed similar osmotic pressure but lower diffusivity
than NaCl, resulting in the lowest RSF. At higher
concentrations, increased viscosity could reduce ion
mobility, potentially mitigating RSF to some extent;
however, the concentration gradient remained the primary
driving force (Zhao and Zou 2011).

The pH levels of the FS varied significantly depending
on the type of draw solute used, influencing both water flux
and RSF as shown in Table 4. When Na,COs was used, the
FS pH increased to 10.4 due to its strong alkalinity, which
likely contributed to higher RSF by enhancing the
dissociation and mobility of ions, particularly Na*. This
elevated pH might also have affected the membrane surface
charge, potentially increasing the electrostatic interactions
that drive cation migration (Kim et al. 2017). In contrast,
NaHCOj; raised the pH to a more moderate level of 8.2,
resulting in lower RSF and reduced electrostatic interactions
compared to Na2COs. NaCl, with a FS pH of 7.2, maintained
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of three DSs (NaCl, NaHCO3; and Na,COs) under AL-FS
mode

a nearly neutral environment, minimizing electrostatic
effects and exhibiting the most stable RSF behavior. These
pH differences highlight their role in FO, where the higher
alkalinity associated with Na;CO3z may exacerbate ICP and
ion back-diffusion. Meanwhile, the near-neutral pH of NaCl
likely minimizes such effects, enabling a more efficient
osmotic gradient utilization. The interplay between pH and
membrane performance suggests that DS choice is critical
not only for optimizing osmotic pressure but also for
managing pH-induced effects on flux and membrane
stability.

3.1.3 FO performance (water flux and RSF) under AL-
DS mode

When the membrane orientation was switched to the
AL-DS mode, distinct trends were observed in water flux
depending on the draw solute and its concentration (see Fig.
5). At low concentrations, Na,COj3 exhibited the highest
water flux due to its high osmotic pressure. However, as the
concentration increased, the difference in water flux among
Na,COs, NaHCO3, and NaCl became less pronounced. All
draw solutions showed an overall increase in water flux
with rising concentration, but the extent of the increase was
more gradual for Na,COsand NaHCO3; compared to NaCl.
This suggests that external concentration polarization (ECP)
and diffusivity effects play a more significant role in the
AL-DS mode.

For RSF, Na;CO3; and NaHCO;3; demonstrated nearly
identical values across the tested concentrations, reflecting
their similar dissociation patterns and ionic behavior. In
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contrast, NaCl exhibited a markedly higher RSF, which
increased significantly with concentration. This could be
attributed to NaCl’s relatively higher ion diffusivity and its
tendency to generate a steeper concentration gradient in the
AL-DS mode. Across all DSs, the RSF consistently rose
with increasing concentration, highlighting the impact of
higher DS concentrations on the driving force for salt
diffusion back into the feed solution.

The FS pH also shifted depending on the DS used,
further influencing both water flux and RSF. Na;COs;
increased the FS pH to 10.4 due to its strong alkalinity,
while NaHCOs; resulted in a more moderate pH of 7.7. NaCl
maintained a slightly acidic pH of 6.6 in the feed solution.
These pH differences likely affected membrane performance
by altering surface charge and electrostatic interactions,
which may explain some of the variations in water flux and
RSF observed between the solutes (Kimani et al. 2022).
Overall, the AL-DS mode highlighted the critical interplay
between solute properties, concentration, and pH in
governing the FO performance.

3.2 Domestic wastewater treatment by the FO process

The FO process holds significant potential for treating
domestic wastewater due to its ability to achieve water
recovery with minimal energy consumption. In this study,
three DSs (NaCl, NaHCOs3, and Na,CQOs) were evaluated
under two operational modes, AL-FS and AL-DS, to
determine their effectiveness in treating synthetic domestic
wastewater as presented in Fig. 6.
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Fig. 7 SEM images of the active layer of fouled FO membrane (AL-FS mode) with (a) NaCl 1 M, (b) NaHCO3; 1 M and
(c) Na,CO3 1 M and the support layer of fouled FO membrane (AL-DS mode) with (d) NaCl 1 M, (e) NaHCO3; 1 M and

NazC03 1M

Under the AL-FS mode, the initial water flux (i.e., 17.8
L/m?/h, 15.2 L/m?%h and 13.1 L/m?/h for NaCl, Na,COj3 and
NaHCOs, respectively) was influenced significantly by the
type of DS used. NaCl exhibited the highest initial flux due
to its strong osmotic pressure; however, it also experienced
the most severe flux decline over time. The rapid flux
reduction was attributed to two primary factors: membrane
fouling and increased feed solution conductivity caused by
RSF. SEM and EDX analyses of the fouled membrane
revealed evidence of organic fouling, particularly with
NaCl, further corroborating this observation.

In comparison, NaHCOs; and Na,COsz demonstrated
similar levels of flux decline, albeit less severe than NaCl.
Despite a higher increase in FS conductivity with Na,COs,
the flux decline was mitigated due to its ability to elevate
the FS pH. The alkaline environment reduced the adhesion

of organic foulants, thereby lowering the extent of
membrane fouling. SEM images in Fig. 7 (panels a-c)
illustrate the differences in fouling patterns across the active
layer of membranes. The membrane operated with Na,COg3
exhibited the least fouling, characterized by a smoother
surface with fewer organic deposits. EDX results (Table 5)
further confirm this, showing a higher carbon content on
membranes fouled with NaCl and NaHCOs, indicating
greater organic contamination compared to Na2COs.

In the AL-DS mode, the performance trends were
consistent with those observed in the AL-FS mode, but with
lower overall water flux due to enhanced ECP on the DS
side. NaCl again exhibited the highest initial flux but
suffered from the most significant flux decline over time.
Na2COs, on the other hand, maintained relatively stable
performance, showing the lowest flux decline among the
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AL-FS mode AL-DS mode
Elements
Na2COs NaHCOs NaCl Na2COs3 NaHCOs NaCl
C 37.1 475 57.8 58.7 451 65.6
o 413 474 36.7 224 45.0 27.6
Na 13.6 - 4.9 7.9 2.2 2.8
Ca - - - - 4.8 -
S 8.0 5.1 0.6 19 2.9 4.0
Cl - - - 9.1 - -
Table 6 pH and conductivity of FSs after 24hr operation
AL-FS mode AL-DS mode
Components
Na2COs3 NaHCO3 NaCl Na2COs NaHCO3 NaCl
pH 11.0+06 9.0+05 84104 11.2 9.9+0.2 8.7+0.2
Conductivity (uS/cm) 2,763 + 841 1,789+762  3917+2195 2,740+255 3,510+ 1,457 6,735+ 1,124
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Fig. 8 Treatment costs using FO under (a) AL-FS mode and (b) AL-DS mode

three DSs. This was again attributed to the pH increase in
the FS, which mitigated organic fouling and altered the
surface charge of the membrane to enhance water transport.

SEM images in Fig. 7 (panels d-f) provide insight into
the fouling of the support layer in AL-DS mode. The
support layer fouled with NaCO3 exhibited fewer deposits
compared to NaCl and NaHCOs, further supporting the
fouling mitigation effect of increased pH. EDX data (Table
5) corroborates this observation, with lower carbon and
sulfur contents for FO membranes with Na,COs, indicative
of reduced organic and inorganic fouling. NaHCQO3, while
better than NaCl in fouling resistance, showed intermediate
fouling levels on both the active and support layers.

Table 6 presents the changes in pH and conductivity of
the FS after 24 hours of operation. Na,COj3 induced the
most substantial pH increase, reaching values above 11,
which contributed to fouling mitigation and improved water
flux. Despite the high conductivity increase observed with
Na,CQg, its superior fouling resistance ensured stable flux
performance. NaHCOs; showed moderate pH and
conductivity changes, while NaCl maintained near-neutral
pH, which was insufficient to prevent fouling. These
observations highlight the critical interplay between pH
control and fouling mitigation in FO processes.

The results suggest that Na,COs is the most effective DS
for treating domestic wastewater in FO systems, offering
the lowest fouling resistance and stable flux performance,
particularly under alkaline conditions. SEM images (Fig. 7)
and EDX results (Table 5) clearly demonstrate reduced
organic fouling with NaxCOs, further solidifying its
suitability for long-term operation. While NaCl provides
high initial flux, its susceptibility to fouling and RSF-
induced conductivity increases limits of its long-term
applicability. NaHCOs offers a balance between performance
and fouling resistance, making it suitable for moderate
wastewater treatment scenarios. Operational mode also
plays a pivotal role, with AL-FS delivering higher flux and
AL-DS offering reduced fouling on the feed side. These
insights contribute to the optimization of FO processes for
domestic wastewater treatment.

3.3 Economic feasibility

The economic feasibility of the FO process was
evaluated by analyzing the treatment costs ($/m3 in relation
to recovery levels for three different solutes: NaCl,
NaHCOs3, and Na,COs. The results reveal a general trend
where treatment costs decrease significantly as recovery
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increases, particularly at lower recovery levels. This sharp
decline highlights the efficiency of the process in reducing
costs by recovering more water. However, at higher
recovery levels, the reduction in costs plateaus, indicating
diminishing returns on cost savings as the recovery
approaches its upper limit.

Among the tested DSs in AL-FS mode, NaCl had the
lowest treatment cost, with only a minor difference
compared to NaCOs. In AL-DS mode, Na,COs consistently
exhibited the lowest treatment costs, highlighting its
superior economic performance. Its cost advantage was
evident across all recovery levels, making it the most cost-
effective solute for FO processes. In contrast, NaHCO3; had
the highest treatment costs, making it the least favorable
option economically. These cost differences stem from the
solutes’ chemical properties, which affect their interactions
with the membrane and the overall energy demands of the
FO process.

The findings suggest that Na,COs is the optimal choice
for achieving both high recovery and low treatment costs,
making it particularly suitable for large-scale applications
where cost efficiency is critical. While NaCl and NaHCO3
are viable alternatives, their higher costs may limit their use
in scenarios where economic constraints are a priority.
Furthermore, the observed diminishing returns at higher
recovery levels highlight the importance of balancing
recovery goals with cost considerations. Operating at an
optimal recovery level that maximizes cost efficiency
without incurring unnecessary operational expenses can
further enhance the economic viability of the FO system.

4. Conclusions

This study demonstrated the potential of integrating CO;
capture by-products, Na,COs; and NaHCOs into FO
processes for wastewater treatment. Na,CO3 emerged as the
most effective DS, offering the highest water flux and the
lowest fouling rates due to its superior osmotic pressure and
alkaline properties. NaHCOj3; provided moderate performance,
while NaCl, though effective initially, exhibited significant
limitations due to high RSF and susceptibility to fouling.

Economic analysis further validated Na,COj3 as the most
cost-efficient option, with its treatment cost consistently
lower than NaHCO3; and NaCl across various recovery
levels. The results highlight the feasibility of utilizing
Na,COs in large-scale FO applications, particularly in
conjunction with CO. capture systems, enabling cost-
effective water recovery and sustainable operation. This
integrated approach offers a promising solution for
addressing global challenges in water scarcity and
greenhouse gas emissions, paving the way for innovative
applications in wastewater treatment and beyond.
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