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ARTICLE INFO ABSTRACT

Editor: Xin Yang This study proposes an integrated system that combines a photoelectrochemical (PEC) system and forward
osmosis (FO) system in tandem operation to address water, energy, and food (WEF) scarcity. The system utilizes a
combination of ammonium sulfite and ammonium sulfate solution to represent wet flue gas desulfurization
products from the ammonia scrubbing process commonly used in oil and gas producing countries. Under
simulated sunlight, the sulfurous solution in the PEC system is oxidized at a reduced titania nanotube array
(TNA) working electrode to produce hydrogen, a clean energy source (Energy). The oxidized sulfurous solution
entering the draw solution (DS) compartment of the FO unit was then diluted when the FO system operates
against simulated brackish water as the feed solution (FS, Water). The DS effluent is recirculated to ensure
continuous operation of both PEC and FO systems. At a certain point in time, the DS effluent is also used as a
cultivation solution for basil plants, the growth is visually more favorable compared to those supplied with tap
water (Food). A concentrated DS (0.8:0.2 ratio of (NH4)2SO3:(NH4)2SO4) showed excellent water desalination
performance. It had a high water flux of 17 LMH with 11.8 % water recovery, highest salt rejection (98.6 % for
Na™t and 98.3 for C17), and lowest reverse solute flux (RSF) (3.5 g-m’z-h’1 for SO%’, 5.25 g-m’z-h’1 for SO%’, 3.1
gm~2h~! for NH{) against 5 g-.. ! NaCl FS for 5 h, with a cathodic current density of 0.15 A-cm~2 Overall, this
study demonstrates the successful implementation of a bench-scale integrated system that produces tangible
outcomes for water, energy, and food.
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1. Introduction range from 4.4 to 2 mg-mol-L ™}, depending on fuel throughput [3].

Strict air quality standards have been implemented by governments

Until the 1950s, basic human needs were limited to food, water,
shelter, and clothing. However, the rise of automated mass production of
electronics and computers has made energy an additional essential need.
Governments now strive to ensure sufficient electrical power for do-
mestic use, despite high consumption in industrial facilities. Fossil fuels-
burning power plants, such as coal and fuel, emit harmful flue gases
containing SOx, carbon, and NOx [1]. The SOx concentration in flue gas
depends on coal’s sulfur content. For instance, a pulverized coal-fired
power plant using 2.8 % sulfur coal releases 2000 ppm of SO; in the
exhaust gas [2]. Sulfur gas concentrations in steam boiler fumes can

to protect the environment, including the oceans, from these emissions.
High atmospheric sulfur levels can cause acid rain and affect aquatic life.
Consequently, sulfur removal from flue gases has become a critical
research area, with flue gas desulfurization (FGD) emerging as a
prominent field employing regenerative and non-regenerative scrubbers
to absorb and remove SO5 [4]. FGD with ammonia is a relatively new
technique in which SO is absorbed in aqueous ammonia (NH3) to form
(NH4)2S03 or (NH4)2SO4, as depicted in reactions R1-R2. This method is
preferred over other techniques due to the low parasitic load experi-
enced in ammonia scrubbing [5].
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Ensuring self-sufficiency in water, energy, and food (WEF) is vital for
a secure society. In recent years, there has been a growing awareness of
the interconnection between these essential resources, leading to
increased research and policy discussions to develop strategic planning
and holistic frameworks for WEF security [6-11]. Numerous nexus
studies examine strategies and improved frameworks for WEF security
in various countries or regions [12-14]. The expanding population and
material consumption intensify the pressure on the WEF nexus,
emphasizing the need for solutions [11]. Veroneau et al. demonstrated
continuous operation of an electrochemical (EC) system and sustainable
generation of oxygen- and hydrogen-based energy through water split-
ting using seawater concentrated with forward osmosis (FO) [15]. Logan
et al. highlighted the importance of producing hydrogen using renew-
able energy sources and seawater electrolysis [16].

In line with this, this study aims to develop a self-sustainable com-
bined system utilizing treated environmental pollutants ((NH4)2SO3 and
(NH4)2S04, produced in the FGD ammonia scrubbing process) as initial
feed resources to produce WEF with minimal energy consumption. The
research was conducted in Qatar, a country whose economy is heavily
dependent on natural gas extraction and refining, resulting in the release
of sulfur-containing flue gasses into the atmosphere [17]. Our previous
work demonstrated the effective use of ammonium sulfite and ammo-
nium sulfate as a draw solution (DS) in a fertilizer-drawn forward
osmosis (FDFO) system [18]. In the salinity gradient-driven FO system, a
high concentration of sulfur-based seed solution (SBSS) was employed as
a fertilizer DS, which is then diluted by recovering water from brackish
level water serving as the feed solution (FS). Our findings revealed that a
lower sulfite content in the DS led to enhanced desalination
performance.

To address WEF needs, we further modified the FO system using
brackish water as FS and SBSS derived from FGD as DS. The FDFO
system requires neither high pressure for desalination, like RO, nor
energy to recover draw solutes from mixed DS, as in typical FO system
[19-21]. The electron donor ability of SBSS can be harnessed for
hydrogen evolution through EC water splitting. Using a suitable
light-harvesting electrode, the EC system can be converted into a pho-
toelectrochemical (PEC) system, making it more environmentally
friendly [22,23]. Additionally, the diluted DS, rich in N and S, can be
used as a fertilizer in fertigation.

This study successfully demonstrates the synchronized operation of a
bench-scale PEC-FDFO integrated system, monitoring performance in
terms of DS dilution level, salt rejection, and water recovery rate
(Water), as well as stability and photocurrent level of hydrogen evolu-
tion (Energy). Basil plants growth (Food) fed with diluted DS was
assessed through visual observation and periodic photographs, show-
casing the FGD products’ utilization for achieving net-zero sulfur
emissions.

2. Materials and methods
2.1. Chemicals

The chemicals used for electrode fabrication included phosphoric

chemical absorption
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acid (H3POy, 85 %, Sigma-Aldrich, China), sodium fluoride (NaF, 99 %,
Sigma-Aldrich, China), ethylene glycol ((CH2OH)2, 99.5 %, Scharlab,
Spain), ethanol (CoHsOH, 99.7 %, Scharlab, Spain), and acetone
((CH3)2CO0, 99.8 %, Emsure, Germany). The PEC electrolyte, DS, and FS
were prepared using ammonium sulfite solution ((NH4)2SO3, 35 % in
H»0, Sigma-Aldrich, India), ammonium sulfate ((NH4)2SO4, 98.5 %,
Sigma-Aldrich, India), and sodium chloride (NaCl, 99.5 %, VWR
chemicals, Belgium). All chemicals were of analytical grade and used
without further purification. Both the model FS and DS were prepared
by dissolving specific amounts of chemicals in deionized water (DIW).
DIW was obtained from a Milli-Q water purification system (Fischer
Scientific, Waltham, MA, USA) with a resistivity of 18.2 MQ at 25 °C.

2.2. Experimental setup of FDFO-PEC system

Fig. 1b and c show the bench-scale setup of the integrated system
used in this study, consisting of two interconnected subsystems: a PEC
system generating hydrogen gas using a sulfur-based seed solution
(SBSS) as an electrolyte and a forward osmosis (FO) system utilizing the
circulated SBSS from the PEC system as the DS against brackish level
simulated NaCl solution as FS (i.e., concentration of 3 g~L’1 (3.25 mS-
em™!, 1.26 bar) for 0.24 M SBSS and 5 gL~ (5.80 mS-cm ™}, 2.11 bar)
for 1 M SBSS). The initial FO operation circulates 3 L of FS and 1 L of DS.

The PEC system features a customized two-compartment cell (12 x
12 cm) with a three-electrode system configuration, including a fabri-
cated titania nanotube (TNA) electrode (working electrode), Pt wire,
and saturated calomel electrode (SCE) as the counter and reference
electrodes, respectively. A spacer and Nafion membrane (0.16 mm
thick) separate the compartments, facilitating proton transfer during the
experiment. Electrochemical data acquisition and analysis were per-
formed using a potentiostat/galvanostat (Gamry, interface™ 1010,
USA). A SunLight™ solar simulator (ABET Tech., Inc., USA) provided
one sun intensity (AM 1.5G, 100 mW-cm~2) to drive photon-based
electrochemical reactions.

The FDFO system comprises a handmade FO test cell, two variable
gear pumps (Model 75211-15, Cole-Parmer, USA), two flow meters
(Model 132461-42, Cole-Parmer, USA), and FS and DS tanks. The FO cell
has a symmetric channel on either side of the membrane, with water
circulating in a closed loop from the FS side to the DS side. Instantaneous
DS weight changes were recorded using a digital scale balance con-
nected to data logger software. A commercial flat sheet thin-film com-
posite (TFC) membrane provided by Toray Industries, Inc., Japan, with
an effective surface area of 36 cmz, was used for FDFO tests. The
membrane characteristics included a water permeability coefficient (A)
of 2.07 L-m’z-h’1~bar’1, salt permeability coefficient (B) of
0.49 kg:-m~2h~?, and structural parameter (S) of 204 ym.

All tubes and fittings were 3/8" and 6" sizes, respectively. A peri-
staltic pump (Cole Palmer, Masterflex L/S) facilitated the passage of the
SBSS solution from the PEC cell’s outlet to the inlet on the DS side of the
FO cell.

2.3. Electrode fabrication, characterization, and testing

A modified anodization technique was employed to fabricate highly

SO, (g) + NHi(g) + H,0

air oxidation

(NH4)2SOs3(aq) + O2

electrolysis

(NH4)2SOs3(aq) + H20

> (NH4)2S0Os(aq) (R1)
(NH4)2S04(aq) (R2)
»  (NHs):SOs(aq) + Ho  (R3)
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Fig. 1. From concept to experimental setup of an integrated water-energy-food (WEF) system. (a) Schematic representation of the solution for the water-energy-food
nexus modeled in this study. (b) Photograph of a bench-scale PEC-FDFO setup. (c) Schematic diagram of a bench-scale PEC-FDFO hybrid system with performance

evaluation devices such as salinity, pH meters, and scales.

ordered titania nanotube electrodes. Titanium (Ti) sheets (2 cm x 4 c¢m,
0.127-mm thick, 99.7 % purity, Sigma-Aldrich) were cut, polished using
sandpaper (400 grid) and a polishing cloth, and then cleaned for 10-min
in an ultrasonication bath (40 kHz, 100 W power, WiseClean, Germany)
with acetone and ethanol, followed by nitrogen gas drying. The Ti
electrodes were electrochemically anodized against a stainless-steel
plate (3 cm x 5 cm) by applying a DC current of + 30 V and 0.04 A
for 4h in a solution containing dissolved H3PO4 (0.55 M) and NaF
(0.14 M) in an aqueous electrolyte solution with a 4:1 ratio of DIW to
ethylene glycol. The solution was continuously stirred throughout the
anodization. The as-obtained anodized electrodes were then thoroughly
washed with DIW and ethanol and dried in ambient air. The anodized
TNA electrodes were annealed at 400 °C (annealed TNA) for 2 h and
electrochemically reduced to black TiO, (reduced TNA) by applying a
counter-current of - 40 V against a Pt counter electrode in a phosphate
buffer medium (0.1 M KH,PO4 buffer solution, pH 7.2) for 6 min

The fabricated electrode material, active layer (AL), and support
layer (SL) of the FDFO membrane were characterized using scanning
electron microscopy equipped with energy dispersive X-ray spectros-
copy (SEM/EDX, NOVANANOSEM 450, USA). X-ray diffraction (XRD,
PANalytical Empyrean, UK) confirmed the crystallographic structures of
TNA electrodes at various fabrication steps in the 26 angle range from
20° to 70°. Surface roughness and depth were measured using a profil-
ometer (Leica DMC 8 Profilometer, Germany). Functional groups of the
AL and SL were analyzed using Fourier transform infrared (FTIR-ATR,
Spectrum 400 Perkin Elmer, USA) in the region of 4000-550 cm~ ! with
a scan rate of 32 scans. The surface energy of the FDFO membrane was
calculated using the Owens, Wendt, Rabel, and Kaelble (OWRK) model,
which involved measuring the optical contact angles of water, ethylene
glycol, and formamide on the membrane. Contact angle measurements
were conducted using an OCA 35 device (DataPhysics, Germany), with a
solvent volume of 3 L dispensed, and images captured after 5 s. Five
measurements were taken for each solvent at different locations on the
cut membrane. To assess the thermal stability of the membrane material,
thermogravimetric analysis (TGA) was performed from room

temperature (RT) to 450 °C using a TGA400 instrument (Perkin Elmer,
USA) under a nitrogen atmosphere with a gas flow rate of 90 mL-min L.

The electrochemical properties of the fabricated electrodes were
characterized using cyclic voltammetry (CV), chronoamperometry, and
electrochemical impedance spectroscopy (EIS) tests. CV tests evaluated
the hydrogen evolution reaction (HER) on the electrode withina + 1.2 V
to — 1.2 V vs. SCE at a scan rate of 50 mV-s~ .. During light-on experi-
ments, the solar simulator, calibrated to 1 sun illumination intensity
(100 mW-cm’Z), was directed to the working electrode, while it was
turned off for the dark experiments. Photoactivity and stability were
assessed by performing chopped chronoamperometry at — 0.25V vs.
SCE and EIS tests to evaluate the ohmic resistance in a 100 kHz to
0.01 Hz frequency range. The solar simulator’s inbuilt light shield
enabled intermittent light chopping. Electrochemical performance tests
utilized single or binary electrolyte solutions based on ammonium sul-
fate or/and ammonium sulfite, with initial solution concentrations
provided in Table 1.

2.4. Evaluation of FDFO-PEC system

The integrated system experiments started with the PEC side,
initially stabilizing the PEC cell by introducing DIW as the electrolyte
solution. A chronoamperometric test was conducted at — 1.0 V for
3 min, followed by another similar test with the DS. Subsequently, the
PEC and FDFO systems were operated simultaneously. The PEC cell was
filled with the test electrolyte solution, and a chronoamperometry scan
was performed for 5 h at — 1.0 V with a scan rate of 50 mV-s*. In each
experiment, DS flowed into the DS tank, passed through the PEC cell,
and entered the FO cell’s inlet.

On the FDFO side, all tests were conducted in FO mode, with the AL
of the FO membrane facing the FS and the support layer facing the DS.
The FDFO system was initially stabilized using DIW as FS and DS for
30 min. Several FDFO tests were performed by varying the flow rates of
FS and DS solutions (0.5, 0.8, and 1.0 L-min~! (LPM)) and the operating
time (6 and 24 h). During these tests, the temperature of FS and DS was



S. Zavahir et al.

Table 1
Properties of SBSS based DS concentrations at temperature of 25 °C + 1 and
pressure of 1 bar.

DS Molar concentration (M) Conductivity (mS- Osmotic pressure
e -1 a
(NH),80, (NHp,80, ™) (ban

DS1 0.24 28.0 6.26

DS2 0.144 0.096 24.6 6.20

DS3 0.12 0.12 24.4 6.19

DS4 0.096 0.144 22.7 6.17

DS5 0.24 23.4 6.12

DS6 1 99.3 31.12

DS7 1 92.6 28.03

DS8 0.8 0.2 96.1 30.43

DS9 0.6 0.4 97.5 29.78

DS10 0.4 0.6 93.6 29.16

DS10 0.2 0.8 91.9 28.58

Ds11” 0.1 0.4 54.5 13.67

@ Osmotic pressure estimated from AspenPlus software (Aspen ONE® version
9 software Aspen Technology. Inc., using nonrandom two-liquid (NRTL) model
in ‘Aspen Physical Property System Data Regression System’).

b DS concentration is 0.5 M, prepared to be half the molarity of DS 10.

maintained at room temperature (25 °C + 1) without mixing. In-situ
hydraulic flushing or forward cleaning was applied after each FDFO
run using DIW as FS (1 L) and DS (1 L) at a fixed circulation flow (1
LPM), cross flow velocity (0.28 m-min ') on both sides of the FO test
cell, and at room temperature (25 °C + 1) for 30 min to reduce mem-
brane fouling. The water quality of FS and DS was analyzed before and
after each run using a benchtop conductivity and pH meter (HQ portable
meter, HACH, USA) and ion chromatography (850 Professional Met-
rohm, Switzerland). The performance of the FDFO process was evalu-
ated in terms of water flux (J, L-m 2h™1), reverse solute flux (RSF, Js, g
m’z-h’l), and salt rejection percentage (R %). The experimental water
flux was calculated by dividing the weight changes of DS (AW, kg) over
the operating time (At, h) and effective membrane area (Aefs, m?), as
expressed in Eq. (1).
J, = ﬂ '6))
(pAeff At)

The reverse solute flux of each individual component in DS (NHj,

SO?(, and SO%’) can be determined using Eq. (2):

(Vi = Vp)C,

Jy =
Ae,ﬁ’ !

(2)

where V; and V, represent the initial volumes (in L) of FS and the
permeate volume of pure water from FS to DS, respectively. C, (gL ™1) is
the concentration of draw solutes in the feed side at the end of the
experiment, and t is the experiment’s operating time.

The salt rejection percentage (R %) of ions in FS (Na*, CI) that may
diffuse through the FO membrane from the feed side to the draw side is
expressed in Eq. (3).

Ch — Co, (Vi=Vp)

F; Ve
- v 3
o 3

i

R% =

where Cr, and Cp,are the initial and final concentrations of ions in FS and
DS, respectively.

2.5. Draw (DS) and feed solution (FS) preparation

Ammonium sulfate ((NH4)2SO4) and ammonium sulfite ((NH4)2SO3)
were used as DS. Two different concentration categories were studied:
diluted and high concentrations. For diluted concentrations, FS con-
tained 3 g~L_1 NacCl, while DS ranged from 0.16 M to 0.36 M (NH4)2SO04
solution as the single-component DS. Binary mixtures of (NH4)2SO4 and
(NH4)2SO3 with a total salt concentration of 0.24 M were coupled with
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3 g-.."! NaCl FS prior to using high concentrations of DS in the upscaled
PEC-FDFO system. For high concentrations, FS had 5 g-L."! NaCl, and DS
contained a total salt concentration of 1 M prepared with (NH4)2SO4 or
(NH4)2S03 in DIW. Detailed characteristics of 1 M DS are given in
Table 1.

2.6. Evaluation of basil plant growth

The impact of diluted DS on plant growth was assessed by comparing
two basil plants grown side by side, one fed with municipal water and
the other with diluted DS. Each plant received 25 mL of water daily and
was exposed to sunlight. Municipal water quality data can be found in
Table S1. Plant growth was monitored through periodic photographs,
leaf count, and measurement of stem and branch height.

3. Results
3.1. Characterization of TNA electrode

During PEC operation, a sulfur-based seed solution (SBSS) prepared
with ammonium sulfate and/or ammonium sulfite in aqueous media is
introduced into the PEC cell. SBSS acts as the catholyte electrolyte and
produces hydrogen gas via water electrolysis in the PEC system with
reduced titania nanotube arrays cathode upon solar light illumination.
The morphology of the reduced TNA is a high-order tubular array,
confirmed by FE-SEM in Fig. 2a. TNAs grown on Ti film by anodization
technique offer two advantages: facilitating commercial-scale applica-
tions [24,25] and providing better stability and adhesion between the
electroactive film and the substrate [26,27]. A well-defined, hollow--
centered arrays in the reduced TNA is retained throughout the annealing
and reduction process (Fig. S1). XRD analysis reveals sharp peaks at
25.30° 38.57° and 48.02° corresponding to the presence of (101),
(004), and (200) planes, confirming the anatase phase crystallization
during annealing (Fig. 2b). Similar observations were made by Jeong
et al. when fabricating TNA in an anodization mixture with 2 % of DIW
in ethylene glycol electrolyte [26]. XRD shows anatase phase formation
during annealing and its presence throughout the reduction process. The
anatase phase titania is widely studied for various UV light-utilizing
applications [28,29].

Creating oxygen vacancies by reducing some Ti*" sites in titania
shifts the band edge slightly towards the visible region. The photo-
luminescence (PL) spectra recorded for the annealed and reduced elec-
trodes upon 375 nm excitation showed higher PL intensity for the
annealed electrode, which decreased significantly for the reduced
electrode (Fig. 2c). As PL intensity is related to electron-hole recombi-
nation rate, the reduced TNA exhibits a lower charge recombination
rate, facilitating higher light-induced activity. In addition, the band
structure calculated from the PL spectra reveals a bandgap of 2.75 eV for
the reduced TNA. Surface topography analysis shows a relatively
smooth surface on the reduced TNA electrode with a surface roughness
parameter of 0.5536 um (Fig. 2d), which increased to 0.6376 ym when
annealed (Fig. S2), indirectly confirming the reduction process’s
success.

3.2. Photoelectrochemical (PEC) performance

In the integrated system, the reduced TNA functions as the PEC
cathode electrode. Its light-induced electrochemical behavior was
evaluated in a standalone process operation using a singular (NH4)2SO4
electrolyte and compared to anodized and annealed counterparts. CV
tests conducted in a 0.1 M (NH4)2SO4 electrolyte solution demonstrated
the TNA electrodes’ capability for hydrogen gas production upon light
illumination (Fig. 3a). The onset potential, a crucial parameter for
evaluating hydrogen production efficiency, showed a favorable trend
with reduced TNA electrodes at — 0.06 V, compared to anodized and
annealed electrodes at — 0.36 V, — 0.12 V, respectively (Fig. 3a). This
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Fig. 2. Surface analysis of titania nanotube array (TNA) electrodes. (a) SEM image of a reduced TNA electrode. (b) XRD data collected in the 260 angle range from 20°
to 70° (anatase diffraction angles indexed). (c) PL intensity in the 400-700 nm range upon excitation at 375 nm. (d) Surface topography of a reduced TNA electrode

captured by a profilometer.

indicates a favorable trend towards improved hydrogen production ef-
ficiency with the reduced TNA electrode. The reduced TNA electrode
exhibited a high current density of — 7 mA-cm~2 at — 0.6 V (vs. SCE),
significantly higher than the maximum current density of
— 0.1 mA-cm 2 observed in a previous study using 0.1 M NaySOy4 elec-
trolyte and TNA material on FTO glass [26]. In the present study, the
scan rate was maintained at 50 mV-s !, higher than the 5 mV-s ™! used in
the previous study. The scan rate can affect the limited diffusion current
in cases where a reaction is diffusion-controlled, leading to higher cur-
rent densities at increased scan rates.

The stability and progression of electrochemical reactions were
evaluated using chronoamperometry. The chopped chronoampero-
metric test, typically performed on PEC systems, provided additional
information on photo-induced chemical reactions by producing crest
and trough for light on and off regions, respectively (Fig. 3b). This test,
conducted at — 0.25V (vs. SCE), displayed a significant increase in
light-induced photoactivity of the reduced TNA compared to annealed
TNA electrode, while the anodized electrode showed no activity, as
expected due to its higher onset potential (—0.36 V). The stable photo-
current plateau observed in the chopped chronoamperometric curve’s
light on and off regions confirms sufficient band bending in the TNA
material, reducing local charge recombination. Hence, the reduced TNA
electrode has greater potential as a HER cathode in the integrated
system.

EIS analysis provides information on the resistive layer thickness
between the electrode and the electrolyte. Fig. 3c reveals a wider
resistive barrier for the anodized TNA electrode, primarily due to surface

roughness caused by the lack of annealing. In contrast, the reduced TNA
electrode showed a much narrower resistive barrier, directly related to
improved HER rates. EIS analysis of reduced TNA electrodes under dark
conditions exhibited a greater resistive barrier than under the light
conditions (Fig. 3d), confirming light-induced formation of a higher
conductive layer, resulting in further enhanced HER performance. In
another study, Jeong et al. reported that the reduced TNA’s lower
resistive layer was due to decreased charge transfer resistance at Ti>*
and oxygen vacancy sites compared to only annealed electrodes [23].

3.3. Fertilizer-drawn forward osmosis (FDFO) performance

The FDFO system employed a flat sheet commercial thin-film com-
posite (TFC) FO membrane and two solution streams: DS as SBSS, similar
to the PEC system’s catholyte, and FS as brackish water. To ensure
sufficient osmotic energy for FO operation, DS (0.16 M (NH4)2SO4 with
4.1 bar osmotic pressure) was maintained at a concentration three times
higher than FS (3 gL ! NaCl with 1.26 bar osmotic pressure). FO runs
were performed in FO mode, with the AL facing the feed side and the SL
facing the draw side. Membrane characteristics are provided in sup-
porting information (Figs. S3-S5).

Surface wettability and membrane’s ability to balance fluid influx
and outflux are crucial features governing FO performance. Evaluating
surface energy offers insight into surface exposure and bulk interactions.
Thus, the surface energy was determined using the contact angles of the
membrane with various solvents, applying the Owens, Wendt, Rabel,
and Kaelble (OWRK) model. The contact angles of AL in the fresh
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TNA electrodes. (d) Comparison of EIS responses of a reduced TNA electrode under light and dark conditions in 0.1 M (NH,4)»SO4 electrolyte within the frequency

range of 100 kHz to 0.01 Hz.

membrane were 60 + 1.2° 36 + 1.6° and 0° in DIW, ethylene glycol,
and formamide, respectively, yielding a surface energy of 48.6 mJ-m~2,
A similar surface energy was observed in another study using a home-
made poly(ethylene glycol) phenyl ether acrylate (PPEA) active layer.
The surface energy (42.95mJ m~2) of pure PPEA decreased to
40.37 mJ-m 2 when 25 % PPEA was replaced with methacrylic acid
(MAA) in a 75:25 (w/w %) ratio of PPEA to MAA copolymer system
[30]. Moreover, this positive surface energy value could reduce
foulant-membrane interaction and ion concentration polarization (ICP),
preventing water flux decrease from FS to DS [31].

The FDFO system performance was assessed at various operating
flow rates of 0.5, 0.8, and 1.0 LPM (Fig. S6), with FS and DS maintained
at the same flow rate. Water flux and % water recovery increased with
rising flow rates. At 0.5 LPM, the water flux reached 27.0 LMH with 2.45
% water recovery. Raising the flow rate to 0.8 LPM boosted the recovery
to 2.5% and flux to 28.3 LMH, while at 1.0 LPM, recovery and flux
increased to 2.88 % and 31.8 LMH, respectively. The pumping flow rate
indirectly and inversely represents inflow residence time within the FO
chamber; increasing the pumping flow rate reduces interaction time
with the FO membrane. Besides water flux and recovery, the flow rate
substantially impacts DS solution quality concerning salt rejection and
reverse solute flux. At 1.0 LPM, a flux of 31.8 LMH and 2.86 % water
recovery were observed, with an impressive 99.3 % salt rejection. Salt
rejection at 1.0 LPM was comparable to those at 0.5 LPM (99.4 %) and
0.8 LPM (99.3 %). Consequently, subsequent integrated PEC-FDFO
system experiments were conducted at a 1.0 LPM working flow rate.

3.4. Integrated PEC-FDFO system for fertigation

The previously described individual FDFO and PEC systems were
combined in a tandem configuration. During operation, SBSS first
entered the PEC system, underwent hydrogen evolution, and then the
outlet stream of the PEC entered the DS side of the FO system. The
integration altered the DS flow path in the FO system and streamlined it
with an additional peristaltic pump, as shown in Fig. 1.

The initial evaluation of the integrated system was performed using a
single component (NH4)2SO4 DS. The FDFO desalination performance,
as a function of DS concentration, was monitored for 2 h at 1.0 LPM with
a constant 3 gL~ NaCl FS concentration. Test runs were conducted with
four different (NH4)2SO4 DS concentrations (0.16, 0.20, 0.24, and
0.36 M). Results showed water flux and % water recovery increased
with rising DS concentration from 0.16 M to 0.24 M (NHy4)2SO4, while
the water flux for 0.36 M (NH,4)2SO4 was lower than expected at 23 LMH
water flux (Fig. S7). In contrast, 0.24 M (NHy4)2SO4 generated a higher
flux of 32 LMH. Although the osmotic gradient, visualized by the DS and
FS concertation difference, is the primary driving force for increased
flux, concentration polarization (CP) might negatively impact water
flux. Within the asymmetric membrane’s porous layer (Fig. S3), a virtual
boundary layer shields the membrane from turbulence and shear force.
This internal concentration polarization (ICP) reduces the effective os-
motic driving force between FS and DS, even though DS exhibits an
osmotic pressure of 9.63 bar and FS 1.26 bar, creating an osmotic
gradient of 8.37 bar. Thus, it is reasonable to observe lower water flux at
0.36 M (NH4)5SO4.
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Proceeding to the practical purpose of integrating PEC and FDFO
systems, the electrolyte and DS solution used were prepared as single
and binary mixtures of (NH4)2SO4 and (NH4)2SO3 SBSS with a total
concentration of 0.24 M. Binary solutions were prepared with three
different salt ratios (i.e., 3:2, 1:1, 2:3) of (NH4)2SO4:(NH4)2SO3. Similar
to previous FDFO runs, FO performance was evaluated in terms of water
flux and recovery, while PEC performance was assessed through CV
(Fig. 4). One CV test was carried out 10 min after the test began to
ensure system stability, and another was performed at the end of the 2 h
operation of the integrated PEC-FO system. The reduced TNA electrode,
as a Pt-free HER catalyst, performed well with a cathodic current
oscillating around — 20 mA-cm 2 at an electrode potential of — 1.0 V
(vs. SCE). Additionally, the cathodic current change at — 1.0 V (vs. SCE)
after 2 h was less than 4 % of the initial value, confirming the suitability
of the sulfur-based binary electrolyte for hydrogen generation.

Observed trends in current density were based on the sulfite to sul-
fate ratio in the starting electrolyte. At potentials above — 1.0 V (vs.
SCE), the current density increased with rising sulfite content until the
sulfite to sulfate ratio reached 1:1, with the current density order being
(1:0) < (3:2) < (1:1). The lowest current density was observed in the 2:3
((NH4)2S04:(NH4)2SO3) system (Fig. S8). After 2 h of PEC-FDFO oper-
ation, the cathodic current initially dropped but remained high enough
(minimum —10 mA-cm~2) to ensure the integrated process’s operability
even at high dilution levels. Conversely, the change in current density
after 2 h of PEC-FDFO operation at — 1.0 V (vs. SCE) was insignificant
for all single and binary combinations. Regardless of the measured po-
tential, the ammonium sulfite alone system maintained higher current
density, while the ammonium sulfate alone system maintained a con-
stant current density during the 2h PEC-FDFO run. This is due to
hydrogen evolution occurring in the complementary reduction process
as a result of potential sulfite-to-sulfate oxidation. Water flux increased
with higher ammonium sulfate concentration in ammonium sulfite:
ammonium sulfate binary solutions, ranging from 13 LMH for 0.24 M
(NH4)2SO3 solution to 45 LMH with 0.24 M (NH4)2SO4. The % water
recovery in this scenario, where the operation was conducted for only
2 h, followed a similar pattern to that of water flux (Fig. 4a).

The system increased the total SBSS salt concentration of the DS to
1 M in the integrated process. Water flux and recovery of the integrated
process were in a similar range (Fig. 5a) and comparable to a single
FDFO system previously studied by our research team [18]. Despite
continuous dilution, the PEC maintained a constant potential of — 1.0 V
(vs. SCE) until the integrated system completed collecting a large
amount of hydrogen gas. In all cases except for 0.6:0.4 or 0.4:0.6,
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hydrogen evolution measured at — 1.0 V for 5h (18,000 s) (Fig. 5b)
provided a stable current and gradually increased the cathodic current
until equilibrium was reached. Interestingly, when the sulfite: sulfate
ratio was closer to 1:1 (either 0.6:0.4 or 0.4:0.6), the gradual change in
the respective chronoamperometric current over time was minimal
compared to other solution compositions. Among binary mixtures, the
most stable cathodic current density of 0.15 A-cm™2 was observed in the
solution where the concentration of (NH4)2SO3 (0.8 M) was higher than
(NH4)2S04 (0.2 M). The hydrogen evolution performance in the inte-
grated system is comparable to TNA under sodium sulfite (NaSO3) and
sodium sulfide (NaSy) binary electrolyte with a total salt concentration
of 1 M under light irradiation (100 W~m’2, AM 1.5 G) [22]. During the
integrated PEC-FDFO operation, the ammonium sulfate electrolyte sys-
tem was slightly acidic (pH 5-6), while the binary solution and ammo-
nium sulfite were near the neutral pH range (pH 7-8). In these scenarios,
hydrogen evolution is likely driven by an initial water dissociation step
(R4), generating H—adsorbate (H,qs) at the surface adsorption sites on
the electrode, which is regarded as ‘E’, followed by the recombination of
Hags to produce hydrogen (R5-R6).

E 4+ Hy0 + ¢ < EHys + OH” (R4)
EH,gs + H,O + ¢ < E + Hy + OH” (R5)
2EH,4s < 2E + Hy (R6)

Long tubular titania nanoarrays in the cathode electrode enhance the
solid-solution interface, promoting radial transfer of minority charge
carriers into the solution. This vector charge transfer results in an
elevated reaction rate when light absorption by the electrode is optimal
[22].

Detailed evaluation of the DS and FS solution compositions after 5 h
of PEC-FDFO operation showed the highest salt rejection (98.56 % for
Na™' and 98.33 % for C17) and lowest reverse solute flux (RSF) (3.5 gMH
for SO3~, 5.25 gMH for S03%7,3.10 gMH for NHJ) for the 0.8:0.2 ratio of
(NH4)2S03:(NH4)2SO4 among binary mixtures (Fig. 5¢). However, the
RSF was higher at 0.8:0.2 (NH4)2SO3:(NH4)2SO4 compared to other bi-
nary solution combinations (Fig. 5d). As pH in sulfurous electrolytes
increases, specific RSF (SRSF) rises, and the water flux decreases. Higher
ammonium sulfite content in the above case led to pH 7.65 compared to
pH 5.31 for 1 M ammonium sulfate. The RSF was 6.8 gMH for SO3~ and
4.2 gMH for NHZ, respectively. Johnson et al. justified such behavior,
stating that if a large osmotic pressure gradient exists between FS and DS
across the FO membrane, the DS dilutes further until the osmotic
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Fig. 4. Performance of an integrated PEC-FDFO system at FS concentration of 3 g-L’1 NaCl, flowrate of 1 LPM, and run time of 2 h. (a) Water flux and % water
recovery vs. various ratios of DS component concentrations at a total DS concentration of 1 M. (b) Corresponding CV curves representing current density (J) vs.

potential (E vs. SCE) measured in the PEC part of the integrated system operation.
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Fig. 5. Performance of integrated PEC-FDFO system at an FS concentration of 5 g-L ! NaCl, a total DS concentration of 1 M with different DS component con-
centration ratios, and a flow rate of 1 LPM. (a) Water flux (J,,) and % water recovery vs. various ratios of DS component concentrations. (b) Corresponding chro-
noamperometric curve measured at — 1.0 V (vs. SCE) vs. current density (J). (c) Individual Na™ and Cl~ salt rejection (R %) vs. various ratios of DS component
concentrations. (d) Reverse solute flux (J;) vs. different ratios of DS component concentrations. (e) Water flux (J,) and % water recovery vs. various ratios of DS
component concentrations at a constant 4:1 molar ratio of (NH4)2SO03:(NH4)2SO4. (f) Corresponding current density (J) vs. time measured in the PEC system at

— 1.0 V (vs. SCE).

pressure difference reaches equilibrium [32]. Having minimal salt (< 2
mS-cm 1) in the diluted DS is essential for direct use in fertigation, but it
should also consider trade-offs between water flux and dilution rate.
Theoretically, increased DS salinity should improve water flux and re-
covery rate, but experimental results show that water flux from FS to DS
decreases over time at high DS due to dilutive internal concertation
polarization (DICP) and RSF. DICP becomes dominant when more

dilution occurs within the SL of the FO membrane facing the DS side,
reducing DS osmotic pressure and lowering the effective osmotic pres-
sure gradient across the FO membrane [33]. Conversely, RSF becomes
significant at high DS concentrations as it induces DS solute diffusion
across the membrane toward the FS side [34]. Therefore, according to
water flux and water quality data along with chronoamperometric data,
the 0.8:0.2 ratio of (NH4)2SO3:(NH4)2SO4 offers the most appropriate
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Fig. 6. Evaluation of FDFO system in an integrated PEC-FDFO system after 6 and 24 h of operation. (a) Variation of % water recovery vs. various ratios of DS
component concentrations. (b) Comparison of conductivity drop vs. various ratios of DS component concentrations.

Fig. 7. Evaluation of basil plant growth with diluted DS compared to the control over time (in days). Plants labeled ‘s’ were fed with the diluted DS.

solute ratio with optimal water desalination and energy harvesting
properties.

Based on salinity values, the highest % dilution was observed for DS
using 0.4 M (NH4)2SO3 and 0.6 M (NH4)2SO4. However, the PEC system
shows higher cathodic current with increasing sulfite content. As sulfite
converts to sulfate in the coupling anodic process during HER at the
working electrode, the sulfite content facilitates and affects HER, as
shown in Fig. 5b. Continuous dilution of the integrated system gradually
changes the DS salt concentration. Hence, considering a sequential 50 %
dilution level, system operability was assessed with two different salt
concentrations (0.5 M and 0.25 M) while maintaining the same 4:1 ratio
between ammonium sulfite and ammonium sulfate.

Although a fixed 4:1 ratio of (NH4)2S03:(NH4)2SO4 was applied to
the FO, the water flux and % water recovery decreased proportionally as
the total DS salt concentration decreased (Fig. 5e). The chronoampero-
metric performance trend at — 1.0 V was similar to that of water flux. In
all three systems, cathodic current densities initially stabilized for a
short time and then continued to increase until reaching equilibrium
(Fig. 5f), due to the simultaneous electrochemical involvement of
ammonium sulfite. In this case, the 0.4:0.1 ratio had the highest
cathodic current density (0.1 A-cm2) at equilibrium compared to other
cases. However, DS salinity decreased more rapidly for the 1 M (0.8:0.2)
case than for others, as the highest degree of dilution (% water recovery)
is expected at a high total DS concentration. Evidently, long-term FDFO
operation with a high concentration of DS shows improved water re-
covery compared to starting with a low concentration of DS when the FS

remains constant. Consequently, an FDFO system operating for 6 h in
integrated mode was extended an additional 18 h in the standalone
FDFO mode for a total operating time of 24 h.

In long-term FDFO operation, water flux decreased from 6 to 24 h as
expected, yet % water recovery in the DS side increased significantly
(more than doubled) with the % dilution, as shown in Fig. 6a. Also,
Fig. 6b demonstrates that the solution resulting from the 24-h operation
of the FO with the 0.8:0.2 ratio has a conductivity much closer to the
initial conductivity of the 0.4:0.1 ratio solutions. Dilutions greater than
40% from the initial concentration show promise and warrant further
investigation.

Besides process integration and favorable performances, the stability
of the FO membrane and the reduced TNA electrode through multiple
integrated cycles is crucial. To assess the morphology of AL in the FO
membrane, SEM analysis was conducted after 10 cycles of PEC-FDFO
operation in 0.2 M (NH4)2SO4 and 0.8 M (NH4)2SO3 DS. The surface
features of AL at the 5 um scale revealed no appreciable scale formation
or rupture (Fig. S9a). Additionally, the surface energy test performed on
the dried membrane yielded a surface energy of 47.7 mJ-m~2, which
was a negligible reduction compared to the fresh membrane’s surface
energy (48.6 mJ .cm™2). Likewise, the reduced TNA electrode visualized
by SEM exhibited no significant changes in the tubular structure or
surface agglomeration, confirming the recyclability of the FO membrane
and the reduced TNA electrode in the PEC-FDFO system (Fig. SOb).
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3.5. Evaluation of fertigation performance by basil plant growth

Plant growth was evaluated by comparing two basil plants grown
side by side, one nourished with municipal water and the other with a
diluted solution from a DS reservoir after operating the integrated sys-
tem. To better understand shoot growth, leaf number and stem height
were tracked over time (Fig. S10). The plant fed with DS exhibited
remarkable growth in both leaf number and stem height from day 9,
outperforming the municipal water-fed counterpart. DS-fed plants
consistently had more than double the leaf count of those fed with
municipal water. Moreover, leaves matured over time and grew larger in
size. The stem height of DS-fed plants increased linearly until day 45,
after which exponential growth was observed, potentially due to the
rapid development of stem-derived branches (stem height in Fig. S10b
includes cumulative height of stem and branches). These findings
emphasize the added benefits of using sulfur-containing electrolytes in
fertigation over municipal water in terms of leaf density. The significant
growth observed in Fig. 7 and S11 may be attributed to sulfur presence
in DS. While nitrogen, phosphorous, and potassium (NPK) are primary
nutrients for plants, sulfur is essential for chlorophyll production and
nitrogen metabolism [35]. This study visually demonstrates the critical
role of sulfur in promoting plant growth.

4. Conclusion

Addressing the need for a self-sustainable water, energy, and food
nexus, this study effectively employed FGD-products-derived SBSS to
generate significant hydrogen photocurrents at a reduced TNA cathode
in a light-induced electrochemical system while concurrently oxidizing
SBSS at a complementary anode. The PEC system effluent is channeled
to the FO system as DS, where brackish water (5 g-L’l) serves as FS,
enabling water flux toward the DS side through an osmotic pressure
gradient and resulting in substantial DS dilution for fertigation. The
optimal DS, composed of 0.8 M (NH4)2SO3 and 0.2 M (NH4)2SO4,
exhibited a stable chronoamperometric current of 0.15 Acm™2 at
— 1.0 V (vs. SCE), with dilutions of 20 % and 43 % after 6 h (integrated)
and 24 h (individual) system operation, respectively. The diluted DS’s
efficacy for plant growth was verified by monitoring basil plant growth
compared to a control group fed with plain water. Increased leaf density
and stem height in the test plants highlight sulfur’s contribution to plant
growth.

The PEC-FDFO system offers several advantages over standalone
operation. A key benefit is the hydrogen-rich DS produced by the PEC
system. Recent research has focused on hydrogen-rich water’s role in
plant growth and its anti-oxidant properties [36,37], with the observed
substantial growth in leaf density and stem (and branches) height
attributable to hydrogen-rich water and nutrients like sulfur. The com-
bined system also enables the use of high sulfite concentrations in FDFO
system. Moreover, the adhesion, stability, and durability of reduced
TNA film electrodes are exceptional, making them suitable for
commercialization. Replacing the Pt counter electrode with
cost-effective alternatives such as activated carbon (AC) or graphite
would enable small test units of this integrated system to be deployed in
agricultural areas with limited energy resources. This study significantly
contributes to the WEF field as the first scientifically proven solution
demonstrating the transformation of FGD products from serious air
pollutants to address all aspects of the water, energy, and food nexus,
with tangible results at each stage.
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