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ABSTRACT

An integrated system with a photoelectrochemical (PEC) unit and forward osmosis (FO) in tandem 

operation was proposed in this study to combat water, energy, and food (WEF) deficiency. In an 

engineered approach, a combination of ammonium sulfite and ammonium sulfate solution was 

used to represent the wet flue gas desulfurization products of the ammonia scrubbing process 

commonly employed in oil and gas producing countries. In a continuous operating system, we 

showed that a sulfurous solution in the PEC process was oxidized under simulated sunlight to 

produce hydrogen, the ultimate clean energy, at a reduced titania nanotube array (TNA) working 

electrode (Energy). Then, the oxidized sulfurous solution entering the draw solution compartment 

of the FO unit was diluted when the system operated against simulated brackish water as the feed 

solution (Water). Recirculation of the draw solution effluent ensures continuous operation of the 

PEC and FO systems. Further application of this draw solution effluent as a cultivation solution to 

a basil plant at a certain time point showed visually favorable growth compared to the case supplied 

with tap water (Food). Therefore, this study stands out as the successful implementation of a 

bench-scale integrated system to simultaneously produce tangible outcomes for each of the deeply 

interlinked components of water, energy, and food.    

Keywords: Forward osmosis (FO); Photoelectrochemical (PEC) system; Water-energy-food 

nexus; Hydrogen; Fertigation
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1. Introduction

Food, water, shelter, and clothing were the basic human needs until the 1950s, after which 

automated mass production of electronics and computers began. As a result, energy has become a 

basic human need, so governments work at a strategic level to ensure that people have access to 

sufficient electrical energy/power to complete their daily tasks at the domestic level, despite the 

immense power consumption in industrial facilities. Coal and fuel combustion in power plants 

produce electricity and emits harmful SOx gas along with carbon and NOx emissions (flue gas) 

from fossil fuels [1]. The SOx concentration in the flue gas depends on the S content of the coal. 

According to Resnik et al., a pulverized coal-fired power plant using 2.8 % sulfur leaves 2000 ppm 

of SO2 in the exhaust gas [2]. Depending on the throughput of the fuel, the sulfur gas in the fumes 

of a steam boiler can range from 4.4 mg·mol·L-1 to 2 mg·mol·L-1 [3].  This has led the government 

to stress the need to maintain stringent air quality standards to ensure the health and well-being of 

the surrounding environment, including the ocean. High levels of sulfur in the surrounding create 

acid rain and affect aquatic life. Therefore, the removal of sulfur from flue gases is intensely 

studied, and flue gas desulfurization (FGD) is an established field with regenerative and non-

regenerative scrubbers used for SO2 adsorption and removal [4]. The FGD systems appeared in 

the coal-fired power plant industry in the United States (US) and Japan in the early 1970s and then 

rapidly expanded in Europe in 1980 [5]. At present, wet limestone FGD, magnesium enhanced 

lime (MEL), and lime spray drying (LSD) have reached technology readiness (TR) level 9, and 

the efficiency has reached 90% SO2 removal. Among them, LSD is less expensive to install but 

can only handle SO2 removal in power plants operating up to 250 MW and burning low-to-medium 

sulfur coal [4].  
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In a relatively novel FGD with ammonia, SO2 is absorbed in aqueous ammonia (NH3) to 

form (NH4)2SO3 or (NH4)2SO4, as shown in the reactions below (R1-R2). It is preferred among 

other techniques due to the low parasitic load experienced in ammonia scrubbing [6]. The presence 

of trace contaminants such as F, As, B, Cl, Se, and Hg were captured by FGD without affecting 

sulfur removal [1]. The United States Environmental Protection Agency (USEPA) classifies 

ammonia FGD as non-regenerative because S is not separated from the scrubber after the 

absorption process [7]. Ammonia scrubbing flue gases under various experimental conditions with 

TR levels from 5-6 to 9 was tested. The ammonia scrubbing process at TR levels of 5-6 was 

demonstrated by the Powerspan Corporation company, a coal-fired power plant in Ohio, US that 

generates 50 MW [8]. If these wet FGD products from a non-regenerative ammonia scrubbing 

process could be exploited to find a solution to another basic human need, it would lead to net zero 

sulfur emission (R1-R3),

On the other hand, the need for self-sufficiency in access to water, energy, and food (WEF) 

is crucial to creating a safe society. The awareness of the undeniable interconnection between these 

three core resources has been very well understood over the past decade. It has been evidenced by 

a high number of research and discussions in academia and policy-making, strategic planning, and 

implementing frameworks to secure the trio with a holistic approach rather than looking at each 

component individually [9-14]. Most of the nexus studies were case studies of how countries or 

chemical absorption

air oxidation

electrolysis

SO2(g) +  NH3(g) +  H2O (NH4)2SO3(aq) (R1)

(NH4)2SO3(aq) + O2 (NH4)2SO4(aq) (R2)

(NH4)2SO3(aq) + H2O (NH4)2SO4(aq) +  H2 (R3)
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regions have adopted new strategies and improved frameworks to ensure security for water, 

energy, and food [15-17]. 

The production, generation, purification and refining of water, food, and energy are done 

by appropriate and specific scientific and engineering approaches, and it is in the hands of 

policymakers and the governments to adopt specific technologies or implement the infrastructure. 

Therefore, it is imperative to keep the distinction between the two narrow. Much of the published 

work in this regard includes problem understanding and solution suggestions to conceptually 

address the elevated stress on WEF nexus resources [18]. However, this is not enough. Although 

our understanding of the interconnection of the WEF nexus has improved, only a little progress 

has been made in scientific research covering all elements of the nexus. There must also be a new 

way to leverage materials of non-commercial value and transform them into value-added content 

that ensures WEF sustainability [19].

The increasing pressure further supports the need for such a solution in the WEF nexus due 

to the deep interconnection between the expanding population and material consumption [14]. 

Veroneau et al. showed in one study that seawater concentrated with forward osmosis (FO) was 

fed to an electrochemical (EC) system to be used as an electrolyte for water splitting [20]. They 

affirmed that combining the two systems for the continuous operation of the EC system allows for 

the sustainable generation of oxygen- and hydrogen-based energy by water splitting.

In another study, Logan et al. highlighted the conceptual importance of hydrogen 

production using renewable energy sources and seawater electrolyzer [19]. In this regard, this 

study idealized a self-sustainable combined process that utilizes treated environmental pollutants 

((NH4)2SO3 and (NH4)2SO4, produced in the FGD ammonia scrubbing process) as initial feed 

resources to produce the outcomes of water, food, and energy through specific processes with less 
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energy. Qatar, where the core research work is conducted, is a country with economic and related 

trade activities directly linked to the extraction and refining of natural gas. This process 

unavoidably releases sulfur-containing flue gasses into the atmosphere [21].  Our previous work 

demonstrated that ammonium sulfite and ammonium sulfate were suitably well used as a draw 

solution in fertilizer-drawn forward osmosis (FDFO) system [22]. In the salinity gradient-driven 

FO process, a high concentration of sulfur-based seed solution (SBSS) is used as a fertilizer draw 

solution (DS) and diluted to a low concentration by recovering water from brackish level water as 

a feed solution (FS). Findings revealed that DS with lower sulfite content leads to high desalination 

performance by providing high water flux and low reverse solute flux regardless of feed water type 

(DI water, seawater, or brackish water).  

To meet the WEF needs, we further modified the FO system using the brackish water as 

FS and the SBSS stream derived from FGD as DS to operate in continuous flow as a system that 

can take on the pivotal dynamics of this study. Here, the FDFO system does not require the high 

pressure needed for desalination, such as RO, nor does the energy required to recover draw solutes 

from the mixed DS in a typical FO system [23-25]. The viable electron donor ability of SBSS can 

be used for hydrogen evolution by electrochemical (EC) water splitting. Embracing a suitable 

electrode capable of harvesting light will convert the EC process to photoelectrochemical (PEC), 

making the process more environmentally friendly [26, 27]. The diluted DS, rich in N and S, is 

attractive as a fertilizer and can be used directly in fertigation.  

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4348234

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



7

 

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.

 Hence, this study demonstrated the synchronized operation of a bench-scale PEC-FDFO 

integrated system. The performance of the integrated system was monitored and maintained in 

terms of DS dilution level, salt rejection and the water recovery rate in the FO process (Water), 

and stability and photocurrent level of hydrogen evolution (Energy) in the PEC system, 

respectively. Meanwhile, the growth of basil plants (Food) fed with diluted DS was evaluated by 

visual observation with photographs taken at appropriate time intervals to highlight the utilization 

of the FGD products for reaching net zero sulfur emissions.
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2. Materials and Methods

2.1. Chemicals

The chemicals used in the fabrication of the electrodes were phosphoric acid (H3PO4, 85.0%, 

Sigma-Aldrich), sodium fluoride (NaF, 99 %, Sigma-Aldrich), ethylene glycol (CH2OH)2, 99.5%, 

Scharlab), ethanol (C2H5OH, 99.7%, Scharlab), and acetone ((CH3)2CO, 99.80%, Scharlab). Feed 

and draw solutions (the PEC electrolyte) were prepared with ammonium sulfite solution 

((NH4)2SO3, 35% in H2O, Sigma-Aldrich), ammonium sulfate ((NH4)2SO4, 98.5%, Sigma-

Aldrich), and sodium chloride (NaCl, 99.5%, Scharlab). All chemicals were of analytical grade 

and used directly as received. Both model feed and draw solutions were prepared by dissolving 

specific amounts of chemicals in deionized (DI) water.

2.2. Experimental setup of FDFO-PEC system

Fig. 1b and c present the bench-scale setup of the integrated system used in this study. The setup 

consists of two subsystems integrated; A PEC system that generates hydrogen gas using a sulfur-

based seed solution (SBSS) as an electrolyte and a forward osmosis (FO) system that uses the 

SBSS circulated from the PEC system as the draw solution against the seawater feed solution to 

deliver an adequately diluted fertigation stream. The PEC system is a customized two-

compartment cell (12 × 12 cm) using a three-electrode system configuration, one with a fabricated 

titania nanotube (TNA) electrode (working electrode) and the second with a 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 two compartments to hold the cell together and facilitate 

the transfer of protons throughout the experiment. Electrochemical data acquisition and analysis 

were performed via a potentiostat/galvanostat (Gamry, interfaceTM 1010). A SunLightTM solar 

simulator (ABET Tech., Inc.) was used to provide one sun intensity (AM 1.5 G, 100 mW·cm-2) to 
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drive photon-based electrochemical reactions. The FDFO system consists of a handmade FO test 

cell, two variable gear pumps (Cole-Parmer, USA), two flow meters (Cole-Parmer, USA), and 

tanks of feed and draw solutions. The FO cell has each symmetric channel on either side of the 

membrane, where water circulates from the feed solution (FS) side to the draw solution (DS) side 

in the closed loop. Instantaneous DS weight changes were recorded using a digital scale balance 

connected to the data logger software. This study used a commercial flat sheet thin-film composite 

(TFC) membrane (Toray Industries, Inc.) with an effective surface area of 36 cm2 for FDFO tests. 

All tubes and fittings were 3/8” and 6” sizes, respectively. A peristaltic pump (Cole Palmer, 

Masterflex L/S) was used to facilitate the SBSS solution's passage 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 used to obtain highly ordered titania nanotube 

electrodes. In brief, small pieces of titanium (Ti) sheets (2 cm × 4 cm, 0.127-mm thick, 99.7% 

purity, Sigma-Aldrich) were cut and polished using sandpaper (400 grid) and polishing cloth to 

remove the oxidized layer on the surface and obtain a defect-free, flat surface for the subsequent 

steps. Next, Ti sheets were washed with acetone and ethanol for 10 minutes each in an 

ultrasonication bath (WiseClean, 40 kHz, 100 W) and then dried in a stream of nitrogen gas. The 

cleaned Ti electrodes were electrochemically anodized against a stainless-steel plate (3 cm × 5 cm) 

by applying a DC current of +30 V and 0.04 A for 4 hours. Electrochemical anodization was 

performed with dissolved H3PO4 (0.55 M) and NaF (0.14 M) in an aqueous electrolyte solution 

with a 4:1 ratio of deionized water to ethylene glycol. Continuous stirring of the solution was 

ensured throughout the anodization time to provide proper mass transport of the charged particles 

in the solution. Then, the as-obtained anodized electrodes were thoroughly washed using deionized 
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water and ethanol and then slowly dried in ambient air. To crystalize the synthesized TNAs, 

anodized TNA electrodes were annealed at 400 °C (annealed TNA) for 2 hours and then 

electrochemically reduced to black TiO2 (reduced TNA) by applying a counter-current of -40 V 

against a Pt counter electrode in a phosphate buffer medium (0.1 M KH2PO4 buffer solution, pH 

7.2) for 6 minutes.

The morphology of the fabricated electrode material and the active and support layer of the 

FDFO membrane was visualized by scanning electron microscopy equipped with energy 

dispersive X-ray spectroscopy (SEM/EDX, NOVANANOSEM 450, USA). The crystallographic 

structures of TNA electrodes fabricated at various fabrication steps were confirmed by X-ray 

diffraction (XRD, PANalytical Empyrean) in the 2θ angle range from 20o to 70o. Also, the surface 

roughness and depth of the fabricated electrodes were measured using a profilometer (Leica DMC 

8 Profilometer). The functional groups of the active and support layers of the FDFO membrane 

material were characterized using Fourier transform infrared (FTIR-ATR, Spectrum 400 Perkin 

Elmer, USA) in the region of 4000 to 550 cm-1 with a scan rate of 32 scans. The surface energy of 

the FDFO membrane was calculated using the optical contact angles of water, ethylene glycol, and 

formamide on the FDFO membrane with the Owens, Wendt, Rabel, and Kaelble (OWRK) model. 

The contact angle device recorded surface contact angle measurements (OCA 35, DataPhysics, 

Germany). The thermal stability of the membrane material was evaluated by thermogravimetric 

analysis (TGA) performed at room temperature (RT) to 450 oC on TGA400 (Perkin Elmer, USA). 

The electrochemical properties of the fabricated electrodes were characterized by cyclic 

voltammetry (CV), chronoamperometric and electrochemical impedance spectroscopy (EIS) tests. 

To assess the hydrogen evolution reaction on the electrode, CV (+1.2 V to -1.2 V vs. SCE) tests 

were performed at a scan rate of 50 mV·s-1. The solar simulator calibrated to 1 sun illumination 
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intensity (100 mW·cm-2) was directed to the working electrode during 'light on’ experiments, and 

the solar simulator was turned off for the dark experiment. The photoactivity and stability of the 

fabricated electrodes were evaluated by performing a chopped chronoamperometry at -0.25 V vs. 

SCE, along with EIS tests to assess the ohmic resistance at 100 kHz to 0.01 Hz frequency range. 

In addition, intermittent light chopping was done with the inbuild light shield in the solar simulator. 

All electrochemical performance tests were conducted using ammonium sulfate or/and ammonium 

sulfite-based single or binary electrolyte solutions, with initial solution concentrations (Table 1). 

Table 1. Properties of fertilizer draw solution (FDS) at 1 M SBSS concentration, 25 °C, and 1 bar.

Molar concentration (M)
FDS

(NH4)2SO4 (NH4)2SO3

Conductivity (mS/cm)
Osmotic pressure 

(bar)*

DS1 1 99.3 31.12

DS2 1 92.6 28.03

DS3 0.8 0.2 96.1 30.43

DS4 0.6 0.4 97.5 29.78

DS5 0.4 0.6 93.6 29.16

DS6 0.2 0.8 91.9 28.58

DS7** 0.1 0.4 54.5 13.67

* Osmotic pressure estimated from AspenPlus software (Aspen ONE® version 9 software Aspen 
Technology. Inc.)
** DS concentration is 0.5 M, prepared to be half the molarity of DS 6

2.4. Evaluation of FDFO-PEC system

The integrated system experiments were first initiated on the PEC side. The PEC cell was 

initially stabilized by introducing deionized water as an electrolyte solution, performing a 

chronoamperometric test at -1.0 V for 3 minutes, and then conducting another similar 

chronoamperometric test with DS. Next, the PEC and FDFO systems were put into operation 
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simultaneously. At this stage, the PEC cell was filled with the test electrolyte solution, and the 

chronoamperometry scan was performed for 5 hours at -1.0 V with a scan rate of 50 mV·s-1. In 

each experiment, DS comes to the DS tank, passes through the PEC cell, and then enters the inlet 

of the FO cell.

Meanwhile, in the FDFO part of the system, all tests were carried out in FO mode, with the active 

layer of the FO membrane placed against the FS and the support layer facing the FDS. Initially, 

the FDFO system was stabilized using DI as FS and DS for 30 minutes. Several FDFO tests were 

then conducted by varying the flowrates of FS and DS solutions (0.5, 0.8, and 1 LPM) and the 

operating time (6 and 24 h). During the FDFO test, the temperature of FS and DS were maintained 

at room temperature (±25 °C) without mixing. In-situ hydraulic flushing was applied for 30 

minutes after each FDFO run to reduce membrane fouling. The water quality of FS and DS was 

analyzed before and after each run using benchtop conductivity and pH meter (HQ portable meter, 

HACH, USA) and ion chromatography (850 Professional Metrohm, Switzerland). The 

performance of the FDFO process was evaluated in terms of water flux, specific salt flux, and 

percentage of salt rejection. The experimental water flux (Jw) was calculated by dividing the 

weight changes of DS (ΔW) ( over the operating time (Δt) and effective membrane area (Aeff), ∆𝑊) 

as expressed in Eq. (1). 

Jw = ΔW/(ρAeffΔt) (Eq. 1)

The reverse solute flux (Js) of the individual component of DS ( NH4
+, SO4

2-, and SO3
2-)  that 

diffuses back to the feed side due to the concentration gradient between DS and FS can be 

determined as expressed in Eq. (2).

(Eq. 2)                                                                         𝐽𝑠 =
(𝑉𝑖 ‒ 𝑉𝑃)𝐶𝑟

 𝐴𝑒𝑓𝑓 𝑡                  
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where Vi  and  Vp are the initial volumes of FS and the permeate volume of pure water from FS to 

DS, Cr is the concentration of draw solutes in the feed side at the end of the experiment, and t is 

the operating time of the experiment.

The percentage of salt rejection (R%) of ions of FS (Na+, Cl-) that may diffuse through the FO 

membrane from the feed side to the draw side is expressed in Eq. (3).

(Eq. 3)                                                                        𝑅% =
𝐶𝐹𝑖 ‒

𝐶𝐷𝑓
(𝑉𝑖 ‒ 𝑉𝑃)

𝑉𝑃

𝐶𝐹𝑖
    

where,  and are the initial and final concentrations of ions in FS and DS, respectively. 𝐶𝐹𝑖 𝐶𝐷𝑓

2.5. Draw and feed solution preparation

Ammonium sulfate ((NH4)2SO4) and ammonium sulfite ((NH4)2SO3) were used as draw solution 

(DS). Two different concentration categories were studied. The initial study was performed on 

diluted concentrations where FS was 3 g/L NaCl and DS ranged appropriately from 0.16 M to 0.36 

M (NH4)2SO4 solution as the single component FDS. Binary mixtures of (NH4)2SO4 and 

(NH4)2SO3 with a total salt concentration of 0.24 M coupled with 3 g/L NaCl FS were employed 

before using high concentrations. DS. and FS in the upscaled PEC-FDFO system. FS was 5 g·L-1 

NaCl, whereas DS had a total salt concentration of 1 M prepared with (NH4)2SO4 or (NH4)2SO3 in 

DI. Detailed characteristics of 1 M DS are given in Table 1.
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3. Results 

3.1. Characterization of TNA electrode 

During PEC operation, sulfur-based seed solutions (SBSS) prepared with ammonium sulfate 

and/or ammonium sulfite in aqueous media first enter the PEC cell. SBSS is the catholyte 

electrolyte and produces hydrogen gas by water electrolysis in the PEC device with reduced titania 

nanotube arrays cathode upon solar light illumination. Morphology of the reduced TNA is tubular 

arrays of a high order as affirmed by FE-SEM given in Fig. 2a. TNAs grown on Ti film by 

anodization technique offer two advantages. One is a film electrode that facilitates unprecedented 

use in commercial-scale applications [28, 29]. Second, the titania phase self-supported on the Ti 

substrate provides better stability and adhesion between the electroactive film and the substrate 

[30, 31]. A well-defined long-range order of hollow-centered arrays in the reduced TNA is the 

retention of the arrangement from the anodization step to the annealing and reduction process (Fig. 

S1). The XRD analysis of the annealed TNA film showed sharp peaks at 25.30o, 38.57o, and 

48.02o, corresponding to the presence of (101), (004), and (200) planes confirming the 

crystallization of the anatase phase during annealing (Fig. 2b). Jeong and coworker made similar 

observations when they fabricated TNA in an anodization mixture consisting of 2% of DI water in 

ethylene glycol electrolyte [30]. XRD clearly shows the anatase phase formation during annealing 

and the presence of the phase through the reduction process. Anatase phase titania is the most 

studied semiconductor material for various applications utilizing UV light [32, 33]. Creating 

oxygen vacancies by reducing some of the Ti4+ sites in the titania shifts the band edge slightly 

towards the visible region. The photoluminescence (PL) spectra recorded for the annealed and 
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reduced electrodes upon excitation at 375 nm showed a higher PL intensity for the annealed 

electrode, but the intensity decreased significantly for the reduced electrode (Fig. 2c). Since the 

PL intensity is related to the electron-hole recombination rate, the charge recombination rate of the 

reduced TNA was observed to be significantly lower than that of the annealed TNA, facilitating a 

higher rate of light-induced activity. In addition, the band structure calculated from the PL spectra 

revealed the reduced TNA to have a bandgap of 2.75 eV. Surface topography analysis shows a 

relatively smooth surface on the reduced TNA electrode with a surface roughness parameter of 

0.5536 µm, as depicted in Fig. 2d, but higher with 0.6376 µm (Fig. S2) when annealed, indirectly 

confirming that the reduction process was successful. 
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Fig. 2. The surface analysis of titania nanotube array (TNA) electrodes. (a) SEM image of reduced 
TNA electrode. (b) XRD data were collected in the 2θ angle range from 20o to 70o (anatase 
diffraction angles indexed). (c) PL intensity in the 400 – 700 nm range upon excitation at 375 nm. 
(d) Surface topography of reduced TNA electrode captured by a profilometer.

3.2. Photoelectrochemical (PEC) performance

As reduced TNA is the cathode electrode of PEC in the integrated process, the light-induced 

electrochemical behavior of the reduced TNA was evaluated in a singular (NH4)2SO4 electrolyte 

in a stand-alone process operation, and its performance was compared with its anodized and 

annealed counterparts. Cyclic voltammetry (CV) tests performed in 0.1 M (NH4)2SO4 electrolyte 

solution to study the initial hydrogen evolution revealed that TNA electrodes fabricated in the 

study are capable of producing hydrogen gas (Fig. 3a) intensively upon light illumination 

conditions. The onset potential, an important parameter for evaluating the relative hardness when 

producing hydrogen gas, showed a favorable trend. According to the values derived from the CV 

curves given in Fig. 3a, the onset potential values were -0.36 V, -0.12 V, and -0.06 V for anodized, 

annealed, and reduced TNA, respectively. The reduced TNA electrode showed a high current 

density of ~ -7 mA·cm-2 at -0.6 V (vs. SCE). This value is significantly higher than the previous 

observation made with 0.1 M Na2SO4 electrolyte and TNA material on FTO glass [30], where the 

maximum current density was only -0.1 mA·cm-2. In the latter case, the scan rate was 5 mV·s-1, 

whereas it was maintained at 50 mV·s-1 in the present study. The scan rate affects the limited 

diffusion current when the entire reaction or part of a reaction is diffusion-controlled. Therefore, 

higher current densities are expected at higher scan rates. Chronoamperometry was used to 

evaluate electrochemical reactions' stability and progression by examining the current density at 

an applied potential value known to be electrochemically active. The chopped 

chronoamperometric test, typically performed on PEC systems, provides additional information 

about the photo-induced chemical reactions, producing crest and trough for light on and off 
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regions, respectively (Fig. 3b). Chopped chronoamperometric test at -0.25 V (vs. SCE) exhibited 

a sound increase in light-induced photoactivity of reduced TNA compared to annealed. The 

anodized electrode did not show activity regardless of the on or off of light, which is expected 

because the applied potential (-0.25 V) is less than the onset potential of the anodized TNA (- 0.36 

V) electrode.  The stable and constant photocurrent plateau in the chopped chronoamperometric 

curve's light on and off regions affirms sufficient band bending in the TNA material, alleviating 

local charge recombination. Hence, these observations strongly suggest that reduced TNA has a 

more significant potential to be a cathode for HER in the integrated process. EIS analysis provides 

insight into the resistive layer thickness between the electrode and the electrolyte. Fig. 3c exhibits 

a wider resistive barrier for the anodized electrode primarily related to its surface roughness 

because there was no annealing. A much narrower resistive barrier to the reduced TNA electrode 

was seen, which is directly related to improved HER rates of the reduced TNA. The EIS analysis 

was further studied using reduced TNA electrodes under the same experimental conditions except 

for keeping the system dark. The resistive barrier in the dark was more significant than that of the 

light (Fig. 3d), which confirmed the formation of a higher conductive layer when the light was 

induced, resulting in more enhanced HER performance of the reduced TNA electrode. In another 

study, Jeong and coworkers justified that the lower resistive layer of the reduced TNA was due to 

the reduced charge transfer resistance occurring at Ti3+ and oxygen vacancies sites compared to 

only annealed electrodes [27]. 
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Fig. 3. Photoelectrochemical characterization of the fabricated TNA electrodes. (a) CV curves; 
The solid line represents the ‘light on’ experiment, and the dashed line refers to the ‘light off’ 
condition for the same experiment.  (b) Chopped chronoamperometry. (c) EIS was measured in 
light for anodized, annealed, and reduced TNA electrodes. (d) Comparison of EIS responses of 
reduced TNA electrode under light and dark conditions in 0.1 M (NH4)2SO4 electrolyte within the 
frequency range of 100 kHz to 0.01 Hz.

3.3. Fertilizer-drawn forward osmosis (FDFO) performance 

The FDFO system operated with a flat sheet commercial thin-film composite (TFC) FO 

membrane and two solution streams, where DS was SBSS similar to catholyte used in the PEC 

process and FS was brackish level water (3 g/L NaCl). To ensure sufficient osmotic energy to 

facilitate the FO run, DS (0.16 M (NH4)2SO4) was maintained at a concentration three-fold higher 

than FS. FO runs were performed in the FO mode, where an active layer (AL) of the FO membrane 
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faced the feed side while the support layer (SL) faced the draw side. SEM indicated very fine and 

periodic surface features similar to feathers on the 5 µm scale in the AL (Fig. S3a), and the SL 

showed surface pores of 30 µm length and 70 µm width with a long-range periodicity at intervals 

of ~100 µm (Fig. S3b). Despite the morphology difference in the two sides, FTIR analysis of AL 

and SL showed a similar peak pattern except for the two minor peaks on the AL side located at 

1732 and 1540 cm-1, corresponding to the COO- and C=O functional group, respectively (Fig. S4). 

Membranes were highly thermally stable (˂1% weight loss) up to 150 oC, with a weight loss of 

˂3% until 380 oC based on the TGA curve (Fig. S5). This allows the membrane to withstand local 

temperature fluctuations without compromising membrane integrity. The surface wettability and 

ability of the membrane to compensate for fluid influx and outflux is one of the essential features 

governing FO performance. Knowing the surface energy of a membrane can provide insight into 

surface exposure and bulk interactions. Hence, the surface energy was calculated using the contact 

angles of the membrane in different solvents using the Owens, Wendt, Rabel, and Kaelble 

(OWRK) model. The contact angles of AL in the fresh membrane were 60±1.2o, 36±1.6o, and 0 in 

DI water, ethylene glycol, and formamide, respectively, and the surface energy was calculated to 

be 48.6 mJ·m-2. The same range of surface energy was observed in another study using homemade 

poly(ethylene glycol) phenyl ether acrylate (PPEA) active layer. The authors found that the surface 

energy (42.95 mJ·m-2) of pure PPEA decreased to 40.37 mJ·m-2 when 25% of the PPEA was 

replaced with methacrylic acid (MAA) to make the 75:25 (w/w %) ratio of PPEA to MAA 

copolymer system [34]. Moreover, this positive surface energy value could retard the interaction 

between the foulant and the membrane surface, reducing ion concentration polarization (ICP) and 

preventing the decrease in water flux from the FS side to the DS side [35].   
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The FDFO system performance was evaluated at different operating flow rates of 0.5, 0.8, 

and 1.0 LPM (Fig. S6). Both FS and DS were maintained at the same flowrate. As a result, the 

water flux and % water recovery increase with increasing flow rate. At 0.5 LPM, water flux was 

27.0 LMH with 2.45% of water recovery. Increasing the flow rate to 0.8 LPM enhanced the flux 

to 28.3 LMH, and at 1.0 LPM, the recovery increased to 2.55%, resulting in a greater flux and 

recovery increase compared to those obtained from 0.5 to 0.8 LPM flowrate increments. The 

pumping flowrate indirectly and inversely represents the residence time of the inflow into the FO 

chamber, and an increase in the pumping flowrate indicates a decrease in the interaction time with 

the FO membrane. In addition to water flux and recovery, the flowrate significantly impacts the 

solution quality in DS concerning salt rejection and reverse solute flux. At 1.0 LPM, 31.8 LMH 

flux and 2.86% water recovery were observed with a good salt rejection of 99.3%. The salt 

rejection at 1.0 LPM was in the same range as those at 0.5 LPM (99.4%) and 0.8 LPM (99.3%). 

Hence, further experiments involving the integrated PEC-FDFO system were set to 1.0 LPM as 

the working flowrate.  

3.4. Integrated PEC-FDFO system for fertigation

The previously described individual FDFO and PEC systems were combined in a tandem 

manner. In operation, SBSS enters the PEC system first and undergoes hydrogen evolution, and 

then the outlet stream of the PEC enters the DS side of the FO system. The integration modified 

the flow path in the DS of the FO system and streamlined it with an extra peristaltic pump, as 

shown in Fig. 1. 

The initial evaluation of the integrated system was performed with a single component 

(NH4)2SO4 DS. The FDFO desalination performance as a function of DS concentration was 

monitored for an integrated system operating for 2 h at 1.0 LPM with a constant FS concentration 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4348234

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



21

of 3 g/L NaCl. Test runs were performed with four different (NH4)2SO4 DS concentrations (i.e., 

0.16, 0.20, 0.24, and 0.36 M). The results show that water flux and % water recovery increased 

with increasing DS concentration from 0.16 M to 0.24 M (NH4)2SO4, while water flux was lower 

than expected for 0.36 M (NH4)2SO4 at 23 LMH water flux (Fig. S7). In contrast, 0.24 M 

(NH4)2SO4 produced a higher flux of 32 LMH. While the osmotic gradient visualized by DS and 

FS concertation difference is the main driving force for higher flux, concentration polarization 

(CP) might have a detrimental impact on water flux. Within the porous layer of the asymmetric 

membrane (Fig. S3), a virtual boundary layer stands as a guard protecting the membrane from 

turbulence and shear force. This internal concentration polarization decreases the effective osmotic 

driving force between the two (FS and DS), so it is reasonable to experience a lower water flux at 

0.36 M (NH4)2SO4.

Moving on to the practical purpose of integrating the PEC and FDFO processes, the 

electrolyte and DS solution used in the integrated system was 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 was evaluated in terms of water flux and water recovery, and 

PEC performance was assessed by a CV (Fig. 4). One CV test was carried out 10 minutes after the 

start of the test to ensure that the system was stable and running, and another test was performed 

at the end of the 2-hour operation of the integrated PEC-FO system. As a Pt-free HER catalyst, the 

reduced TNA electrode 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 gas generation.
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Fig. 4. Performance of an integrated PEC-FDFO system at FS concentration of 3 g/L NaCl, 
flowrate of 1 LPM, and run time of 2 hours. (a) Water flux and % water recovery vs. various ratios 
of DS component concentrations at a total DS concentration of 1M. (b) Corresponding CV curves 
representing current density (J) vs. potential (E vs. SCE) measured in the PEC part of the integrated 
system operation. 

Some trends in current density were seen based on the sulfite to sulfate ratio in the starting 

electrolyte. At potentials higher than -1.0 V (vs. SCE), the current density tended to increase with 

increasing sulfite content until the sulfite to sulfate ratio was 1:1, i.e., the order of the current 

densities of ((NH4)2SO4:(NH4)2SO3) is (1:0) < (3:2) < (1:1). The lowest current density was 

observed in the 2:3 ((NH4)2SO4:(NH4)2SO3) system (Fig. S8). The current density after 2 h of 

PEC-FDFO run initially showed a drop in cathodic current but is high enough (minimum -10 

mA·cm-2) to ensure the operability of the integrated process 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 at -1.0 V for all single and binary combinations. Regardless of the measured 

potential, the ammonium sulfite alone system maintained a higher current density, and the 

ammonium sulfate alone system maintained a constant current density during the 2 h PEC-FDFO 
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run.  This is because hydrogen evolution occurs in the complementary reduction process as a result 

of potential sulfite-to-sulfate oxidation. Water flux showed an increasing trend with increased 

ammonium sulfate concentration in the 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. % 

Water recovery in this scenario, where the operation was conducted for 2 hours only, followed a 

similar pattern to that of water flux (Fig. 4a).  

Finally, the system upgraded the total SBSS salt concentration of DS to 1 M. The integrated 

process's water flux and water recoveries were in a similar range (Fig. 5a) and comparable to a 

single FDFO system previously studied by our research team [22]. Despite continuous dilution, 

the PEC was maintained at a constant potential of -1.0 V (vs. SCE) until the integrated system to 

collect a large amount of hydrogen gas was completed. In all cases except for 0.6:0.4 or 0.4:0.6, 

hydrogen evolution measured at -1.0 V for 5 hours (18000 s) (Fig. 5b) gives a stable current and 

gradually increases the cathodic current until equilibrium is reached. Interestingly, when the 

sulfite: sulfate ratio is 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 that of the (NH4)2SO4 

(0.2 M). It is interesting to see that the hydrogen evolution performance in the present integrated 

process is comparable with TNA under sodium sulfite (Na2SO3) and sodium sulfide (NaS2) binary 

electrolyte with a total salt concentration of 1 M under light irradiation (100 W/m2, AM 1.5G) 

[26]. During the integrated PEC-FDFO operation, the ammonium sulfate electrolyte system is 

slightly acidic (pH 5-6), whereas the binary solution and ammonium sulfite are near the neutral 

pH range (pH 7-8). In these scenarios, hydrogen evolution is most likely driven by an initial water 
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dissociation step (R4), generating (H adsorbate) Hads at the surface adsorption sites on the 

electrode, which is regarded as ‘E’, followed by the recombination of Hads to give rise to hydrogen 

(R5-R6).

E  +  H2O  +  e- ↔ EHads + OH- (R4)

EHads  +  H2O  +  e-  ↔  E  +  H2 + OH- (R5)

2EHads  ↔   2E   +   H2 (R6)

Long tubular titania nanoarrays in the cathode electrode provide an improved solid-solution 

interface promoting the 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 

[26].   

  Detailed evaluation of the DS and FS solution compositions after 5 hours of PEC-FDFO 

operation revealed that the 0.8:0.2 ratio of (NH4)2SO3:(NH4)2SO4 had the highest salt rejection 

among binary mixtures, as given in Fig. 5c. Therefore, the best-case scenario is to have the highest 

salt rejection and the least reverse solute flux (RSF). However, the RSF was higher at 0.8:0.2 

(NH4)2SO3:(NH4)2SO4 than other binary solution combinations (Fig. 5d). As the pH in sulfurous 

electrolytes increases, the SRSF increases, and the water flux decreases. Consistently, 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
2- and 4.2 gMH for NH4

+, respectively. Johnson 

et al. justified such behavior that if there were a large osmotic pressure gradient between FS and 

DS across the FO membrane, the DS would be further diluted until the osmotic pressure difference 

reached equilibrium [36]. Having as little salt as possible in the diluted DS to not exceed a 

conductivity level of 2 mS·cm-1 is important for direct use in fertigation, but it should also be 

accompanied by consideration of the trade-offs between water flux and dilution rate. Theoretically, 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4348234

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



25

the salinity of DS would be expected to improve water flux and recovery rate by increasing the 

osmotic pressure differential, but experimental results show that water flux from the FS to the DS 

becomes lower over time at high DS. This is due to the unavoidable effects of dilutive internal 

concertation polarization (DICP) and RSF. DICP becomes dominant when more dilution occurs 

within the SL of the FO membrane that faces the DS side, which reduces the osmotic pressure of 

the DS and lowers the effective osmotic pressure gradient across the FO membrane [37]. On the 

other hand, RSF becomes significant at high DS concentrations as it induces DS solute diffusion 

across the membrane toward the FS side [38]. Therefore, according to the water flux and water 

quality data along with chronoamperometric data, the 0.8:0.2 ratio of (NH4)2SO3:(NH4)2SO4 is the 

most appropriate solute ratio with optimal water desalination and energy harvesting property. 

Based on the 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 a higher cathodic current with 

increasing sulfite content. As sulfite was converted to sulfate in the coupling anodic process during 

the HER at the working electrode, the sulfite content conversely facilitated and affected HER, as 

shown in Fig. 5b. Continuous dilution of the integrated system gradually changes the salt 

concentration of the DS. 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 

ratio (4:1) between ammonium sulfite and ammonium sulfate. 

Although a fixed 4:1 ratio of (NH4)2SO3:(NH4)2SO4 was applied to the FO, the water flux 

and % water recovery tended to decrease proportionally as the total salt concentration of the DS 

decreased (Fig. 5e). The trend of chronoamperometric performance at -1.0 V was not different 

from that of water flux. In all three systems, the cathodic current densities were initially stable for 

a short time and then continued to increase until a final equilibrium was reached (Fig. 5f) due to 
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the simultaneous electrochemical involvement of ammonium sulfite. Here, the 0.4:0.1 ratio case 

had the highest cathodic current density (0.1 A·cm2) at equilibrium compared to other cases. 

However, the salinity of DS decreased more rapidly in the case of 1 M (0.8:0.2) than in other cases 

because the degree of dilution (% water recovery) is expected to be the highest at a high total DS 

concentration. Apparently, long-term FDFO operation with a high concentration of DS shows 

improved water recovery compared to starting with a low concentration of DS when the FS is 

constant. Hence, an FDFO system operating for 6 hours in integrated mode was extended an 

additional 18 hours in the standalone FDFO mode for a total operating time of 24 hours. 

In the long-term FDFO operation, water flux dropped as expected from 6 to 24 h, yet % 

water recovery in the DS side increased remarkably (more than doubled) with the % dilution, as 

shown in Fig. 6a. Also, Fig. 6b shows 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 are promising and prompt 

further studies. 

In addition to process integration and good performances, the FO membrane and the 

reduced TNA electrodes must be stable through multiple integrated cycles. In this regard, the 

morphology of AL in the FO membrane was tested by SEM 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 µm 

scale showed no appreciable scale formation or rupture (Fig. S9a). Also, the surface energy test 

performed on the dried membrane produced a surface energy of 47.71 mJ·m-2, a negligible 

reduction in the surface energy of the fresh membrane (48.59 mJ·cm-2). Similarly, the reduced 

TNA electrode visualized by SEM showed no significant changes in the tubular structure or 
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surface agglomeration, confirming the recyclability of the FO membrane and the reduced TNA 

electrode in the PEC-FDFO system (Fig. S9b). 

Fig. 5. Performance of integrated PEC-FDFO system at an FS concentration of 5 g·L-1 NaCl, a 
total DS concentration of 1M with different DS component concentration ratios, and a flow rate of 
1 LPM. (a) Water flux (Jw) and % water recovery vs. various ratios of DS component 
concentrations. (b) Corresponding chronoamperometric 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 
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component concentrations. (d) Reverse solute flux (Js) vs. different ratios of DS component 
concentrations. (e) Water flux (Jw) and % water recovery vs. various ratios of DS component 
concentrations at a constant 4:1 molar ratio of (NH4)2SO3:(NH4)2SO4. (f) Corresponding current 
density (J) vs. time measured in the PEC system at -1.0 V (vs. SCE).

Fig. 6. Evaluation of FDFO process in an integrated PEC-FDFO system after 6 and 24 hours 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. 

3.5. Evaluation of fertigation performance by basil plant growth

Plant growth was assessed by growing two basil pants side by side, one fed with municipal water 

and the other fed with a diluted solution in a DS reservoir after the integrated system was run. To 

clearly understand shoot growth, leaf number and stem height were plotted against the number of 

days (Fig. S10). It exhibits that the plant fed with DS from day 9 showed outstanding growth in 

terms of leaf number and plant stem height compared to the other plants fed with municipal water. 

Leaf counts were always more than twice as high in DS-fed plants as in municipal plants. In 

addition to the number of leaves, the leaves reach maturity over time and grow into larger ones. 

The development of plant stem height indicated a higher rate in the DS-fed plant, but the height 

increment was linear up to 45 days, after which there was a shift in exponential height change. 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4348234

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



29

This may be related to the faster growth of stem-derived branches (stem height in Fig. S10b is the 

cumulative height of the stem and branches). As discussed, this result strongly supports the 

additional advantage of utilizing sulfur-containing electrolytes in fertigation over municipal water 

regarding leaf density. Compared to the photos given in Fig. 7 and Fig. S11, this massive growth 

may be due to the presence of sulfur in the DS. NPK elements (nitrogen, phosphorous, and 

potassium) are the primary nutrients required by any plant. Next to those, sulfur plays a crucial 

role in producing chlorophyll and metabolizing nitrogen [39]. This study stands out as a visual 

indication of the contribution of sulfur to plant growth.   

Fig. 7. Evaluation of basil plant growth with diluted draw solutions compared to the control over 
time (day). Plants with the label ‘s’ were fed the diluted draw solution.
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4. Conclusion

In response to the needs for self-sustainable water, energy, and food nexus, this study successfully 

demonstrated the use of FGD-products-derived SBSS to produce substantial hydrogen 

photocurrents at a reduced TNA cathode in a light-induced electrochemical process while 

simultaneously oxidizing SBSS in a complementary anode. The effluent of SBSS oxidized in the 

PEC process is directed to the FO process as DS, where brackish water (5 g/L) was used as FS to 

allow water flux towards the DS side by an osmotic pressure gradient, resulting in significant 

dilution of DS that could be used in the fertigation process. The DS prepared with 0.8 M (NH4)2SO3 

and 0.2 M (NH4)2SO4 was found to provide the most stable chronoamperometric current of 0.15 

A cm-2 at -1.0 V (vs. SCE) with a dilution of 20% and 43% after 6 h (integrated) and 24 h 

(individual) system operation, respectively. The usefulness of the diluted DS for plant growth was 

confirmed by comparative monitoring of basil plant growth in a control group fed with plain water. 

Leaf density and stem height growth comparison of the two plants stand out as clear evidence of 

the contribution of sulfur to plant growth. The operation of PEC-FDFO has many benefits 

compared to the individual operation. One of the key benefits is that the DS coming after the PEC 

process undoubtedly is rich in hydrogen gas. Recently the role of hydrogen-rich water in plant 

growth and its anti-oxidant properties have been under immense study [40, 41], and the observed 

tremendous growth of the plant can be ascribed to the aforementioned hydrogen-rich water and 

other nutrients. The combined process also facilitates the use of high sulfite concentrations in 

FDFO. Further, the adhesion, stability, and durability of reduced TNA film electrodes are very 

high, and this can be commercialized. A slight improvement in the counter electrode to replace Pt 

with a cost-effective alternative will facilitate the small test units of this integrated system to be 

used in agricultural lands where energy is highly scarce. Through this vision, this study can 

contribute significantly to the WEF field as it is the first scientifically proven solution 
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demonstration, such as introducing FGD products from serious air pollutants to address all aspects 

of water, energy, and food nexus, with tangible results at each step.
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