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Forward osmosis (FO) is a promising technology for energy-efficient water treatment but suffers from the
drawback of reverse solute flux which often results in energy loss. Recent research has been directed toward
reducing energy consumption and improving efficiency in the FO process. However, there remains a significant
gap in utilization the inevitable reverse solute flux. Our study introduces an innovative approach to minimize
energy consumption by transforming this reverse solute flux into sustainable electricity. Here, we fabricated
membranes using two-dimensional flakes of vanadium pentoxide (VO) and reduced graphene oxide (r-GO) and
cross-linked with amorphous silicon oxide (aSiO). The optimized VO-aSiO-rGO membrane showcases a
remarkable ability to recover nearly 26% of the power applied for liquid pumping, exhibiting a significant
advancement in the FO process. The membrane also outperforms commercial CTA-based FO membranes by
achieving superior water fluxes (~45 L/mz.h) and low specific reverse salt fluxes (SRSF) (~0.13 g/L), indicating
its superior separation efficiency for concentration applications. Moreover, the VO-aSiO-rGO membrane
demonstrated stable performance with a water flux of 28.5 L/m2.h over 40 h of continuous operation. Addi-
tionally, it successfully generated output voltage and current values up to 293 mV and 32.2 pA, respectively, with
a 10° fold salinity gradient, leading to a power density of ~ 4.72 W.m 2. The study also explored energy-
recovering possibilities and crystal production in realistic scenarios using different concentrations of tea as the
feed solutions. The results of this work not only address the critical gap in the efficient use of energy in the FO
process but also provide a significant breakthrough towards sustainable and efficient water treatment technol-
ogies with integrated energy recovery systems.

Nanofluidic
Reduced graphene oxide
Vanadium pentoxide

reported in the literatures either assume that the sea water can be used
as DS or without regeneration of conventional DS [3,4]. Hence, the
financial payback time for any FO process depends on the water flux of

1. Introduction

The forward osmosis (FO) process, due to its energy efficiency and

low membrane fouling propensity, has become a focal point in appli-
cations such as the concentration of high-value products, and waste-
water treatment [1,2]. However, the economic viability of the FO
process for producing low-cost end products is hindered by the chal-
lenges in recovering draw solution (DS). The cost of draw regeneration
drives the capital expenditures (CAPEX) and operating expenditures
(OPEX) of the FO process, and most of the techno-economic studies
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the FO membrane. The higher water flux can lead to lower payback
time, reducing the system’s overall coast and energy consumption.
However, commercial FO membranes and polymer based membrane
exhibit lower water flux, high reverse solute flux (RSF), fouling pro-
pensity and high cost which limit their applications [5]. Moreover, the
current technologies demand high energy and cost, as indicated by
recent statistics [6-8]. Therefore, well-packed permselective nanofluidic
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membranes prepared by assembling two-dimensional nanomaterials
possess high surface density and exhibit the potential to reduce costs by
simultaneously increasing the water flux and reducing the reverse salt
flux [9,10].

Scattered efforts that holistically address the water and energy issues
are visible in the recent literature. For instance, the bio-electrochemical
reactions of microorganisms in microbial cells have shown potential for
simultaneous energy and pure water production [11,12]. However,
maintaining the pace of such enzymatic processes is a nontrivial task.
Similarly, Park et al demonstrated the possibility of simultaneous water
and energy production from the reverse osmosis (RO) process using the
ion-selective membranes, recovering nearly 50% of the pumping energy
[13]. However, maintaining the integrity of electrode-membrane as-
semblies in the high-pressure system is a challenging task, which is a
primary bottleneck in areas like fuel cells and electrolyzer [14,15].
Therefore, the search is on for alternative systems or methods along with
fabrication of novel membranes that could simultaneously address the
issues of water and energy.

The salinity energy harvesting process, namely pressure retarded
osmosis (PRO) [16], reverse electrodialysis RED [17], and capacitive
mixing (CM) [18] are extensively studied for standalone energy gener-
ation applications, considering the viability of producing more than 15%
of the total global energy by mixing river and seawater at seawater. Both
processes are unsuccessful for commercial deployment due to non-
availability of the energy efficient membrane. As discussed above,
both standalone energy generation and FO process have economic lim-
itations; therefore, combining both FO and energy generation processes
in a single membrane process may be the optimistic approach to achieve
better economics.

Coating of nanomaterials on conventional FO membranes enhanced
the water flux and ion selectivity by increasing the charge density
[19,20], and such coated membranes can do both FO and energy gen-
eration simultaneously. Among different 2D material-based membranes,
VO possess the highest surface charge and lowest resistance to ionic
transport [21,22]. Similarly, r-GO-based membranes are known to
possess superior stability, selectivity and anti-fouling properties in an
aqueous medium [23,24]. The optimized membrane can exhibit higher
water flux and low reverse solute flux (RSF) and simultaneously can
generate electrical energy to compensate for the energy consumption
during the FO process.

Novelty of our study lies in demonstrating the potential for simul-
taneous energy generation and the FO-based concentrating process
using lamellar nanofluidic membranes and creating a novel platform for
research towards developing a nearly self-sustaining FO system with
minimum application of external energy. Our optimized membrane
significantly enhances the water flux and reduces the reverse salt flux
(RSF), leading to simultaneous electrical energy generation over pro-
longed operational hours. Additionally, this robust coating of 2D
nanomaterials has shown excellent stability in deionized (DI) water as
well as in acidic and basic mediums. Findings of this research could find
applications in multiple areas like incorporation of biowaste into cir-
cular bioeconomy, extraction of high value products from microalgae,
and remediation of acid mine drainage [25-28].

2. Experimental sections
2.1. Synthesis of VO dispersion and VO-aSiO membrane

The VO nanosheets were synthesized by stirring VO powder with
H»0; in ice-cold conditions (5-10°C) [29]. Typically, 2.4 g VO powder
was dispersed in 25 ml deionized (DI) water, followed by the addition of
25 ml of 50 % H20,. The addition of H,O2 produced vigorous bubbling,
yielding dark-brown precipitation, which slowly turned into a thick gel.
The gel was diluted with DI water to prepare dispersions of required
concentrations.

For the preparation of VO-aSiO membrane, 40 pl bis[3-
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(triethoxysilyl) propyl] tetrasulfide (Bis) was stirred with 25 ml ethanol
for 1 h and 13 ml of VO dispersion (15 mg/ml) was mixed with Bis so-
lution and heated at 80 °C for 3 h under refluxed conditions. After
reacting with Bis, the dark brownish-coloured VO dispersion turned into
dark greenish coloured aSiO-VO dispersion. Finally, the solution was
filtered through a PTFE membrane of 0.1 um pore size and dried in
ambient conditions to obtain the freestanding VO-aSiO membrane. The
digital images of the dispersions and respective membranes are shown in
supplementary Fig. S1.

2.2. Fabrication of VO-aSiO-rGO membrane

Typically, a thin layer of GO flakes is coated on top of a nylon support
membrane via vacuum filtering 30 ml aqueous dispersion of graphene
oxide (GO) (0.033 mg/ml). The VO-aSiO dispersion (4 ml of 1 mg/ml)
was vacuum filtered through the GO-coated nylon membrane. The tri-
layered membrane was then dried inside a desiccator for 24 h, fol-
lowed by heating under vacuum at 150 °C for 2 h. Digital images of thus
prepared membranes (VO-aSiO-rGO) and GO membranes are shown in
supplementary Fig. S2.

2.3. Generation of electricity from concentration gradient

The VO-aSiO-rGO/nylon membrane was placed as a separator be-
tween two chambers of an electrochemical device. Two Ag/AgCl elec-
trodes connected to a Keithley-2450 sourcemeter instrument were
dipped in the reservoir solutions. The output voltage and current values
were recorded using Keithley-2450 digital sourcemeter, by filling one of
the chambers with an aqueous solution of 10~® M KCI, and the KCl
concentration of other chambers was varied from 107> M to 1 M. The
current-voltage (I-V), and current-time (I-T) graphs were recorded
under each salinity gradient and correspondingly power density was
calculated by using Equation (1).

P=V*I/A (€))

Where V is the output voltage in Volt (V), I is the output current in
Ampere (A) and A is the membrane area in m?.

2.4. Membrane performance evaluation

The performance of fabricated rGO, VO-aSiO and VO-aSiO-rGO
membranes was investigated in a lab-scale FO set-up (effective area of
4 ¢cm?) under a controlled environment. Details and schematic repre-
sentation (Fig. S5) are presented in section 1.6 of supporting informa-
tion. The draw solution (DS) and feed solution (FS) tanks were circulated
through the FO test cell with a definite flow rate using plunger pumps.
The water flux was calculated by measuring the change the draw solu-
tion’s weight change using a weighing balance (model-XD/XR) with
accuracy of + 0.01 g. The reverse solute flux (RSF) of different salt
concentrations was measured by using the Hanna conductivity meter
(model H15321). A digital image of the full FO setup coupled with the
sourcemeter is shown in supplementary Fig. S6.

3. Results and discussions
3.1. Characterization of GO flake and VO nanosheet

The bi-layer nanoporous membrane is prepared by coating com-
mercial nylon membranes with aSiO crosslinked 2D sheets VO and GO
(VO-aSiO-GO). While GO is prepared through the modified hammer
method, VO sheets are exfoliated from bulk powder by treating them
with ice-cold HyO4 at 5-10 °C [20,30]. Detailed fabrication techniques
and characterization of the GO, VO and VO-aSiO sheets are discussed in
the supplementary section 1.4. In short, the lateral dimensions of GO are
in the range of 500 to 2000 nm, and that of VO varies between 300 and
800 nm, see AFM images in supplementary Fig. S3(B). The average
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Fig. 1. Basic characterizations of membranes: (a) Schematic illustration of the VO-aSiO-rGO membrane fabrication process. (b) XPS peak of sulphur 2p in VO-Bis
mixture before and after heating at 80 °C. (c) FTIR spectra of VO-aSiO, VO and Bis samples. (d) FETEM image of VO-aSiO nanosheet, and (e) FESEM surface
morphology of VO-aSiO membrane. The intrinsic parameters of the VO-aSiO-rGO membrane: (f) reverse solute flux (g/mz.h) (inset image shows VO-aSiO-rGO
membrane), and (g) water flux (L/m%h) with DS of different concentrations (0.5 M—2 M) with DI water as the FS.

height of GO, and VO flakes are ~ 5 nm and 6 nm, respectively. The zeta
potentials of both GO and VO are negative with a magnitude of 31 mV
and 45 mV, respectively, consistent with the earlier reports [31,32]. The
large negative zeta potentials values indicate the existence of high-
density negative charges on the surface of the 2D sheets. As illustrated
in Fig. la, pristine VO nanosheets are functionalized with aSiO cross-
linker by reacting the same with Bis molecules at 80 °C. After the aSiO
coating, the magnitude of the zeta potential of VO is found to decrease
from — 45 mV to — 34 mV. The reduction in zeta potential is attributed
to the consumption of free surface hydroxyl groups for binding with
aSiO linkers generated from the decomposition of Bis molecule. A
similar observation is reported by Cheng et al with kaolinite clay [33].
Before heating at 80 °C, the X-ray photoelectron spectrum (XPS) of the
VO and Bis mixture showed a doublet energy peak of S 2p centred at 164
eV and 168 eV originating from the S-S group [34]. However, it dis-
appeared after the heat treatment process, suggesting the decomposition
of the Bis-molecule, shown in Fig. 1b. The Bis-molecule decomposes by
releasing ethanol and the S-S group leaving behind amorphous SiO [33].
The release of the S-S group and formation of aSiO is also supported by
the FTIR analysis. The band centred at 472 cm ! (S-S bond) and 780
em ! (Si-C group) of the Bis molecule [35] disappeared after the heat
treatment process, indicating the release of the S-S group and breakage
of the Si-C linkage, respectively. A new peak centred at 1256 cm ™!
appeared in the IR spectrum of the VO-aSiO membrane that represents

the Si-O-Si linkage which proves the successful grafting of SiO moieties
onto the surface of VO nanosheets via chemical bonding [36], see
Fig. 1c. The dark patches of the VO-aSiO sample observed in the FETEM
examination also indicate the deposition of aSiO on the VO surface
shown in Fig. 1d. Moreover, the surface morphology of the VO-aSiO
membrane in FESEM shows a rough and fluffy-like surface (see
Fig. 1le), indicating the formation of agglomerated nanospheres of
amorphous oxides of silicon after decomposition of Bis molecules.

The VO-aSiO-rGO membrane was prepared by vacuum filtering VO-
aSiO dispersion through GO coated nylon membranes followed by
heating at 150 °C. The annealing process reduces oxygenated functional
groups of GO and helps to strengthen the membrane through n-x in-
teractions between the graphitic regions of adjacent rGO nanosheets
[37,38]. During the vacuum filtration and heating process, the cross-
linking of aSiO also extends to rGO layers via bonding between the
terminal -Si-OH group of VO-aSiO and oxygen functional groups of rGO
through hydrolysis, which is evident from the Si-O-C band at 1050 cm ™ ?
in the IR spectrum of VO-aSiO-rGO in supplementary Fig. S3B(d). A
similar mechanism was reported by Zhang et al, where the hydrolysis of
tetra-ethyl-ortho-silicate (TEOS) led to the formation of silica nano-
particles, which interacted with GO nanosheets through the conversion
of C=0 bonds on GO to Si-O-C bonds upon reaction with TEOS [39]. The
existence of crosslinking and =n-t interactions in the VO0-aSiO-rGO
membrane is also indicated by the outstanding stability of the
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Fig. 2. Generation of electricity from concentration gradients: (a) Surface charge governed ionic conductivity plot, and (b) I-V graph of VO-aSiO-rGO membrane with
10° fold concentration gradient of KCI (inset image shows a digital image of an electrochemical device). (c) Output voltage and current as a function of time with 10°
fold concentration gradient. (d) Comparison of output voltage and current at different concentration gradients.

membrane in aqueous environments. Soaking in water for more than 60
days did not deteriorate its mechanical and chemical integrity. Under
similar conditions, both pristine GO and rGO membranes started
breaking down within 10 days. The stability of the VO-aSiO-rGO
membrane is also studied under acidic and basic conditions. It is seen
that even after 90 days of soaking in 10 > M and 10"*M HCl and 103 M
and 10™* M NaOH solution, the membrane’s structural integrity is
strong enough without deteriorating its mechanical strength.

The intrinsic parameters like water permeability (Lp), solute
permeability (B) and structural parameter (S) for optimized VO-aSiO-
rGO membrane are estimated in the active layer facing draw solution
(ALDS) mode of the FO process [40]. The pure water permeability (L, L/

Table 1
Comparative energy performance of our membrane with other reported
literatures.

Membrane Salinity Power density Voltage Reference
gradient (W.m™2?) (mV)
PEI@GO/ 50 fold 5 158 [41]
CNFs
MS/AAO 1yM-3M 4.5 96 [42]
TOBC/GO 0.5-0.01 M 0.96 121 [43]
CoAl LDH 10 fold 0.7 165 [44]
ANFs@MMT 10* fold 5.16 197.45 [45]
WS,/CNF 0.5-0.01 M 1.99 55.81 [46]
TisCoTx 10uM -3 M 7.89 280 [47]
VO0-aSiO-rGO 106 fold 4.75 293 This work

PEI@GO/CNFs = Carbon nanofibers membrane bridged with grapheme nano-
sheet and hyperbranched polymer, MS/AAO = Mesoporous silica-alumina het-
erostructure membrane, TOBC/GO = TEMPO oxidized cellulose nanofiber, CoAl
LDH = Cobalt Aluminium layer double hydroxide, ANFsS@MMT = Aramid
nanofibres are intercalated into lamellar montmorillonite membrane, WS,/CNF
= Metallic phase WS,/ cellulose nanofibre composite membrane, TizCyTx =
Layered titanium carbide membrane,

mz.h.bar), solute permeability coefficient (B, L/mz.h), structural
parameter (S, nm), and mass transfer coefficient for DS and FS (K4, m.
h™1) of VO-aSiO-rGO membrane are estimated to be 39.9 & 0.004, 6.57
+ 0.065, 472500, 0.74 + 0.008 and 18.02 + 0.043, respectively. The
pure water permeability, solute (NaCl) permeability coefficient and
structural parameters are also determined experimentally. Fig. 1f and
Fig. 1g compares experimentally and model predicted water flux and
reverse solute flux for 0.5 M—2 M draw solution concentration. It can be
observed that both water flux and reverse solute fluxes of the model and
experimental data are aligned with R? values of around 0.99 confirming
the validation of experimental results with the model study. Details of
the calculation are shown in supplementary section 1.5.

To understand the transport characteristics of the VO-aSiO-rGO
membrane, a rectangular piece of the same is mounted in between
two compartments of an electrochemical device. Ionic conductivities of
the membrane are measured by filling the compartments with aqueous
KCl solutions. The linear current vs voltage (I-V) curves going through
the origin indicate the presence of fluidic channels in the VO-aSiO-rGO
membrane that interconnect the electrolyte chambers. The conductivity
vs KCI concentration plot shown in Fig. 2a displays two distinct regimes,
for bulk-like conductivity and surface-charged-governed conductivity.
The occurrence of surface-charged-governed conductivity and XRD re-
flections in the 2e values at 6.5 A and 10 A suggest the existence of
molecularly thin 2D nanofluidic channels in the VO-aSiO-rGO mem-
brane as shown in the supplementary Fig. S3(A).

4. Concentration gradient-driven electricity generation

The developed membrane consists of tiny nanofluidic channels that
can selectively transport ions and molecules based on their size and
charge, providing an ideal means for separating and purifying sub-
stances. The fabricated membrane generated electrical energy from a
concentration gradient established in the compartments of an
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Table 2
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Data extracted from experimental measurements under different concentration gradients.

Cmax/Cmin ~ Vimeas 1 =0) (MV)  Vredox (MV)  Vosm = Vimeas™ Vred (V) Tmeas (V=0) (MA) G (MA/V)  Lea = G X Vred (A)  Tosm = Imeas - Irea (WA) 1t

10 67.6 56 11.6 0.312 4.47 0.25 0.062 0.598
10% 124 110.5 13.5 1.5 12.4 1.37 0.13 0.557
10° 158 142 16 4.1 26.7 3.79 0.31 0.545
10* 180 162 18 14.4 82.4 13.35 1.05 0.538
10° 235.7 204 31.7 24.8 110 22.44 2.36 0.554
10° 293 190 103 32.2 91.3 17.34 14.86 0.645

electrochemical device (shown in the inset image of Fig. 2b) and is
separated by a VO-aSiO-rGO membrane. The low concentration side is
fixed at 10~® M aqueous KCl solution and the high concentration side is
varied from 10> M and 1 M. As expected, the VO-aSiO-rGO membrane
generated different open circuit voltage (Vo) and short-circuit current
(Ise) from the varying concentration gradients. The system could
generate a Vo of 293.3 mV and I of 32.2 pA at the maximum con-
centration gradient. The V. and I vs time curve is shown in Fig. 2¢c. The
related I-V graph for other individual membranes (rGO, VO-aSiO) at 104
fold is shown in Fig. S4b, represents lower V. and Is. as compared to VO-
aSiO-rGO membrane. This disparity can be ascribed to the lower surface
charged density exhibited by the rGO and VO-aSiO membranes. The
declining trend of current can be attributed to the change in the con-
centration gradient across the chambers (due to the water flux and RSF),
and concentration polarization near the membrane. The V. (at I = 0)
and I (at V = 0) obtained from I to V curves are found to be increasing
with the increasing concentration gradient, as shown in Fig. 2d. The
power density is found to be increasing with the increasing concentra-
tion gradients, and the highest power density of 4.72 W.m 2 is measured
at a concentration gradient of 1076, supplementary Fig. S4c. In Table 1,
the output energy performance of VO-aSiO-rGO membrane with other
systems reported in recent years.

The V,. obtained in the previous experiment comprises two com-
ponents, (a) the redox potential due to potential drop at the electro-
de-electrolyte surface (Vieqox), and (b) voltage due to selective diffusion
of ions (Vosm) [48]. Similarly, the Iy values obtained as such have
contributions from both ion selective diffusion and Vyieqox. Vosm iS Ob-
tained by subtracting the contribution of Vieqox from Voo (Vosm = Vo -
Vred), and Iy is obtained from I — Vgiee X G, where G is the conduc-
tance of the membrane. Transport numbers of cations calculated under
each salinity gradient are shown in Table 2.

The Viedox itself is measured by using a pair of Ag/AgCl electrodes
across the nylon support membrane without having a coating on it. In
low-concentration gradients, the experimental Vieqox Vvalues are
increasing linearly. However, at higher concentration gradients, it de-
viates linearly with a reduced slope, as shown in the supplementary
Fig. S4a. Similar behaviour is also reported by other authors [49,50]
which can be attributed to the following factors. The large pore sizes of
nylon support membrane (without coating), due to which, at higher
concentration gradient, the ions quickly travel across the chambers
minimizing the concentration difference, and inefficiency of Ag elec-
trodes to convert large ionic signals into electrical signals in such a short
time.

4.1. Performance of membranes in the FO process

The fabricated VO-aSiO-rGO membrane is also explored for the FO
process by using a lab-scale FO test cell with an effective area of 4 cm?.
The draw solution (DS) and feed solution (FS) are circulated through the
FO test cell with a flow rate of 10 L/h and 20 L/h using plunger pumps,
respectively. With 1 M NaCl as the DS and DI water as the FS, in active
layer facing draw solution (ALDS) mode, the VO-aSiO-rGO membrane
displayed a remarkable 45 L/m%h water flux (obtained by measuring
the change in weight of draw solution), with a reverse salt flux of 6.1 g/
m2h (obtained by measuring conductivity). The water and reverse salt

flux of the VO-aSiO-rGO membrane are at par with the industrial
requirement of the FO process.

The membranes’ water flux and reverse salt flux are also studied by
changing the compositions of the VO-aSiO loading along with GO
loadings together, details are discussed in supporting Fig. S7a-b and
Fig. S8a, respectively. In short, the membrane prepared with 1 mg GO
and 12 mg VO-aSiO displayed the lowest water flux and reverse salt flux
of 9.5 L/m%h and 4.1 g/mZ%h respectively. Similarly, the membrane
prepared with 0.25 mg GO and 4 mg VO-aSiO displayed the highest
water flux and reverse salt flux of 80 L/m?2.h and 70 g/m2 h respectively.
As discussed earlier, the membrane prepared with 1 mg GO and 4 mg
VO-aSiO showed a water flux of 45 LMH and reverse salt flux of 6.1
gMH, the same is considered an optimized membrane and used for
further studies.

4.2. Comparative FO performance analysis and stability test

A commercial CTA-FO, r-GO/nylon, and PSS-doped rGO membrane
from our previous study [38] are also operated under conditions similar
to that of the VO-aSiO-rGO membrane for comparison. The water flux of
VO-aSiO-rGO (45 L/mz.h) is found to be 6, 1.8 and 1.3 times higher than
CTA-FO (7.8 L/m?.h), rGO/nylon (26 L/m%h) and PSS-rGO/nylon (34
L/mZ.h) membrane, respectively, as shown in Fig. 3a. The higher water
flux of VO-aSiO-rGO membrane is attributed to a lower contact angle
(51° vs 80° of rGO membrane) and enlarged inter-layer d-spacing (13.6
A vs 8 A of rGO membrane), see supplementary Fig. S3A. Moreover, the
RSF values of the VO-aSiO-rGO membrane (6.1 g/mz.h) are found to be
lower than that of similar membranes like CTA-FO (8.7 g/mz.h), rGO/
nylon (7 g/m2.h) and PSS-rGO/nylon (6.5 g/m?.h), as shown in Fig. 3b.
The low RSF of the VO-aSiO-rGO membrane is attributed to the higher
negative surface charges of both VO-aSiO (-34 mV) and rGO (-26 mV)
layers, resulting in a stronger repulsive force between Cl™ ion and
negatively charged membrane by Donnan exclusion [51]. With the
addition of VO-aSiO to rGO/nylon membrane (VO-aSiO-rGO), the SRSF
of VO-aSiO-rGO decreased by 51.8% from 0.27 g/L of rGO/nylon
membrane to 0.13 g/L, shown in Fig. 3c.

An experiment to evaluate the long-term stability of the VO-aSiO-
rGO membrane is conducted with 1 M NaCl as DS and DI water as FS
in the ALDS mode. Fig. 3d compares the water flux of the VO-aSiO-rGO
membrane with that of the rGO membrane for 40 h. During the initial
period (first 2 h), rGO and VO-aSiO-rGO membranes exhibited water
fluxes of 25 L/m%h and 45 L/m2h, respectively. Though declining
trends are observed in the water fluxes of both membranes, the VO-aSiO-
rGO membrane maintained a stable water flux of 28.5 L/m?.h after a day
of continuous operation. Moreover, the rate of decrease in the water flux
is observed to be lower in the VO-aSiO-rGO membrane as compared to
that of the rGO membrane. After conducting the FO experiment for 25 h,
both the draw and feed sides are thoroughly cleaned with DI water and
osmotic backwashing. After cleaning, the water flux of the VO-aSiO-rGO
membrane is increased to 38.5 L/mz.h, while that of the r-GO membrane
is increased to 16.3 L/m?2.h. The flux recovery ratio (FRR%) of the VO-
aSiO-rGO and rGO membranes is calculated to be 85.5% and 65.2%,
respectively. The higher FRR% in the VO-aSiO-rGO membrane is
attributed to hydrophilic VO-aSiO coating on the rGO layer, which
helped in preventing salt penetration from the draw side and mitigating
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internal concentration polarization (ICP) [52].

Similarly, the RSF values for both VO-aSiO-rGO and r-GO mem-
branes are increased with increasing time, but the rate of increment in
the VO-aSiO-rGO membrane is found to be lower than that of the r-GO
membrane (Fig. 3e), which is again attributed to the higher negative
charge of VO-aSiO (-34 mV) flakes as compared to that of rGO (-26 mV)
flakes. Another possible reason for the lower RSF of the VO-aSiO-rGO
membrane may be due to reduced dilutive external concentration po-
larization (DECP) with high water flux, i.e. at higher water flux with VO-
aSiO-rGO membrane, the draw solution is highly diluted (compared to r-
GO membrane), lowering the concentration gradient across the sepa-
ration layer, which further help to reduce the RSF [53]. Moreover, after
prolonged operation, leaching is observed in the rGO membrane but not
in the VO-aSiO-rGO membrane. The VO-aSiO-rGO membrane also
showed excellent long-term stability (more than 60 days) in DI water
and as well as both acidic and basic mediums, as shown supplementary
Fig. S9a-b. However, if the membrane is not washed, the water flux
reduces as the concentration polarization builds up creating a barrier for
permeating water from the feed side to the draw side. However, after a
particular duration, the flux reaches a steady state as the effect of con-
centration polarization gets saturated, as evident from derivative flux
value which tends to reach zero. Moreover, the predicted flux plotted by
extending the duration infers that the water flux won’t decrease below
20 L/m2h even after continuing the experiment for 5 days. Therefore,
after operating for continuous 48 h, the water flux is saturated at 25.7 L/
m2h as compared to 28.5 L/m2.h for a day of operation, see supple-
mentary Fig. S7c-d.

4.3. Energy recovering in the FO process

The previous sections demonstrated that the VO-aSiO-rGO mem-
brane exhibits remarkable performance in both concentration gradient-
driven energy harvesting and the FO process. In the FO test cell, two Ag
wires (connected to the sourcemeter through Cu wires) are placed in the
FO test cell on either side of the membrane (active layer and support
layer) to study the simultaneous electricity harvesting and FO process in
ALDS mode. Fig. 4a and Fig. 4b shows the output voltage and output
current as a function of time with 1 M KClI as DS and DI water as the FS.
With equal DS and FS flow rate of 2 L/h, the constant output voltage of
290 mV is measured wherein the current is reduced from 30 pA to 27.8
pA during 2.4 h of continuous operation. The decrease in current over
time can be attributed to factors such as accumulation of ions across the
membrane and membrane clogging. The open-circuit voltage mainly
depends on the permselectivity and concentration difference [13].
Since, the draw and feed solution concentrations are almost constant (in
continuous mode), the open-circuit voltage exhibited a constant output
throughout the experiment.

The comparison analysis of the energy and forward osmosis perfor-
mance at different flow rates is also investigated. At a lower flow rate
(0.5 L/h), the output voltage and current are 296 mV and 36 pA and
simultaneously the water flux and RSF is measured to be around 12.8 L/
m2h and 3.4 g/m2h, respectively. From the saturated voltage and
current values (296 mV and 36 pA, respectively) the power output is
calculated to be 0.026 W.m 2. The energy consumption for pumping is
calculated to be 0.100 W.m ™2 by using the following Equation (2).
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P = (f*Q*AP) /1A @

Where Q is the flow rate (0.5 L/h), AP is the differential pressure
measured to be 0.05 Psi, A is the membrane area, 1 is the pump effi-
ciency ~ 0.7 and f is the conversion value (11.2*1 0’4) [13,54]. Based on
the above parameters, overall energy saving in the FO process through
concentration-driven electricity is calculated to be ~ 26 %.

To gain further insights into the synchronized energy harvesting and
forward osmosis process, the flow rates of both the DS and FS sides are
increased simultaneously. While both the flow rates (DS and FS sides)
increased, the water flux and RSF increased from 12.8 L/m%h to 43.6 L/
m2h and 3.4 g/m%h to 15.3 g/m2.h, respectively. The observed varia-
tions in the water flux and RSF can be explained through variations in
DECP and concentrative internal concentration polarization (CICP) with
respect to DS and FS flow rate. The DECP at the active layer of the
membrane reduces with an increase in DS flow rate and then will in-
crease the DS concentration at the membrane surface [55]. Similarly, the
CICP at the support layer reduces with an increase in FS flow rate, and
that will reduce both DS and FS solute concentration at the interface
between the support and separation layer and that will increase both
water flux and RSF [56]. Even though, the RSF and water flux are
increasing with flow rate, the output voltage and current are decreasing
when flow rates are increased and this phenomena is observed due to
reduced residence time of ions near the membrane surface, (refer Fig. 4c
and Fig. 4d). Further similar response observed while increasing DS flow
rate alone (Fig. 5a and Fig. 5b) confirms that DS resistance time is
critical parameter to achieve optimum power output. As DI water is

taken as FS, no CICP occurred at the support layer [55], but DS solute at
interface between support and separation layer will be reduced with
increase FS flow rate. The CICP on the support layer may have lighter
effect on water flux and RSF, but the DECP on the active layer de-
termines the output voltage and current values. Therefore, the output
voltage and current values are found to be proportional to the salt
rejection ability [13].

The effect of water flux and RSF on the output voltage and current in
ALDS mode and batch mode is also studied for the VO-aSiO-rGO mem-
brane by using 1 MKCl and 1 M KHyPO, as the DS and DI water as the FS
at constant DS and FS flow rates of 10 L/h and 15 L/h, respectively. As
can be seen from Fig. 4e and Fig. 4f, the water flux of KCl is found to be
higher than KH2POj4 due to the higher osmotic concentration gradient of
KCl across the membrane surface [57], which is also evident from the
osmotic pressure calculations shown in Table S1 in the supplementary
section. Regarding the energy performance, the output voltage de-
creases with the decreasing water flux and increasing RSF for both KCl
and KHyPOy4. Similarly, the current values also decreased with
decreasing water flux and increasing RSF, see Fig. 4g and Fig. 4h. The
above observation suggests that good selectivity and permeability of
membrane support both FO and electricity generation process. As
mentioned earlier, detailed understandings of the interdependence of
FO and concentration gradient-driven electricity harvesting process
under the conditions of flowing electrolytes across the electrodes and
membrane surfaces demand further theoretical studies. Since, the
experiment is performed in batch mode, the osmotic pressure across the
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membrane decreased with DS dilution that decreased the water flux and
increased the RSF value with time. As a result, both voltage and current
decreased with time [58].

The effect of different flow rates of DS (at a constant flow rate of FS)
and FS (at a constant flow rate of DS) flow rates on energy performance
is also investigated in the ALDS mode. As can be seen from Fig. 5a, with
increasing DS flow rates (by maintaining a constant FS flow rate), both
output voltage and current decreased. This is because, at higher DS
flowrates, the DECP and residence time will be reducing that will disrupt
the ion equilibrium at the membrane surface, which in turn, reduces the
ion transport through the membrane. This reduces the effective driving
force of the draw solution and hence reduce both output voltage and
current [59]. In contrast, when the FS flow rates are increased with a
constant DS flow rate (Fig. 5b), both output voltage and current
increased. This is because, at higher FS flow rates, the CICP has negli-
gible effect, since DI water is used as FS. This improves the effective
ionic transport through the membrane and reduces the RSF value to a
great extent, thus maintaining the osmotic pressure across the mem-
brane which will let to increase in both output voltage and current.

Finally, to check the applicability in real application scenario, thus
fabricated membrane is explored for tea concentration and energy re-
covery in the FO process near its saturation point. Long term water flux
performance is studied by using 1 M KCl as DS and tea solution (20 mg/
ml) as the FS, flow rates are maintained at 10 L/h and 15 L/h, respec-
tively. The membrane exhibited a water flux of 30 L/m?2.h for 2 h which
gradually decreased with time and saturated at 12.5 L/m?h after 20 h
continuous operation, thus increasing the tea concentration over time.

Table 3

Comparison of energy efficiency for different DS solutions at the lowest flow rate.

The decreased water flux is attributed to the accumulation of tea mol-
ecules on the membrane surface (fouling) decreasing the mass transfer
coefficient. This FO-based concentrating process leads to nucleation of
tea crystals near the membrane [20,60], as shown in supplementary
Fig. S13a-c. The FTIR spectra of brewed tea sample in Fig. S13b is
consistent with the reported literatures revealing the presence of car-
boxylic acid, and aliphatic amine group [61].

This realistic scenario of tea concentrating through FO process is also
explored for simultaneous energy recovering. Tea solutions of different
concentrations (10 mg/ml and 20 mg/ml concentrations) are used as the
FS, the optimized VO-aSiO-rGO is used as the FO membrane with 1 M
KCl as the DS. The experiment is performed in the ALDS mode. Fig. 5c
and Fig. 5d show the output voltage and current as a function of time
with flow rates of DS and FS maintained at 0.5 L/h. The output saturated
voltage (240 mV and 205 mV) and current (17 pA, and 13.5 pA) obtained
with 10 and 20 mg/ml tea solutions as FS is found to be lower than that
of DI water as the FS (296 mV and 36 pA). This is because the inorganic
ions present in the tea solution could neutralize the concentration
gradient-driven permselective movements of ions. Moreover, at higher
feed concentration compared to DI water, the mass transfer coefficient
decreases due to the effect of CICP, which in turn decreases the net os-
motic pressure across the membrane [62]. By emphasizing the appli-
cation of the membrane in tea concentration and energy generation, we
aim to showecase its potential for use in industries related to tea pro-
cessing and potentially in other applications that require concentration
processes and energy harvesting.

Further studies related to the effects of different membrane

Molarity (M) DS/FS flow rates (L/h) Voltage (mV) Current (pA) Extracted Power (W.m~2) Pumping Power (W.m™?) Saving Energy (%)
1 M KCl 0.5 295 35 0.0258 0.10 25.8

2 M KCl 0.5 340 48.5 0.041 0.10 41

3 M KCl 0.5 380 62 0.0589 0.10 58.9

1 M NaCl 0.5 280 20 0.014 0.10 14

1 M MgCl, 0.5 240 13.5 0.0081 0.10 8.1

1 M KH,PO4 0.5 135 8.5 0.00286 0.10 2.86
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materials, different draw solute concentrations, increasing KCI molarity
and increasing flow rates on the energy harvesting process in ALDS
mode of FO setup are discussed in the supplementary section in
Fig. S10a-b, Fig. S11a-d and Fig. S12a-b, respectively. Table 3 represents
the comparison of energy efficiency for different draw solutions.

5. Conclusion

In conclusion, we demonstrated the possibility of synchronized en-
ergy harvesting in the FO process with an overall energy saving of ~ 26
%. The robust nanofluidic FO membrane fabricated by crosslinking 2D
flakes of VO and rGO extracted electrical power (up to 4.72 W.m2) from
the concentration gradient. The FO performance of the VO-aSiO-rGO
membrane (45 L/m?2.h) is found to be better than that of both the pris-
tine rGO membrane (26 L/mz.h) and commercial CTA-FO membrane
(7.8 L/m%h). The membrane reported here showed outstanding long-
term stability in both acidic and basic mediums (for more than 90
days of soaking) as well as during prolonged operational 40 h of the FO
without showing any sign of leaching. The possibility of extracting
electrical energy from realistic FO processes is demonstrated by using DI
water and tea solutions as the FS. It is observed that in the continuous FO
mode, the system is able to generate constant output voltage (290 mV)
and current (28 pA) for prolonged operational 2.4 h. Moreover, in batch
mode, the system is able to generate highest output voltage and current
of 296 mV and 36 pA, respectively while simultaneously producing
water flux of 12.8 L/m2h and RSF of 3.4 g/m2.h at 0.5 L/h flow rates.
Finally, the FO system is able to produce tea crystals and generate
electrical output voltage and current with different tea concentrations.
Considering the ease of coupling between FO and concentration
gradient-driven energy harvesting process, this study could lead to a
novel platform for studying or handling the highly entangled issues
water-energy nexus and creating a self-sustaining system that can
operate independently of external energy sources.
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