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Abstract

Osmotically enhanced reverse osmosis (OERO) effectively increases the water recovery in
desalination as it can reduce the transmembrane osmotic pressure by a sweep solution.
Utilizing a model based on mass-transfer principles, we report the performance of a
hollow-fiber RO membrane module in OERO as a function of the operating conditions, the
fiber geometry, and the membrane properties. The hollow fiber system allows the feed and
sweep solutions to flow on both sides of the membrane. To avoid energy-intensive
solute/water separation, fertilizer can be employed as a “green” sweep solution as it can be
directly used for fertigation (fertilized irrigation). Simulations indicated that the water
recovery is significantly enhanced by increasing the water permeance and decreasing the
structure parameter of the hollow fiber membranes. Further, an investigation into the role of
feed salinity suggests that longer fibers can provide a higher water recovery in the case of
low-salinity water reuse, while larger-diameter fibers achieve a more efficient seawater
desalination. A single-stage OERO process facilitates the enhancement of water recovery
from 35.5% and 14% to 36.5% and 34% in the case of low-salinity and high-salinity
desalinations, respectively. This study provides theoretical perspectives into the design of

hollow fiber modules for OERO processes.

Keywords: Osmotically enhanced recovery, Mathematical model, Reverse o0smosis

membrane, Hollow fiber, Fertilizer
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1. Introduction

Reverse osmosis (RO) can turn the seawater and inland brackish water into fresh water. This
has become the main approach to solve the global water shortage issue [1-3]. However, the
practical application of RO desalination is constrained by a low water recovery and a
relatively high energy consumption, as the process requires a considerable hydraulic pressure
to overcome the osmotic pressure of the saline water (e.g. ~ 26 bar for 35 g L seawater) for
driving water molecules across membranes [4-5]. To address this issue, a concept known as
“osmotically enhanced reverse osmosis” (OERO) has been reported, in which a solute (e.g.
NaCl, NaxSOs, etc.) is added into the permeate side and is utilized as a sweep solution to
counteract part of the feed osmotic pressure as depicted in Fig. 1a [6-8]. This system gives a
higher water recovery than traditional RO processes under the same hydraulic pressure, thus a
lower energy consumption for the RO step, which has been demonstrated in the treatment of
highly saline water and shale gas wastewater [9-10].

A significant challenge in the OERO desalination process is the need to separate water from
the diluted sweep solution, which consumes extra energy [11]. To avoid energy-intensive
regeneration of the sweep solution, a feasible way is to select certain inorganic salts (e.g.
KH2PO4, NH4NO3, KNOs, etc.) as “green” solutes in the sweep solution such that the sweep
solution, after being diluted, can be directly employed for fertigation (fertilized irrigation)
[12-13]. This approach has been used previously in the context of fertilizer driven forward
osmosis (FO) desalination for direct fertigation [14].

The second challenge for OERO is that the design of the membrane and the membrane
modules are also of significant importance for realizing maximum performance. The spacer
in the RO module induces membrane deformation at high hydraulic pressures, resulting in
severe hydraulic pressure loss in the flow channel [15-17]. Therefore, compared with typical
spiral-wound RO membranes, hollow fiber RO membranes provide several competitive
advantages such as a lower hydraulic pressure loss, higher packing density and a larger
effective surface area because of their mechanically self-supporting characteristics [18-19].
Most importantly, hollow fiber modules allow the feed and sweep solutions to flow on both

sides of the membrane, which is a necessity for OERO but is currently not possible in typical
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spiral wound modules [20-22]. Although these studies confirm the advantages of hollow fiber
membrane modules for achieving high-efficiency desalination of saline water, the technical
feasibility and economics of utilizing fertilizer as sweep solution in the OERO system are still
lacking. In addition, reducing the thickness of the support layer in hollow fiber membranes
could effectively reduce the internal concentration polarization caused by the sweep solution
[23]. Therefore, studying and understanding the impact of operating conditions and
membrane modules on the OERO technique is critical for its future practical applications.

In this work, we establish a mathematical model based on mass-transfer principles to
investigate the performance of hollow fiber membrane modules in an OERO process for
applications in seawater desalination and water reuse. We study the influence of operating
conditions (the operating pressure, the concentration, and the flow rates of the feed and sweep
solutions), the fiber geometry (the fiber length and the fiber diameter) and membrane
properties (the water permeance and the support structure) on water recovery and
corresponding energy consumption. Moreover, experimental studies have been performed to
support our simulation results. This research provides theoretical perspectives for in-depth
understanding of sustainable fertigation by OERO technology and its membrane module

design for practical applications.

2. Model development

2.1. Simulation of permeate flux in osmotically enhanced desalination process

In the OERO system, the sweep solution is in the fiber lumen and the feed solution is
pressurized in the shell. The sweep and feed flows are counter-current and along axial
directions to the fibers (Fig. 1). The derivation of the RO water and salt flux equations in an
osmotically enhanced recovery desalination process is presented in the Supporting
Information, Section S1. The derivation yields the following expressions for the water flux

(Jw) and the salt flux (Js):
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where AP is the applied hydraulic pressure, k is the feed salt mass transfer coefficient in the

shell side, S is the structure parameter of the membrane and D is the bulk diffusion coefficient
of the salt. The terms exp(Jw/k) and exp(JwS/D) are the moduli of the external concentration
polarization (ECP) and the internal concentration polarization (ICP), respectively. A and B are
the permeability coefficients of water and salt, respectively. Csp and Csp are the respective
bulk solute concentrations of the feed and sweep. ztp and zsp are the bulk osmotic pressures
for the feed and sweep, respectively. The osmotic pressure () is able to be expressed by the

Van't Hoff equation.
7 = @iCRT 3

where i stands for the number of dissociating species, C represents the concentration of solute,
T represents the temperature, R is the gas constant, and ¢ represents the osmotic coefficient.

In the OERO system, the outside-in hollow fiber membranes with small diameter are
preferred due to their high pressure tolerance and low fouling tendency [21]. The pressure
drop (Pi) inside the hollow fiber membrane thus cannot be ignored and is expressed by the

Hagen-Poiseuille equation,

R _32uy

dz  d? (4)

where d; is the inner diameter of the fiber, and vi is the flow velocity inside the pore.
The pressure drop in the shell can be calculated from the empirical Ergun equation [24],

dp,  |150(1-&)° wv LL75(1-2)p(v )
dz £'d? £%d

()

p
where dp is the characteristic diameter used in the equation and is defined as 1.5d, for
cylindrical fibers [25], and vs is the velocity of flow in the shell.
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Mass transfer coefficient k is calculated from Schmidt (Sc), Reynolds (Re) and Sherwood (Sh)

numbers with the equation,

S
k=>1D
: ©
Re= I )
7
7,
s, =t 8
=D 8

where dy is the hydraulic diameter. Therefore, it is necessary to calculate the Sherwood
number and the hydraulic diameter for the shell side.

For the Sherwood number, when the flow is turbulent (2300 < Re < 10°) [26],

1 0.45
S, =0.021 Re®® 5c0% 9)
" (x/l—ej
when the flow is laminar (Re < 2300) [26],
-0.8
Sy =3.66+12(1-¢) (10)
-0.5 . .
S, =1.165(1+ 0.14(v1-¢) )3 m (12)
2 V(Resc-d )
S . = — - h 12
"3 (1+2280j ( L. J (12)
Sy = (Srfl + Sr?z + Sr?s )U3 (13)

where Imem IS the length of the membrane and ¢ is the void fraction in the shell. The void
fraction largely depends on the assignment of the hollow fibers and it is assumed that each
fiber is a hexagon which is comprised with two components including a fiber channel and a

shell (Fig. 1). Hence, the void fraction is defined as

c _1_M _1_L;
- - 2
Ao 243 (1+ ’ j (14)

where Afiver 1S the occupied area of fiber, Anexagon IS the catchment area of fiber, fq is the

distance between two fibers and is set constant as presented in Table 1, and do is the outer
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diameter of the fiber.

For the hydraulic diameter of the shell side, it is defined as

flow

4A
P

fiber

d

(15)

where Asiow IS the cross sectional flow area in the fiber lumen, and Prier is the perimeter of
circular cross section of the fiber.

Therefore,

do L Z_E 2
4{2J§(2+ 2) 4d°L 203(d, + 1) (16)

7d, zd, °

d, =

The NaCl solution was used as feed solution. The density (pnaci), Viscosity (HUnaci) and
diffusivity (Dnaci) of NaCl solution are affected by solute concentration C, and they can be

expressed by Eq. (17)-(19), respectively [27-28]:

Prac =(0.0369C, ¢, +1.0006)x1000 (17)
Iyar = (0.0133C, )" +0.0734C, ¢, +1.003)/1000 (18)
Dy.c = 0.0005C,,,* —0.0088C,,° +0.0447C, .2 —0.045C, ., +1.489 (19)

For simulation purpose, the fertilizer KH2PO4 was used as sweep solution. The density
(pkH2P04), Viscosity (MkHzroa) and diffusivity (Dkreros) OFf KH2PO4 solution are affected by
solute concentration C, and they can be expressed by Eq. (20)-(22), respectively [29-30]:

Prrioros =8:8479%C2 00, +110.17x Cy)y o0, +1001.4 (20)
Ly opos = 0.0738xC2 500, —0.0356 X C2 500, +0.2147 % C py 5po, +1.0035 (21)

Dynizros = —8:161xCyypp0s’” +12.761C, , 5p0s —14.996 X Cypppos-” +5.683%Clyopos (22)
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Fig. 1. Hlustration of osmotically enhanced reverse osmosis (OERO) using hollow fiber
membranes: (a) profile of salt concentration across the membrane during OERO desalination

process; (b) cross-section view and (c) front view of a hollow fiber bundle.

2.2. Calculating specific energy consumption

The specific energy consumption (E) is defined as an energy consumption per unit volume of
product water, and it is related with the high-pressure pump, sweep low-pressure pump, and
the energy recovery devices (ERDs) as presented in Fig. S2. The energy required for a
regeneration step of sweep solution is not taken into consideration, because the diluted
fertilizer sweep solution can be applied directly for irrigation. The calculation of E is thus
given by [31],

— Pf Qf (8pump )71 + PSWQSW (gpump )71 - PbegERD

(23)
Q, x3.6x10°

E

Qr and Qyp are the flow rates of feed and brine, respectively, Ps is the feed pressure, Pyis the
outlet pressure, Qris the total permeated flow rate, Psw is the inlet pressure of sweep solution,

8
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Qsw is the sweep flow rate, epump IS the efficiency of pressure pump and is assumed to be 0.85,

eerp IS the efficiency of the energy recovery device and is assumed to be 0.95 [32].

2.3. Simulation algorithm

The system of equations is used to set up the mathematical model to evaluate the
performance of the OERO process. Fig. S1 presents the iteration algorithm for solving the
mathematical model using MATLAB software (Mathworks, USA). The basic simulation
conditions are listed in Table 1. Here, 0.6 M NaCl and 0.02 M NaCl were used as feed
solution to simulate seawater and brackish water, respectively. Since the respective osmotic
coefficients of KH2PO4and NaCl are 0.85 and 0.93 [33-34] at 298 K, 0.6 M KH2PO, and
0.02 M KH2PO4 were utilized as sweep solutions generating osmotic pressures of 25.3 bar
and 0.84 bar, respectively, which are lower than that of 0.6 M NaCl (27.7 bar) and 0.02 M
NaCl (0.92 bar) calculated by Eq. 3. The salt permeability (B) was set constant owing to the
high salt rejection of RO membrane (typically > 99%) [35]. The fertilizer KH2PO4 was used

as sweep solution, and its concentration is less than the concentration of feed solution.

Table 1. Specifications of the lab-made and commercial hollow fiber RO membrane modules

Lab-made module for Commercial module for
Element type

model verification performance evaluation
Module length (m) 0.32 0.68
Inner diameter (um) 85 85
Outer diameter (pm) 175 175
No. of fibers 120 220000
Effective membrane area (m?) 0.02 82.2
Distance between two fibers, fq (um) 200 53
Cross-section of module (m?) 3.2x10° 0.01
\oid fraction in the shell (&) 0.886 0.458
Max. operating pressure (bar) 50 50
Pure water permeability
(L/(m?.h.bar)) 0.27 0.27
Salt permeability (L/(m?2.h)) 0.035 0.035
Structure parameter (um) 1024 1024
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3. Model verification

3.1. Materials and experimental methods

The commercial hollow fiber RO membranes used in the current study were obtained from
TOYOBO Co. Ltd., Japan. The membranes were rinsed with deionized (DI) water and were
kept in DI water prior to use. The detailed characteristics of the membranes are presented in
Table 1.

To validate the model, the OERO performance was tested with a laboratory counter-flow HF
module as shown in Fig. 2. Energy recovery device was not installed due to the limitations of
the small laboratory-scale apparatus. The dimensions of the tubular channel were 320 mm
length, 6.4 mm inner diameter and 9.7 mm outer diameter. A high pressure pump (P300,
Wanner Pump Ltd.) and a variable speed gear pump (WT3000-1JA, Longer Precision Pump
Co., Ltd.) were applied to pressurize the feed solution and to recirculate the sweep solution,
respectively. The flow rate of both feed and sweep channels was kept constant at 0.1 L/h. The
applied feed pressure was observed by using a digital pressure meter and was regulated
through a backpressure valve at the outlet of the feed channel. The temperatures of both the

feed and sweep solution were fixed at 25 + 1 °C.

High pressure Pump

\ W=
PR

Chiller

Fig. 2. Schematic diagram of the OERO performance evaluation system for the hollow fiber

membranes.
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3.2. Model verification

The simulated and experimental permeate fluxes as a function of the sweep concentration, the
operating pressure at the module inlet, and the feed flow rate are shown in Fig. 3. The
simulations demonstrate that the simulated water fluxes agree well with the experimental
results. The average water flux increases logarithmically with the sweep concentration,
indicating that the sweep solution is able to partially offset the osmotic pressure. As expected,
a larger operating pressure results in a higher water flux (Fig. 3b) since OERO is a hydraulic
pressure-driven process. Increasing feed flow rate would alleviate concentration polarization
and thus enhance water flux (Fig. 3c). These results indicate that a better water recovery can
be obtained in the presence of a high sweep solution, a suitable feed flow rate, and a
comparatively large operating pressure. The model developed in this study is therefore an

efficient tool to simulate filtration performance and optimize the OERO process.
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=20 } 2 30
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22
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Fig. 3. Experimental (discrete symbols) and simulated (solid lines) water fluxes of lab-made
HF RO membrane module as a function of (a) sweep concentration (constant operating
pressure of 10 bar and constant feed flow rate of 0.1 L/h), (b) operating pressure (constant
sweep concentration of 0.01 M KH2PO4 and constant feed flow rate of 0.1 L/h), and (c) feed
flow rate (constant operating pressure of 10 bar and constant sweep concentration of 0.01 M
KH2PO4). Experimental conditions: The feed solution fixed as 0.06 M NaCl and sweep flow
rate fixed as 0.1 L/h.

4. Simulation results and discussion

4.1. Assessing the desalination performance under different membrane properties and
geometry

The water transportation resistance across the membrane is affected by not only the
membrane active layer but also the structure of the support layer due to existence of the
internal concentration polarization (ICP) in the OERO process. The impacts of membrane
properties including coefficient of water permeability (A) and parameter of support structure
(S) on the water recovery for OERO system and conventional RO system are illustrated in
Fig. 4. The water recovery in a conventional RO system is independent of the parameter of
support structure. The recovery of OERO system is higher than that of conventional RO
system especially in the case of seawater desalination, which is attributed to the greater
osmotic pressure of the sweep solution (i.e., larger zsp in eqg. (1)). As shown in Fig. 4a, the
recovery increases dramatically as the S decreases from 1500 to 500 um when using 0.6 M
KH2PO4 as sweep solution (SS) for treating high-salinity seawater owing to the decreased
ICP modulus (i.e., smaller exp(-JwS/D) in eq. (1)). Whereas only a minor enhancement is
noticed when using a 0.1 M KH2POg4 as SS (Fig. 4b). It is attributed to the fact that the role of
ICP in determining overall filtration resistance weakens with decreasing sweep concentration
[36]. Thus, the recovery enhancement by decreasing the structure parameter is less effective
under such conditions. Consistent with expectations, the influence of structure parameter on
water recovery is negligible for the low-salinity brackish water when using lower KH2PO4

concentrations of 0.005 M and 0.02 M as SS (Figs. 4c and d). It is noteworthy that for both

12
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seawater and brackish water, the water recovery increases dramatically before eventually
plateauing as the increase of water permeability coefficient. However, the influence of
increasing A coefficient on the water recovery is more obvious in the case of brackish water
reuse than that of seawater desalination. For instance, at S value of 1000 um and 0.6 M
KH2PO; as SS (Fig. 4a), increasing A coefficient from 0.2 to 5.0 L m2 h'! bar! facilitates an
increase of recovery from 33% to 51% (1.5 times) in the case of seawater desalination. In
contrast, the water recovery exhibits a significant increase from 8% to 84% (10.5 times) in
the case of brackish water reuse at S value of 1000 um and 0.02 M KH2POj4 as SS (Fig. 4c).
As a result, application of a more permeable membrane in OERO process offers a high water
recovery for brackish water reuse, but the efforts to increase water recovery for seawater

desalination should focus on decreasing the structure parameter of membrane.
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Fig. 4. Simulated water recovery of commercial HF RO membrane module with varied
membrane water permeance and support structure parameter (S) in OERO system (solid line)

and conventional RO system (dash line). Simulation conditions for OERO system: both the
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feed and sweep flow rates were fixed at 1 m%h. (a) 0.6 M NaCl as feed solution (FS), 0.6 M
KH2PO4 as sweep solution (SS), and operating pressure of 40 bar; (b) 0.6 M NaCl as FS, 0.1
M KH2POs as SS, and operating pressure of 40 bar; (c) 0.02 M NaCl as FS, 0.02 M KH2PO4
as SS, and operating pressure of 7 bar; (d) 0.02 M NaCl as FS, 0.005 M KH2POsas SS, and
operating pressure of 7 bar. Simulation conditions for conventional RO system are the same

as that of the OERO system, in which the sweep solutions are not included.

Fiber geometry is particularly effective for avoiding the severe concentration and dilution
effects through optimizing hydraulic environments in the OERO process [37]. The simulation
results for investigating the effects of the fiber diameter and length on water recovery and
energy consumption are demonstrated in Fig. 5. In both cases of seawater desalination and
brackish water reuse, the water recovery increases monotonically with increasing fiber length
(Figs. 5a-b). The increase can be attributed to the increased total membrane area resulting in
larger permeate volume. The energy consumption decreases first and then gradually reaches a
plateau with increasing fiber length in both cases (Figs. 5a-b). The decrease can be attributed
to the increased water recovery with the increase of fiber length. However, further increasing
fiber length results in greater pressure drops in the shell (Ps) and thus less channel pressure at
the outlet (Pb), which implies a decrease of energy recovery by the EDRs (i.e., smaller
R,Q,&erp IN €0. (23)).

In contrast, a monotonic decrease in water recovery with increasing fiber diameter is
observed in both cases of high-salinity seawater desalination and low-salinity brackish water
reuse (Figs. 5¢-d). The reason is that increasing fiber diameter reduces the packing density,
thereby decreasing the effective filtration area [38]. As a result, a monotonic reduction of the
water recovery is observed in both cases. The energy consumption decreases monotonically
with increasing fiber diameter in the case of seawater desalination (Fig. 5¢). However, for the
brackish water reuse, the energy consumption decreases first and then increases with
increasing fiber diameter. This interesting phenomenon is attributed to two competing factors.
One is that increasing fiber diameter decreases pressure drop [39], and thus a decreased

energy consumption is observed in the case of brackish water reuse. The other is that the
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enhancement of fiber diameter reduces the effective filtration area, and thus further increasing
fiber diameter would decrease water production efficiency. However, for high-salinity
seawater, an extremely high hydraulic pressure is used to offset the high osmotic pressure,
and thereby the effect of decreased pressure drop on overall energy consumption is
significant. As a result, a monotonic reduction of the energy consumption is observed in the

case of seawater desalination.
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Fig. 5. Simulated water recovery and specific energy consumption of commercial HF RO
membrane module with varied (a-b) module length and (c-d) fiber inner diameter. Simulation
conditions: number density of fibers in the cross-section of module varied with fiber diameter
since distance between two fibers fixed as 53 um; both the feed and sweep flow rates fixed as
1 mdh. (a, ¢) 0.6 M NaCl as FS, 0.6 M KH2POq as SS, and operating pressure of 40 bar; (b, d)
0.02 M NaCl as FS, 0.02 M KH2PO4 as SS, and operating pressure of 20 bar.

To further reveal the intrinsic relationship between the fiber geometry and water production
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efficiency, the water recovery and energy consumption are plotted against both the fiber
length and diameter as shown in Fig. 6. In both cases, when the fiber diameter is fixed the
water recovery increased monotonously with enhancing fiber length (Figs. 6a and c). Thus,
the energy consumption decreased as increasing fiber length with any fiber diameter in the
case of brackish water reuse (Fig. 6d). However, for the case of seawater desalination, the
energy consumption first decreased and then increased with enhancing fiber length especially
as the fiber diameter is less than 70 pm, indicating the existence of optimum fiber length (Fig.
6b). Therefore, energy consumption is mainly dependent on fiber diameter and fiber length
for high-salinity seawater and low-salinity brackish water, respectively (Figs. 6b and d).
There exists a trade-off and economic optimum fiber geometry by balancing the energy and
recovery. It may be necessary to choose relatively longer fibers for achieving highly efficient

brackish water reuse. Whereas, in the case of seawater desalination, larger diameter fibers are

preferred.
Energy Consumption
@ Recovery (%) (b) (KWh/m®)
2.0 55 2.0 5
1.8 50 18
16 45 16
—~14 0 =14 4
£ s £
=12 Z12
= 30 =
2 10F 210
7} 25 T}
08 0 —08 3
0.6 15 0.6
0.4 10 0.4
0.2 5 0.2 2
60 65 70 75 80 85 90 95 100 0 65 70 75 80 85 90 95 100
Diameter (um) Diameter (pm)
Energy Consumptior
(C)2 . Recovery (%) (dg . kWh/nr)
’ . 35
1.8
16 30
Tl4 25
=12
+ 2.0
21.0
(5]
—os 15
0.6 0
0.4
0.2 0.2— 05
60 65 70 75 80 85 90 95 100 60 65 70 75 80 85 90 95 100

Diameter (um) Diameter (um)

16



340
341
342
343
344
345
346
347

348

349
350
351
352
353
354
355
356
357
358
359
360
361
362

363

364

365
366

Fig. 6. Simulated (a, c) water recovery and (b, d) specific energy consumption of commercial
HF RO membrane module with varied module length and fiber inner diameter for seawater
and brackish water. Simulation conditions: number density of fibers in the cross-section of
module varied with fiber diameter since distance between two fibers fixed as 53 um; both the
feed and sweep flow rates fixed as 1 m*/h. (a-b) 0.6 M NaCl as FS, 0.6 M KH,PO4 as SS, and
operating pressure of 40 bar; (c-d) 0.02 M NaCl as FS, 0.02 M KH2PO4 as SS, and operating

pressure of 20 bar.

4.2. Assessing the desalination performance under different process parameters

In this section, we systematically investigate the impacts of operating parameters including
sweep concentration, flow rate, and operating pressure on the filtration performance of the
OERO process, and elaborate their inherent relationships (Figs. 7 and 8).

In both cases, the water recovery increased monotonically with increasing sweep
concentration (Figs. 7a-b) owing to the higher driving force resulting from increasable
osmotic pressure of the sweep solution (i.e., larger zsp in eq. (1)). The enhanced water
recovery results in the decrease of energy consumption (Figs. 7a-b). Increasing sweep flow
rate would alleviate concentration polarization, resulting in an increase of water recovery
(Fig. 7c). However, higher sweep flow rate also results in an enhancement of the pressure
drop in the pore side (i.e., larger Pi in eq. (4)), indicating a lower effective hydraulic pressure.
Meanwhile, compared to the high-salinity seawater desalination, the concentration
polarization degree is less in the reuse of low-salinity brackish water because of the low
sweep concentration. As a result, the sweep flow rate influencing on the water recovery is not
significant in the case of brackish water reuse (Fig. 7d). In addition, increasing sweep flow

rate leads to a dramatic increase in the energy consumption for both cases because of the

-1

increased power consumption by the sweep low-pressure pump (i.e., larger PSWQSW(gpump)

in eq. (23)) (Figs. 7c-d).
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Fig. 7. Simulated water recovery and specific energy consumption of commercial HF RO
membrane module with varied (a-b) sweep concentration and (c-d) sweep flow rate.
Simulation conditions: feed flow rate fixed as 1 m3/h. Sweep flow rate fixed as (a-b) 1 m%/h;
FS fixed as (a and c¢) 0.6 M NaCl and (b and d) 0.02 M NaCl, respectively; operating pressure
fixed as (a and c) 40 bar and (b and d) 20 bar, respectively; SS fixed as (c) 0.6 M KH2PO4
and (d) 0.02 M KH2POu, respectively.

Fig. 8 presents the effects of feed flow rate and operating pressure on the water recovery and
specific energy consumption. In both cases, decreasing feed flow rate significantly increases
the water recovery and decreases the energy consumption, indicating that a suitable flow rate
is of significant importance for realizing efficient desalination (Figs. 8a-b). The decreased

energy consumption at the lower feed flow rate is attributed to the decreased power
consumption by the feed high-pressure pump (i.e., smaller P,Q, (& pm )71 in eq. (23)) and

the lower pressure drop in the shell (i.e., smaller Ps in eq. (5)). Notably, when the feed flow
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rate decreased to 0.5 m®h, the energy consumption of high-salinity seawater desalination
decreased to 2.2 kWh/m?, which is lower than 3 kWh/m?® (that is the current energy
consumption level of the conventional seawater RO desalination [1]). It further confirms that
the OERO system is more efficient than the conventional RO system. In both cases, Figs.
8c-d present that increasing operating pressure enhances the water recovery linearly. This is
attributed to the enhanced water flux at higher hydraulic pressure (Figs. S3a-b). The
assessment of concentration polarization demonstrated that ICP provides the dominated
resistance to mass transfer in typical OERO operation, which becomes more severe with the
increase of operating pressure (Figs. S3c-d). Compared to the seawater desalination mode at
the operating pressure of 40 bar, the water recovery of the brackish water desalination mode
exhibited higher water recovery and lower energy consumption at the elevated operating
pressure (>20 bar). The increased water recovery contributes to the decreased energy
consumption. However, with further increase in operating pressure, the energy consumption
gradually approaches a minimum value in the case of brackish water reuse (Fig. 8d) whereas
it decreases first then increases in the case of seawater desalination (Fig. 8c). These results

are attributed to the fact that the increased operating pressure results in a drastic enhancement
in the power consumption by a high-pressure pump (i.e., larger P,Q, (gpump )_1 in eq. (23))

especially when a high hydraulic pressure is applied as in the seawater desalination. An
optimal operating pressure exists for high-salinity seawater to achieve highly efficient water

production when other operating conditions are fixed.

70 565 90 S«’é‘

(@) = 80 £

60 4 g 70 4 §

—_ <~ <

S0y ;5 &% 25

E\40 g’ gso g
(5]

g )5 gl )3

[&] n [&] 2]

& 30 é & 30 é

20 1> 20 1>

——Recovery = = Energy 2 10 — Recover -=-=E =

) y nergy )

c c

10 1 1 1 1 O Lu 0 1 1 1 1 O Lu

0.5 0.7 0.9 11 1.3 15 0.5 0.7 0.9 1.1 1.3 15
Feed flow rate (md/h) Feed flow rate (m3/h)

19



405
406

407
408
409
410

411

412

413

414
415
416
417
418
419
420
421
422
423
424
425
426

427

50 286 70 4>
£ £
45 é 60 §
o (=]
S35 | 275 & s
- > 40 —
o
20 5 2 g
> S > 30 S
Q (%2} Q [%2)
o 25 c o 2
20 (i 1 L;
o 10 t o
15 ——Recovery = = Energy o ——Recovery = = Energy o
10 L L 2.5 W 0 . . . ow
30 35 40 45 50 10 15 20 25 30
Operating Pressure (bar) Operating Pressure (bar)

Fig. 8. Simulated water recovery and specific energy consumption of commercial HF RO
membrane module with varied (a-b) feed flow rate and (c-d) operating pressure. Simulation
conditions: sweep flow rate fixed as 1 m®h. Operating pressure fixed as (a) 40 bar and (b) 20
bar, respectively; feed flow rate fixed as (c-d) 1 m%h; FS fixed as (a and ¢) 0.6 M NaCl and
(b and d) 0.02 M NaCl, respectively; SS fixed as (a and c¢) 0.6 M KH2PO4 and (b and d) 0.02
M KH2POg4, respectively.

5. Implications

The OERO process has been proven to be a feasible alternative for the desalination of saline
water with a higher water recovery at a lower operating pressure [8]. To address the
challenges of separation of low-concentration sweep solution from desalinated water for
recycle, a usable sweep solution can be used where appropriate. For example, a fertilizer
solution can be applied as sweep solution so that the permeate solutions can be directly used
for fertilized irrigation. Such an approach not only decreases the energy consumption of the
OERO process, but also achieves a near-zero liquid discharge especially for low-salinity feed
water. Although the concept of fertilizer drawn desalination has been suggested in the
forward osmosis process, the development is constrained by severe reverse solute flux and
the requirement of further dilution of the produced draw solution to meet the standard of
fertigation due to the limitation of osmotic equilibrium [14]. In the OERO system, the reverse
solute diffusion is less severe or even negligible [7]. The generated diluted fertilizer
permeation is potentially suitable for direct fertigation especially in the conditions of high
applied pressure and low concentration of sweep solution. For instance, the final diluted
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sweep solution is 0.18 g/L KH2PO4 in the case of brackish water reuse (Ps =20 bar, Q#/Qsw=10,
Csb=0.005 M), which is below the tolerable phosphate concentration of 194 mg/L for a drip
irrigation system [40]. In addition, as supreme allowable hydraulic pressure of RO membrane
is fixed, OERO process can be carried out within a range of water recovery where the
conventional RO technology cannot tolerate (Fig. 9). Our study has also revealed that a
higher water recovery (up to 90%) can be achieved by using a high permeability membrane,
high sweep concentration and operating pressure in the case of brackish water reuse. Hence,
OERO process shows great promise to break through the limit of conventional RO
technology in desalination field.

Furthermore, the OERO system can alternatively be incorporated into the conventional
multi-stage RO process. A previous study demonstrated that use of one or more permeable
nanofiltration (NF) stages in connection to RO stages in series could increase overall water
recovery and reduce energy consumption [32]. However, the combined NF-RO process is
limited by the high solute permeability of the NF membrane, which would impact the quality
of permeation. The OERO system may replace the NF stage to connect the RO stages for
simultaneously supplying potable water and fertilized irrigation (Fig. S4). This combined
OERO-RO system may be attractive in the water-scarce islands and inlands where

agricultural activities are important to their economy.
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(conventional RO @ 50% recovery) aREICpressure

Pressure & osmotic pressure

(OERO)
/z\ E
Osmotic pressure % < 2
of feed water o 3
(=] o
: 3
Lo ~

>

Recovery

Fig. 9. Comparison of the pressure as a function of water recovery in the conventional RO
and the OERO systems.
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This study also presents us a conspicuous feasibility of hollow fiber membrane for the OERO
process in terms of high water recovery and low energy consumption. Nevertheless, there is
still much room for further improvement of the hollow fiber membrane. By increasing the
water permeance to 5.0 L/m? h bar, the water productivity can achieve a 10-fold enhancement
for low-salinity brackish water reuse (Fig. 4c). Reducing the thickness of the membrane
support to 500 um also leads to a 50% enhancement in the water productivity for
high-salinity seawater (Fig. 4a). However, decrease of the fiber structure parameter will lead
to the decrease of its mechanical strength. To address this issue, braid-reinforced hollow fiber
membrane could be fabricated to strengthen the membrane mechanical stability without
reducing the structure parameter [41]. In addition, membrane fouling is a pervasive problem
for all membrane processes. Especially the combined organic fouling and mineral scaling is a
key issue for treating high-salinity shale gas wastewaters [8]. Development of membranes
with antifouling properties are of special importance to achieve a more sustainable OERO
process in such applications. On the other hand, the tailoring of the sweep solution chemistry
may further allow the proper control of fouling and scaling of the RO membrane [42]. An
enhancement in flow rate alleviates concentration polarization, thereby mitigating fouling in
OERO. However, further increasing flow rate leads to a decrease in module efficiency (Figs.
8a-b) due to an increase in pressure drop and a reduction in water recovery [21]. This
indicates that an optimal flow rate is needed to realize an efficient operation. For the purpose
of fouling control, increasing flow rate can be potentially done intermittently to reverse some
of the fouling. Alternatively, operating in transient cycles/batches could be potentially
adopted. Nevertheless, further research is needed to verify the effectiveness of these
approaches for OERO. In summary, future studies should be focused on the optimization of
the OERO system on the basis of economic assessments, and development of
high-performance RO membranes (i.e., with low structure parameter, high water permeability,

and antifouling properties, etc.).
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6. Conclusion

By establishing a mathematical model of a hollow fiber membrane module, we demonstrated
that the OERO unit with an appropriate sweep solution can achieve a higher water recovery
in treating both high-salinity seawater and low-salinity brackish water, than the conventional
RO process. The results indicate that the enhancement in water recovery can be achieved by
the decrease of the fiber structure parameter for high-salinity seawater, and by the increase of
the membrane permeance for low-salinity brackish water. Our examination of the fiber
geometry influence on water recovery revealed that longer fibers are preferable for
low-salinity brackish water, while fibers with larger diameters are more suitable for
high-salinity seawater. In addition, the water production efficiency can be enhanced by
increasing the sweep concentration and the operating pressure. A higher flow rate of the
sweep solution can effectively reduce the concentration polarization in the treatment of
high-salinity seawater. The simulation results are supported by experimental studies. Our
work provides theoretical perspectives for understanding the performance of hollow fiber
membrane modules in OERO plants and highlights the promise of the use of fertilizer as

sweep solution in the OERO process for “near zero discharge desalination”.
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Latin symbols

A permeability coefficient of water (m s bar™?)

Asiver  Occupied area of each fiber (m?)

Anow  the cross sectional flow area in the fiber lumen (m?)
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Anexagon  Catchment area of each fiber (m?)

Js
Jw

|mem

Po

Pi

Ps
Priber
Psw
Ps
Qb
Qs
Qr
Qsw

Re

permeability coefficient of salt (m s)
concentration of solute (mol L™?)

feed concentration (mol L)

sweep concentration (mol L)

diffusion coefficient of salt (m? s™)
hydraulic diameter (m)

inner diameter of the fiber (m)

outer diameter of the fiber (m)
characteristic diameter (m)

specific energy consumption (kWh m)
distance between two fibers (m)

number of dissociating species (-)

salt flux (m® m?s™)

water flux (m® m?s?)

feed salt mass transfer coefficient (m s™)
fiber length (m)

channel pressure at the outlet (bar)
pressure drop in the pore side (bar)

feed pressure (bar)

perimeter of circular cross section of the fiber
inlet pressure of sweep solution (bar)
pressure drop in the shell (bar)

brine flow rate at the outlet (m®s?)

feed flow rate at the inlet (m3s?)

total permeated flow rate (m®s?)

sweep flow rate (m3s?)

gas constant (L bar mol™? K1)

Reynolds number (-)

structure parameter of the membrane (m)
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536 Sc Schmidt number (-)

537  Sh Sherwood number (-)

538  Sm parameter used for determining Sherwood number (-)
539 S parameter used for determining Sherwood number (-)
540  Sh3 parameter used for determining Sherwood number (-)
541 T temperature (K)

542

543  Greek Letters

544 AP applied hydraulic pressure (bar)

545 ¢ void fraction of the module (-)

546 eerp  energy recovery device efficiency (-)
547  epump  high pressure pump efficiency (-)
548 u feed viscosity (Pa s)

549  mp feed osmotic pressure (bar)

550  7sp sweep osmotic pressure (bar)

551 p liquid density (kg/m®)

552 v flow velocity (m s™)

553 flow velocity in the pore side (m s?)
554 Vs flow velocity in the shell (m s™)

555

556  Subscripts

557  NaCl NaCl salt solution

558 KH2PO4  KH2PO4 salt solution
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