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ABSTRACT

This study aims to enhance the performance of reverse osmosis (RO), a significant membrane technology for water
desalination, by improving its permeation flux and rejection of NaCl, which is considered a powerful tool for fouling
control. The air sparging approach has been implemented and examined at different air flow rates to achieve this. RO
system with air sparging technique has been studied at various operating conditions such as air flow rate range from
1-3 L/min, feed concentration (2000 and 3000 ppm), water flow rate (1 and 1.3 L/min), temperature (20 and 32 °C),
and applied pressure (4 and 5 bar). The result confirmed a significant improvement in permeate flux and rejection
when the air is injected into the RO system. It revealed that increasing the air flow rate increased the flux, reaching
a maximum value at an air flow rate of 1.8 L/min, after that, it started to decline. Additionally, increasing the water
flow rate, pressure, and temperature increased the permeate flux. On the other hand, increased feed concentrations
negatively impacted the permeate flux. The maximum flux and rejection obtained was 10.76 L/m>-hr and 96.17% at
5 bar, 3000 ppm, 1 L/min water flow rate, and T =32 + 1 °C. Moreover, the value of the injection factor is equal to

0.64, indicating that the flow pattern was the slug flow, which represented a highly effective flow regime.

Keywords: reverse osmosis, air sparging, slug flow, concentration polarization.

INTRODUCTION

Freshwater depletion is a critical issue world-
wide due to the growth of population and econ-
omy (Mohammed et al., 2024), which resulted
in the exploitation and contamination of natural
water resources by industry, agriculture, and ur-
banization (Biesheuvel et al., 2022; Qasim et al.,
2019; Yao et al., 2021). Most current water treat-
ment plants use conventional treatment methods
like coagulation-flocculation (Salih et al., 2021),
sedimentation, sand filtration, disinfection, and
ozonation (Curto et al., 2021; Dimitriou et al.,
2017). Membrane technology serves as a pro-
ductive strategy for groundwater, saline water,
and wastewater purification and treatment (Sani
et al.,, 2021; Saleem and Zaidi, 2020). Mem-
brane techniques such as reverse osmosis (RO)
are excessively applied for desalination and wa-
ter treatment, which expeditiously substitutes
conventional desalination procedures (Hassan et
al., 2024; Joo and Tansel, 2015; Liu et al., 2020).

Reverse osmosis is a pressure-driven operation
that uses a semi-permeable membrane for treat-
ment, producing high-quality water (Aliyu et al.,
2018). The efficiency of the process depends on
operating parameters and membrane and feed
water properties (Qadri and Alam, 2024). The
membrane modules are divided into four kinds:
plate-and-frame, tubular, spiral wound, and hol-
low fiber. The spiral wound module is the pre-
dominant module for nanofiltration or reverse
osmosis membrane industriousness because it of-
fers a suitable balance amongst operation, fouling
management, permeation rate, and packing den-
sity (Haidari et al., 2018; Vinardell et al., 2022).
In the RO process, water (solvent) diffuses
throughout the membrane, and the membrane
partially or entirely retains the particulate mate-
rials (solutes). During the separation process, a
boundary layer of concentrated particulate mate-
rial forms, resulting in the accumulation of par-
ticles on the membrane surface. This phenom-
enon is called concentration polarization. As a
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result, fouling is established on the membrane
material, and adsorption inside the pores leads to
pore blocking (Alsalhy et al., 2013; Sivaprakash
and DasGupta, 2015; Younos and Tulou, 2009).
Concentration polarization and membrane foul-
ing are regarded as the primary restrictions for
the membrane-based separation processes. These
factors decrease the permeate flux and change the
characteristics of the membrane rejection (Foula-
ditajar et al., 2014).

Numerous equations have been molded to ex-
press the mass transfer rate of water and solute
through an RO membrane. Eventually, the flux
is represented as the product of a mass transfer
coefficient and a driving force. The difference be-
tween applied and osmotic pressure differentials
serves as the driving force for water flow through
RO membranes. The equation of water flux (/) ) is
described as follow (Salih et al., 2023).

Jw = w(Ap_An) (1)

where: K is the water permeability constant, Ap
is the operating pressure differences, and
Ar is the osmotic pressure gradient (Crit-
tenden, 2012; Salih et al., 2024; Timmer
et al., 1993).

The driving force for solute flux is the concen-
tration gradient, and the flux of solutes through
RO membranes is described as (Chougradi et al.,
2021):

Js = Ks(Cf = Cp) 2)

where: Js is the solute flux, K is the solute per-
meability constant, Cf'is feed concentra-

tion, and Cp is permeating concentration.

Fouling control procedures are required to
overcome concentration polarization and fouling
to minimize the foulants reaching the membrane
surface, hold an elevated permeate flux, and re-
cover the natural membrane rejection characteris-
tics. This purpose was achieved by optimization
of hydrodynamic situations at the membrane sur-
face by enabling mixing and turbulence flow in
the fluid utilizing tube inserts or some structure of
vortex mixing approach such as standing vortex
waves (Asefi et al., 2019; Choi et al., 2021; Goh
et al., 2019).

Gas sparging has been recommended, which
may assist in the management of the concentra-
tion polarization phenomenon in traditional mem-
brane processes, such as microfiltration (MF), ul-
trafiltration (UF), nanofiltration (NF), and reverse
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osmosis (RO) (Asefi et al., 2019; Vu et al., 2021).
The air sparging strategy could be briefly ex-
plained by gas bubbles injection into the feed
stream during filtration. Then, a gas/liquid two-
phase flow is conveyed at the membrane surface.
Air sparging is exhibited to be effective with hol-
low fiber, tubular, or flat sheet membranes (Choi
et al., 2021). The technique provides sufficient
turbulence and membrane conditioning, which
scrubs the particles and other deposited materi-
als far from the surface of the membrane (Park et
al., 2010). When liquid and gas flow concurrently
in a tube, numerous flow patterns are generated
relying on the ratio of air injection, pipe diameter,
interfacial tension, and inclination. The injection
factor ¢ is used to specify the pattern of two-phase
flow in the membrane. This factor is stated as
(Fouladitajar et al., 2014):

= et G)

Ugs + ULs

where: U, and U, are superficial air and liquid
velocities, respectively. Bubble flow pre-
dominates when the value of € is less than
0.25. As g values extend between 0.25 and
0.9, the system seems to be slug flow, and
at higher values, the flow pattern would
alter to churn, and finally annular flow.

This study aims to explore the enhance-
ment of reverse osmosis membrane performance
through the application of the air sparging tech-
nique in the desalination process. The influence
of NaCl concentrations, pressure, water flow rate,
and temperature on the permeate flux and rejec-
tion with and without air sparging has been stud-
ied. Additionally, the performance of the RO sys-
tem was evaluated under two modes of operation:
constant feed concentration and variable feed
concentration.

EXPERIMENTAL WORK

Materials and methods

A spiral wound reverse osmosis membrane
module (DuPont Film TechTM: TW30-1812-
S0HR, USA) has been used to operate in the RO
system (with and without air sparging) with an
effective area of 0.396 m?. NaCl (99.9%, Central
Drug House (P) Ltd., India) has been used to pre-
pare the simulated solution.
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The experiments were carried out with pilot-
scale membrane filtration equipment. A schemat-
ic diagram of the apparatus is illustrated in Figure
1. The unit consists of a feed solution prepared
in a feed tank with 10 liter capacity by dissolv-
ing an amount of NaCl in deionized water. The
feed was pumped from a tank to the spiral-wound
module by a diaphragm pump (AQUA LOTUS:
AQ-400GPD). Three pressure gauges were used
to control the air, water, and mixed pressure point.
An air flow meter and a water flow meter were
used to measure the flow rate of the air and the
feed solution, respectively. Isolation valves for air
entry and exit with a one-way valve to ensure that
the water does not return to the air. The system
was operated in two modes: constant feed concen-
tration, the permeate and concentrate stream was
recirculated to the feed tank, and variable feed
concentration, concentrate is recycled to the feed
tank, while permeate is collected individually.

Air and liquid were introduced into the mem-
brane in co-current flow. The flux was obtained as
follows (Salih and Al-Alawy, 2022b):

av

IW = “)
where: AV the volume of water flow from feed
to permeate side, 4»the membrane ac-
tive area, and At the experiment time. The
range of the operational conditions was
2000-3000 ppm feed concentrations, 4—5
bar pressure, water flow rate of 0.5-1.3
L/min, air flow rate 1-2.5 L/min, 20 £+ 1
and temperature of 32 + 1 °C. A digital
conductivity meter (CRISON: Basic 30,
Spain) was used to measure the conduc-

tivity of the permeate.

The rejection is calculated from the following
equation from the concentrations in feed (C,) and
in permeate (Cp) (Al-Alawy, 2011; Salih and Al-
Alawy, 2022a):

. C
Re]=1—é (5)

RESULTS AND DISCUSSION

Two preliminary experiments were carried out
to examine the influence of using the air sparging
technique. One of them was conducted without
air injunction at an operating condition of 3 bar,
1.05 L/min water flow rate, and 3000 ppm initial
concentration. The other one was conducted with
an injection of air at an operating condition of 4
bar, 1 L/min water flow rate, 1.8 L/min air flow
rate, and 3000 ppm initial concentration. Figure
2 shows the influence of air sparging on the per-
meate flux. The initial value was 6.06 L/m*hr
and reached a maximum value of 6.51 L/m*hr,
while without air sparging, a considerable reduc-
tion from 5.3 L/m?-hr to 3.64 L/m?-hr in permeate
flux was noticed. These results emphasize that air
sparging led to a higher permeate flux in the mem-
brane performance. The injection of air boosts
the turbulence movement, which augments the
flux because of the back-transport of deposited
materials. Therefore, a reduction in concentra-
tion polarization is established. Additionally, the
aeration of gas bubbles aids in considerable flux
modification without impacting the membrane
material these results agreed with those obtained
by Park et al. (2010), and Sivaprakash and Das-
Gupta (2015). These turbulent movements are, to
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Figure 1. Laboratory scale reverse osmosis with air sparing process
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Figure 2. Effect of time on permeate flux with and
without air sparging at [C = 3000 ppm, Q,,,= 1L/
min, and Q= 1.8 L/min]

a certain level, capable of dislocating and remov-
ing salt, which possibly would accumulate and
partly clog the pores of the channels which was
consistent with reported by Psoch and Schiewer
(2005). Moreover, an immediate reduction in os-
motic pressure occurs after the bubble passes a
point on the membrane surface. This reduction is
due to a gradual drop in the average concentra-
tion when the bubble enters the channel, causing
an increase in permeate flux because the bubble
sweeps the concentrated liquid from the mem-
brane surface.

The value of the injection factor ¢ calculated
from Equation 3 was equal to 0.64, which indi-
cated that the flow pattern represented was the
slug flow. For air-sparging, slug flow is a high-
ly effective flow regime for increasing the wall
shear stress according to its role in enhancing the
cross-flow hydrodynamics around the surface of
the membrane that enables maintaining long-last-
ing permeate fluxes over long periods which was
consistent with reported by Psoch and Schiewer
(2005). This suggests that slug flow eliminates
most solute accumulation near and on the mem-
brane was calculated as mentioned by Vinardell
et al. (2022).

The results of rejection are presented in Fig-
ure 3, which demonstrates that using air sparg-
ing would improve the rejection percentage from
88.1% to 93.7%. Furthermore, it clarifies that
NaCl rejection decreases over time when air is
not utilized. Conversely, it shows an increase
with time when air is used. These observations
suggest that gas-liquid two-phase flow could im-
prove the recovery of valuable products or en-
hance the permeate quality as high rejection is ac-
quired which was consistent with reported by Cui
etal. (2003).Figure 4 illustrates the effect of water
flow rate on permeate flux at 1 and 1.3 L/min at
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various air flow rates (1-3 L/min). The findings
showed that at both rates, the permeate flux in-
creased until reaching a certain point representing
the maximum flux while the airflow rate ranged
from 1-3 L/min. The maximum flux obtained was
6.36 L/m*-hr at 1.8 air flow rate and 1 and 1.3 L/
min liquid flow rate. After that, the flux began to
decrease because, for specific conditions above
a critical value, any further increase in air flow
rate will not result in any additional enhancement
in permeate flux, as mentioned by these results
agreed with those obtained by Cui et al. (2003),
and Ducom et al. (2002). On the other hand, the
rejection increased as the air flow rate increased
to 1.8 L/min after that decline. Furthermore, at
1.8 L/min of air flow rate, a slight increase in re-
jection from 92.76% to 93.03% is noticed when
the water flow rate increases from 1 to 1.3 L/min,
as depicted in Figure 5.

The enhancement in permeate flux, as the feed
flow rate (cross-flow velocity) increased, could be
attributed to the fact that the turbulence generated
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Figure 3. Effect of time on rejection with and without

air sparging at [C = 3000 ppm, Q,,,= 1 L/min, and
Q,, =1.8 L/min]
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Figure 4. Effect of air flow rate on permeate flux
at different water flow rates at [P =4 bar, C = 3000
ppm, and T=32+ 1 °C]
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Figure 5. Effect of air flow rate on rejection at
different water flow rates at [P = 4 bar, C = 3000
ppm, and T=32+ 1 °C]

by the fluid pumping has a notable development
on permeate flux, as reported by Cheryan (1998).
Additionally, when the agitation and mixing of
the fluid take place around the membrane surface,
the accumulated solute is swept away, a decline in
the hydraulic resistance of the cake layer occurs,
then decreasing the boundary layer thickness. In
any case, this is one of the simplest methods of
controlling the effect of concentration polariza-
tion. Also Chaudhari observed the same behavior
was obtained by Boricha and Murthy (2009). The
increase in mass transfer coefficient causes a re-
duction in concentration polarization and, there-
fore, a decline in the concentration of NaCl in
permeate (Cp) and this behavior is in agreement
with Al-Alawy and Salih (2017), and Boricha and
Murthy (2009).

Figure 6 shows the effect of operating pres-
sure on permeate flux. According to water flux
(J,) equation, the water flux is directly propor-
tionate to the pressure drop over the membrane as
reported by Jamal et al. (2004). This behavior is
demonstrated by increasing the pressure from 4 to
5 bar, which resulted in increasing the permeate
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Figure 6. Effect of air flow rates on permeate flux at

different pressure at [C = 3000 ppm, Q,,,= 1 L/min,
andT=32=+1 °C]

flux from 6.36 to 10.75 L/m*-hr at air flow rate
of 1.8 L/min. This action is associated with the
improvement in the convective flow towards the
membrane surface when the pressure increases,
thus driving the development of the back diffu-
sion which was consistent with reported by Park
and Barnett (2001), and Sivaprakash and Das-
Gupta (2015). The difference between applied
and osmotic pressure differentials serves as the
driving force for water flow.

Figure 7 demonstrates that higher rejection
was achieved at a flow rate of 1.8 L/min, increas-
ing from 92.77% to 96.17% as the pressure rose
from 4 to 5 bar. This observance is due to the
change in the membrane surface, which is asso-
ciated with a decrease in the average pore size
and an improvement in the preferred sorption of
pure water at elevated pressures. Therefore, at
high pressure, the permeability of solvent rises
compared to solute permeability, resulting in aug-
mented rejection which was consistent with re-
ported by Ozaki et al. (2002). At low pressure,
the diffusive transport of solute through the mem-
brane surpasses convective transport. When the
enforced pressure increases, the reduction in the
permeate concentration becomes probable due to
convective transport, which poses a significant
role at elevated pressure. This outcome was in
good agreement with Al-Alawy and Salih (2017).

Figure 8 illustrates the effect of NaCl concen-
tration in the feed on the permeate flux at various
rates of air sparging. It can be seen that permeate
flux decreases from 9.69 to 6.36 L/m?*hr with in-
creasing the concentration of feed from 2000 to
3000 ppm at an air flow rate of 1.8 L/min. Ad-
ditionally, it can be noticed that in both cases,
the maximum flux is obtained when the air flow
rate reaches 1.8 L/min. This reduction is similar to
that observed by Ujang and Anderson (1998). The
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Figure 7. Effect of air flow rates on Rejection at
different pressure at [C = 3000 ppm, Q,,,,= 1 L/min,
and T=32+1 °C]
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concentration polarization development is more
prominent with high feed concentration due to the
convective transport of both solute and solvent.
Moreover, the intermolecular repulsion is supe-
rior; that is, the solute permeability rises with an
increase in feed concentration, which aligns with
the diffusion model given in Equation 2 which was
consistent with reported by Ozaki et al. (2002).
Consequently, higher NaCl concentration in the
feed solution increases the NaCl flux as reported
by Jamal et al. (2004). Furthermore, the rising
driving potential of the NaCl concentration around
the membrane showed the elevation in the osmotic
pressure and decrease of water flux according to
Equation 1 as reported by Liu et al. (2020). This
produces higher rejection which increase from
86% to 92.77% as depicted in Figure 9. Figure 10
indicates the influence of the solution temperature
on the reverse osmosis membranes permeate flux.
The findings reveal that by increasing the solution
temperature from 20 to 32 °C at different air flow
rates, the permeate flux rises from 3.48 to 6.36 L/
m?-hr. Since the solution’s viscosity is reduced
at high temperatures, the solution becomes more
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Figure 8. Effect of air flow rates on permeate flux at

different NaCl concentration at [ P =4 bar, Q,, =1L/
min, and T=32 + 1 °C]
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Figure 9. Effect of air flow rates on rejection at
different NaCl concentration at [P = 4 bar, Q,,,= 1 L/
min, and T=32 + 1 °C]
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accessible to transmit through the membrane, and
a higher diffusion rate of water is received. Similar
behavior is observed by Wang et al. (2007), and
Wei et al. (2013). Conversely, NaCl rejection re-
sults will show a decrease from 96.2% to 92.77%
as feed temperature increases, as represented in
Figure 11. Because more ions will be adsorbed on
the membrane surface due to a higher diffusion
rate for salt through the membrane and the increase
of membrane pore size which was consistent with
reported by Al-Mutaz and Al-Ghunaimi (2001).

Reverse osmosis unit with concentrate
recirculation

An experiment of concentrate recirculation
was conducted at 2000 ppm initial concentration,
4 bar, 1.8 L/min air flow rate, 1 L/min water flow
rate, and 3 hr. to examine the behavior of the RO
system in variable feed concentration mode. Fig-
ure. 12 presents the flux and permeate concentra-
tion as a function of time. It demonstrates that the
flux decreases with time, while permeate concen-
tration increases with time. This finding shows an
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Figure 10. Effect of air flow rates on permeate flux at

different temperatures [P = 4 bar, Q,,,= 1 L/min, and
C=3000 ppm]
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Figure 12. Permeate concentration and permeate flux
vs time at 2000 ppm initial concentration, 4 bar, 1.8
L/min air flow rate, 1 L/min water flow rate, and 3 hr

opposite effect when compared with the results of
the constant feed concentration mode (Figure 2).
The permeate concentration raised gradually with
the increase in operative time. This behavior is
due to the recirculation mode, which resulted in
the rise in the feed concentration with time and
led to the development of concentration polariza-
tion phenomena that caused an increase in the
NaCl passage, similar behavior is observed by
Wei et al. (2013), and Al-Alawy and Salih (2016).
The permeate concentration increased from 77
ppm to 583 ppm over 3 hr.

On the other hand, it appears that the flux
diminishes with an increase in operational time.
The continuous reduction in the flux was pre-
dominantly due to the gradual increase in the
solution’s viscosity and salt deposition onto the
surface of the membrane with a rise in the feed
concentration and osmotic pressure, which also
develops membrane fouling and intense concen-
tration polarization. Moreover, the increase in
osmotic pressure led to a decline in the driving
force through the membrane. This behavior is
also agreed with. The increase in time to 180 min
resulted in a flux reduction to 2.37 L/m?* hr.

CONCLUSION

The air sparging technique proved to be an
effective approach, enhancing the performance
of the reverse osmosis system compared to op-
erations without air sparging. The results revealed
that using air sparging would improve the rejec-
tion from 88.1% to 93.7%, and a significant im-
provement in permeate flux from 3.64 to 6.51 L/
hr. m2 was also observed. Additionally, increas-
ing the water flow rate, pressure, and temperature
led to an elevate in the permeate flux. In contrast,

higher feed concentrations negatively impacted
the permeate flux. The permeate concentration
gradually rises with operating time, while the flux
decreases as the operation progresses. The maxi-
mum flux has been achieved at an operating con-
dition of 5 bar, 3000 ppm, 1 L/min water flow rate,
and T = 32 °C, which was equal to 10.76 L/m*hr.
It is noteworthy that in all experiments associated
with studying the impact of operational condi-
tions, the maximum flux obtained was always at
1.8 L/min air flow rate, after that, it declined. The
results of the constant concentration mode show
an opposite effect when compared with the results
of the variable concentration mode. gradually
with the increase in operative time, while, the flux
diminishes with an increase in operational time.
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