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ARTICLE INFO ABSTRACT
Keywords: Submerged vacuum membrane distillation (S-VMD) is a thermally driven separation process capable of desali-
Submerged membrane distillation nating water with high salt concentration. Agitation techniques such as aeration and circulation have been used

Vacuum membrane distillation
Ultrasound

Acoustic cavitation

Acoustic frequency

to enhance the permeate flux and to mitigate the effect of temperature and concentration polarizations, a major
drawback in S-VMD. In this study, an S-VMD system that uses ultrasonic energy as an agitation technique is
proposed. The effects of ultrasonic power and frequency under different feed temperatures and concentrations
were investigated experimentally. Results show that applying low-power ultrasound can improve the permeate
flux up to 24% compared to the same process without ultrasonic energy under the same operating conditions.
The ultrasound-assisted enhancement increases with higher ultrasonic power and lower frequency, as well as
lower feed temperature and higher concentration. Possible heat and mass transfer enhancement mechanisms
associated with integration of ultrasound were investigated and based on the variation of the permeate flux with
frequency, the enhancement was mainly attributed to acoustic cavitation. The ultrasonic-assisted S-VMD system
maintained a stable permeate flux and excellent water quality over a relatively long-term operation, indicating
that ultrasonic energy is a promising and safe method to enhance the permeate flux in S-VMD systems.

minimizes heat loss that exists in the cross-flow configuration due to
recirculation and reheating. S-MD has been mainly applied to treat high
concentration feed water such as inland brine [4,5], seawater RO brine
[6], and coal-seam-gas-produced water [7].

One major drawback of S-MD systems is that they lack feed turbu-
lence, which may worsen the effects of temperature and concentration
polarizations, leading to lower permeate flux and faster membrane
fouling. Therefore, various agitation techniques were applied to tackle
this challenge, including transverse vibration [4,5,8], stirring [6,8,9],
and aeration [4,5]. These methods reportedly enhanced permeate flux
and reduced membrane fouling and scaling. For example, Meng et al.
found that, in a submerged VMD system, applying transverse vibration
can improve the permeate flux by 21% compared to the case without
agitation [4]. More recently, Bamasag et al. found that circulation and
aeration can significantly improve the permeate flux in submerged VMD
[10].

One potential enhancement method that has not been studied in S-
MD systems yet is ultrasound. In fact, ultrasound energy has been used
to enhance thermal-based processes such as heat exchangers, phase

1. Introduction

Membrane distillation (MD) is a thermally driven desalination
method that uses a microporous hydrophobic membrane as a physical
barrier between a hot feed side (e.g. seawater or inland water) and a cold
permeate side [1,2]. Vapor transfers from the feed side to the permeate
side as a result of the difference in partial pressure across the membrane
wall. The vapor can either condense inside the MD modules as in direct
contact MD (DCMD) and air gap MD (AGMD) configurations, or in an
external condenser as in sweeping gas MD (SGMD) and vacuum MD
(VMD) configurations [3].

MD can be classified on the basis of the feed water mechanism into
cross-flow and submerged configurations. Cross-flow MD systems are
considered the default configuration, where the feed is pumped through
an MD module with feed inlet and outlet. Recently, researchers have
suggested a submerged MD (S-MD) configuration, where the membranes
are directly submerged within the feed tank that is heated by an electric
heating element. This eliminates the need for circulating pumps and
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Nomenclature

An Membrane effective surface area (m?)

b Transducer radius (m)

c Speed of sound (m s

Cp Specific heat capacity (J kg’1 °ch

Er Acoustic energy delivered by transducer (J)

F Kinematic momentum (kg2 m 252

f Ultrasonic frequency (kHz)

I Acoustic intensity (W m 3

Lins Root mean square current (A)

J Permeate flux (kg m2hhH

K Mass transfer coefficient (kg Pa—' m 2 h™1)

ny Distillate water mass (kg)

Mmyrr Mass flow rate of the heat transfer fluid (kg/s)
P, Acoustic pressure (Pa)

Py Bubble pressure (Pa)

Prm Feed vapor pressure at the membrane surface (Pa)
Py Hydraulic pressure (Pa)

Py Fluid instantaneous pressure (Pa)

Prax Bubble maximum pressure (Pa)

p, Vacuum pressure (Pa)

Qhear Supplied heat rate (W)

SEC Specific energy consumption (kWh kg™1)

SEEC Specific electric energy consumption (kWh kg™1)
STEC Specific thermal energy consumption (kWh kg™')
Typ Feed temperature at the bulk phase (°C)

Trm Feed temperature at the membrane surface (°C)

Trnax Bubble maximum temperature (K)
ATyrr Temperature drop of the heat transfer fluid (°C)

UESEC  Ultrasonic enhanced specific energy consumption (—)
Vims Root mean square voltage (V)

x Distance from transducer (cm)

w Electric power (W)

Wus Ultrasonic power (W)

Wyacarm  Vacuum pump power (W)

Greek letters

o)) Permeate flux enhancement ratio (—)
0 Phase angle (Rad)
p Density (kg m~>)
a Acoustic attenuation coefficient (m 1)
® Angular frequency (Rad)
Y Specific heat ratio (—)
Surface tension (Nm 1)
u Dynamic viscosity (Pa.s)
) Acoustic displacement (m)
Abbreviations
AGMD  Air gap membrane distillation

DCMD  Direct contact membrane distillation
MD Membrane distillation

SGMD  Sweeping gas membrane distillation

S-MD Submerged membrane distillation

S-VMD  Submerged vacuum membrane distillation
VMD Vacuum membrane distillation

change, and desorption processes [11-13]. Moreover, ultrasound was
integrated before with membrane-based water treatment technologies
such as Ultrafiltration (UF) and Microfiltration (MF) mainly to mitigate
membrane fouling [14]. More relevantly, ultrasound irradiation has
been integrated before with conventional cross-flow MD systems under
the AGMD [15,16] and DCMD [17] configurations. Generally speaking,
ultrasound was found to be effective in increasing the permeate flux and
reducing membrane fouling and scaling.

To our knowledge, the first work that integrated ultrasound with MD
was conducted by Zhu et al. [16]. They found that the permeate flux in
an ultrasonic-assisted AGMD system can be improved by up to 25%
compared to that with no ultrasonic irradiation. The improvement was
attributed to a reduction in the temperature polarization caused by
microstreaming and cavitation mechanisms.

Hou et al. studied the performance of an ultrasonic-assisted DCMD
process using hollow fiber membranes [17]. It was reported that the
permeate flux can be enhanced between 5% and 60% depending on the
operating conditions. The enhancement ratio (i.e. the ratio of the
permeate flux with ultrasound to that without ultrasound) can be
enlarged at lower feed temperature and velocity, and low frequency as
well as higher feed concentration and higher ultrasonic power. In sub-
sequent studies, the same group illustrated how the use of US can
mitigate CaSO4 membrane scaling [18] and silica fouling [19] and
maintain a more stable permeate flux in a DCMD system.

Recently, Naji et al. studied the effect of directly attached low-power
ultrasound on the performance of a cross-flow AGMD using a flat sheet
membrane [15]. The authors reported an enhancement on the permeate
flux after extended operation, which was attributed only to the acoustic
streaming effects that improved mass transfer and membrane cleaning.

It is worth noting that ultrasound was also used as an off-line
membrane cleaning method. Hejazi et al. reported that ultrasonic
cleaning helped to restore the hydrophobicity of used membranes [20].
Cho et al. applied ultrasonic cleaning on fouled membranes, and they
found it is more efficient in removing membrane foulants and recovering

the flux when compared to conventional physical and chemical cleaning
techniques [21]. However, the authors reported a structural damage or
wetting of the MD membranes when high ultrasonic power at low fre-
quencies (150 and 300 W at 28 and 45 kHz) are used.

The goal of this paper is to experimentally investigate the use of
ultrasonic energy as an agitation technique in a submerged vacuum
membrane distillation (S-VMD) system. The effect of ultrasonic power
and frequency on the permeate flux with different feed temperatures and
concentrations will be studied. The enhanced transport phenomena
associated with application of ultrasound in the S-VMD systems are
investigated and mechanisms which dominantly contribute are identi-
fied and quantified. In addition, a relatively long-duration test was
conducted to investigate the effect of ultrasound on the permeate flux
and water quality. Finally, an energy consumption analysis was per-
formed. The paper represents the first attempt to apply ultrasonic energy
in an S-VMD system, and it will add substantially to our understanding
of integrating ultrasound with different MD processes.

2. Materials and methodology
2.1. Membrane and module specifications

Fig. 1 shows a schematic and a photograph of the proposed US-
assisted S-VMD system. A membrane module is submerged in a
container filled with feed water, which is heated internally by a tubing
coil. An ultrasonic transducer is directly attached to the bottom of the
feed container. The module consists of eight hydrophobic capillary
membranes with effective length of 9.7 & 0.1 cm and a surface area of
43.9 + 0.5 cm?. The membranes were potted manually using epoxy resin
with a “dead-end” bottom side and a top side connected to the vacuum
line. The physical characteristics of the membranes and the container
are shown in Table 1.
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Fig. 1. A schematic diagram (left) and a photograph (right) of the S-VMD modules.

Table 1
Characteristics of the S-VMD module.

Membrane manufacturer Microdyn-Nadir

Membrane material Polypropylene
Pore size (pm) 0.2
Porosity 0.7
Tortuosity 1.4
Capillary inner diameter (mm) 1.8
Capillary outer diameter (mm) 2.7
Capillary thickness (um) 450
Number of membrane capillaries 8
Length of membrane (cm) 9.7
Membrane surface area A,, (m?) 0.0044
Container diameter (cm) 7.3
Container length (cm) 15
Container capacity (L) 0.55

2.2. Experimental setup and procedure

A schematic diagram of the experimental setup is shown in Fig. 2.
The feed solution is heated by a tubing coil with pure water as the heat
transfer fluid. The pure water is circulated by a temperature-controlled

hot water bath (Thermo Haake DC 10-P5), which is adjusted to achieve
the required feed temperature. In contrast to the conventional heating
method in S-VMD which uses an electric immersion heating element
placed on the top of the container, the heating method in the current
design provides a more uniform thermal distribution and ensures
consistent heat supply in all experimental runs.

Considering the diameter of the heating coil relative to the diameter
of the feed tank and the feed tank’s height relative to its radius
(O(Lpr /rer)~10), radial temperature measurement was deemed to be
unnecessary. The feed solution temperature was measured at two
different locations using OMEGA K- type thermocouples (wire diameter
= 0.571 mm), referred to as top-axial and bottom-axial temperatures,
and a NATIONAL INSTRUMENTS data acquisition device NI cDAQ-
9171.

A vacuum pump is used to create a vacuum pressure (—93.5 + 0.5
kPa) on the permeate side of the membranes. The pressure was moni-
tored using a digital pressure gauge. An external condenser liquefies the
water vapor generated by the distillation process using cold pure water
at 5 °C, which is supplied by a thermal circulating bath (Col-Parmer EW-
12122-42). The amount of distillate water is measured using an elec-
tronic scale. The permeate flux J (in kg-m_z-h_l) is calculated as:

-

Thermocouples

Controlled Heating
Circulating Bath

Function
Generator
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Transducer

Amplifier

g
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00
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00
Shunt
Resistor Oscilloscope

Fig. 2. A schematic diagram of the experimental setup.
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where mg is the amount of distillate water (kg), Ap, the membrane area
(m?), and t the sampling period (h). The permeate water quality is
measured by a portable electrical conductivity meter (HM EC-3).

The main constituent elements of the ultrasonic unit used in this
study are a function generator (Siglent Technologies SDG1032X), a high
frequency-low slew rate amplifier (AALABSYSTEMS A-303), a shunt
resistor and two ultrasonic power transducers of different resonant fre-
quencies. The ultrasonic power transducers used are of low-heat, high-
efficiency piezoceramic type acquired from APC INTERNATIONAL,
LTD. The ultrasonic transducer and the shunt resistor were connected in
series and with the help of four voltage probes, the impedance of the
transducer based on the voltages across the transducer and across the
shunt resistor was measured. The resonant frequency corresponds to the
lowest impedance (also the phase difference between the voltage and
current is zero). The resonant frequencies of the unloaded transducers
given by the supplier, 28 kHz-50 W (APC 90-4040) and 40 kHz-50 W
(APC 90-4050), were verified and the resonant frequencies of the loaded
transducer-feed tank assembly were determined to be 27.55 and 39.65
kHz, respectively. Instead of using a commercially available ultrasonic
generator with a fixed or limited power and frequency output, an inte-
gration of function generator and amplifier which allows for the trans-
ducer to be powered at any desirable power level and frequency was
used. The ultrasonic power was determined as:

Pys = Vs L cos 0 2

where V,,,;s is the root mean square voltage across the transducer, I,,;s the
root mean square alternating current passing through the transducer,
and 6 the phase angle between the voltage and current. In order to avoid
any structural damage and in consideration of minimizing energy con-
sumption, low levels of ultrasonic power of only 10 and 30 W were
considered [15].

Short-term experimental runs with and without applying ultrasound
were conducted to study the enhancement effect of ultrasonic power and
frequency on the permeate flux. Each short-term experimental run lasted
for 25 min. The ultrasonic transducer operated continuously in these
tests. Different feed temperatures (45, 55, and 65 °C) and different feed
concentration (pure water, 35, 100, 200 g/1) were tested. At the
completion of each experimental run, the membranes are taken outside
the container to be rinsed and cleaned.

A similar experimental procedure was conducted to measure the
effect of ultrasound on permeate flux and quality for a relatively long
operation. At the end of these tests, the membranes were characterized
with scanning electron microscopy (SEM) using Philips (Model XL 30)
and Energy Dispersive X-Ray Spectroscopy (EDS) using EDAX Detector
(Model 132-10).

2.3. Uncertainty analysis

The accuracy of the measured variables was calculated to be +0.01 g,
+ 0.4 °C, and +0.5 cm? for mass, temperature, and membrane surface
area, respectively. The vacuum pressure and feed temperature were
controlled within +0.5 kPa and 0.5 °C, respectively. To show a
reasonable reproducibility, repeated readings were obtained with a
maximum standard deviation of 2.7%. To determine the errors in the
calculated variables (i.e. J and &), the expanded uncertainty method
was adopted to achieve a high level of confidence (~95%) [22]. The
details of the uncertainty analysis are presented in a previous work [23].
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3. Results and discussion

3.1. The performance of the ultrasonic-assisted S-VMD with feed
temperature

The effect of the ultrasonic power and frequency on the permeate
flux (J) under steady-state operating conditions was measured. The bulk
feed temperature Tfj, was kept at 45, 55, and 65 °C, and a 35 g/1 NaCl
solution was used as the feed water (TDS of standard seawater). The
experiments were carried out with and without ultrasonic energy at two
levels of power (10 and 30 Watts) and two values of frequency (28 and
40 kHz).

The values of J as a function of the feed temperature (0.5 °C) with
and without ultrasonic energy at a frequency of 40 kHz and 28 kHz are
shown in Fig. 3(a) and (b), respectively. As expected, in all cases, higher
values of J are achieved with higher feed temperature. This is because J
increases linearly with the difference in the vapor partial pressure across
the membrane wall [2,24]:

J=K(Psm—P) 3)

where K is the mass transfer coefficient (kg~Pa’1~m’24h’1), Pg ., the feed
vapor pressure at the membrane surface, and P, the vacuum pressure on
the permeate side. While K and P, are almost constant in all cases, Py, is
exponentially related to temperature at the membrane surface (Tfn,)
according to Antoine’s equation [2].

Apparently, Fig. 3(a) and (b) show that applying ultrasonic energy
using different values of power and frequency in the S-VMD improved
the permeate flux relative to the case without ultrasonic energy, under
similar feed temperatures. This finding is in line with previous research
which reported improvement in permeate flux in S-VMD systems using
other agitation techniques such as aeration or circulation [4,8]. It is
important to note that, in submerged MD systems, the effect of tem-
perature polarization is more significant due to the lack of turbulence
relative to that in cross-flow MD systems. In other words, S-MD suffers
from a larger difference between the feed temperature at the membrane
surface and that at the bulk phase (Tfp - T,) which is a result of the
presence of a boundary layer and the heat loss due to evaporation at the
membrane surface [25]. Thus, applying ultrasonic energy can reduce the
effect of temperature polarization (i.e. lower boundary layer resistance)
resulting in higher Ty, and therefore a higher permeate flux as described
in Eq. (3).

In order to accurately measure the enhancement effect of ultrasound
with different values of power and frequency, the permeate flux
enhancement ratio @ can be used:

Jus

Jnon-Us

b=

4

where Jys and Jponys are the measured permeate fluxes of the S-VMD
with ultrasound and without ultrasound under the same operating
conditions, respectively.

The values of @ for two values of ultrasonic power and frequency
under different Typ is shown in Fig. 3(c). It is clear that, in general,
applying higher power and lower frequency results in better values of ®.
This is in agreement with what is reported in the literature in ultrasonic-
assisted MD systems under cross-flow configuration [16,18].

Moreover, it can be noted that the use of ultrasonic energy (under the
same power and frequency) is more effective in terms of @ with lower Ty,
- This occurred despite the fact that the effect of temperature polari-
zation is expected to be higher at high values of Ty; [25] and so the
ultrasonic energy is expected to perform better at higher Tp. This raises
questions about dominating mechanisms associated with ultrasound
enhancement in the S-VMD and the role the feed temperature plays. This
is discussed in detail in the following section.
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Fig. 3. Permeate flux J with and without ultrasound at (a) f = 40 kHz, and (b) f
= 28 kHz, and (c) the flux enhancement ratio @ (P, = —93.5 + 0.5 kPa, Feed
concentration = 35 g/1).

3.2. Identifying the ultrasonic enhancing mechanisms

The ultrasound-induced improvement in permeate flux can be
explained through heat and mass transfer enhancing mechanisms asso-
ciated with application of ultrasound in MD [14-16,18,21,26].
Commonly postulated in the literature and main contributor mecha-
nisms to ultrasound-enhanced heat and mass transfer phenomena are

Journal of Membrane Science 621 (2021) 119004

acoustic streaming and acoustic cavitation, as well as other minor mech-
anisms including but not limited to microstreaming, surface cavitation,
turbulent boundary layer alteration, and enhanced diffusion as a result of
acoustic streaming and cavitation [11,12,27-35]. The real challenge is
to identify the degree to which these mechanisms contribute to the
enhancement. Investigating the effects of frequency at which ultrasound
is applied is the key parameter to fundamentally understand the
ultrasound-induced enhancement in permeate flux as acoustic streaming
effects intensify with an increase in frequency and acoustic cavitation
effects amplify with a decrease in frequency [28,31,32,36-38]. The ul-
trasonically induced kinematic momentum F resulting in acoustic
streaming of a fluidic medium is defined as [31]:

F :p—‘i’”s (1-e) ©)

where p is the fluid density, c the speed of sound in the fluidic medium,
Wys the ultrasonic power, a the acoustic attenuation coefficient of the
fluidic medium and x the distance from the ultrasound emitting source.
Considering an arbitrary point in the middle of the feed tank (x =
0.1 m), the variation of kinematic momentum with frequency for both
power levels and three feed water temperatures is depicted in Fig. 4(a).
As it can be inferred from the figure, the ultrasonically induced kine-
matic momentum and consequently the acoustic streaming effect in-
creases with an increase in frequency regardless of ultrasonic power and
fluid temperature. If we consider acoustic streaming as the key player in
enhancement of the permeate flux, the enhancement ratio (&) should
increase with an increase in frequency. However, the results indicate an
opposite trend as shown in Fig. 3(c) and values of @ decrease with an
increase in frequency. So, acoustic streaming can be disregarded as the
key player in ultrasound-enhanced VMDs and its effects on permeate
flux enhancement can be considered as insignificant.

Acoustic cavitation is the establishment and growth of gas/vapor-
filled bubbles that move around and consequently implode violently
to cause microstreaming. The movement and jet-like streams due to
implosion of the cavitation bubbles result in enhanced heat and mass
transfer [28,32,33,39-41]. The heat and mass transfer enhancement
associated with cavitation-induced effects of ultrasound is proportional
to the cavitation bubble critical radius; the larger the bubbles are the
more disruption they cause upon movement and the more energy
released upon collapse [42,43]. The critical radius Rpq, of a cavitation
bubble, which is the bubble radius right before the implosion, is deter-
mined as [28]:

2
w*pR%, =3p (Pa “Z e ) (6)

max

where  is the angular frequency (o = 2zf), p the kinematic viscosity of
the fluid, P, the acoustic pressure, and ¢ the surface tension of the fluid.
The values of critical bubble radius for all cases of ultrasonic power,
ultrasonic frequency and feed water temperature are shown in Fig. 4(b).
Comparing the trend in variations of @ (Fig. 3(c)) and cavitation bubble
critical radius (Fig. 4(b)) with regard to feed water temperature, ultra-
sonic power and ultrasonic frequency reveals an almost perfect hand-in
hand similarity between the two: both increase as ultrasonic power in-
creases and decrease when feed water temperature and ultrasonic fre-
quency increase. The two are correlated with a coefficient of 95%. The
inverse proportionality between permeate flux enhancement ratio and
ultrasonic frequency suggests that acoustic cavitation is the dominant
contributor to the observed enhancement.

3.3. The influence of feed temperature on the ultrasound-assisted
enhancement

The decline in ultrasound-induced improvement in permeate flux
with an increase in feed water temperature could be explained by the
cavitation effect. The maximum pressure Py,q and temperature Tpq, (i.
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Fig. 4. The variation of kinematic momentum (a) and critical cavitation bubble radius (b) with ultrasonic power, frequency, and feed water temperature.

e., the implosion pressure and temperature) attained upon bursting of a
cavitation bubble are obtained as [44,45]:

Pous =P, (—P'(g ”)ﬁ @
T =T, (%ﬂ) ®

where Py, is the pressure inside the bubble at its maximum size and is
assumed to be equal to the vapor pressure of the liquid (P, = P,QT}), P;
the instantaneous fluid pressure at the moment of collapse including
hydraulic P, and acoustic pressure (P; = Py + P,), y the specific heat
ratio of the vapor/gas inside the bubble, and T; the temperature of the
fluid. With an increase in feed water temperature, the water vapor
pressure increases resulting in lower implosion pressure and tempera-
ture (according to Egs. (7) and (8)) and hence the decline in @ [42,45].

3.4. The influence of ultrasonic frequency on the ultrasound-assisted
enhancement

Although integration of ultrasound enhances the permeate flux, the
frequency at which ultrasound is applied in order to achieve higher
permeate flux is of major concern. As shown in Fig. 3(c), the values of @
reduce when frequency increases from 28 kHz to 40 kHz regardless of
ultrasonic power and feed water temperature. It is also noteworthy that
a transducer of 120 kHz frequency was tried with a power of 30 W, but
no significant improvements were observed suggesting that the ultra-
sonic power was not sufficient to initiate acoustic cavitation since the
acoustic cavitation threshold increases with frequency [42,45,46].

This is because the effects of acoustic cavitation being the major
contributor to the observed enhancement decreases as frequency in-
creases [26,28,45]. It can be argued that as frequency increases, the
rarefaction cycles become shorter, and the time period necessary for the
rarefaction cycle becomes too short to allow bubbles to grow to a size
sufficient to cause significant disturbances in the liquid [45]. The
shortness of the time period of the compression half-cycle can also affect
the cavitation if it becomes shorter than the time required for the bubble
to collapse. Another possible reason can be the amount of ultrasonic
energy delivered to the system. The acoustic intensity I is defined as:

1=2pcn**f? ©)

where § is the acoustic displacement, and f is the ultrasonic frequency.
For constant acoustic intensity in a medium, the acoustic displacement
changes with frequency according to:
1)
I = 12—>—2 :f—.l
o f
Meaning that at constant ultrasonic intensity, acoustic displacement
decreases linearly with an increase in frequency. The ultrasonic energy

(10)

delivered by a transducer Er is proportional to the acoustic displacement
and is defined as [26,47]:

I
Er =— mb*(26)
c

an
where b is the transducer radius. So, under constant acoustic intensity,
with an increase in frequency the delivered energy by the transducer
decreases, and consequently the effectiveness of integration of ultra-
sound decreases resulting in lower @.

3.5. The performance of the ultrasonic-assisted S-VMD with feed
concentration

The effect of the ultrasonic energy with different concentrations of
NaCl solutions was also examined. In these experimental runs, the feed
temperature was fixed at 55 °C, whereas the ultrasonic power and fre-
quency were set at 30 W and 40 kHz, respectively. As shown in Fig. 5(a),
the permeate flux declines with an increase in feed concentration with
and without ultrasonic energy. This is expected as the presence of salt
reduces the vapor partial pressure of the feed which negatively affects
the driving force as described in Eq. (3). Moreover, the effect of con-
centration polarization (i.e. higher concentration at the membrane
surface relative to that at the bulk phase of the feed) worsens as both the
feed viscosity and the boundary layer thickness increase with higher
feed concentration.

Fig. 5(a) also indicates that ultrasonic energy enhanced the permeate
flux when compared to the case without ultrasonic energy at the same
feed concentration. While the absolute values of J decreased with
increasing the feed concentration as discussed above, the enhancement
ratio @ was better at higher concentration as shown in Fig. 5(b), which is
consistent with what others reported in the literature [16,17]. This
clearly suggests that ultrasonic energy can play a role in mitigating the
effect of concentration polarization, which is mainly attributed to the
cavitation effects that potentially enhance the mass transfer process at
the membrane-liquid interface.

To clarify this, it is necessary to note that impurities and molecular
discontinuity play a crucial role in acoustic cavitation. It is very difficult
to induce cavitation in pure liquids and requires high levels of acoustic
intensity to initiate acoustic cavitation. The presence of impurities and
dissolved particles of particulate matter (level of hydrophobicity) pro-
vides nooks and crannies that could trap and host gas/vapor nuclei, thus
lowering the cavitation threshold. Another advantage of impurities and
dissolved particles is that they lower the surface tension of the liquid
resulting in lower acoustic cavitation threshold [42].

3.6. Long-term operation
Membrane scaling represents a serious challenge particularly for S-

VMD configuration [48]. Because of the lack of feed turbulence, inor-
ganic salts can accumulate at a faster rate causing pore blocking and
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consequently reducing the permeate flux and its quality. While re-
searchers reported that ultrasound significantly helped to mitigate
membrane scaling in DCMD [18,19] and AGMD [15] systems under the
cross-flow configuration, the effect of ultrasound to reduce membrane
scaling in the submerged configuration is not clear yet. Moreover, it was
reported that applying ultrasound in MD can cause structural damage
and wetting of the membranes, especially if high power were used. Thus,
it is important to investigate if applying ultrasonic energy in S-VMD
would mitigate membrane scaling, and whether it causes structural
damage of the membrane.

In this section, long-term tests (~15-16 h) were conducted with and
without applying ultrasound using two new modules. Because of power
restrictions, the ultrasonic transducer operates in an intermittent cycle
(5 min ON - 5 min OFF). A synthetic NaCl solution with an initial con-
centration of 100 g/1 was used as the feed water and its temperature was
kept at 65 °C. As the feed volume decreases over time, 15 ml of the feed
(at 100 g/1 concentration) is added to the container every 10 min to keep
the feed volume constant. When the feed concentration reached a point
very close to the supersaturation limit (~350 g/1), the experiments were
terminated.

Fig. 6 shows the variation of permeate flux and conductivity as a
function of feed concentration factor (i.e. the ratio of the feed concen-
tration at a certain time to the initial concentration) with and without
ultrasound. As expected, the permeate flux in both cases gradually
declined as the feed concentration increased with time. While the
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permeate flux in both cases was very close when the concentration factor
is less than 2.8, the case with ultrasound seems to perform better overall,
but not significantly (up to 10% increase). This can be attributed to the
intermittent nature of applying ultrasound in the long-term operation.
Another reason is that the enhancement ratio after applying ultrasound
is diminished with higher feed temperature, as discussed above.

Interestingly, as the concentration factor reached ~2.8, a rapid
decline in the flux was observed in the test with no ultrasound. Starting
from this point until the end of operation, the effect of ultrasound energy
was more obvious as the permeate flux was remarkably higher
compared to the case with no ultrasound. This can be explained as fol-
lows: as the concentration factor reaches a point close to supersatura-
tion, the feed concentration on the membrane surface can be greater
than the metastability limit of NaCl solution, considering the polariza-
tion effect. This can lead to accumulation and crystallization of salt on
the membrane surface, which can consequently block the membrane
pores and cause penetration of salt crystals into the pores. This phe-
nomenon is especially problematic when there is no feed agitation [8]
and can cause a rapid decrease in the flux as in the case with no
ultrasound.

To evaluate this closely, SEM/EDS analysis was conducted at the end
of each long-duration test. Fig. 7 shows SEM/EDS images of the mem-
brane surface and cross section with and without applying ultrasound.
The SEM images show larger salt crystals deposited on the membrane
surface for the case without ultrasound. This could block the membrane
pores and allow partial salt penetration to the permeate side. In the case
with ultrasound, however, the deposition of salt on the membrane sur-
face was relatively low. Moreover, the EDS analysis indicates a much
lower deposition of sodium salts in the case with ultrasound. This in-
dicates that applying ultrasound in an MD process can operate as a
cleaning technique that mitigates membrane scaling as reported in the
literature [14,20]. The agitation effects caused by the ultrasonic waves
can continuously stimulate the feed-membrane interface, preventing the
formation of salt crystals on the membrane surface.

With regard to the permeate quality, it can be seen in Fig. 6 that the
permeate conductivity increased remarkably (up to 123 pS/cm) when
the concentration factor reached ~3.1 in the test with no ultrasound,
which is possibly caused by partial penetration of salt crystals. However,
the conductivity was maintained well below the conductivity of drink-
able water, which means that the membrane did not suffer from pore
wetting. On the other hand, the salt rejection was very high in the ul-
trasonic test and the permeate quality was maintained below 10 puS/cm
throughout the experiment. This indicates that ultrasound can mitigate
salt crystallization on the membrane surface and prevent penetration of
salt crystals into the pores. It also suggests that ultrasound did not cause
pore wetting or structural damage of the membrane. In future work, it is
important to investigate the effect of ultrasonic energy to mitigate
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membrane scaling and fouling in a S-VMD system using even higher
concentration feed water (e.g. inland brine or oil-produced water).

3.7. Ultrasonic enhancement in specific energy consumption (SEC)

While previous studies focused on how ultrasound can enhance
permeate flux and mitigate fouling in MD processes, the effect of
applying ultrasound on energy consumption was not apparently
addressed. In other words, it is not yet clear whether the added power
required to apply ultrasound can achieve better energy consumption per
unit mass of distillate water produced.

In order to investigate this, the results obtained in section 3.1 are
used to calculate the ultrasonic enhanced specific energy consumption
(UESEC), which compares the specific energy consumption with
applying ultrasound (SECys) to the case without ultrasound (SECyo.us):

SECyo_us — SECys
UESEC = SECvo-os (12)

SEC calculates how much energy is required to produce a unit mass
of freshwater (in kWh/kg). SEC is divided into specific thermal energy
consumption (STEC) and specific electric energy consumption (SEEC)
[49,50]:

SEC=STEC + SEEC 13)

STEC can be defined as the amount of thermal energy (Qy..) required
to produce a unit mass of distillate water (m,):

STEC — Ohear _ Mpre Cp AT yrr

L 14
my my

where myry is the mass flow rate of the heat transfer fluid, C, the specific
heat, and ATyrr the temperature drop of the heat transfer fluid in the
heating coil.

Similarly, SEEC takes into account the total amount of electric energy
required W
W _ ana‘um + WUS

SEEC = E—
my my

(15)

where W is the combination of the power required for the ultrasonic
transducer (Wys) and that for the vacuum pump (Wyaeeum)- For our lab-
scale system, the rating power of the vacuum pump (168 W) is used for
anccum [49]-

Fig. 8 illustrates the UESEC for different ultrasonic power and fre-
quency at different feed temperatures according to Eq. (12). It is clear
that applying ultrasound in the S-VMD system resulted in a better uti-
lization of energy (i.e. less energy per unit mass of distillate water),
which is similar to the observed enhancement in permeate flux (Fig. 3
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Fig. 8. Ultrasonic enhanced specific energy consumption (UESEC) (P, = —93.5
+ 0.5 kPa, Feed concentration = 35 g/1).
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(c)). The values of UESEC were better with increasing the ultrasonic
power from 10 W to 30 W, irrespective of the change in ultrasonic fre-
quency or feed temperature. This indicates that the added power
required to operate the ultrasonic transducers not only increases the
amount of distillate water, but it is more effective in terms of energy
consumption. These findings are in agreement with a recent study which
found that feed agitation using circulating pumps in an S-VMD can
enhance its energy efficiency [51].

4. Conclusions

The performance of an ultrasonic-assisted submerged vacuum
membrane distillation (S-VMD) system was investigated experimentally.
To do so, the effects of the ultrasonic power and frequency on the
permeate flux were demonstrated under different feed temperatures and
concentrations. Moreover, the effects of ultrasound energy in a rela-
tively long-term operation using high concentration NacCl solution were
also examined. From the investigations, the following conclusions were
made:

e Applying low-power ultrasound in the S-VMD enabled it to improve
the permeate flux when compared to the case without feed agitation
(up to 24%).

The enhancement ratio was more pronounced with an increase in the
ultrasonic power and feed concentration as well as a decrease in the
ultrasonic frequency and feed temperature.

Based on the observed variation of the enhancement ratio with fre-
quency, acoustic cavitation was identified as the dominant mecha-
nism of the enhancement. The enhancement ratio and critical radius
of the cavitation bubble was observed to be highly correlated (R =
0.95).

The variation of the enhancement ratio with other parameters
including feed temperature and salt concentration is in accordance
with acoustic cavitation being the dominant mechanism behind the
observed improvement.

The intermittent application of ultrasound in a long-term operation
resulted in a relatively higher permeate flux and better salt rejection
when compared to the case with no ultrasound.

Applying ultrasound was found to be more efficient in terms of total
energy required to produce a unit mass of freshwater.

Future work will be needed to study the effect of ultrasonic energy to
mitigate membrane scaling and fouling in S-VMD systems using high
concentration feed water with a large suspended solid content.
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