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ABSTRACT

Although membrane distillation (MD) has drawn attention as a promising thermal separation tech-
nique to produce freshwater from seawater or concentrated wastewater, membrane fouling is a critical
issue to be addressed for its applications. In this study, physical cleaning techniques to mitigate fouling
of MD membranes were compared, including temperature reversal, air sparging, and ultrasonication.
Experiments were conducted using flat sheet polyvinylidene fluoride membranes in a bench-scale
direct contact membrane distillation system. Model foulants such as silica, humic acid, and CaSO,
were used to prepare feed solutions. The optimum condition for each physical cleaning technique
was explored. Results showed that the air sparging was the most effective to recover flux among
these three methods. The temperature reversal also showed potential to retard the progress of fouling.
However, the ultrasonication does not seem to be applicable under the conditions considered in this

work, because it led to severe damage of the membrane.
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1. Introduction

Water shortage worldwide is facing a range of challenges
caused by increasing water demand from population growth,
droughts, and rising energy use from increasing uptake of
energy-intensive alternative water sources [1]. Accordingly,
growing requirements of freshwater is driving the interest in
using renewable energy for desalination applications. Due to
their less energy-intensive nature and small footprint, mem-
brane-based desalination technologies have been gaining a sig-
nificant interest [2]. Among them, membrane distillation (MD)
is a thermal separation technique to produce freshwater from
seawater and highly concentrated saline water. Hydrophobic
membranes are used to allow the vapor pass through the
membranes’ pores. The driving force of the process is given
by a partial vapor pressure difference commonly triggered
by a temperature difference. MD has attractive advantages:
(1) theoretically 100% slat rejection, (2) non-volatile species,
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(3) lower operation pressure than pressure-driven membrane
process such as reverse osmosis, (4) reduced vapor com-
pared with pressure-driven membrane processes, (5) lower
requirements for membrane mechanical properties, and (6) its
capability to use the utilization of waste heat from industrial
processes of generators or renewable energy sources such as
solar energy and geothermal energy [3-6].

However, major barriers against widespread use of MD
are membrane wetting and fouling. Membrane wetting is a
phenomenon that the pores of the membranes are filled with
feedwater. This occurs when the transmembrane pressure
exceeds the liquid entry pressure (LEP) of the membrane [7].
If the feedwater contains amphiphilic molecules, the hydro-
phobic tails of the amphiphilic molecules will attach onto the
hydrophobic membrane pore surface, leading to a reduc-
tion in LEP by making the pore walls hydrophilic [8-10].
Membrane fouling is a process that the membrane surface
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or pores are blocked by contaminants, leading to a decline in
the vapor flow rate through the membrane. The formation of
foulant layers may also result in an increase in temperature
polarization, thereby decreasing the water production by
reducing driving force of separation [11]. In fact, industrial
applications of MD are impeded by the lack of techniques to
control membrane wetting and fouling.

A number of literatures have investigated MD foul-
ing by various materials. The foulants found in membrane
process can be divided into three broad groups according
to the fouling material: inorganic fouling, organic fouling,
and biological fouling [11]. It has been reported that inor-
ganic scale-forming ions may deposit on the membrane sur-
face and block the membrane pores, leading to a significant
reduction in MD flux [12-14]. Organic materials such as
humic acid (HA) have been also reported to cause MD flux
by forming deposits on the upper surface of the membrane
with relatively low internal fouling [15,16].

There have been a few works on the control of MD foul-
ing by (1) developing novel membrane materials and (2)
applying hydrodynamic forces by introducing aeration, flow
reversal, or ultrasonic. To mitigate MD fouling, composite
MD membranes were developed with a hydrophobic sub-
strate and a hydrophilic top surface using electrospinning to
mitigate oil fouling [17]. The effect of maintaining air layers
on the membrane surface and superhydrophobicity was also
investigated for preventing fouling of MD membranes by
salts, particulates, and organic particles [18]. Moreover, flow
reversal was applied to maintain high water fluxes and mem-
brane performance [19]. In addition, ultrasonication was used
for monitoring of membrane fouling monitoring, cleaning of
fouled membranes, and improvement of distillate flux [20].

However, few studies have attempted to compare differ-
ent techniques for MD fouling control under various condi-
tions. Accordingly, the objective of this article was to examine
the effectiveness of three physical cleaning techniques for
MD fouling, including temperature reversal, air sparing, and
ultrasonication. The fouling behaviors of the MD membranes
were investigated using model foulants such as colloidal sil-
ica, HA, and CaSO,. Then, the physical cleaning techniques
were applied to the MD membranes during the fouling exper-
iments. To the best knowledge of the authors of this article,
this is the first comparative study on the physical cleaning
of MD membranes by applying different techniques, which
provide insight in in-depth understanding of MD fouling
mechanisms and control.

2. Material and methods
2.1. Experimental materials

A hydrophobic polyvinylidene fluoride flat sheet mem-
brane supplied by Merck Millipore Ltd. (Burlington, MA,
USA, GVHP14250) was chosen to fabricate in-house mem-
brane modules. The flat sheet membrane module was made
of acrylic resin with effective depth, width, and length of 2,
20, and 60 mm, respectively. The membrane modules were
designed to hold the membranes under moderate pressure
differential without physical support spacer. The membrane
parameters and relevant module specifications are listed in
Table 1.

2.2. DCMD process

The direct contact membrane distillation (DCMD)
experimental setup was used in this study as shown in
Fig. 1. The temperature of feed solution was maintained
constantly by a hotplate stirrer placed at bottom of the feed
tank, and the thermometers were used for measuring the
inlet and outlet temperature of feed and permeate flow.
The permeate temperature was fixed at 20°C by flowing
through heat exchanger connected with water bath. Volume
of permeated water was measured by electronic balances
(OHAUS), and the data were transmitted to PC during oper-
ating time. The hot feed solution and the cold distillate were
supplied at constant flow rate using the two gear pumps
(Cole-Parmer, Vernon Hills, IL, USA). Also, co-current flow
type was employed. The flow rate was monitored using
flow meters (Dywer, Michigan City, IN, USA), which was
set at the inlet side of the module. The feed and permeate
flow velocity were 14.58 and 8.33 cm/s, respectively, and
the temperature difference (AT) was maintained at 40°C
(feed = 60°C and permeate = 20°C). After each experiment,
the membrane was dried to analyze the membrane surface.

2.3. Preparation of feed solution

Experiments were carried out to compare fouling behav-
iors by different types of foulants using NaCl, colloidal sil-
ica (LUDOX AM-30), HA (Sigma-Aldrich, St. Louis, MO,
USA), and calcium sulfate (Sigma-Aldrich), which represents

Table 1
Summary of membrane specification

Properties

Membrane type Flat sheet membrane

Membrane material Hydrophobic

polyvinylidene fluoride

Pore diameter (um) 0.22
Porosity (%) 75
Membrane of LEP (bar) 0.28
Module length (cm) 10

Effective membrane length (cm) 6
Effective membrane area (cm?) 12

‘Water bath

B 20°C
3|
Flowmeter

Chiller

Data Logging System

Feed Solution Permeted water

Module
Temperature
60°C ST (R 20°C

HEATER

Fig. 1. Schematic
experimental setup.
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colloidal, organic, and scale-forming foulants in natural
waters, respectively [21]. The concentrations of colloidal sil-
ica, HA, and calcium sulfate were 1,000, 100, and 2,000 mg/L,
respectively. In all cases, NaCl of 1,000 mg/L concentration
was added to adjust the chemistry of feed solutions. The
combinations of different foulants were also considered.

Table 2 summarizes the characteristics of feed solutions.
They were used for the examination of MD fouling. But only
E7, which contains all the foulants in the feed solution, was
used in the experiments of physical cleaning.

2.4. Physical cleaning techniques

As previously mentioned, the three techniques for phys-
ical cleaning of the MD membrane were used: temperature
reversal, air sparging, and ultrasonication. Schematic dia-
gram of each cleaning method is presented in Fig. 2.

2.4.1. Temperature reversal

Temperature reversal is the effective fouling mitigation
technique in MD by reversing the temperature of the feed
side and the permeate side. Thus, vapor flows from distillate
side to feed side, leading to the detachment of foulants from
the membrane surface. Moreover, it is reported that tem-
perature reversal is also effective in inhibiting homogeneous
precipitation of salts and disrupting nucleation of sparingly
soluble salts on the membrane surface [19]. In this study,
temperature reversal was carried out using deionized water
by adjusting the feed and permeate temperatures as shown
in Fig. 2(b). It was implemented three times at the volume
concentration factor (VCF) of 1.3, 1.6, and 1.9, respectively. In
each case, the duration of the temperature was 1 h.

Table 2
Summary of feed solutions

Feed concentration

E1l Silica 1,000 mg/L

E2 HA 100 mg/L

E3 CaSO, 2,000 mg/L

E4 Silica 1,000 mg/L + HA 100 mg/L

E5 CaS0O, 2,000 mg/L + silica 1,000 mg/L

E6 CaSO, 2,000 mg/L + HA 100 mg/L

E7 Silica 1,000 mg/L + HA 100mg/L +
CaS0O, 2,000 mg/L

Case

NaCl 1,000 mg/L

2.4.2. Air sparging

Air sparging is a well-known technique for the control of
fouling in pressure-driven membrane filtration but has not
been widely applied in MD process. Air sparing has the fol-
lowing effects: (1) secondary flow by air bubbles, (2) physical
displacement of the concentration polarization layer, (3) pres-
sure pulsing caused by passing air bubbles, and (4) increase
in superficial cross-flow velocity [11,22,23]. In this study, the
air was directly injected into the feed solution using an air
pump (ZP-25). The amount of air was measured using an air
flowmeter, and the size of air bubbles was approximately
0.2-0.3 mm.

2.4.3. Ultrasonication

Ultrasonication is another technique to physically clean
the fouled membrane. Ultrasound makes oscillating areas of
high and low pressure. When pressure amplitude surpasses
the tensile strength of liquid, cavitation bubbles are formed
during the rarefaction of sound waves. The cavitation bubble
collapses during the compression cycle of sound waves [24].
This mechanical effect promotes turbulence that reduces the
temperature polarization and concentration polarization [25].
In this study, the ultrasonication was applied to the MD mod-
ule that was immersed into a tank with an ultrasonic genera-
tor. The ultrasound was applied in a frequency of 40kHz and
150W in output power. Also, the ultrasound intensity range
was between 20% and 100%. In order to reduce the risk of the
membrane damage, ultrasound was irradiated three times
during the MD experiment at VCF 1.3, 1.6, and 1.9, respec-
tively. In each case, the duration of the temperature was 1 h.

2.5. Method
2.5.1. Experimental methods

During MD process, the feed was gradually concentrated.
The degree of concentration was measured using the volume
of concentration factor (VCF):

V.

0

V,-V

0 P

VCF(K)= M

where V/ is the initial quantity of feed volume (V) and V, is
the cumulative permeate production (V). The normalized
flux ] was used to describe the ratio of flux after fouling (J)
to the initial flux (J,):

@
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Fig. 2. (a) Basic MD operation and mechanism of physical techniques: (b) temperature reversal, (c) air sparging, and (d) ultrasonication.
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To characterize the performance improvement achieved
by physical techniques, the flux enhancement ratio ® can be
calculated:

T ®)

where ]p,t and ]w,p.t are the final permeate fluxes in the DCMD

process with and without physical techniques, respectively.

2.5.2. Hermia's model

The blocking filtration models based on the Hermia’s
equations were used to fit the flux decline in MD process.
Table 3 summarizes the Hermia’s model equations and
parameters [26]. Here, A is the effective area of the membrane
surface, o, , is the measure of the pore blockage efficiency, ],
is the initial filtrate flux through the clean membrane, and N,
is the initial pore density. Although these models are simple,
they are still widely used to evaluate the increasing behavior
of filtration resistance in liquid filtration of relatively dilute
suspension [26].

2.5.3. Field-emission scanning electron microscopy (FE-SEM)

The field-emission scanning electron microscopy
(FE-SEM, JSM-7160F) was applied to observe the foulants on
the membrane surfaces. Prior to the observations, the mem-
brane samples were dried and mounted on the flat stubs after
coated by platinum.

3. Results and discussions
3.1. Membrane fouling by single foulants

Fig. 3(a) shows the normalized flux as a function of VCF
during the MD fouling experiments using single foulants. In
the case of silica, stable flux was observed until VCF reached
2. However, flux decreased after the time, leading 28% of

Table 3
Hermia’s models

Filtration model Model equation Model parameter

Pore blockage Jv _ exp[—abl"c“lﬂocht] Kt = ln[]”J
] N J

o
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o AlC 2
(oS (L]
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Cake filtration [, _ 1+ 204.1,C, ' ? Kt= [L’] -1
], R I,

m

v

~

Pore construction

final flux reduction. It seemed that the deposition of colloidal
silica particles on the surface of the membrane or within the
membrane structure is regarded as the major contributor of
fouling decline. Although the silica particles have negatively
charged, the electrostatic interactions are weak in high ionic
strength conditions [27], leading to the deposition foulants
on the membrane surface.

Unlike silica, the effect of HA on flux decline was negligi-
ble. As shown in the graphs, flux did not decrease even when
the feed solution was concentrated by 3.5 times. Although HA
may form foulant layers on the membrane surface, it does not
seem to affect the vapor transport through the membrane.
Similar results were reported in a literature by Han et al. [28].

In the case of calcium sulfate, there was no change in
normalized flux until induction time of VCF 1.3. However,
as the feed solution was further concentrated, crystallization
occurred, resulting in an abrupt flux decline. Similar results
were also previously reported by Shin and Sohn [29].

After the fouling experiments, the surfaces of the mem-
branes were examined using FE-SEM. Fig. 3(b) shows the
surface of the intact membrane. Compared with this, the sur-
faces of the membranes after the experiments using the feed
solutions were quite different. Thick cake layers were found
in the case of the feed solution containing silica, as demon-
strated in Fig. 3(c). The foulant layers in the case of HA have
different morphologies from those in the case of silica. On the
other hand, typical needle shape of calcium crystals stacked
on the surfaces was observed in the case of CaSO,.

3.2. Membrane fouling by feed solutions containing more than
two foulants

The changes in flux during the MD experiments using
feed solutions containing more than two foulants are shown
in Fig. 4(a). Compared with the results in Fig. 3(a), the flux
decline was mitigated in the presence of HA. In the case of
silica fouling experiments, the final flux values without and
with HA were 0.75 and 0.9, which corresponds to an increase
by 1.2 times. In the case of CaSO, fouling experiments, the
final flux values without and with HA were 0.1 and 0.8, cor-
responding to an increase by eight times. This is attributed
to the retardation of fouling by HA adsorbed onto silica par-
ticles or CaSO, crystals. Previous works report that organic
macromolecules adsorption onto active growth sites of crys-
tals retarded gypsum scaling significantly [30].

When calcium and silica exist together in the same feed
solution, the interaction between negatively charged sil-
ica and calcium cations seem to accelerate the formation of
scales. This resulted in a rapid flux decline in the case of the
feed containing silica and CaSO,. When HA also exists in this
feed solution, the fouling was slightly mitigated. But it was
still serious compared with the other feed solutions.

The FE-SEM images obtained after the MD experiments
are depicted in Figs. 4(b)—(e). The morphologies of the fou-
lant layers were different from those in the cases of the sin-
gle foulants. It is evident from the figures that HA affects the
structures and characteristics of foulant deposits. The effect
of HA on CaSO4 crystal morphology was also reported in
previous work [30]. On the other hand, the addition of silica
to the CaSO, solution did not significantly change the mor-
phology of the foulant layers (Figs. 3(e) and 4(c)).
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Fig. 3. (a) Effect of single foulant on normalized flux, FE-SEM images of the membrane surface: (b) clean membrane surface,

(c) NaCl +silica, (d) NaCl + HA, and (e) NaCl + CaSO,.

3.3. Hermia’s model value of colloidal fouling

The Hermia models shown in Table 3 were applied to fit
the experimental data from the case of feed solution contain-
ing silica, HA, and CaSO,. The results are shown in Table 4.
Because the R* value for the pore blockage model was the
highest among the three modes, it seems that the blocking
of the pores by the foulants is the dominant fouling mecha-
nisms in this case.

3.4. Physical cleaning techniques
3.4.1. Temperature reversal

To mitigate fouling by silica, HA, and CaSO,, the physical
cleaning techniques were attempted. The changes in flux by
applying the temperature reversal are shown in Fig. 5. Results
showed that the recovery of the flux also increased as the tem-
perature difference increased. Without the temperature reversal
(Fig. 5(a)), the flux recovery was negligible. At the temperature
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] —o— NaCl + CaSOy4 + Silica
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0.2 1
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Fig. 4. (a) Effect of mixed foulants on normalized flux, FE-SEM images of the membrane surface: (b) NaCl + silica+ HA, (c) NaCl +
CaSO0, +silica, (d) NaCl + CaSO, + HA, and (e) NaCl + silica + HA + CaSO,.

Table 4 difference of 30°C (Fig. 5(b)), the flux recovery ratios were 10%,

Model parameters for the Hermia’s equations in the case of feed 4.4%, and 4.5%, respectively. At the temperature difference of
solution containing silica, HA, and CaSO, (the case E7 in Table 2) 40°C (Fig. 5(c)), they were 14.2%, 4.7%, and 4.6 %, respectively.
The temperature difference of 50°C (Fig. 5(d)) resulted in the flux
Filtration model R? K (min™) recovery ratios of 14.9%, 5.6%, and 4.8%, respectively. The final
normalized fluxes at the temperature differences of 0, 30, 40,

Pore blockage 0.8827 0.00049
ore blockag . and 50 were 0.40, 0.44, 0.51, and 0.51, respectively. These results
Pore construction 0.8294 0.00031 . . . . .
are attributed to the increased reverse flux with an increase in
Cake filtration 0.6322 0.00030

the temperature difference in the temperature reversal.
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Fig. 5. Effect of temperature reversal on normalized flux under different temperature differences. (a) temperature difference of 0°C,
(b) temperature difference of 30°C, (c) temperature difference of 40°C, and (d) temperature difference of 50°C.
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Fig. 6. Effect of air sparging on nomalized flux (conditions—air
sparing rate: 50 mg/L, 100 mL/min, 150 mL/min, and 200 mL/min).

3.4.2. Air sparging

The results of air sparging during the MD experiments
using the feed solution containing silica, HA, and CaSO,
are shown in Fig. 6. As expected, an increase in the air spar-
ing rate led to an enhancement of flux. When the air spar-
ing rates were 50 mL and 100 mL/min, the final normalized
flux was 0.34 and 0.39, respectively. When they were 150 mL

and 200 mL/min, the final normalized flux were 0.57 and
0.75. This is attributed to the removal of foulant layers by
enhanced hydrodynamic force of the air flow. The air bubbles
can also result in “scouring effect” as they do in membrane
bioreactors. Compared with the temperature reversal
(Fig. 5(a)), the degree of flux enhancement was higher in the
case of the air sparging.

The surfaces of the membranes after the applications of
the temperature reversal and the air sparging are shown in
Fig. 7. Compared with Fig. 4(e), which is the case without any
physical cleaning, the effect of temperature reversal on the
foulant layers was not clear. On the other hand, the effect of
the air sparing was substantial because the structures of the
intact membranes were shown. These results also support
the higher efficiency of the air sparging on fouling control
than that of the temperature reversal.

3.4.3. Ultrasonication

Fig. 8 shows the changes in flux with time with the
application of ultrasonication. When the output power was
20%, the flux was similar to that without the ultrasonic irra-
diation. As the output power increased, the flux increased.
At the powers of 30% and 40%, the final normalized flux was
0.40 and 0.48, respectively. At the power of 50%, the dam-
age of the membrane was observed after the first ultrasonic
irradiation. It seems that the output power of 40% was the
optimum condition for ultrasonication.
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The damage of the membranes at high power out was
also confirmed in the FE-SEM images as illustrated in Fig. 9.
At the output power of 40%, the foulant surfaces were disin-
tegrated (Fig. 9(a)) but at the output power of 50%, the struc-
tures of the membrane were significantly changed together
with the formation of large pores. Accordingly, it is necessary
to find the optimum operating conditions for ultrasonication
by considering not only the flux recovery ratio but also the
risk of membrane damage.

3.5. Comparison of the flux enhancement ratio

The flux enhancement ratios for the three physical cleaning
— lopm KoOREN 2017-10-30 techniques were analyzed and compared as shown in Fig. 10.

5.0KV LEI SEM WD 7.8mm

It is evident that the air sparging was the most efficient to miti-
gate fouling under the conditions given in this study. The tem-
perature reversal was also effective to improve flux to a certain
degree. Nevertheless, special attention should be paid to apply
ultrasonication due to its possibility to damage the membranes.

Based on the results in this study, the pros and cons of the
each physical cleaning technique are summarized in Table 5.

4. Conclusions

In this study, fouling behaviors of the MD membranes
were analyzed using different model foulants, and physical
techniques including the temperature reversal, air sparging,
and ultrasonication were attempted to mitigate the fouling.
The following conclusions were withdrawn:

10
5.0kV LEI

1. The foulant tendency by CaSO, was the highest and that
by HA was negligible. The colloidal silica resulted in a
moderate fouling.

Fig. 7. Comparison of FE-SEM images of the membrane
after (a) temperature reversal (AT: 50°C) and (b) air sparging

(200 mL/min).
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Fig. 8. Effect of ultrasonication on the normalized flux under different output power conditions (a) output power of 20%, (b) output
power of 30%, (c) output power of 40%, and (d) output power of 50%.
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Fig. 9. FE-SEM images of the membrane after ultrasonic irradiation (a) output power of 40% and (b) output power of 50%.

Table 5
Advantages and disadvantages of the physical cleaning techniques

physical cleaning Advantages Disadvantages

Temperature reversal ~ Possibility of membrane damage at high power  Difficult to apply (immediate temperature reversal is

Periodic application of physical cleaning not easy)
Limited efficiency to mitigate fouling
Air sparging Efficiency to retard fouling Air should be continuously supplied
Relatively easy to apply High electricity consumption at high air sparging rates
Easy to control the air sparing rate Dissolution of air into feedwater (it may affect vapor
transport rate)
Ultrasonication Relatively easy to apply Possibility of membrane damage at high power
Easy to control the output power High electricity consumption

Periodic application of physical cleaning

5. The air sparging was more efficient to control MD fouling
than the temperature reversal. As an increase in the air

4 [ Temperature Reversal dT 0°C
[ Temperature Reversal dT 30°C
[ Temperature Reversal dT 40°C

3 [ Temperature Reversal dT 50°C

Air sparing 50 mL/min
Air sparing 100 mL/min
Air sparing 150 mL/min
Air sparing 200 mL/min
Ultrasonication 20%
Ultrasonication 30%
Ultrasonication 40%

Fig. 10. Comparison of flux enhancement ratios for temperature
reversal, air sparging, and ultrasonication.

When HA was added to the feed solutions, it generally
retarded the progress of fouling. The adsorption of HA
onto other foulants such as silica and CaSO, crystals
seems to be the reason of this inhibition effect.

In the case of feed solution containing silica, HA, and
CaS0O,, the pore blockage model showed the best fit to
the experimental data (R? = 0.8827).

The temperature reversal was effective to improve flux to
a certain degree. High difference in the temperature led
to a higher recovery of flux.

sparging ratio, the flux was further enhanced.

6. The ultrasonication at the output powers of 20%, 30%,
and 40% resulted in the recovery of flux. However, a
further increase in the output power caused the mem-
brane damage.

7. Because the feed solution used in the physical cleaning
tests simulate the compositions of wastewaters contain-
ing colloidal particles, organic matters, and inorganic
salts, it is likely that the air sparging is the optimum
method to control MD fouling in the treatment of such
wastewaters.

8. Although physical cleaning is effective to retard MD foul-
ing, not only physical cleaning but also chemical cleaning
should be implemented. The optimum combinations of
physical and chemical cleaning need to be investigated
in the future.
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