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ABSTRACT

Although membrane distillation (MD) has attracted significant attention as a promising technology
for seawater desalination and wastewater reuse, membrane fouling and pore wetting are two major
problems to be overcome prior to its widespread application. In this study, a series of MD experi-
ments were carried out to investigate the effect of foulant characteristics on fouling and wetting of
MD membranes. The interactions among different foulants and their impact on fouling and wetting
were also examined. Synthetic feed solutions were prepared using model foulants including algi-
nate, CaCO,, and colloidal silica. Water flux and liquid entry pressure (LEP) were simultaneously
monitored to quantify the extents of fouling and wetting. Results showed that fouling propensities of
single foulant and the mixtures of different foulants were quite different, suggesting the “positive”
and “negative” synergic effects of multiple foulants. Pore wetting was not observed in the treatment
of feed solutions containing single foulant. However, a combination of different foulants led to reduc-

tion in LEP, indicating the occurrence of pore wetting by the synergic effect of multiple foulants.
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1. Introduction

Access to clean water supply continues to be the most
urgent and pressing global issue where economic and eco-
logical needs have urged for more water-efficient technolo-
gies [1]. In this context, desalination has become imperative
as a drinking water source to meet the water demands in
many water-scarce regions [2,3]. Desalination technologies
have evolved and advanced rapidly along with increasing
water demands around the world since 1950s [3]. Among
many desalination technologies, reverse osmosis (RO) is
playing an increasingly important role to provide sufficient
water resources of desirable quality for a wide spectrum of
applications [1,4]. Nevertheless, RO desalination is still lim-
ited due primarily to high energy requirements which are
currently met with expensive fossil fuels [5].

Accordingly, desalination powered by renewable energy
sources is becoming an attractive solution to address the
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issues related to high electricity consumption [5-7]. A prom-
ising technology for renewable energy desalination is mem-
brane distillation (MD), which may be paired with low-grade
heat such as solar thermal energy, geothermal energy, and
waste heat [1,2,7,8]. MD is a thermal process driven by the
difference in vapor pressure between feed water and distil-
late (product water) [5,6]. Unlike RO, MD uses hydropho-
bic microporous membranes that act as barriers to separate
vapor from liquid water [8-10]. Potential application of MD
includes not only renewable-energy desalination but also
decentralized potable water treatment [11,12], food process-
ing [13,14], and zero liquid discharge [15].

Nevertheless, one principal challenge for MD is fouling
and pore wetting of the MD membrane [16-19]. As feed water
contains a variety of impurities such as salts, organic matters,
colloids, and suspended particles, the membrane in MD pro-
cess may experience irreversible attachment of these com-
pounds. Moreover, MD membranes are mostly hydrophobic,
leading to strong interactions with hydrophobic chemicals in
the feed water [19]. Crystallization of sparingly soluble ions
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including CaCO,, CaSO,, and silica may also result in severe
fouling [17]. Pore wetting, which is defined as penetration of
water into membrane pores, is another serious problem in
MD process because it reduces solute rejection [20]. In addi-
tion, wetting may occur together with fouling [19].

Many studies have focused on fouling phenomena
and wetting behaviors in MD process and emphasized the
importance of their fundamental understanding [9,10,16—
20]. Despite these efforts, these studies mainly focused on
MD fouling caused by single component such as scale-form-
ing ions [21,22], organic matters [23], and silica [24]. Inter-
actions among different foulants, although they seem to be
important, have not revealed yet in MD process. In addi-
tion, the relationship between fouling and wetting has not
been sufficiently studied. Accordingly, the objectives of this
work are to examine fouling propensity of various model
foulants and to estimate the impact of fouling on wetting
in MD process. Synergy effect of different foulants on MD
performance was also investigated.

2. Experimental procedure
2.1. MD membrane and experimental setup

Commercially available flat sheet membranes (Millipore,
USA) made of PVDF (polyvinylidene fluoride) were used.
The nominal pore size of the membranes was 0.22 pm. The
contact angle was measured to be 120°. The membrane was
placed on a pre-fabricated plate-and-frame module that has
the effective membrane area of 12 cm?.

The experiments were performed in direct contact MD
(DCMD) mode using a test equipment as shown in Fig. 1.
Up to six MD modules could be simultaneously used in this
equipment. The working temperatures for feed and distillate
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Table 1
Summary of experimental conditions

Operation type  DCMD (direct contact membrane
distillation)
Membrane type PVDF flat sheet membrane (Millipore)
Flow rate Feed side: 0.7 L min™
distillate side: 0.4 L min™
Temperature Feed side: 60°C

distillate side: 20°C

were controlled by heaters and by a water bath. The stirring
speed was controlled by a magnetic stirrer plate. The tem-
peratures of the feed solution and the distillate were adjusted
to 60°C and 20°C, respectively. The flow rates of the feed solu-
tion and the distillate were adjusted to 700 and 500 mL min™,
respectively. An electronic balance connected to a data logger
was used to continuously measure water flux through the
membrane. Each experiment was performed over 2,000 min,
and the change in membrane permeability was expressed as
the ratio of final flux (J ) to initial flux (J)).

2.2. Feed solutions

Total eleven solutions were used as synthetic feed
waters to the MD system, as shown in Table 2. Model
foulants including alginate, CaCO,, and colloidal silica
nanoparticles (Ludox SM and Ludox TMA) were added
to deionized water to prepare these feed solutions. Not
only single foulant solutions (AL, CA, SM, TMA) but also
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Fig. 1. Schematic diagram of direct contact membrane distillation (DCMD) system.
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Table 2
Summary of feed solutions

Notation Foulant(s)

AL Alginate 500 mg L™

CA CaCO, 100 mg L™

SM Ludox SM 500 mg L™

TMA Ludox TMA 500 mg L™

AL+SM Alginate 500 mg L™ + Ludox SM 500 mg L

AL+TMA Alginate 500 mg L™ + Ludox TMA 500 mg L™

CA+SM CaCO, 100 mg L + Ludox SM 500 mg L™

CA+TMA CaCO, 100 mg L™ + Ludox TMA 500 mg L™

AL+CA Alginate 500 mg L™ + CaCO, 100 mg L™

AL+CA+SM  Alginate 500 mg L™ + CaCO, 100 mg L™+
Ludox SM 500 mg L™

AL+CA+TMA Alginate 500 mg L™ + CaCO, 100 mg L™ +
Ludox TMA 500 mg L™

binary (AL+SM, AL+TMA, CA+SM, CA+TMA, AL+CA)
and tertiary (AL+CA+SM, AL+CA+TMA) foulant solu-
tions were employed. Two colloidal silica particles (SM and
TMA) with different sizes were selected as the model fou-
lants to investigate the effect of colloid size on fouling pro-
pensity. According to the manufacturer, the sizes of Ludox
SM and TMA were 7 and 22 nm, respectively. The foulant
concentrations were chosen to accelerate fouling in MD
experiments. Accordingly, the foulant concentrations were
higher than those in normal conditions.

2.3. Liquid entry pressure

The liquid entry pressure (LEP) is an imperative prop-
erty of MD membranes since it represents the pressure over
which liquid water can enter the membrane pores. Once
the pores are filled with water, solutes may directly pass
through the membrane, thereby affecting the quality of the
product water. Accordingly, the operating pressure should
not be higher than LEP of the MD membrane. LEP is also an
index for the tendency of membrane wetting because mem-
branes with lower LEP is susceptible to wetting.

There are several factors affecting the LEP of the mem-
brane. If the membrane is strongly hydrophobic and has rela-
tively small pores, its LEP value is high. Such relationship can
be theoretically described by the Laplace (Cantor) equation:

_ —2Bycos(0)

"max

LEP

where B is a geometric factor for which a value of 1 indi-
cates circular pores; y is the liquid surface tension; 6 is the
liquid-solid contact angle; and r__ is the largest pore radius.

In this study, the LEP of the membranes were directly
measured using a device illustrated in Fig. 2. The system
consists of a high-pressure nitrogen cylinder, a pressure reg-
ulator, a pressure vessel, a pressure gauge, and a membrane
holder. The applied pressure increased stepwise before the
penetration of water through the membrane was observed.
The measurements were triplicated to obtain reliable results.
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Fig. 2. Schematic diagram of liquid entry pressure (LEP) meas-
urement device.
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2.4. Scanning electron microscope

A field-enhanced scanning electron microscopy (SEM;
Hitachi S-4700) was used to identify morphology of foul-
ing layer or foulant deposit on membrane surface. Since the
morphology of foulants is different, SEM image could be
used to identify the foulant. Prior to the SEM analysis, MD
membranes were dried at a room temperature and coated
by platinum. The thickness of the platinum coating ranged
from 2 to 10 nm.

3. Results and discussion
3.1. Fouling caused by single foulant solutions

In order to examine the effect of single foulant on MD
performance, flux measurements were carried out for the
feed solutions including AL (alginate only), CA (CaCO,
only), SM (Ludox SM only), and TMA (Ludox TMA only)
under the following operating conditions: feed tempera-
ture, 60°C; distillate temperature, 20°C; and the initial flux,
11.5 kg m™-h™". The results are shown in Fig. 3. After the
MD operation of 2,250 min, the final flux values for AL, CA,
SM, and TMA were 95.6%, 85.6%, 87.1%, and 87.9%, respec-
tively, of the initial flux. This suggests that the fouling pro-
pensities for these single foulants are not sufficiently high
to cause rapid flux decline. Nevertheless, CaCO, showed
the highest fouling potential among these four model fou-
lants. It appears that the deposition of CaCO, particles as
well as scale formation on the membrane surface may result
in moderate fouling.

The SEM images of the MD membranes before and after
the fouling tests are shown in Fig. 4. The magnification ratio
was 5000 in all cases. In case of AL and TMA, the surfaces
of the membrane were not covered by foulants and look
similar to that of new membrane. On the other hand, the
deposition of foulant could be observed in the case of CA
and SM. In fact, this order of surface coverage by foulant
is inversely reflected in the order of final water fluxes in
Fig. 3. The higher deposition of foulant for Ludox SM than
Ludox TMA is attributed to their size difference. Since the
Ludox SM is smaller (7 nm) than the Ludox TMA (22 nm), it
is easier to deposit on the membrane surface. In summary,
it is evident from the results in Figs. 3 and 4 that the fouling
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Fig. 3. Flux decline for membrane distillation (MD) of single foulant solutions: (a) AL (Alginate, 500 mg L), (b) CA (CaCO,,
100 mg L™), (c) SM (Ludox SM, 500 mg L), and (d) TMA (Ludox TMA, 500 mg L7).

potentials for single foulant solutions were not substantial
except for CA.

3.2. Fouling caused by binary foulant solutions

In addition to the fouling experiments using the single
foulant solutions, a series of experiments were carried out
using the binary foulant solutions listed in Table 2. The
results for AL+SM and AL+TMA are shown in Fig. 5. The
permeate flux for these binary foulant solutions was sig-
nificantly reduced compared with the permeate flux for
the single foulant solutions: AL, SM, and TMA. The J/J,
values for AL and SM were 0.956 and 0.871, respectively.
In other words, 1-J/], values for AL and SM are 0.044 and
0.129, respectively. If these foulants individually caused
flux decline, 1-J/], value for AL+SM should be the sum of
two values (0.044+0.129 = 0.173), and thus /], for AL+SM
should be 0.827. However, the ]/]0 for AL+SM determined
from the experiment is 0.871 as shown in Fig. 5(a). The
additional reduction in ]/, by 0.097 seems to result from
synergic effect by combination of alginate and Ludox SM
nanoparticles. Similarly, the /], value for AL+SM was
only 0.767 while those for AL and SM were 0.956 and 0.879,

respectively. In this case, the synergic effect seems to reduce
the J/], value by 0.68.

The SEM images in Fig. 6 also confirmed the synergic
effect in the binary foulant solutions. As shown in Figs. 4(b)
and 4(d), alginate and Ludox SM resulted in moderate
fouling. Membrane pores could be found even after mem-
brane fouling in both cases. Compared with these cases, the
binary foulant solution containing alginate and SM led to
more severe fouling as indicated by the Fig. 6(a). The mem-
brane was fully covered, and the foulant layer appears to
be thicker. Similar tendency was found from alginate and
Ludox TMA as shown in Figs. 4(b), 4(e), and 6(b). This
suggests that the deposition of the foulants was acceler-
ated by the synergic effect. It seems that the alginate and
silica nanoparticles form floc-like structures that are easy
to form deposits on the membrane surface. The additional
flux decline shown in Fig. 5 can also be explained by this
mechanism.

Fig. 7 shows the decline in flux for the CA+AL foulant
solution. In this case, the /], value was 0.910, which is
lower than that for CA and larger than that for AL. Unlike
the case of alginate and silica nanoparticles, the accelerated
fouling by the synergic effect of binary foulants did not
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Fig. 4. Scanning electron microscopy (SEM) images of new membrane and membranes after fouling tests using single foulant
solutions: (a) new membrane (control), (b) AL, (c) CA, (d) SM, and (e) TMA.
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Fig. 5. Flux decline for MD of binary foulant solutions containing alginate and silica nanoparticles: (a) AL+SM and (b) AL+TMA.
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Fig. 9. Flux decline for MD of binary foulant solutions containing

CaCO3 and silica Nanoparticles: (a) CA+SM and (b) CA+TMA.
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Fig. 10. SEM image of membranes after fouling test of binary
foulant solution (CA+SM).

occur for CaCO, and alginate. The SEM image in Fig. 8 is
similar to that for CaCO, in Fig. 4(c). Cubic-shaped crystal
particles could be found in both cases. It appears that the
fouling is mainly dominated by CaCO, and alginate does
not cause additional fouling. Instead, alginate seems to
slightly reduce the fouling propensity of CaCO, by chang-
ing the morphology of the deposition layer, leading to a
slight increase in the J/], value compared with that for CA
foulant solution.

The mixtures of CaCO, and silica nanoparticles were
also used to examine their fouling potential in MD process.
The results are shown in Fig. 9. The /], value for CA+SM
was 0.735 while those for AL and SM were 0.856 and
0.871, respectively. If these foulants individually caused
flux decline, the J/], value should be 0.727, which is sim-
ilar to that for CA+SM. On the other hand, the /], value
for CA+TMA was 0.75 while those for AL and TMA were
0.856 and 0.879, respectively. If these foulants individually
caused flux decline, the J/], value should be 0.735, which
is only slightly lower than that for CA+TMA. Again, there
seems to be no synergic effect by the combination of two
different foulants. The morphology of the foulant layer is
also different from those for CaCO, or silica. Foulant layer
caused by CaCO, typically includes cube-shaped crys-
tals as shown in Fig. 4(c). A cake layer was formed by the
deposition of silica as depicted in Fig. 4(e). Nevertheless,
not only the CaCO, crystals but also silica nanoparticles
are observed from the SEM image in Fig. 10. It seems that
two foulants individually cause flux decline without inter-
actions.

3.3. Fouling caused by tertiary foulant solutions

The final case is with the tertiary foulant solutions
including AL+CA+SM and AL+CA+TMA, implying
not only organics (alignate) but also scale-forming ions
(CaCO,) and particles (SM or TMA) exist in these solutions.
The results are shown in Fig. 11. Although three foulants
are included in the feed solution, the fouling propensities
are relatively low. The J/], values for AL+CA+SM and
AL+CA+TMA were 0.891 and 0.897, respectively. These
values are even smaller than those for single foulants such
as CaCO3, Ludox SM, and Ludox TMA. Instead of “posi-
tive” synergic effect, the tertiary foulant solution resulted
in “negative synergic effect,” which further reduces the
fouling potentials for individual foulants.

This result can be explained by considering the
possibility for competitive fouling by different foulants. If
alginate can form the fouling layer first, it may prevent
the scale formation by CaCO3 and also retard the fouling
by silica deposition. In addition, the formation of floc-like
structure may not be formed in the presence of CaCO,
which may have an interaction with alginate. This mech-
anism is supported by the SEM image in Fig. 12. Unlike
the case of fouling by CaCQO,, the foulant layer only con-
tains insignificant amount of CaCO, crystals, implying
that the scale formation on the membrane surface is pre-
vented. Instead, the gel-like foulant layer is observed,
which seems to be composed of alginate. Since the fouling
potential by alginate is lower (0.956) than those by other
foulants, the deposition of alginate can have beneficial
effect on permeate flux.
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Fig. 11. Flux decline for MD of tertiary foulant solutions containing alginate, CaCO,, and silica nanoparticles: (a) AL+CA+SM and

(b) AL+CA+TMA.
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Fig. 12. SEM images of membranes after fouling tests using tertiary foulant solutions: (a) AL+CA+SM and (b) AL+CA+TMA.

3.4. Effect of fouling on LEP

In addition to flux decline due to membrane fouling,
pore wetting is a serious problem in MD process and may
occur together with the fouling. Accordingly, the effect of

Table 5
Comparison of fouling potential (1-J/],) for single and binary
foulant solutions

fouling on wetting of MD membranes was investigated by Foulant types ~ Organics  Colloids Scale
measuring LEP after the MD experiments using single or Model foulants AL SM TMA CA
Table 3 AL 0.044 0.27 0.233* 0.09-
able
Comparison of liquid entry pressures (LEPs) for single foulant SM 0129 0.265
TMA 0.124 0.25
Foulant ~ Control Alginate CaCO, Ludox Ludox CA 0.144
(AL) (CA) SM T™A AL+SM+CA 0.109
(SM)  (TMA) - o
LEP (bar) 2.37 2.35 234 234 232 positive synergic effect.
“negative synergic effect.
Table 4
Comparison of LEPs for multiple foulants
Foulants AL+SM AL+TMA CA+SM CA+TMA AL+CA AL+CA+SM  AL+CA+TMA
LEP (bar) 225 2.24 2.21 2.03 2.15 2.22 213
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multiple foulant solutions. Table 3 compares the LEP val-
ues for new membrane (control) with those for membranes
after the fouling experiments using the single foulant solu-
tion. The LEP value for the new membrane is 2.37 bar while
those after fouling by single foulants range from 2.32 (TMA)
to 2.35 (AL). These values are only slightly lower than that
for the new membrane, indicating that the wetting poten-
tials for these foulants are not significant.

Using binary or tertiary foulant solutions, the LEP
results were different from those with the single foulant
solutions. As listed in Table 4, the LEP values were in the
range between 2.03 and 2.25. The LEP value for CA+TMA
was the lowest, and that for AL+SM was the highest. It is
interesting to note that the wetting tendency is not always
in accordance with the fouling propensity:

(1) Fouling potential (1-]/] ): AL+SM (0.27) ~ CA+SM
(0.265) ~ CA+TMA (0.25) > AL+TMA (0.233) > CA
(0.144) > SM (0.129) ~ TMA (0.124) > AL+CA+SM
(0.109) ~ AL+CA+TMA (0.103) > CA+AL (0.09) >
AL (0.044)

(2) Wetting potential (1-LEP/LEP__ ): CA+TMA
(0.143) > AL+CA+TMA (0.101) > CA+AL (0.093) >
CA+SM (0.068) =~ AL+CA+SM (0.063) > AL+TMA
(0.055) ~ AL+SM (0.051) > TMA (0.021) > CA
(0.013) ~ SM (0.013) > AL (0.008)

The fouling potential was estimated by 1-J/], and the
wetting potential was estimated by 1-LEP/LEP__, . As listed
above, the maximum fouling potential was found from the
results of AL+SM, CA+SM, and CA+TMA while the maxi-
mum wetting potential was found from those of CA+TMA.
In case of CA+TMA, the fouling potential and the wetting
potential were the highest. However, in case of AL+SM and

Table 6
Comparison of wetting potential (I-LEP/LEP_ ) for single
and binary foulant solutions

Foulant types Organics Colloids Scale
Model foulants AL SM TMA CA
AL 0.008 0.051* 0.021* 0.093*
SM 0.013 0.068*
T™MA 0.021 0.143*
CA 0.013
AL+SM+CA 0.063

* positive synergic effect.
“negative synergic effect.

Table 7
Comparison of fouling potential (1-J/],) and wetting potential

(1-LEP/LEP_ ) for binary and tertiary foulant solutions
Model AL+SM  SM+CA  CA+AL AL+CA+SM
foulants
Fouling 0.27 0.265 0.09 0.109
potential
Wetting 0.051 0.068 0.093 0.063
potential

CA+SM, the fouling potentials were high, but the wetting
potentials were moderate. On the other hand, the fouling
potential and wetting potential were the lowest for AL.
Table 5 compares the fouling potential (1-J/])) for sin-
gle and binary foulant solutions. The cells in the diagonal
line represent the single foulant solutions and the other
cells. Other cells represent the cases with the binary fou-
lant solutions. This table helps to determine the interactions
between two foulants. For example, the fouling potential by
AL is 0.044, and that by SM is 0.129. On the other hand, the
fouling potential by AL+SM is 0.27, which is larger than the
sum of two fouling potentials by single foulants. Accord-
ingly, it is concluded that AL and SM has a positive syner-
gic effect that accelerates fouling by their interaction. In a
similar manner, AL and TMA also has a positive synergic
effect. However, the sum of two fouling potentials by AL
and CA is larger than that by AL+CA, indicating that there
is a negative synergic effect for AL+CA. According to the
table, neither positive nor negative synergic effect appears
to exist in case of SM+CA and TMA+CA. In addition, the
tertiary foulant solution (AL+SM+CA) resulted in a nega-
tive syndetic effect (0.109) compared with the sum of three
single foulant solutions (0.044 + 0.129 + 0.144 = 0.317).
Table 6 shows the summary of the comparison of wet-
ting potential (1-LEP/LEP_ ) for single and binary
foulant solutions. Unlike the previous cases for fouling
potential, positive synergic effects were found in all binary
foulant solution. In addition, the tertiary foulant solution
(AL+SM+CA) resulted in a positive syndetic effect (0.063)
compared with the sum of three single foulant solutions
(0.008 + 0.013 + 0.013 = 0.034). These results suggest that the
behaviors of fouling and wetting are different for feed solu-
tions containing different foulants. Although fouling is not
severe, wetting may occur due to the interactions of two fou-
lants. The results also imply that wetting potential by scale
formation highly increases in the presence of other foulants.
Fig. 13 illustrates the schematics of proposed fouling
mechanisms by binary foulant solutions. In case of SM+AL
and TMA+AL, the adsorption of AL leads to an increased
deposition of SM or TMA. In case of SM+CA, no interaction
occurs, and thus the overall fouling potential is equal to the
sum of individual fouling potentials. In case of CA+AL, the
adsorption of AL can retard the formation of CaCO, crystals
on the membrane surface, thereby reducing the fouling rate.

4. Conclusions

In this work, a comparative study of fouling propensity
and wetting tendency for different foulants was performed
using laboratory-scale MD experiments. The following con-
clusions can be drawn:

(1) The fouling potentials for single foulant solutions
containing alginate or colloidal silica nanoparticles were not
substantial. On the other hand, CaCO, resulted in notice-
able fouling due to scale formation and particle deposition
on the membrane surface.

(2) The fouling propensities for binary foulant solutions
(AL+SM and AL+TMA) were higher than the sum of foul-
ing propensities for individual foulants. This implies that a
synergic effect exists by the interactions between alginate
and silica particles.
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Fig. 13. Schematics of proposed fouling mechanisms by binary
foulant solutions: (a) colloidal silica (SM or TMA) + organ-
ics (AL), (b) colloidal silica (SM or TMA) + scale (CaCO,), and
(c) scale (CaCO,) + organics (AL).

(3) No synergic effect was observed in the case of
CaCO, and silica (Ludox SM and TMA), indicating that the
interaction between these two foulants are not significant.
The fouling potential for the mixture of CaCO, and alginate
(AL+CA) was lower than that for CaCO, (CA) and larger
than that for alginate (AL).

(4) The tertiary foulant solutions containing alginate,
CaCO,, and silica (AL+CA+SM and AL+CA+TMA) result
reduced fouling propensities compared with those for
CaCO, (CA) and silica (SM or TMA). This result can be
explained by considering the possibility for competitive
fouling by different foulants and confirmed by the SEM
analysis.

(5) The wetting potential measured by LEP value was
not significant for single foulants but higher for binary or
tertiary foulants. Moreover, the wetting tendency is not
always in accordance with the fouling propensity.
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