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ABSTRACT

This study explores membrane distillation (MD) is suitable to recover pure water and to gen-
erate the supersaturation condition for the crystal formation. The system was carried out
under a different temperature of feed solution. It was observed that the increase in the mass
flux of product solution is due to the increase in the temperature difference between the feed
and product solution. Although the temperature difference is important for the mass flux of
product solution, it needs to consider a reasonable temperature difference. The highest rejec-
tion (%) was observed at feed temperature 60˚C and it is easy to control. It was found that
both surface crystallization and bulk crystallization influenced the flux decline of MD. Cal-
cium sulfate crystals can be produced by MD crystallization with a growing crystal size dis-
tribution and average size of 100 lm.
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1. Introduction

As water resources become more limited, desalina-
tion of water containing salt (i.e. seawater, brackish
water, and wastewater) is becoming a significant tech-
nology [1,2]. Since desalination market is now moving
to SWRO, reverse osmosis (RO) market is growing
rapidly. There are some problems in the application of
RO for desalination. The first one is that RO recovery
varies from 35 to 50%, which results in a limitation of
the water production capacity [3]. Depending on the

RO recovery rate, the volume of RO brines is deter-
mined and it must be handled and disposed off prop-
erly. RO concentrate contains dissolved and
particulate contaminants removed from the feedwater
and may contain chemicals from pretreatment facili-
ties [4]. Membrane distillation (MD) is a thermal pro-
cess, in which only vapor molecules transport through
porous hydrophobic membranes. It is one of the
promising technologies to resolve water shortage
issues. The advantages of MD include (1) lower oper-
ating temperatures and vapor space than multistage
flash and multieffect distillation, (2) less operating*Corresponding author.
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pressure than RO, and (3) water recovery process at
high solute concentrations [5]. MD is considered as a
complementary process for the treatment of RO
brines. The brine volume could be reduced by a factor
of 5.5, but the brine was concentrated 4.6 times [3].
The idea of this study is to use MD crystallization
(MDC) to further concentrate RO brines and propose
a high recovery integrated process for SWRO. We
studied the performance of membrane crystallization-
based MD system to change the temperature of feed
solution. This work investigated the effect of operating
temperature on MD performance (e.g. flux) with two
types of different feedwaters (35 g/L NaCl solution
and 2 g/L CaSO4 solution).

2. Experimental

2.1. Membrane distillation

All the experiments were performed with a
laboratory-scale MD test unit (Fig. 1). The MD test
unit consisted of hydrophobic membrane cell, two
pumps (Masterflux�, Cole-parmer), feed and product
reservoirs, temperature control system, and data
acquisition system. A plate-and-frame membrane
module has 2mm channel height and 8.2 cm
wide� 8.2 cm long membrane dimensions. We have
used commercially available hydrophobic Polyvinyli-
dene fluoride (PVDF) (Durapore�, Millipore) mem-
branes. The membrane characteristics like pore size,
porosity, and thickness are given in Table 1. In this
unit, feed solution was held in a 2.0 L reservoir and
heated by a thermal bath, Agitator (BW-10H, Jeio
Tech). After that, it was pumped through the mem-
brane module. Product solution reservoir was filled

with 2.0 L of distilled water, and temperature was
controlled by circulating chilled water through a stain-
less steel coil immersed in the product solution. The
transmembrane flux was measured by an installed
balance (Explorer, Ohuas) connected to data acquisi-
tion system and electric conductivity was measured
by a conductivity meter (MultiLine, WTW) for
rejection rate (%).

Operating conditions of the laboratory-scale MD
test unit are summarized in Table 2. Experiments were
performed at different feed temperatures to determine
the effect of temperature difference on product solution
flux. This schematic description describes MD system
only. At first, MD was performed in a single closed
mode without the crystallizer to examine performance
for reaching the supersaturation condition. The crystal-
lization system will be added for further study.

2.2. Crystal size distribution

We measured the particle size of crystals using a
particle size analyser (Mastersizer2000, Malvern).
Seven suspension samples were taken, 50ml each
from the feed outlet after passing through the mem-
brane. Turbidity was measured using this sample,

Fig. 1. Schematic description of the MD test unit.

Table 1
Membrane properties

Manufacturer Material Porosity
(%)

Pore
size
(lm)

Thickness
(lm)

Effective
area (m2)

Millipore
(GVHP)

PVDF 75 0.22 125 0.0067
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after that the crystal size distribution was also mea-
sured. The reported batch duration was numbered as
starting from the point of supersaturation generated
by the MD process.

3. Results and discussion

3.1. Effect of temperature difference on performance of MD

There were product flux variations with the temper-
ature difference (Fig. 2). Since driving force of MD is
the vapor pressure difference between both membrane
sides, permeate flux is zero when the temperature of
feed and product sides are equal. As temperature dif-
ferences increased from 30 to 50˚C, permeate fluxes
increased for both the test solutions. This is due to the
exponential increase of the vapor pressure of the feed
solution with temperature, which increases the trans-
membrane vapor pressure [6]. When the temperature
difference was 50˚C (20/70˚C), the highest flux
appeared at 15.17 LMH in the synthetic feed solution.
Although the highest flux was shown that flux was not
constant, because it is difficult to control the high tem-
perature around 70˚C. Moreover, the highest rejection
(%) calculated from the electric conductivity was
observed at 60˚C. Therefore, flux decline and crystalli-
zation test was performed at fixed temperature
difference of 40˚C (20/60˚C) in the next chapter.

3.2. Flux decline and crystal formation in MD

In this study, MD was operated for concentration
of feed solution to reach supersaturation condition.
Electric conductivity in feed solution increased
continuously with time (Fig. 3).

Fig. 4 illustrates the variation of flux during the
MD of calcium sulfate solution as a function of time.
The initial flux is 13.25 kg/m2h, which is the maxi-
mum flux in this test duration. The first period of this
result is that, the permeate flux was maintained at
initial value during 108min after that it declined grad-
ually. The significant flux drop was observed after
440min. The experimental CaSO4 solution has the
supersaturation concentration of 2,000 ppm at the
beginning. But no flux decline occurred in Step 1,
which means that the crystallization needs the induc-
tion time to create sufficient nucleus from the super-
saturated concentration. Although the concentration of
retentate solution was in excess of a critical supersatu-
ration level, the turbidity of the retentate is nearly as

Time (min)
0 100 200 300 400 500 600 700 800

Tu
rb

id
ity

(N
TU

)

0

200

400

600

800

1000

1200

1400

Fl
ux

 (k
g/

 
/h

r)

2

4

6

8

10

12

14

Retentate Turbidity
Flux

Fig. 4. Flux decline in MD and turbidity.
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Fig. 2. Effect of temperature difference on permeate flux
(35mg/L of NaCl).
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Fig. 3. Electric conductivity incline in feed reservoir.

Table 2
Operating conditions of the lab-scale MD test unit

Item Condition

Solution Feed side 50, 60, and 70˚C

Product
side

Fixed at 20˚C

Temperature Feed r 35 g/L of NaCl with DI
water
s 2 g/L of CaSO4 with DI
water

Product DI water

Cross-flow
velocity

Feed side 0.8 L/min

Product
side

1.0 L/min
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same as the initial turbidity during Step 2. It means
that crystals still did not form in retentate solution.
But the surface crystallization resulted in slight
decline of flux. In surface blockage mechanism, scale
formation may occur due to heterogeneous crystalliza-
tion on membrane surface and the membrane surface
becomes blocked by the lateral growth of crystals [7].
Since most of the crystals formed in retentate through
the bulk crystallization, turbidity increased sharply
after 440min. The intensive bulk crystal particle accu-
mulated the cake on the membrane, consequently, the
permeate flux declined rapidly.

Observing the crystal growth in bulk solution with
time, crystal size distribution of CaSO4 is measured
using six samples taken from different duration times.
Samples 3–5 were too low concentration to measure
crystal size separately. For this reason, the samples
were mixed together but it was definitely shown the
three of peaks. The first peak appeared between
17.835 and 24.225 lm. The second peak appeared
between 91.201 and 158.489lm. The last peak
appeared between 746.3 and 988.5 lm. Sample six was
taken right before the formation of bulk crystals. And
numerous crystals over 900lm were observed in the
mixture of sample 7 + 8, which is the final sampling.
The movement of peak to the right side on x-axis is
shown in Fig. 5. It indicates that crystals grow into the
bigger crystals as time passed. When excess of super-
saturation was reached by MD process, any other
process such as evaporation or solvent removal was
not needed for crystallization.

4. Conclusion

As the feed water temperature increased, the
mass flux of product solution was higher. Since it

had a major influence on the water vapor partial
pressure, feed temperature was significantly
influenced by both permeate flux. Although the per-
meate flux was directly proportional to temperature
difference, the highest rejection (%) was observed at
60˚C. When the test unit was performed at 60˚C, it
can ensure more efficient operation with optimum
operation conditions of MDC systems. Moreover,
MD can concentrate salt solutions in feed reservoir
and contribute to make the supersaturated condition
in which crystal can grow.

Salt solution including inorganic salt such as
CaSO4 can form scale on the membrane, which for-
mation makes the flux decline. The result from this
study and others allow us to conclude that two
pathways for crystallization were identified: surface
crystallization and bulk crystallization. We will con-
duct further study to determine the relative size of
crystallization mechanism depending on various
operating conditions such as membrane material and
flow velocity.
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Fig. 5. Particle size distribution of calcium sulfate crystals
in retentate sample (2mg/L of CaSO4).
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