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ABSTRACT

Membrane distillation (MD) is a promising technology in the production of pure water from saline
water or wastewater. Although MD has various attractive advantages compared with traditional
desalination techniques, fouling is one of the main issues that should be resolved for long-term oper-
ation and its commercialization. Therefore, this study intends to understand the behaviors of colloi-
dal silica fouling. Using model solution containing colloidal silica in the presence of NaCl, a series
of experiments were carried out. Based on response surface methodology, second-order polynomial
model, which can predict fouling ratios (J/] ), was developed and the effect of each factor on fouling
was analyzed with flux patterns and scanning electron microscopic images. Severe silica cake layers
were formed on the membrane surfaces in high ionic strength conditions and various flux tendencies

were observed according to the change of factors.
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1. Introduction

The water shortage has become one of the most critical
problems all over the world. Although there is a lot of water
available as a form of seawater, it cannot be directly used due
to its high salt concentration. This has led to the development
of technologies to convert seawater to freshwater. Membrane
desalination is one of the approaches that have been widely
explored to conquer the challenge of increasing demand of
clean water [1-5].

Membrane distillation (MD), which is based on a sepa-
ration mechanism driven by thermal energy, is one of novel
technologies for desalination. MD employs hydrophobic
microporous filters, where it only allows the passage of water
vapor through the membrane and blocks the penetration of
liquid water. Water evaporates from hot feed side through
membrane and condenses at the cold permeated side. In this
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way, collecting purified water is achieved from various feed
waters containing either salts or pollutants [6-9]. MD has
several advantages compared with other membrane technol-
ogies. These include operation at mild conditions, reduction
of operational or capital costs using low grade waste heat,
theoretically 100% rejection of particulates and non-volatile
solutes, less sensitive to membrane fouling, the ability to treat
high salinity water such as RO brine, and allowing zero dis-
charge of concentrated brine [10,11].

Nevertheless, MD has not been widely accepted by
industry because of several limitations. One of them is
membrane fouling, which is a critical issue to be resolved
prior to long-term operations and commercial applications.
A number of studies have been conducted about the foul-
ing mechanism of traditional desalination technology such
as RO and NF [12-17]. However, behaviors of MD fouling
are still not well understood in many cases. Due to the dif-
ferences in membrane structures and operating conditions,
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the fouling mechanism in MD should not be similar to those
in other membrane processes [6,18,19]. MD fouling results
from particle deposition, organic adsorption, biofouling, and
scale formation [20]. Accumulation of sparingly soluble salts
such as CaSO,, CaCO,, and silica leads to the scale formation.
Crystals formed by scaling can reduce pure water flux by
hindering mass transport of vapor and bring wetting prob-
lem by lessening hydrophobicity [6,20-24].

Of particular interest in this work is silica fouling in MD.
In natural water, dissolved silica exists either as crystalline or
amorphous form. The formation of silica scale is dependent
on the pH of the solution. Factors affecting the formation of
silica scale include the size and shape, surface charge, and
interactions with ions in the feed solution. In addition, fluid
viscosity is affected by temperature of feed solution where
silica dissolved [22,25-27]. Therefore, silica fouling behaviors
are complex due to the combinations of these factors.

This study aims at better understanding of silica foul-
ing in MD based on response surface methodology (RSM).
The RSM includes statistical design of experiments and it
is widely used for developing a mathematical model for
prediction of the output responses [22,28,29]. Using RSM,
second-order polynomial model that predict the extent of
fouling was derived. When designing RSM, fouling ratio
(J/],) (Y) was set to be response of the result and concentra-
tion of silica (X,), NaCl (X,), and temperature difference (X,)
between feed and permeate (dT) were set to be variables.
Moreover, in order to confirm the impact of the presence
of NaCl on silica cake layers formation, fouled membrane
surfaces were observed using scanning electron microscopy
(SEM). With flux graphs and response surfaces, analysis on
influence of each variable on silica fouling behaviors was
carried out.

2. Materials and methods
2.1. Preparation of feed solution

As a model foulant, colloidal silica (SNOWTEX, ST-ZL)
was used for fouling experiments. Particle size of the silica
is 70-100 nm and percentage concentration of the original
solution is 40-41 wt%. Colloidal silica was diluted by deion-
ized (DI) water according to target concentration and NaCl
(Sigma-Aldrich, Korea) also was added to the silica solution.
Silica concentration was determined from 1,000 to 9,000 mg/L
and NaCl concentration was from 5,000 to 45,000 mg/L. In
every experiment, 1 L volume of feed water was used.

2.2. RSM design

The RSM was applied to analyze silica fouling behaviors
and develop experimental model equations that can predict
reduction of flux by normalized flux. In RSM design, con-
centration of ‘silica’, ‘NaCl’ and ‘temperature differences’
between feed and permeate was set to be X, X, and X,
respectively, as variables which have impact on membrane
fouling. The response (Y) was fouling ratio. To derive RSM
model equation, totally 20 runs of fouling experiments were
carried out with different experimental conditions, which are
summarized in Tables 1 and 2. When analyzing RSM, a value
was set to be 0.95.

Table 1
Variables and responses design for RSM analysis
Run order X, (silica) X, (NaCl) X, (dT)
(mg/L) (mg/L) O
-1.68 1,000 5,000 35
-1 3,000 15,000 40
0 5,000 25,000 45
1 7,000 35,000 50
1.68 9,000 45,000 55

From the analysis of variance, a second polynomial
model can be developed as shown below [22,29].

4 3 4 4
Yk = Bk[) + sziXi + z z Bkinin + sziiXiz M
i=1 i=1

i=1 j=i+l

where Y, is the fouling ratio meaning normalized flux at
finish point of experiments and X is designated as foulants
concentration and temperature differences. The R? was eval-
uated for the assessment of the accuracy of the model.

2.3. Laboratory MD system

Fig. 1 shows a laboratory-scale direct contact membrane
distillation (DCMD) experimental setup. In this system, two
main water streams exist: hot feed water which was heated
directly by a hotplate at bottom of the flask and cold permeate
water condensed during the experiments by passing through a
chiller. The temperature of the chiller was maintained at 20°C
by circulating water with a water bath. The flow rates of the
feed and permeate were 0.6 and 0.4 L/min, respectively, and
were distributed by gear pumps (Micro Gear Pump, USA). The
feed was stirred during the whole operation time by a magnetic
bar in the feed tank. All fouling tests were carried out during
the operation time of 9 h. The mass of the permeate was mea-
sured using a digital balance (OHAUS, USA) and the measured
value was transmitted to a personal computer in every minute.

2.4. MD membranes and module

Hydrophobic flat sheet microfiltration membranes
(Milipore, USA) with the nominal pore size of 0.22 um were
used for MD tests. The effective membrane area was 0.0012 m?
(2 ecm x 6 cm). The schematic diagram of module is shown
in Fig. 2. The MD module was made of acryl and the length,
width, and depth of the channel were 60, 20, and 2 mm, respec-
tively. The feed water passed through the upper part of module
and permeate passed through the bottom part. The feed and
permeate were in opposite direction (counter current flow).

3. Results and discussion
3.1. Membrane performance tests

Prior to fouling experiments, the performance of the
intrinsic membrane was tested using DI water for 1 h. The
results are summarized in Table 3. Experiments proceeded
with temperature difference between feed and permeate
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Table 2
Variables and responses design for RSM analysis

Run order X, (silica) X, (NaCl) X, (dT)

1 -1.00 (3,000 mg/L) -1.00 (15,000 mg/L) -1.00 (40°C)
2 -1.00 (3,000 mg/L) 1.00 (35,000 mg/L) -1.00 (40°C)
3 1.00 (7,000 mg/L) 1.00 (35,000 mg/L) -1.00 (40°C)
4 0.00 (5,000 mg/L) 0.00 (25,000 mg/L) 0.00 (45°C)
5 1.00 (7,000 mg/L) 1.00 (35,000 mg/L) 1.00 (50°C)
6 1.00 (7,000 mg/L) -1.00 (15,000 mg/L) 1.00 (50°C)
7 0.00 (5,000 mg/L) 0.00 (25,000 mg/L) 0.00 (45°C)
8 1.00 (7,000 mg/L) -1.00 (15,000 mg/L) -1.00 (40°C)
9 -1.00 (3,000 mg/L) 1.00 (35,000 mg/L) 1.00 (50°C)
10 -1.68 (1,000 mg/L) 0.00 (25,000 mg/L) 0.00 (45°C)
1 0.00 (5,000 mg/L) 0.00 (25,000 mg/L) -1.68 (35°C)
12 0.00 (5,000 mg/L) -1.68 (5,000 mg/L) 0.00 (45°C)
13 0.00 (5,000 mg/L) 0.00 (25,000 mg/L) 0.00 (45°C)
14 0.00 (5,000 mg/L) 0.00 (25,000 mg/L) 0.00 (45°C)
15 0.00 (5,000 mg/L) 0.00 (25,000 mg/L) 1.68 (55°C)
16 -1.00 (3,000 mg/L) -1.00 (15,000 mg/L) 1.00 (50°C)
17 0.00 (5,000 mg/L) 0.00 (25,000 mg/L) 0.00 (45°C)
18 0.00 (5,000 mg/L) 0.00 (25,000 mg/L) 0.00 (45°C)
19 1.68 (9,000 mg/L) 0.00 (25,000 mg/L) 0.00 (45°C)
20 0.00 (5,000 mg/L) 1.68 (45,000 mg/L) 0.00 (45°C)
Y, Fouling ratio

Table 3
Results of membrane performance tests

dT (°C) Flux (LMH)
Flowmeter Chiller 35 15
40 19.5
45 24
50 29.5
PC
BT » 36

Data Logging

from 35°C to 55°C at interval of 5°C and temperature of per-
meate was fixed at 20°C. At these conditions, pure water
fluxes were from 15 to 36 LMH. The following empirical
equation was obtained to express water flux as a function of
the temperature difference with the R? of 0.9993.

Fig. 1. Laboratory DCMD experimental setup.

J=0.163(d )" @)

3.2. DCMD fouling experiments with single foulant

The change of flux during MD operation using feed solu-
tion containing only silica is shown in Fig. 3(a). Although the
silica concentration was high (5,000 mg/L), no flux decline
was observed. Similar result was obtained using feed solu-
tion containing only NaCl of 25,000 mg/L (Fig. 3(a)). Also, the
Fig. 2. Schematic diagram of DCMD module. results were similar to that using DI water as the feed solution.
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Fig. 3. Dependence of flux on time during MD experiments using
(a) silica 5,000 mg/L and (b) NaCl 25,000 mg/L at dT 45°C.

These results may be attributed to electrical repulsive force
existing between colloidal silica and the membrane. As the
surfaces of the silica and membrane are negatively charged, it
is difficult to have silica deposition on the membrane surface.
Even if the silica cake layers are formed, they may be highly
porous due to the repulsive force.

After the fouling experiments, membrane surfaces were
examined by SEM and Fig. 4 shows the images. The SEM
results suggest that both silica and NaCl did not cause seri-
ous fouling. Although silica cakes or NaCl crystal particles
existed on the membrane surface, they did not cover the
entire surface and there were still many open pores. This
implies that their effects on flux are negligible as shown in
Fig. 3.

3.3. Fouling by mixed solution with silica and NaCl

Although silica in DI water may not cause MD foul-
ing due to its high surface charge, it may result in fouling
in a solution with a high salt concentration. At high ionic
strength, electrostatic repulsive force decreases. Therefore, it
is important to elucidate the effect of ionic strength (or salt

1lpm KOO}':MIN ZDi 6-28

WD 7.5mm

5.0kV High SEM

Fig. 4. SEM images of membrane surfaces of (a) clean membrane,
(b) after experiment using silica 5,000 mg/L, and (c) after experi-
ment using NaCl 25,000 mg/L.
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concentration) on silica fouling in MD. For this purpose, the
RSM was applied to obtain a quantitative relationship.

According to the RSM design, experiments were con-
ducted with the solutions containing both silica and NaCl in
various concentration and temperature conditions. Table 4
shows the results of fouling ratios according to run order.
Unlike the results of single foulant (Fig. 3), severe flux decline
was observed in some cases and the range of fouling ratios
was from 0.25 to 0.95. It is evident from the results that the
NaCl concentration (and ionic strength) significantly affects
the extent of silica fouling.

Fig. 5 shows the SEM image of the membrane surfaces
fouled by silica 9,000 mg/L and NaCl 25,000 mg/L at 45°C of
temperature difference. It looks quite different from the result
in Fig. 4(b), which is the SEM image after the MD operation
using the feed solution containing only silica of 5,000 mg/L.
Thick and dense cake layers cover the entire membrane sur-
face, which caused 60% of flux reduction (run order-19).
This fouling mechanism can be explained by Derjaguin—
Landau-Vervey—Overbeek (DLVO) theory. According to
DLVO theory, repulsive energy between particles is reduced
at higher ionic strength solution and therefore energy barrier
decreases, resulting in not only particle aggregation but also
attachment of particles on the membrane [27]. Accordingly, it
is evident that ionic strength has great effect on formation of
silica cake layers.

3.4. Development of model equation using response surface
method

After the fouling experiments, the analysis of RSM was
carried out to derive regression model to predict fouling ratio

Table 4
Fouling ratios according to run order designed by RSM
Run order Y (fouling ratio (J/],))
1(-1,-1,-1) 0.87
2(-1,1,-1) 0.61
3(1,1,-1) 0.46
4(0,0,0) 0.50
5(1,1,1) 0.25
6(1,-1,1) 0.50
7(0,0,0) 0.51
8(1,-1,-1) 0.76
9(-1,1L1) 0.58
10 (-1.68, 0, 0) 0.86
11 (0, 0, -1.68) 0.66
12 (0, -1.68, 0) 0.95
13 (0, 0, 0) 0.50
14 (0, 0, 0) 0.51
15 (0, 0, 1.68) 0.42
16 (-1,-1, 1) 0.71
17 (0, 0, 0) 0.55
18 (0, 0, 0) 0.52
19 (1.68, 0, 0) 0.41
20 (0, 1.68, 0) 0.48

based on the results of fouling ratio and initial flux. The con-
fidential level was set to be 95%. As mentioned above, the
regression model is a function of concentration of silica and
NaCl and temperature differences between feed and perme-
ate (dT). Using statistical method with experimental datum,
regression model could be developed that can predict the
fouling ratio in MD operation and the coefficients and p val-
ues are summarized in Table 5. The model had 91.77% of R*
which means the model calculations are reasonable. All of the
p values were less than 0.05 except for B, , B,,, and B,,, indicat-
ing that these models properly describe the functional rela-
tionship between the experimental factors and the response
variable. Especially, p value of B,; is much great indicating the
term of square of dT had a negligible impact on silica cake
formation. Based on the results, second-order polynomial
models can be presented as below:

‘pm KOOKMIN 2016-06-21

5.0kV Low LM WD 6.0mm

Fig. 5. The SEM image of membrane surfaces after MD experi-
ment in the following operation condition: silica 9,000 mg/L and
NaCl 25,000 mg/L at dT 45°C.

Table 5
Coefficients and p value of polynomial regression model for
responses

Y (fouling ratio (J/],))

Coefficient p Value
B, (constant) 0.516436 0.000
B, (silica) —-0.0978854 0.000
B, (NaCl) -0.126709 0.000
B, (dT) -0.0778825 0.000
B,, (silica x silica) 0.0330409 0.031
B,, (NaCl x NaCl) 0.0613252 0.001
B, (dT xdT) -5.46654E-04 0.968
B,, (silica x NaCl) -0.0475000 0.023
B, (silica x dT) -0.0625000 0.005
B,, (NaCl x dT) 0.0225000 0.232
R? 91.77%
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Y =0.516436 — 0.0978854X, — 0.126709X, — 0.0778825X,
+0.0330409X 2 + 0.0613252X,2 - 0.0475X, X, - 0.0625X,X, (3)

3.5. Analysis of fouling behaviors by flux patterns

Although conditions of experiments designed for RSM
analysis do not have a set of rules to analyze fouling behav-
iors by a specific foulant, some comparable cases were used
to find the effect on fouling in each variable. Fig. 6 presents
flux patterns with respect to operating time. In Fig. 6(a), sil-
ica concentration was changed from 3,000 to 7,000 mg/L and
NaCl concentration was changed from 15,000 to 35,000 mg/L
at 40°C of dT. Fouling ratios changed more sensitively to
NaCl concentration than silica concentration. The fouling
ratio changed from 10% to 14% by changing silica concentra-
tion from 3,000 to 7,000 mg/L. On the other hand, the fouling
ratio changed from 26% to 30% by changing NaCl concentra-
tion from 15,000 to 35,000 mg/L.

Fig. 6(b) shows the effect of change in concentration of
silica and NaCl at 45°C of dT on fouling. While only 14%
of flux decline was observed by silica 1,000 mg/L and NaCl
25,000 mg/L, 50% of flux drop was occurred by increasing sil-
ica 5,000 mg/L. Interestingly, there was no difference between
NaCl 25,000 and 45,000 mg/L in fouling ratios. It seems that
there was no additional particle deposition or development
of cake layers even with further increasing NaCl concentra-
tion. The influence of temperature difference (dT) on fouling
is shown in Fig. 6(c). With an increase in the temperature dif-
ference, the fouling rate increased. It is likely that the fouling
is accelerated by increasing the temperature difference.

3.6. Analysis of fouling behaviors by RSM

Fig. 7 presents response surfaces showing change of
fouling ratios (J/],) (Z-axis). The graphs were drawn with
change of two variables (X- and Y-axis) in fixed three con-
ditions of the other variable. In all cases, the graph in range
of more than 1.0 can be defined as no fouling. Figs. 7(a)—-(c)
show the effect of NaCl and feed temperature (dT) at silica
concentrations of —1.68 (1,000 mg/L), 0 (5,000 mg/L), and 1.68
(9,000 mg/L). When feed contained minimum concentration
of silica, no significant changes in fouling ratio are observed.
This implies that low concentration of silica had a negligi-
ble effect on fouling even at high range of NaCl and dT. As
shown in Figs. 7(b) and (c), fouling ratios had a decreasing
tendency with two factors from medium concentration of sil-
ica and severe flux decline was caused at high concentration
of silica. In Fig. 7(c), flux decreased sharply with an increase
in NaCl concentration in spite of the low feed temperature
condition.

Figs. 7(d)—(f) show fouling ratios as a function of silica
and NaCl concentrations at different temperature condi-
tions. In all cases, the fouling ratio increases with an increase
in the temperature. When dT is —1.682 (35°C), the fouling
ratios are approximately 1.0, indicating only negligible
fouling occurred (Fig. 7(d)). When dT values are 0 (45°C)
and 1.68 (55°C), the fouling ratio decreases with increasing
silica concentration (Figs. 7(e) and (f)). The fouling ratio
seems to be lowest at NaCl concentration of 0 (25,000 mg/L).
These results may be attributed to the pore blocking
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mechanism [30]. In the feed formed based on ionic strength
by NaCl 25,000 mg/L, most of the silica could be aggregated
by the size same with membrane pore sizes (0.22 pm), lead-
ing to pore blockage. Further increase in the NaCl concen-
tration results in the formation of larger aggregates than the
pore size, leading to less severe fouling through the cake for-
mation mechanism [30].

Figs. 7(g)-(i) present response surfaces of fouling ratios as
a function of silica concentration and dT with different NaCl
concentrations. At low NaCl concentration, fouling ratio
is high regardless of silica concentration and dT. With an
increase in NaCl concentration, the fouling ratio decreases,
suggesting that NaCl is an important factor affecting the sil-
ica fouling in MD. The effect of NaCl on fouling ratio does
not seem to be important under low silica concentration.
However, it becomes important at high silica concentrations.
In all three cases, the fouling ratio is significantly reduced by
increasing dT at high silica concentrations.

4. Conclusions

In this study, silicate fouling behaviors in MD were ana-
lyzed and the following conclusions were withdrawn:

* The silica in DI water did not cause noticeable MD foul-
ing. It is attributed to high repulsive force between colloi-
dal silica and the membrane surface.

* The silica in NaCl solution resulted in significant flux
decline due to fouling. The SEM images show thick cake
layers formed on the membrane surfaces. It is likely that
aggregation colloidal silica occurred at high NaCl con-
centrations. In addition, the temperature difference (dT)
between feed and permeate accelerated MD fouling.

* RSM was applied to elucidate silica fouling in MD as a
function of silica concentration, NaCl concentration, and
dT. A reasonable second-order polynomial regression
model was established to predict fouling ratio.

¢ MD fouling is found to be sensitive to silica concentra-
tion. However, a high silica concentration does not lead
to severe fouling at a low NaCl concentration. In addi-
tion, a high dT does not induce fouling at a low NaCl con-
centration. This suggests that silica fouling in MD should
be interpreted as a combined effect by silica concentra-
tion, NaCl concentration, and dT.
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