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Abstract
One of the major challenges in membrane distillation (MD) desalination is scaling, mainly
CaSO4 and CaCO3. In this study, in order to achieve a better understanding and establish a
strategy for controlling scaling, a detailed investigation on the MD scaling was performed by
using various analytical methods, especially an in-situ monitoring technique using an optical
coherence tomography (OCT) to observe the cross-sectional view on the membrane surface
during operation. Different concentrations of CaSO4, CaCO3, as well as NaCl were tested
separately and in different mixed feed solutions. Results showed that when CaSO4 alone was
employed in the feed solution, the mean permeate flux (MPF) has significantly dropped at lower
volume concentration factor (VCF) compared to other feed solutions and this critical point was
observed to be influenced by the solubility changes of CaSO4 resulting from the various inlet
feed temperatures. Although the inlet feed and permeate flow rates could contribute to the initial
MPF value, the VCF, which showed a sharp MPF decline, was not affected. It was clearly
observed that the scaling on the membrane surface due to crystal growth in the bulk and the
deposition of aggregated crystals on the membrane surface abruptly appeared close to the critical
point of VCF by using OCT observation in a real time. On the other hand, NaCl + CaSO4 mixed
feed solution resulted in a linear MPF decline as VCF increases and delayed the critical point to
1

higher VCF values. In addition, CaCO3 alone in feed solution did not affect the scaling, however,
when CaSO4 was added to CaCO3, the initial MPF decline and VCF met the critical point earlier.
In summary, calcium scaling crystal formed at different conditions influenced the filtration
dynamics and MD performances.

Keywords: Calcium sulfate; Mean permeate flux; Membrane distillation; Optical coherence
tomography (OCT); Scaling.

1. Introduction
Membrane distillation (MD) is a thermal-driven separation process using hydrophobic micro
porous membranes. The membrane prevents the pore from wetting due to repulsion forces
between the hydrophobic wall and water, thus generating a liquid/vapor interface at the pore
entrance and only allowing transportation of water vapor across the membrane. The driving force
of the MD processes is the partial water vapor pressure difference resulting from the
transmembrane temperature difference between the feed and permeate sides.
Scaling of the membrane surface is one of the major challenges for MD desalination systems
[1], mainly caused by calcium sulfate (CaSO4) and calcium carbonate (CaCO3). MD membranes
are sensitive to fouling and scaling which can affect the MD performance and wettability and can
block the membrane pores due to crystal growth and the deposition of aggregated crystals on the
membrane surface [2]. Particulalry in a long-term operation these issues can drastically reduce
the MD performance. Scaling and crystal growth in the pores can lead to severe membrane pore
wetting resulting in water flooding across the membrane. Furthermore, the scaling layer not only
impedes the mass transport of water vapor across the membrane but also reduces the membrane
surface hydrophobicity [3-7]. It has been reported that scaling behavior strongly depends on the
solubility of CaSO4 and CaCO3 and filtration conditions (i.e., concentration [5], velocity [8],
temperature [9, 10]). In addition, the shape of the crystals formed can change as a function of
solution temperature and the solubility of CaSO4 [5, 11-14].
Recent studies have been conducted to achieve a better understanding of MD fouling and
scaling with the aim of fouling mitigation and control [3, 15-18]. A study reported that scaling
formed both on the membrane surface and inside the membrane pores in the direct contact
membrane distillation (DCMD) operation [15]. Nghiem and Cath [3] investigated the scaling
2

tendencies, particularly the size of CaSO4 crystals formed at different inlet feed temperatures,
highlighting the interactions between induction time and saturation index. An experimental study
made by Naidu et al. [16] was conducted to find the optimal inlet feed and permeate flow
velocities in the DCMD process with bulk and surface crystallization tendencies. Curcio et al.
[17] studied CaCO3 scaling on the DCMD process and reported the role of the membrane on
CaCO3 scaling in the presence of humic acid. He et al. [18] examined an antiscalant to control
MD scaling, reporting their effects on the induction period for the nucleation of the CaSO4 and
CaCO3 crystals on the membrane surface.
In the studies referenced above, various analytical methods were adopted to investigate the
scaling mechanisms, such as monitoring flux decline pattern and permeate water quality, and
analyzing the MD membrane after operation. These methods only allow an indirect analysis of
scaling behavior in the MD processes. SEM image analysis of fouled membranes requires
disassembly from the module and drying the membrane, after which it makes it difficult to
observe the actual scaling structure without risk of collapse. In addition, the solution temperature
significantly affects the scaling structures. Hence, an innovative and intuitive observation method
is necessary to understand the scaling phenomena in real-time during the MD operation.
The optical coherence tomography (OCT) is an in-situ monitoring technique and it has
recently been applied to observe fouling and scaling as well as biofouling in membrane systems
[19-23]. In order to achieve a better understanding and strategies of scaling and its control in the
MD process, a comprehensive analysis of scaling behavior was investigated in this study. The
mean permeate flux (MPF) decline pattern, water quality, and scanning electron microscope
(SEM) images as well as the OCT images were analyzed according to the operating conditions.
Experiments were operated at different inlet feed temperatures ranging from 50-70 °C, inlet feed
and permeate flow rates ranging from 0.4-1.2 L/min (LPM), and at a constant coolant
temperature of 20 °C. A flat-sheet DCMD membrane module was used to assess the effects of
physical parameters on the scaling formation.

2.

Materials and methods

2.1

DCMD experimental set-up
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Figure 1. A picture of windowed DCMD module for OCT imaging analysis. OCT is placed on
the window for higher resolution images.
Table 1. Properties of flat sheet membrane.
GE hydrophobic micro-porous membrane
Material

Polytetrafluoroethylene (PTFE)

Porosity (%)

75±5

Mean pore size (μm)

0.2

Thickness (μm)

179

As shown in Fig. 1, the MD module used in this study was made of acrylic plastic and
designed with a window on the top side of the feed channel to monitor the scaling formation
directly using the OCT technique. The module channel dimensions of both feed and permeate
sides were 0.015 m × 0.06 m × 0.002 m, giving an effective membrane surface area of 0.0009
m2. A new commercially available hydrophobic micro-porous membrane supplied by General
Electric (GE, US) was used in each experiment. Properties of the membrane are summarized in
Table 1.
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Figure 2. A schematic diagram of the laboratory DCMD experimental set-up combined with
OCT device.
Fig. 2 shows the lab-scale DCMD experimental set-up consisting of a closed-loop unit. The
inlet feed temperature was maintained constant using a hot plate (C-MAG HS7, IKA) with
temperature control unit (ETS-D5, IKA). The feed solution was kept well stirred by a magnetic
bar (5 cm) to prevent the crystallized solute from sticking on the feed tank walls. MPF data was
continuously recorded by measuring the permeate weight using a balance (ML3002, Mettler
Toledo). The permeate temperature was set at 20 °C by using a chiller (1156D, VWR) coupled
with a shell and plate heat exchanger. Two gear pumps (Micro gear pump (95211-35), Cole
Parmer) were used to supply a constant volume flow rate to both feed and permeate channels. All
the pipes and feed tank were well insulated to reduce the heat loss to the ambient. The pore
wetting, or membrane leakage, were detected by using a conductivity sensor (SG78, Mettler
Toledo) at the end of an experiment.

2.2. Experimental matrix
Experimental studies were conducted with CaSO4 solution to investigate the effect of inlet
feed temperature (related with the effect of CaSO4 solubility) and inlet feed and permeate flow
rates related with flow patterns (i.e. laminar and turbulent flow) on the scaling behavior. Milli-Q
water was used to prepare the feed solutions. In addition, various solute components with CaSO4,
5

CaCO3, and NaCl (Table 2) present in seawater were tested at fixed operating conditions. To
avoid pH change during the operation and exclude the effect of pH, all feed solutions were
adjusted at pH 8.5 using 10 mM borate buffer in the feed solution before the experiments. All
experiments were conducted more than three times to achieve reproducibility. The detailed
experimental conditions are given in Table 2.
Table 2. Summary of feed solutions and operational conditions.
Feed type

Temperature (°C)

Feed and permeate

Feed

Flow rates (LPM)

Permeate

50
CaSO4 alone

60

Volume(L)

0.4
20

0.4 and 0.8

70

1.0

0.4

CaCO3 alone

8.5

NaCl alone
CaSO4 and CaCO3

pH

60

20

0.4

2.0

CaSO4 and NaCl
CaSO4, CaCO3 and NaCl
*Concentrations of CaSO4, CaCO3 and NaCl were 1,900, 140 and 35,000 mg/L, respectively, which are similar
compositions present in seawater.

2.3. Saturation ratio (SR)
The MD process does not allow the transportation of ions through the membrane, thus the
saturation ratio of Ca2+ concentration in the feed solution was measured immediately after
filtration through a 0.45 μm syringe filter. Calculation of SR based on the permeate flux can be
done by Eq. (1).

SR  [Ca2 ]brine / [Ca2 ]initial

(1)

The concentration of Ca2+ in the feed solution was measured using the inductively coupled
plasma atomic emission spectroscopy (ICP-AES) analysis with respect to the flux decline
pattern.
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2.4

OCT monitoring
A spectral domain OCT system Ganymede I from Thorlabs, GmbH (Germany) armed with

the scan lens (LSM 03BB) was used to assess the CaSO4 deposition on the membrane surface.
The DCMD module was positioned under the OCT probe allowing the scaling monitoring. 2D
cross sectional OCT scans (1000 pixel × 314 pixel), corresponding to 5.0 mm × 0.88 mm (width
× depth), were taken within a fixed rectangular area of 5.0 mm×2.0 mm. Scans were acquired
periodically over the duration of the experiment. The OCT scans were processed with the FiJi
software. Images were filtered to reduce the noise, then the contrast and brightness were
adjusted.
2.5

Scanning electron microscope (SEM)
To examine the surface of fouled membranes, samples were mounted on flat stubs and coated

with 5 nm Iridium inside Q150TS sputter coater (Quorum Technologies). Quanta 200FEG SEM
equipped with ETD secondary electron detector were used for SEM imaging. Secondary electron
images were acquired at an accelerating voltage of 3:00 kv and working distances of 4.9 to 16.3
mm.
3. Results and discussion
3.1. Influence of inlet feed temperature
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(a)

(b)
Figure 3. Effect of inlet feed temperature on (a) MPF and (b) SR versus VCF at various inlet
feed temperatures (50-70 °C), at inlet permeate temperature of 20 °C, and inlet feed and
permeate flow rates of 0.4 LPM.
The volume concentration factor (VCF) is defined as the initial feed volume divided by the
current feed volume [24]. Fig. 3a represents the MPF as a function of the VCF at various inlet
feed temperatures (50-70 °C) and inlet permeate temperature of 20 °C, at inlet feed and permeate
flow rates of 0.4 LPM. MPF variation vs. VCF is an indirect observation of fouling and scaling
behavior, where the effect of the solubility change and the various initial MPF were investigated.
As shown in Fig. 3a, the initial MPF significantly increased from 22 to 50 kg/m2h when
increasing the feed temperature from 50 to 70 °C due to the increase of the driving force. The
water vapor flux is a function of the mass transfer coefficient and the partial water vapor pressure
difference, which can be calculated by Antoine’s equation, Eqs. (2-4) [25].

J  Cm ( p f ,m  p p,m )

(2)

3816.44 

pw,m  exp  23.1964 

T  46.13 


(3)

8

p f ,m  1  x f  pw,m

(4)

where J is the water vapor flux, Cm is the mass transfer coefficient, pf,m and pp,m (pw,m) are the
water vapor pressure of saline water and pure water respectively, T is the transmembrane
temperature, and xf is the molar fraction of non-volatile solute.
At all feed temperatures tested (50-70 °C), the observed flux decline patterns were found to
be similar. For instance, there was no MPF decline with increase of VCF from 1.0 to 1.9 at
60 °C, and then MPF started decreasing slightly at VCF of around 1.98 leading to a subsequent
dramatic decrease, especially at high feed temperatures. Results show that an increase in the
water vapor flux contributes to more scaling on the membrane surface. The crystal may be
formed more near the membrane surface because the water evaporation occurs near the surface.
In addition, the scaling with CaSO4 crystals, grown in bulk flow on the membrane surface occurs
due to the decrease of CaSO4 solubility with an increase in the temperature. The flux decline
trends of CaSO4 solution observed are in good agreement with results of Nghiem and Cath [3].
Moreover, this pattern can be clearly found from the SR curve (Fig. 3b). The induction time (i.e.
when crystal formation starts) was similar at 50 and 60 °C, and about VCF 1.9 (SR of 50 and
60 °C was 1.75 and 1.73, respectively). This indicates that before bulk crystallization occurs, a
small quantity of calcium ion is precipitated without deposition on the membrane surface (initial
stage). For all temperatures tested, SR was about 1.5 at VCF 1.6. However, at VCF 2.3, the
amount of crystallized calcium at 60 °C (124 mg) was slightly higher than that at 50 °C (115
mg). Interestingly, this only represents about 6% of total calcium used. On the other hand, at
70 °C the induction time of CaSO4 was much shorter, compared to the lower temperatures. The
formation of bulk crystals started at about VCF 1.6. In this case, a higher amount of calcium (186
mg of Ca ion) was associated with crystal formation and removed from the feed water at VCF
2.3 and SR 1.46. In summary, as feed temperature increases the induction time decreases
resulting in an increased amount of crystallized calcium which further impacts the flux pattern
observed in DCMD operation.
SEM images of membrane samples collected at the end of experiments are presented in Fig.
4. Based on results of the current study, the CaSO4 crystals on the membrane surface have a
needle shape, however, their sizes increased remarkably with increasing inlet feed temperatures
from 50 °C to 70 °C, showing the formation of larger crystal sizes occurring at higher feed
9

solution temperatures, which also have the lower solubility. Here, crystal size influenced by feed
temperature could affect the scaling structure and subsequently the water filtration dynamics and
flux (Fig. 3).
In addition, sharper crystal forms are expected to accelerate the membrane wetting because it
can damage faster the polymeric membrane surface. However, based on our experimental results,
that effect on the membrane wetting was not observed maybe because of the shorter
experimental time for such phenomenon to occur.
Magnitude 2,500×

Magnitude 25,000×

(a)

(b)
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(c)
Figure 4. SEM images of membrane surface with respect to the inlet feed temperatures (a)
50 °C, (b) 60 °C, and (c) 70 °C, at inlet permeate temperature of 20 °C and inlet feed and
permeate flow rates of 0.4 LPM.
3.2. Influence of inlet flow rate

(a)
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(b)
Figure 5. Effect of inlet feed and permeate flow rates from 0.4 to 0.8 LPM on (a) MPF and (b)
SR vs. VCF at inlet feed and permeate temperatures of 60 °C and 20 °C, respectively.
Fig. 5a represents the effect of inlet flow rates on the MPF vs. VCF. The effect of laminar
flow (0.4 LPM, Re=1,651) and turbulent flow (0.8 LPM, Re=3,302) on the MPF pattern and
CaSO4 scaling behavior was investigated for inlet feed and permeate temperatures of 60 °C and
20 °C, respectively. A modeled solution (CaSO4, 1,900 ppm) was employed. The Reynolds
number was calculated by Eqs. (5) and (6).

Re 

 Dh v


(5)

Dh 

2ab
ab

(6)

where ρ is the density of solution, Dh is the hydraulic diameter, v is the velocity, μ is the dynamic
viscosity, a is channel width, and b is channel depth. Higher initial MPF (43.53 kg/m2h) was
found with higher inlet feed and permeate flow rates (both 0.6 LPM) as higher flow rates can
achieve a higher convection heat transfer in the channel flow (Fig. 5a) [26]. The higher
convection heat transfer can lead to lower temperature polarization [25-28].
A similar trend on the MPF vs. VCF is seen for same inlet feed temperature but varying flow
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rates (Fig. 5b). The MPFs at both flow rates did not declined till a VCF 1.9, where a sharp
decreased is observed after this point, as shown in Fig. 5a. This is supported by SR pattern (Fig.
5b). By VCF 1.9, SR was similar at the different flow rates. However, after VCF 1.9 a relatively
significant decline of SR at 0.8 LPM is seen compared with the 0.4 LPM flow rate. At VCF 2.3,
the SR at 0.4 and 0.8 LPM flow rates were 1.73 and 1.51, respectively, corresponding to an
increase of the amount of crystallized calcium from 124 to 173 mg. Another interesting point is
that although the MPF increased due to the increase of inlet feed and permeate flow rates, its
decline occurred at almost the same VCF value. In addition, the induction times at 0.4 and 0.8
LPM were measured at around 17 h (VCF 1.91) and 12 h (VCF 1.87), respectively. This
indicates that flow rate or hydrodynamic condition is associated with crystal formation and
affects the flux decline in terms of the induction time. SEM images clearly show this effect. The
CaSO4 crystal size formed on the membrane surface at 0.4 LPM seems to lead to a higher
proportion of small size crystal compared to that at 0.8 LPM (Fig. 6). In addition, the rate of
MPF decline is less with the smaller CaSO4 crystal size at the lower flow rate (0.4 LPM).
Consequently, higher inlet flow rates could lead to an increase in the MPF due to the
enhancement of the convection heat transfer, which reduces the temperature polarization effect.
In addition, although the increase in the inlet feed and permeate flow rates does not significant
effect the flux decline related to the MD scaling in terms of VFC, the increase in inlet feed
velocity from 0.4 LPM to 0.8 LPM can reduce the induction time from 17 h (VCF 1.91) to 12 h
(VCF 1.87).
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Magnitude 2,500×

Magnitude 5,000×

(a)

(b)
Figure 6. SEM images of membrane surface with respect to the inlet feed and permeate flow
rates (a) 0.4 LPM, and (b) 0.8LPM at inlet feed and permeate temperatures of 60 °C and 20 °C,
respectively.
3.3. Influence of sodium chloride (NaCl)
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Figure 7. Effect of NaCl on CaSO4 scaling in terms of MPF vs. VCF at inlet feed and permeate
flow rates of 0.4 LPM and inlet feed and permeate temperatures of 60 °C and 20 °C,
respectively.
Fig. 7 represents the MPF patterns of DCMD tested with three different solutions: NaCl
alone (35,000 ppm), CaSO4 alone (1,900 ppm), and CaSO4 (1,900 ppm) with NaCl (35,000
ppm). The MPF of NaCl solution decreased by about 27% as VCF increased from 1.0 to 4.5.
This trend is consistent with a DCMD experimental study using high salinity feed solution by
Yun et al. [29]. However the CaSO4 + NaCl mixed solution showed a lower MPF compared to
that of NaCl alone. Moreover, there was a sharp MPF decline at the initial VCFs with the mixed
solution. This may be because the salt concentration near the membrane surface at the feed side
suddenly increased due to the decrease of NaCl solubility with CaSO4. It may also be due to
particularly high concentration near the membrane surface in the feed side [30]. The MPF of
CaSO4 and NaCl mixed solution was observed to have a similar MPF decline pattern with NaCl
mixed solution. This is because the decrease in the NaCl solubility with CaSO4 may led to the
initial flux decline which continued to decrease due to the relatively high NaCl concentration
15

change compared to the change of CaSO4 concentration as VCF increases. Furthermore, the
presence of NaCl in the solution delayed the CaSO4 scaling. However, right after VCF 4.45 the
MPF with CaSO4 + NaCl mixed solution dramatically decreased by approximately 75% due to
CaSO4 scaling which suddenly formed and deposited on the membrane surface. It should be
noted that the VCF at which MPF starts to decline the CaSO4 + NaCl mixed solution was
delayed compared to that for the CaSO4 alone (Fig. 3). The high concentration of NaCl
postponed the formation of gypsum (CaSO4) because in the presence of NaCl in the feed
solution, the gypsum (CaSO4) solubility increases [31] due to the decrease in the activity
coefficient and the increase in NaSO4- complexation [32].

(a)

(b)

Figure 8. SEM images (magnitude, 10,000×) of membrane surface for (a) NaCl solution and (b)
CaSO4 + NaCl mixed solution at inlet feed and permeate flow rates of 0.4 LPM, inlet feed and
permeate temperatures of 60 °C and 20 °C, respectively.
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(a)

(b)

Figure 9. SEM images ((a) magnitude ×1,000 and (b) magintude×25,000) of membrane surface
with CaSO4 + NaCl mixed solution at inlet feed and permeate flow rates of 0.4 LPM, inlet feed
and permeate temperatures of 60 °C and 20 °C, respectively.
Fig. 8 shows a SEM image of the membrane surface tested with (a) NaCl and (b) CaSO4 +
NaCl mixed solution at inlet feed and permeate flow rates of 0.4 LPM, inlet feed and permeate
temperatures of 60 °C and 20 °C, respectively. Fig. 9 represents SEM images with (a) magnitude
×1,000 and (b) magintude×25,000) under the same operating conditions. When CaSO4 + NaCl
mixed solution was used, more deposition on the surface was observed compared to NaCl
solution alone, as shown in Fig. 9. The decrease in MPF for NaCl alone was not significant
compared to CaSO4 + NaCl mixed solution, meaning that the NaCl solution alone did not give a
significant impact on the flux decline while NaCl affected the CaSO4 scaling formation, which is
not observed in other processes [33].
Comparing the SEM images of the membrane surface (Figs. 4 and 6) and the effect of inlet
feed and permeate flow rates on the system performance, such as MPF, SR vs. VCF with the
CaSO4 solution and the CaSO4 + NaCl mixed solution (Figs. 8b and 9a and b), the membrane
surface was less covered with CaSO4 + NaCl mixed solution and it resulted in the delay of VCF
of MPF decline started to occur at around VCF 4.3. In addition, the meniscus of membrane pores
were observed not to be completely covered with CaSO4 crystals as shown in Fig. 9.
17

3.4. Influence of calcium carbonate (CaCO3)
Fig. 10 shows the effect of CaCO3 on CaSO4 scaling in terms of MPF vs. VCF. In addition,
the effect of CaCO3 + CaSO4 + NaCl mixed solution as a function of VCF is highlighted. The
MPF with only CaCO3 solution did not decrease with increasing VCF, shown in Fig. 10. This
indicates that if the concentration of CaCO3 (140 ppm) is alone in the feed solution is low, it has
an insignificant effect on the MD scaling. This is in agreement with a previous study [3]. In
addition, no leaking or pore wetting was found, detected using a conductivity meter in the
distilled permeate tank at the end of experiments. Fig. 11 presents SEM images ((a) magnitude
×1,000 and (b) magintude×25,000) of the membrane surface with CaCO3 solution at inlet feed
and permeate flow rates of 0.4 LPM, inlet feed and permeate temperatures of 60 °C and 20 °C,
respectively. The SEM image with CaCO3 also appears to have a more porous structure on the
membrane surface than that with CaSO4, shown in Fig. 11a and b.

Figure 10. Effect of CaCO3 in mixed solution on the MPF vs.VCF at inlet feed and permeate
flow rates of 0.4 LPM, inlet feed and permeate temperatures of 60 °C and 20 °C, respectively.
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(a)

(b)

Figure 11. SEM images ((a) magnitude ×1,000 and (b) magintude×25,000) of membrane surface
with CaCO3 solution at inlet feed and permeate flow rates of 0.4 LPM, inlet feed and permeate
temperatures of 60 °C and 20 °C, respectively.
In the case of the mixed solution CaSO4 + CaCO3, the MPF was similar as for CaSO4 alone.
However, at initial range of VCF, the MPF decline with CaCO3 + CaSO4 mixed solution was
slightly higher. This is because CaCO3 scaling formation crystals could block some parts of the
membrane pores. In addition, solubility of CaCO3 is much lower than CaSO4. The coprecipitation of CaCO3 + CaSO4 may also cause a sharp MPF decline at the initial VCF where
the solubility of CaCO3 decreases with an increase in CaSO4 concentration and the feed
temperature. The presence of a common Ca2+ ion, due to the Le Châtelier's principle, reduces the
solubility of the CaSO4 salt. Furthermore, due to the decrease of CaSO4 solubility, the MPF
decline with CaCO3 + CaSO4 mixed solution was observed at an earlier VCF values compared to
CaSO4 solution. The MPF decline pattern with CaCO3 + CaSO4 + NaCl mixed solution is similar
with the MPF decline pattern with CaSO4 + NaCl mixed solution. As shown in Fig. 10, when the
CaCO3 + CaSO4 + NaCl mixed solution is employed, the initial MPF decreased from 36.53 to
33.00 kg/m2h when compared to the CaCO3 + CaSO4 mixed solution. This is because the high
NaCl concentration near the membrane surface may reduce mass transfer across the membrane.
The significant MPF decline with CaCO3 + CaSO4 + NaCl mixed solution was observed around
VCF 4.2, earlier than the VCF (4.42) with CaSO4 + NaCl mixed solution. This is because the
addition of CaCO3 may reduce the CaSO4 solubility or the co-precipitation of CaCO3 and CaSO4
19

[11], causing the sharp MPF decline at the initial VCF.
In summary, when a low concentration of CaCO3 (140 ppm) is used in the feed solution it
does not significantly affect the MPF decline (Fig. 10). However, if CaCO3 is mixed with CaSO4
or CaSO4 and NaCl, a dramatic MPF decline starts at an earlier VCF. In addition, the high
concentration of NaCl (35,000ppm) alone in solution led to a small MPF decline with an increase
in the VCF. However, when NaCl is mixed with CaSO4 or CaCO3 and CaSO4, it was found that
the effect of NaCl could delay the VCF at which a significant MPF decline occurs.

Magnitude 1,000×

Magnitude 2,500×

Magnitude 5,000×

Magnitude 10,000×

Figure 12. SEM images (from magnitude 1,000x to magnitude ×10,000) on the membrane
surface after experiment with CaCO3 + CaSO4 + NaCl mixed solution at inlet feed and permeate
20

flow rates of 0.4 LPM, inlet feed and permeate temperatures of 60 °C and 20 °C, respectively.
SEM images of membrane surface after experiments of CaCO3 + CaSO4 + NaCl mixed
solution were almost similar with CaSO4 solution (Fig. 12). However, several NaCl and CaCO3
have a porous structure while CaSO4 has a dense crystal form covering the membrane surface.
3.5. OCT monitoring
Fig. 13 represents cross-sectional images of the membrane taken by OCT at specific points of
the MPF pattern during the DCMD operation with the CaSO4 solution only at inlet feed and
permeate temperatures of 60 °C and 20 °C, respectively, and inlet feed and permeate flow rates
of 0.4 LPM. As shown in Fig. 13 (a), the cross-sectional image of a clean membrane is
characterized by a certain roughness. Around VCF 1.9, no deposition of CaSO4 crystal was
observed on the membrane surface, although some calcium (around 26 mg) was removed from
the feed solution. This suggests that a slight amount of CaSO4 scaling formation has taken place
in the VCF range from 1.0 to 1.9. However, it was not significantly enough to affect the MPF
due to the negligible small amount. No deposition was observed in the OCT image because the
small size was assumed to be below the OCT resolution limit. Deposition of CaSO4 scaling on
the membrane surface was clearly observed during the MPF decrease from 30.53 to 5.13 kg/m2h,
and was further enhanced in the VCF range of 2.1 to 2.3, as shown in Figs. 13 (c) and (d), where
the MPF decreased asymtotically from 5.13 kg/m2h to 1.67 kg/m2h.
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Figure 13. Cross-sectional images of membrane taken by OCT and MPF versus VCF from 1.0 to
2.3 using the CaSO4 solution only at inlet feed and permeate temperatures of 60°C and 20°C,
respectively, and inlet feed and permeate flow rates 0.4 LPM.
The cross-sectional images of the membrane taken by OCT at specific points of the MPF
pattern during the DCMD operation with CaCO3 + CaSO4 + NaCl mixed solution at inlet feed
and permeate temperatures of 60 °C and 20 °C, respectively, and inlet feed and permeate flow
rates of 0.4 LPM are presented in Fig. 14. The initial MPF slightly decreased due to the decrease
in NaCl solubility in the solution by CaSO4. However, right after VCF 1.8 the MPF decreased
linearly till the induction point (VCF 4.1). Fig. 14 (a) shows a brighter layer compared to the
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OCT image of Fig. 13 (a), which may be due to a thin deposition of NaCl on the membrane
surface at VCF 1.4. Then, from VCF 1.4 till VCF 3.6 (Fig. 14 (a)-(c)) the bright layer thickness
did not change significantly. Afterwards, the MPF decreased linearly as VCF increases. In
addition, the depositions of CaSO4 and CaCO3 were not observed till VCF 3.6 (Fig. 14(a)-(e)). It
means that the scaling, which is occurred by CaSO4 and CaCO3, was not dominant till VCF 3.6.
A drastic decline in the MPF was observed right after VCF 4.1 which represents the induction
point corresponding to the formation of crystals in the bulk feed solution and the subsequent
deposition on the membrane surface. However, due to the limited resolution of this generation of
OCT technology, it was not possible to distinguish between the deposited scaling layers formed
by CaSO4 or CaCO3 using OCT only.
This is the first attempt to investigate CaSO4 scaling and CaCO3 + CaSO4 + NaCl mixed
scaling in the DCMD process using OCT technique. Although the cross-sectional membrane
images with CaSO4 and CaCO3 + CaSO4 + NaCl scaling obtained by OCT have a low resolution
due to the small crystallization sizes or scaling layers, the scans were aquired in real-time under
continuous operation. The potential for real-time monitoring of membrane scaling or fouling in
the process is important and essential for better understanding this phenomenon because MD
operates under completely different conditions compared to other membrane processes, mainly
the high operating feed temperatue, the membrane nature (superhydrophobic material) and mass
transfer through the membrane structure (water vapor transport). This opens for the possibility of
monitoring and characterizing the changes in fouling structure and property with varying
temperatures and water contents. Conventional methods to analyze fouling are performed after
finishing the experiments (not under operation conditions) and by using certain
protocols/procedures, which may change the fouling layer structure and its properties, especially
in the MD process as the membrane will be cooled down and dried.

23

Figure 14. Cross-sectional images of membrane taken by OCT and MPF versus VCF ranging
from 1.0 to 4.4 with CaCO3 + CaSO4 + NaCl mixed solution at inlet feed and permeate flow rates
of 0.4 LPM, and inlet feed and permeate temperatures of 60 °C and 20 °C, respectively.
4. Conclusions
In order to better understand the calcium-based scaling phenomenon in the MD process and
establish an improved control strategy, comprehensive scaling analyses were conducted coupled
with online image analysis using a novel observation method, namely OCT, which enables
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images to be recorded in real-time and in-situ during operation at various feed temperatures and
feed and permeate flow rates. MPF decline and SR patterns as well as image analyses using OCT
and SEM were employed to investigate the scaling behavior in the MD process. Feed solutions
containing different concentrations of CaSO4, CaCO3, and NaCl employed separately or mixed
were investigated. The key findings obtained from this study are summarized as follows:
o

The significant MPF decline and critical point of VCF at which the MPF decline started
with CaSO4 alone in feed solution were attributed to the changes in CaSO4 solubility as a
function of various inlet feed temperatures.

o

Inlet feed and permeate flux rates affected the initial MPF values (e.g. increasing MPF
with increasing rate), but did not affect the critical point of VCF. This is due to the
severe crystal growth and deposition of aggregated crystals on the membrane surface
that occurred close to the critical point of VCF, as observed by the OCT.

o

SEM image analysis enabled finding the size of bulk crystals deposited on the
membrane surface and the influence of inlet feed temperature and inlet feed and
permeate flow rates. In SR analysis, the induction time decreased and the amount of
crystallized calcium increased with an increase in the inlet feed temperature and feed
and permeate flow rates.

o

The mixed NaCl + CaSO4 solution could lead to a linear MPF decline by decreasing
vapor pressure as VCF increases and delay the critical point of VCF. In addition, CaCO3
alone in feed solution did not affect the scaling, however, CaCO3 caused the initial MPF
decline and meet the critical point of VCF earlier.

o

This clearly shows that the physic-chemical conditions affected the CaSO4 scaling
behavior, subsequently leading to the variation of MD performance with different
filtration dynamics.

Acknowledgements
The research reported in this paper was supported by King Abdullah University of Science and
Technology (KAUST), Saudi Arabia. The authors acknowledge help, assistance and support from
the Water Desalination and Reuse Center (WDRC) staff. This research was also supported by a
grant (Code 17IFIP-B065893-05) from Industrial Facilities & Infrastructure Research Program
funded by Ministry of Land, Infrastructure and Transport of Korean government.
25

References
[1] G. Naidu, S. Jeong, S. Vigneswaran, T.-M. Hwang, Y.-J. Choi, S.-H. Kim, A review on
fouling of membrane distillation, Desalination and Water Treatment, 57 (2016) 10052-10076.
[2] L. Francis, N. Ghaffour, A.S. Alsaadi, S.P. Nunes, G.L. Amy, Performance evaluation of the
DCMD desalination process under bench scale and large scale module operating conditions, J.
Membr. Sci., 455 (2014) 103-112.
[3] L.D. Nghiem, T. Cath, A scaling mitigation approach during direct contact membrane
distillation, Sep. Purif. Technol., 80 (2011) 315-322.
[4] P. Wang, T.-S. Chung, Recent advances in membrane distillation processes: Membrane
development, configuration design and application exploring, J. Membr. Sci., 474 (2015) 39-56.
[5] D.M. Warsinger, J. Swaminathan, E. Guillen-Burrieza, H.A. Arafat, J.H. Lienhard V, Scaling
and fouling in membrane distillation for desalination applications: A review, Desalination, 356
(2015) 294-313.
[6] M. Gryta, Concentration of NaCl solution by membrane distillation integrated with
crystallization, Sep. Sci. Technol., 37 (2002) 3535-3558.
[7] M. Gryta, Direct contact membrane distillation with crystallization applied to NaCl solutions,
CHEMICAL PAPERS-SLOVAK ACADEMY OF SCIENCES, 56 (2002) 14-19.
[8] F. He, K.K. Sirkar, J. Gilron, Studies on scaling of membranes in desalination by direct
contact membrane distillation: CaCO3 and mixed CaCO3/CaSO4 systems, Chem. Eng. Sci., 64
(2009) 1844-1859.
[9] T.H. Chong, R. Sheikholeslami, Thermodynamics and kinetics for mixed calcium carbonate
and calcium sulfate precipitation, Chem. Eng. Sci., 56 (2001) 5391-5400.
[10] T.A. Hoang, H.M. Ang, A.L. Rohl, Effects of temperature on the scaling of calcium sulphate
in pipes, Powder Technol., 179 (2007) 31-37.
[11] G. Azimi, V. Papangelakis, J. Dutrizac, Modelling of calcium sulphate solubility in
concentrated multi-component sulphate solutions, Fluid Phase Equilib., 260 (2007) 300-315.
[12] A.B.B. Merdhah, A.A.M. Yassin, Laboratory study and prediction of calcium sulphate at
high-salinity formation water, the Open Petroleum Engineering Journal, 1 (2008) 62-73.
[13] M. Gryta, Alkaline scaling in the membrane distillation process, Desalination, 228 (2008)
128-134.
[14] Y. Zarga, H.B. Boubaker, N. Ghaffour, H. Elfil, Study of calcium carbonate and sulfate coprecipitation, Chem. Eng. Sci., 96 (2013) 33-41.
[15] M. Gryta, Fouling in direct contact membrane distillation process, J. Membr. Sci., 325
(2008) 383-394.
[16] G. Naidu, S. Jeong, S. Vigneswaran, Influence of feed/permeate velocity on scaling
development in a direct contact membrane distillation, Sep. Purif. Technol., 125 (2014) 291-300.
[17] E. Curcio, X. Ji, G. Di Profio, A.O. Sulaiman, E. Fontananova, E. Drioli, Membrane
distillation operated at high seawater concentration factors: Role of the membrane on CaCO3
scaling in presence of humic acid, J. Membr. Sci., 346 (2010) 263-269.
[18] F. He, K.K. Sirkar, J. Gilron, Effects of antiscalants to mitigate membrane scaling by direct
contact membrane distillation, J. Membr. Sci., 345 (2009) 53-58.
[19] L. Fortunato, S. Bucs, R.V. Linares, C. Cali, J.S. Vrouwenvelder, T. Leiknes, Spatiallyresolved in-situ quantification of biofouling using optical coherence tomography (OCT) and 3D
image analysis in a spacer filled channel, J. Membr. Sci., 524 (2017) 673-681.
26

[20] L. Fortunato, S. Jeong, T. Leiknes, Time-resolved monitoring of biofouling development on
a flat sheet membrane using optical coherence tomography, Scientific Reports, 7 (2017) 15.
[21] L. Fortunato, T. Leiknes, In-situ biofouling assessment in spacer filled channels using
optical coherence tomography (OCT): 3D biofilm thickness mapping, Bioresour. Technol., 229
(2017) 231-235.
[22] L. Fortunato, A. Qamar, Y. Wang, S. Jeong, T. Leiknes, In-situ assessment of biofilm
formation in submerged membrane system using optical coherence tomography and
computational fluid dynamics, J. Membr. Sci., 521 (2017) 84-94.
[23] L. Fortunato, S. Jeong, Y. Wang, A.R. Behzad, T. Leiknes, Integrated approach to
characterize fouling on a flat sheet membrane gravity driven submerged membrane bioreactor,
Bioresour. Technol., 222 (2016) 335-343.
[24] C.-W. Cho, D.-Y. Lee, C.-W. Kim, Concentration and purification of soluble pectin from
mandarin peels using crossflow microfiltration system, Carbohydr. Polym., 54 (2003) 21-26.
[25] M. Khayet, T. Matsuura, Membrane distillation: principles and applications, Elsevier, 2011.
[26] S. Soukane, W.M. Naceur, L. Francis, A.S. Alsaadi, N. Ghaffour, Effect of feed flow pattern
on the distribution of permeate fluxes in desalination by direct contact membrane distillation,
Desalination, 418 (2017) 43-59.
[27] J.-G. Lee, E.-J. Lee, S. Jeong, J. Guo, A.K. An, H. Guo, J. Kim, T. Leiknes, N. Ghaffour,
Theoretical modeling and experimental validation of transport and separation properties of
carbon nanotube electrospun membrane distillation, J. Membr. Sci., 526 (2017) 395-408.
[28] A.S. Alsaadi, L. Francis, G.L. Amy, N. Ghaffour, Experimental and theoretical analyses of
temperature polarization effect in vacuum membrane distillation, J. Membr. Sci., 471 (2014)
138-148.
[29] Y. Yun, R. Ma, W. Zhang, A.G. Fane, J. Li, Direct contact membrane distillation mechanism
for high concentration NaCl solutions, Desalination, 188 (2006) 251-262.
[30] J. Xu, Y.B. Singh, G.L. Amy, N. Ghaffour, Effect of operating parameters and membrane
characteristics on air gap membrane distillation performance for the treatment of highly saline
water, J. Membr. Sci., 512 (2016) 73-82.
[31] E.-A. Zen, Solubility Measurements in the System CaSO4–NaCl–H2O at 35°, 50°, and 70°
Cand one atmosphere Pressure, Journal of Petrology, 6 (1965) 124-164.
[32] K.K. Tanji, Solubility of gypsum in aqueous electrolytes as affected by ion association and
ionic strengths up to 0.15 M and at 25. deg, Environmental Science & Technology, 3 (1969) 656661.
[33] K. Rahmawati, N. Ghaffour, C. Aubry, G.L. Amy, Boron removal efficiency from Red Sea
water using different SWRO/BWRO membranes, J. Membr. Sci., 423-424 (2012) 522-529.

27

Highlight


A comprehensive analysis of calcium-based scaling behavior in DCMD was
investigated.



OCT was employed to monitor the scaling behavior in real-time during MD operation.



CaSO4, CaCO3, and NaCl were tested separately and in mixed feed solutions.



CaSO4 scaling occurred by deposition of bulk crystal on the membrane surface.



A critical point of VCF at which MPF decreased significantly has been observed.
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