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A B S T R A C T

This work studied the concentration of seawater reverse osmosis (SWRO) brine by a submerged vacuum
membrane distillation (SVMD) process. Factors for flux attenuation including CaSO4 crystallization,vapour
pressure depression, the increase of heat transfer resistance and membrane fouling were distinguished by the
combination of experiment and theoretical calculation. It was suggested that CaSO4 crystallization was the main
reason for flux attenuation, which should be eliminated by appropriate feed pretreatment with additional of
Na2CO3 and HCl. The combined effect of other three factors was another important reason for flux attenuation.
Although the effect of CaSO4 crystallization was eliminated, there still existed a critical VCF after which
membrane fouling and increase of heat transfer resistance could not be neglected. The result indicated that this
critical VCF was about 2.5 under the experimental condition, which was far less than the VCF at which NaCl
solution reached saturation. Therefore, finding an effective method to mitigate membrane fouling was still
necessary. It was concluded that decreasing the concentration rate by changing the operation mode could ef-
fectively increase the critical VCF to 3.7. Meanwhile, the crystallization behavior of NaCl and the size and quality
of crystal products would be affected.

1. Introduction

Freshwater shortage is an increasingly problem all over the world
since only 1% of the water on the earth is available for human to drink
[1]. Seawater desalination is now feasible to produce large quantities of
high-quality freshwater technically and economically. Reverse osmosis
(RO), known as one of the most energy efficient desalination technol-
ogies, accounts for more than 60% of the global desalination capacity
[2]. However, the concentration of NaCl in seawater is 3.0–4.5%.
Considering the recovery rate of RO process is 30–50%, then the os-
motic pressure of the concentrated brine is as high as 35-74bar [3]. If
the recovery rate is further improved, the osmotic pressure that needs
to be overcome is even higher. Obviously, RO is not suitable for this
purpose.

Membrane distillation (MD) is a thermal-based membrane separa-
tion process which is known since 1963 [4]. The driving force in MD
process is the vapour pressure difference across the hydrophobic
membrane rather than the applied absolute pressure difference. As
such, one of the greatest advantages of MD over RO is that it shows
great potential in treating high salinity brine without the limitation of
the osmotic pressure [5–7]. In addition, since the non-volatile

components in the feed solution can not pass through the membrane
pores in the form of vapour molecules, the rejection rate of salt is closed
to 100% theoretically.

A significant bottleneck existed in MD process is the flux attenuation
with time [8]. In most cases, drastic flux decline which has a significant
effect on MD performance is attributed to membrane fouling or crys-
tallization [9,10]. As a result, most of the presented researches on MD
have focused on the investigation of membrane fouling and its con-
trolling measures. For example, P. Zhang et al. pointed out that in the
process of treating SWRO brine using direct contact membrane dis-
tillation(DMCD), the reduction of flux was primarily caused by pre-
cipitation of CaSO4 and CaCO3 [11]. Q.M.Nguyen et al. also in-
vestigated the fouling development in DCMD process at different
degrees of SWRO brine concentration [12]. J.A. Sanmartino et al. dis-
cussed the effect of different chemical pretreatment strategies on scale
reduction [13]. However, in addition to membrane fouling or crystal-
lization, reasons for flux decline also include water vapour depression
of saline brine [14] and the increase of heat and mass transfer re-
sistance due to the temperature and concentration polarization [15,16],
which have little effect on MD performance but are inevitable. In terms
of seawater reverse osmosis (SWRO) brine, reasons for flux attenuation
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with time are often the combination of above factors on account of the
complexity of its components, but it tends to get confused and lack of
further study. The combination of experiment and MD model is an ef-
fective method to further analyze reasons for flux attenuation. There
are several literature reports performing heat and mass transfer mod-
eling on traditional homogeneous membrane [17,18] and supported
membranes [19–21] mathematically, all of which has significant sci-
entific insights and reference effect.

Based on the above consideration, the simulated SWRO brine was
used as the object of this study. Reasons for flux attenuation in a sub-
merged vacuum membrane distillation (SVMD) concentration process
were investigated systematically.Firstly, the effect of membrane fouling
caused by the insoluble component CaSO4 on flux attenuation was il-
lustrated separately and an appropriate feed pretreatment method was
determined to eliminate the influence of CaSO4 crystallization. On this
basis, the specific reason for flux decline in SVMD process for SWRO
brine concentration was analyzed in detail by combining the experi-
ment and theoretical calculation. Factors such as water vapour de-
pression of saline brine, the increase of heat transfer resistance and
membrane fouling were distinguished in this study and the influence of
the latter two factors on concentration process was weakened by
changing the operation mode. Meanwhile, the crystallization behavior
of NaCl in this process was also investigated.

2. Theory

In vacuum membrane distillation (VMD), a linear relationship be-
tween the permeate flux J and the transmembrane pressure difference
of water vapour can be written as Eq. (1) [22]. The influence of non-
condensable gases to the mass transfer inside membrane pores is neg-
ligible [23].

= −J k P P c P[ ( , ) ]m fm v (1)

Where Pv is the pressure in the vacuum side. km is the membrane dis-
tillation coefficient, which can be written as Eq. (2) when only Knudsen
diffusion is considered [6].

=k rε
τδ

M
RT

1.064m
fm (2)

Where r, ε, τ, σ is the mean pore size, porosity, tortuosity and
membrane thickness, respectively. M is the molecular weight of water
and R is the gas constant.

The vapour pressure of saline water P(Pfm,c) is represented as a
product of vapour pressure of pure water Pfm and a weighting function
of f(C) of saline concentration [14]:

= ⋅P P c P f C( , ) ( )fm fm (3)

Where f(C) should satisfy the following relationship:

→ =f C( 0) 1 (4)

Take NaCl solution for example,the relationship of saline con-
centration and the f(C) can be written as [5]:

= − − −f C C C C( ) (1 )(1 0.5 10 )2 (5)

Where C is mole fraction of NaCl in feed solution. Other empirical re-
lationships can be found in an excellent review [24]. The pure water
vapour pressure Pfm is given by the Antoine’s equation [18]:

= −

−
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T

exp(23.1964 3816.44
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Where Tfm is the membrane surface temperature in the feed solution.

3. Experimental

3.1. Feed solution

The composition and content of minerals in SWRO brine were re-
ferred to the previous literature [25]. According to different researching
purposes and needs, two simulated SWRO brines with different con-
centration were used as feed solution, named as SWRO-1 and SWRO-2.
The composition, concentration,pH and conductivity of the feed solu-
tion were listed in Table 1. All chemicals needed were purchased from
Tianjin Kemiou Chemical Reagent Company.

3.2. Chemical pretreatment of feed solution

According to the chemical composition of the simulated feed solu-
tion, following methods were considered as chemical pretreatment:

3.2.1. Addition of Na2CO3

It seems to be one of the simplest chemical pretreatment method.
CO3

2− introduced to the system reacts with Ca2+ to form CaCO3 and
the formation of CaSO4 is avoided effectively [13]. In this experiment, a
certain amount of Na2CO3 was added to the feed solution according to
stoichiometric coefficient. The excess amount of Na2CO3 was about
20–30%. Then the feed solution was stirred at 75°C for 45–60min,
followed by filtration process in order to remove CaSO4 precipitation
from the feed solution.

3.2.2. Addition of Na2CO3 and HCl
In order not to introduce the additional CO3

2−, the first method was
improved as follows: After pretreatment with the method mentioned
above, a certain amount of 6mol/L HCl was also added to the feed
solution to turn the excess CO3

2− into CO2 and H2O. The pH of the feed
solution was adjusted to about 6.0-6.5.

3.3. Membrane and membrane module used in SVMD

The parameters of PTFE membrane and membrane module used in
SVMD were listed in Table 2.

Nomenclature

A Effective area of membrane outer surface (m2)
J Permeate flux (kg m2 h−1)
Km Membrane distillation coefficient (kg m−2 s-1 Pa-1)
M Molecular weight of water (kg mol−1)
m The weight of permeate (kg)
Pfm The pure water vapor pressure at membrane surface(Pa)
Pv Pressure at the vacuum side (Pa)

R Universal gas constant (J mol K−1)
Tf Temperature of solution in the feed bulk (K)
Tfm Temperature of solution at membrane surface(K)
t Operation time (h)
r Mean pore size of membrane (m)
ε Membrane porosity
σ Membrane thickness (m)
τ Membrane turtuosity
C Mole fraction of NaCl in solution

Table 1
The composition,concentration, pH and conductivity of feed solution.

NaCl
(mg/L)

KCl
(mg/L)

MgCl2
(mg/L)

MgSO4

(mg/L)
CaSO4

(mg/L)
pH Conductivity

(mS/cm)

SWRO-1 36200 1000 4500 2900 1800 7.0-7.5 85-90
SWRO-2 65,500 1500 6900 2900 1800 7.0-7.5 144-155
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3.3.1. Preparation of PTFE hollow fiber membrane
As a crystalline polymer, PTFE is considered to be an ideal material

for MD process compared with PVDF and PP [26–28] due to its superior
hydrophobicity, thermal stability, chemical resistance and mechanical
strength [26,29]. In this study, self-made PTFE hollow fiber membrane
was used. The preparation method included mixing and aging, billet
preforming, extrusion, stretching and sintering, which was described
detailedly in our previous work [30,31]. The characterization methods
of membrane properties such as porosity, tortuosity, mean pore size and
liquid entry pressure (LEPw) were described in elsewhere [32–35].

3.3.2. Membrane module used in S-VMDC
Six PTFE hollow fiber membranes were folded together to fabricate

a “U-shaped” membrane module using an epoxy resin to seal at one
end. The effective length of each hollow fiber was 50 cm. The module
could be reused by simple water cleaning and it was proved that this
module showed stable performance and no wetting phenomenon oc-
curred during the experiment.

3.4. Submerged vacuum membrane distillation (SVMD)

The experimental set-up of the SVMD is illustrated in Fig.1. The “U-
shaped” PTFE hollow fiber membrane module was submerged in a
constant temperature feed tank. The outer surface of the membrane was
contacted with hot feed solution directly. The feed solution was heated
by a thermostatic magnetic stirring apparatus. The feed temperature
was maintained at 75°C throughout tests, which was controlled by a
temperature transmitter. In order to improve the heat and mass transfer

of boundary layer, the feed solution was stirred at 1350 rpm by a
magnetic rotor. The vacuum pressure of the permeate side was con-
trolled at −85 kPa using a water circulating multi-purpose vacuum
pump which was connected to a pressure transmitter. The positive and
negative error was controlled within 1.0 kPa. Both the temperature
transmitter and pressure transmitter were directly connected to the PLC
so that the feed solution temperature and vacuum pressure of the
permeate side could be monitored in real time during the whole ex-
periment. The water vapour passed through the membrane pores was
condensed in a condenser and collected by a permeate tank. The weight
of the permeate was measured every 30–60minutes by an electronic
balance. The permeate flux J was calculated using the following
equation:

=

⋅

J m
A t (7)

where, m is the weight of permeate, A is the effective area of
membranes and t is the operation time.

In order to make a intuitive comparison of experimental results, all
the flux data were presented in terms of normalized flux ratio J/J0 [36].
J0 was obtained when the deionized (DI) water was used as feed at the
same operating condition without stirring.

The permeate quality was continuously monitored by a conductivity
meter. Salt rejection was calculated using the following equation:

=

−

×R
C C

C
[%] 100f p

f (8)

where, Cf and Cp is the conductivity of the feed and permeate, respec-
tively.

The concentration degree was expressed in terms of volume con-
centration factor (VCF). The calculation method of VCF depended on
the operation mode during the concentration process. In the first op-
eration mode, no feed solution was replenished to the feed tank and the
liquid level declined during the concentration process, the VCF was
calculated as Eq(9):

=

−

VCF V
V V

initial

initial total permeate, (9)

In the second operation mode, the liquid level remained constant
and then the concentration rate was decreased by continuously feeding
the feed solution at the same rate of produced fresh water, the VCF was
calculated as follows [37]:

Table 2
The parameters of PTFE membrane and membrane module.

PTFE hollow fiber membrane

Outer diameter(mm) 1.7
Inner diameter (mm) 0.8
Wall thickness (μm) 450
Porosity (%) 41.0
Tortuosity

Mean pore size (μm)
2.6
0.186

LEPW (bar) 3.1

Membrane module for SVMD
Effective length of membranes(cm) 50
No. of PTFE hollow fibers 6
Effective area of membranes (m2) 0.016

Fig. 1. Schematic of the SVMD setup.
1. Constant temperature feed tank
2. Thermostatic magnetic stirring apparatus
3.″U-shaped” PTFE hollow fiber membrane
module 4. Magnetic rotor
5. Condenser 6. Water circulating multi-pur-
pose vacuum pump 7. Permeate tank
*PLC: Programmable Logic Controller
TT: Temperature Transmitter
PT: Pressure Transmitter
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=

+

VCF
V V

V
initial total permeate

initial

,

(10)

where Vinitial is the initial volume of feed soultion and Vtotal,permeate is
the total amount of fresh water produced.

At the completion of the concentration process, the bulk solution
was static cooled down to room temperature, then filtered by a filter
paper and dried in a 100°C oven to constant weight. NaCl crystals were
obtained in this way and their macroscopic and microscopic forms were
observed by naked eye and Environmental Scanning Electron micro-
scopy (ESEM) respectively.

4. Results and discussion

4.1. Effect of CaSO4 fouling and scaling on the flux attenuation

Of all the components in the feed solution used in this experiment,
CaSO4 has the lowest solubility which shows the highest tendency to
fouling and scaling. To highlight the effect of CaSO4 on the flux at-
tenuation, SWRO-1 was used as feed solution to avoid the influence of
NaCl crystallization. The concentration process was operated under the
second operation mode. According to previous publications, it was in-
dicated that CaSO4 crystallization has a certain induction time [38].
The initial idea was to “reset” the induction time by intermittent
membrane cleaning and feed solution filtration. Therefore, every time
when J/J0 decreased below 0.6, membrane module was taken out for
cleaning and feed solution was filtered for removing the CaSO4 crystals.

The normalized flux and permeate conductivity as the function of
VCF were presented in Fig.2. It showed that in the first cycle, the
normalized flux was always kept above 0.8 when VCF was less than 3.3.
While after VCF exceeded 3.3, the normalized flux rapidly dropped
from 0.87 to 0.61 within only 150min. It was clear that the rapidly flux
decline was attributed to the crystallization of CaSO4 when its con-
centration in feed solution reached the saturation point, which was il-
lustrated detailedly by many other publications [38–40]. It was inter-
esting to note that although the normalized flux could be recovered to
the previous level after every cleaning and filtration, the flux decline
rate became more and more rapidly. On one hand, the ionic strength in
feed solution increased with the increase of VCF, leading to the de-
crease of CaSO4 solubility [8], which made it easier for CaSO4 to
crystallize. On the other hand, membrane cleaning and feed solution
filtration could only remove the visible CaSO4 crystals already formed,
while the dissolved CaSO4 in feed solution was still in metastable state.
Slight changes in external condition could promote the formation of
CaSO4 crystals. It implied that the operation time of each cycle was
becoming shorter and shorter. In the fourth cycle, the whole con-
centration process lasted only 330min. The final VCF in this experiment
was 5.3, while the concentration of NaCl was far below its limiting
saturation concentration.

From the perspective of application, it is too impractical to clean the
membrane module and filter the feed solution so frequently. The above
experimental result proved the infeasibility of intermittent membrane
cleaning and feed filtration. As a result, it is particularly important to
remove CaSO4 completely through feed solution pretreatment before
the SVMD process, which will be discussed in detail in the following
section.

4.2. The effectiveness of feed solution pretreatment

The most straightforward idea is completely converting the SO4
2−

existing in feed solution into CO3
2- which has the lower solubility and

removing the carbonate by filtration before the SVMD test. The detailed
information was described in Section 3.2.1. In order to investigate the
effectiveness of pretreatment, the SVMD test used SWRO-1 as feed so-
lution and was carried out after pretreatment. The result was also
compared with that without pretreatment, which was shown in Table 3.

Contrary to the expectation, the VCFcritical decreased from 3.1 to 1.7
after feed pretreatment by Na2CO3. In other words, it was suggested
that the addition of Na2CO3 introduced the excessive CO3

2−, which
could not be entirely removed by filtration in the form of carbonate
precipitation. During the concentration process, the concentration of
both CO3

2- and Mg2+ in feed solution increased gradually, making it
easy to form the precipitation again. At the end of the experiment, it
could be observed that the wall of feed tank was covered with a thin
layer of sediment, which was insoluble in water but soluble in HCl. It
further supported the above suggestion. Therefore, HCl was also in-
troduced to remove the excess CO3

2−, the detailed information was
shown in Section 3.2.2. After pretreatment of feed solution by the
second method, SVMD test was carried out for more than 30 h until VCF
exceeded 5. Although the concentration of NaCl was not reached its
saturation point at the end of the experiment, no precipitation was
generated and the normalized flux did not show drastic decline during
this concentration process, which proved that the second method was
effective. For the following experiments, SWRO-2 was used as feed
solution and was pretreated with the second method before SVMD test.
This time, the concentration process was lasted until solution was sa-
turated. CaSO4 scaling and crystallization did not occurr during the
whole process, which further proved the effectiveness of feed pre-
treatment.

4.3. Submerged vaccum membrane distillation (SVMD) for SWRO brine
concentration

4.3.1. Analysis of reasons for flux attenuation during the concentration
process

SWRO-2 was used as feed solution for this concentration experi-
ment. It was worth noting that the feed solution had been pretreated by
the method mentioned above before SVMD test. Therefore, the effect of
CaSO4 crystallization on flux attenuation had been excluded. The first
operation mode was adopted and the initial volume of the feed solution
was 1000mL. Both the experimental data and analysis result were
compared with the SVMD concentration process of pure NaCl solution.
(The initial concentraiton of pure NaCl was 65,500mg/L)

For the concentration process of pure NaCl solution, as it was shown
in Fig.3, the normalized flux decreased gradually with the increase of
VCF until the concentration of NaCl solution exceeded its limiting su-
persaturation level. According to the Eqs. (1), (3) and (6) in Section 2, if
the effect of concentration polarization was not taken into considera-
tion, the reasons for flux attenuation were as follows: Firstly, the in-
crease of VCF led to the decrease of f(C),which was inevitable for saline
water. Secondly, it could be considered that the heat transfer resistance
increased with the increase of VCF, resulting in the decrease of Tfm and

Fig. 2. The normalized flux and permeate conductivity as the function of VCF.
J0 was 6.9 kg/m2·h.
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thus affecting the driving force for mass transfer. Thirdly, if membrane
fouling, surface crystallization or pore blocking occurred, the flux at-
tenuation was probably related to the decrease of membrane distillation
coefficient Km due to the change of membrane structure parameters.

For further analysis of the specific reason for flux decline, the ex-
perimental data was plotted with f(C) as x-axis and J/J0 as y-axis, as
shown in Fig.4. For concentrating pure NaCl solution, J/J0 and f(C)
presented obvious linear relationship, where Km•Pfm/J0 was slope and
-Km•Pv/J0 was intercept, both of which have definite physical sig-
nificance. The value of slope and intercept obtained by linear fitting
were basically consistent with the result obtained by the theoretical
calculation. This result indicated that during the whole process of
concentrating pure NaCl solution to saturation state, the descent degree
of permeate flux with the increase of VCF was always consistent with
that of vapour pressure depression with the increase of VCF. As a result,
it was reasonable believed that the flux decline could be attributed to
the vapour pressure depression caused by the increase of feed con-
centration, while the effect of temperature polarization intensification
and membrane fouling caused by pore blocking was almost negligible.
It should be noted that phase separation took place only when VCF
reached 5.0. Therefore, crystallization fouling of NaCl was not con-
sidered before that.

However, for the concentration process of SWRO brine, the per-
formance of SVMD showed significantly different, as shown in Fig.3.
The flux decline rate increased prominently when VCF exceeded 2.5
comparing with that in pure NaCl solution. When VCF reached about
3.8, the normalized flux decreased to only 0.3. While the concentration
of NaCl in feed solution was only about 249 g/L. Plotting the experi-
mental data using the above method, as shown in Fig.4, it was found
that J/J0 and f(C) presented similar linear relationship when VCF was
less than 2.5. While when VCF exceeded 2.5, the experimental data
began to deviate from this linear relationship gradually. The greater
VCF was, the larger deviation degree was. It was suggested that for

concentrating SWRO brine, the vapour pressure depression with the
increase of VCF was no longer the only reason for flux decline after VCF
exceeded 2.5. The increase of temperature polarization and the change
of membrane structure parameters was more likely to be the reason for
the further increase of flux decline rate.

In order to prove the above assumption, the experiment was paused
and the membrane module was taken out for cleaning with deionized
(DI) water when VCF reached 4. The aim of water cleaning was to re-
cover the membrane structure parameters to the initial state, thus ex-
cluding the effect of membrane fouling. It was presented in Fig.3 that
the initial normalized flux could be recovered to a certain extent after
water cleaning. Fig.4. also showed that the distance between the first
data after water cleaning and the linear relationship was shortened, but
there still existed some differences. It signified that the increase of flux
decline rate for concentrating SWRO brine was caused by both the in-
crease of temperature polarization and the change of membrane
structure parameters.

The different reasons of flux attenuation for concentrating pure
NaCl solution and SWRO brine illustrated the effect of foreign ions on
SVMD performance. First of all, comparing with pure NaCl solution,
both the density and viscosity of SWRO brine were larger, leading to the
increase of heat transfer resistance, thus the increase of temperature
polarization. Secondly, since Mg2+ and OH− existed simultaneously in
feed solution, the risk of membrane fouling increased sharply.

4.3.2. Mitigating flux attenuation rate by changing the operation mode
In order to weaken the negative effect of foreign ions on SVMD

performance and alleviate temperature polarization and membrane
fouling, the second operation mode was adopted in this section. The
most significant difference between the first and second operation mode
was the relationship between the change of VCF over the operation
time, which was illustrated in Fig.5. The relationship between VCF and
operation time was basically linear and concentration rate of the second
operation mode was about two times lower than that of the first.

Fig.6 showed the SVMD performance for concentrating SWRO brine
with the second operation mode. The performance of the first operation
mode was also presented in Fig.6 as comparison. It could be seen from
Fig.6 that the operation mode had a significant impact on SVMD per-
formance, especially when VCF exceeded 2.5. The permeate flux in the
second operation mode was significantly higher than that in the first
operation mode and the flux attenuation rate was also relatively slower.
The experimental data in Fig.6 was analyzed as the previous way to
obtain the relationship between f(C) and J/J0, as shown in Fig.7. The
dotted line was the linear relationship obtained during the pure NaCl
concentration process. It was obviously showed that in the first

Table 3
The effect of feed solution pretreatment.

Pretreatment Method VCFcritical

Without pretreatment 3.1
Addition of Na2CO3 1.7
Addition of Na2CO3+HCl _

*The VCFcritical was defined as the VCF at which the normal-
ized flux began to drop significantly in a short time. The
presence of VCFcritical signified that the membrane module
had been suffered from fouling and scaling.

Fig. 3. The performance of SVMD for concentrating pure NaCl solution and
SWRO brine. J0 was 6.3 and 6.6 kg/m2·h respectively.

Fig. 4. The illustration of relationship between f(C) and J/J0 for concentrating
pure NaCl solution and SWRO brine.
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operation mode, the experimental data deviated from this linear re-
lationship very quickly when VCF was exceeded 2.5, while the ex-
perimental data was basically in the vicinity of this linear relationship
until the VCF reached 3.7 in the second operation mode. It was in-
dicated that decreasing concentration rate by changing the operation

mode could weaken the negative effect of foreign ions on SVMD per-
formance, making the concentration process of SWRO brine more si-
milar to that of pure NaCl solution. In terms of the second operation
mode, the flux decline could be totally attributed to the decrease of
vapour pressure depression with the increase of VCF when VCF was less
than 3.7. After that, the change of membrane structure parameters and
the increase of heat transfer resistance should also be considered as the
reasons for flux decline.

In order to further analyze the specific reason for flux decline when
VCF exceeded 3.7 in the second operation mode, the membrane module
was also taken out for cleaning with deionized (DI) water. It was pre-
sented in Fig.7. that the first three data after membrane cleaning was
almost back to the dotted line. It could be reasonably inferred that the
flux decline was almost due to the change of membrane structure
parameters caused by fouling or pore blocking. While the influence of
heat transfer resistance increase could be neglected in this case.

It could also observed in Fig.7 that the last three data after mem-
brane cleaning quickly deviated from the dotted line. It was also due to
the change of membrane structure parameters, but the reason for var-
iation of membrane structure parameters in this time was related to the
crystallization of NaCl, which will discussed in detailed later.

4.3.3. NaCl crystallization behavior
Crystallization occurs when the feed solution is concentrated to a

certain level where the concentration of NaCl exceeds its solubility. The
reason for the phase transformation is the free energy of the initial
solution phase is greater than the sum of the free energies of crystalline
phase plus the final solution phase [41]. It is well known that the total
free energy change during nucleation is the sum of surface free energy
change and the volume free energy change [42]. The former is a po-
sitive term and the latter is a negative term. As a result, there is an
intermediate size at which the total free energy change of the system is
always decreased, which is known as the critical size [41]. In order to
reach the critical size, a nucleation barrier must be overcome. Table 4
listed the critical VCF in SVMD process when observable phase se-
paration took place in feed solution under different experimental con-
ditions. It was found that for concentrating pure NaCl solution, ob-
servable phase separation took place when VCF was 5. While as for the
concentration process of SWRO brine, the same phenomenon occurred
when VCF was about 4.2. It probably due to the fact that the presence of
other impurity ions in SWRO brine increased the instability of feed
solution, thus reducing the nucleation barrier of NaCl. As a con-
sequence, phase separation occurred with a relative lower VCF when
comparing with that in pure NaCl solution. It was also worth noting that
the change of operation mode could not have influence on the critical
VCF.

Fig.8. showed the macroscopic and microscopic images of NaCl
crystals obtained under different experimental conditions. These crys-
tals presented different types of complexity due to primary or secondary
agglomeration [43]. From both macroscopic and microscopic perspec-
tive, the existence of foreign ions greatly increased the particle size of
NaCl crystals. Meanwhile, the quality of NaCl crystals were affected
more or less. It was presented in Fig.8 (b)-2 that a small amount of
needlelike crystals could be observed in cubic NaCl crystals obtained

Fig. 5. The illustration of concentration rate in two operation modes.

Fig. 6. The performance of SVMD for concentrating SWRO brine with different
operation modes. J0 was 6.4 and 6.6 kg/m2·h respectively for operation mode 1
and 2.

Fig. 7. The illustration of relationship between f(C) and J/J0 for concentrating
SWRO brine with different operation modes.

Table 4
The critical VCF in SVMD process under different experi-
mental conditions.

VCFcritical

Pure NaCl solution 5.0
Simulated SWRO brine
Operation mode 1 4.2
Operation mode 2 4.2

*The VCFcritical was defined as the VCF at which the ob-
servable phase separation took place in feed solution.
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Fig. 8. Macroscopic (left) and microscopic (right) images of NaCl crystals obtained from concentrating (a)pure NaCl solution (b) SWRO brine with operation mode 1
and (c) SWRO brine with operation mode 2.
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from SWRO brine with the first operation mode.
In addition, it was suggested that operation mode also had great

influence on the thermodynamics and kinetics of crystallization beha-
vior, leading to the differences in the size of NaCl crystals. Comparing
with Fig.8(b)-2 and (c)-2, it was obviously seen that the size of NaCl
crystals become much larger with the second operation mode. It is
known to all that the supersaturation level produced during the con-
centration process needs to be eliminated by spontaneous nucleation
and crystal growth. In the first operation mode, the concentration rate
was relatively fast, the crystal surface in feed solution was insufficient,
the crystal growth alone was not enough to eliminate the super-
saturation level caused by water evaporation. Therefore, spontaneous
nucleation occurred to consume the supersaturation level, leading to
the formation of small size of NaCl particles(Fig.8 (b)-1, (b)-2). While in
the second operation mode, the concentrate rate decreased, then the
supersaturation level caused by water evaporation could be eliminated
by crystal growth. As a result, larger size of NaCl crystals could be
obtained in this case (Fig.8(c)-1 and (c)-2).

However, the quality of NaCl crystals were further affected with the
second operation mode. It could be observed that a large numbers of
needlelike crystals in Fig.8 (c)-2, which reduced the quality of NaCl
crystals greatly. The reason for this phenomenon needed to be further
study.

5. Conclusion

This study focused on the concentration of SWRO brine by using a
submerged vacuum membrane distillation (SVMD) process. Reasons for
flux attenuation included CaSO4 crystallization, vapour pressure de-
pression, heat transfer resistance and membrane fouling were dis-
tinguished by the combination of experiment and model calculation.
NaCl crystallization behavior were also investigated. The conclusions
were as follows:

1 CaSO4 crystallization was the most important reason causing flux
attenuation, which needed to be eliminated by appropriate feed
pretreatment. Addition of Na2CO3 and HCl was proven to be effec-
tive.

2 The combined effect of vapour pressure depression, the increase of
heat transfer resistance and membrane fouling was another im-
portant reason for flux attenuation. In the case of eliminating the
effect of CaSO4 crystallization, there still existed a critical VCF after
which membrane fouling and increase of heat transfer resistance
could not be neglected. The result indicated that this critical VCF
was about 2.5 under the experimental condition, which was far less
than the VCF at which NaCl solution reached saturation. Therefore,
it was necessary to find an effective method to reduce the effect of
the membrane fouling. It was suggested that decreasing the con-
centration rate by changing the operation mode could effectively
increase the critical VCF to 3.7.

3 The presence of impurity ions reduced the nucleation barrier of
NaCl, leading to the earlier phase transition. Meanwhile, the crystal
size of NaCl increased while the quality decreased. With the de-
crease of concentration rate, the spontaneous nucleation of NaCl
was inhibited and crystal growth played a dominated role, which
resulted in a further increase of crystal size and a deterioration of
crystal quality.
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