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ABSTRACT

This paper investigates the feasibility and potential of vacuum membrane distillation (VMD) for con-
centrating deep seawater (DSW) of 34 g/kg and its reverse osmosis (RO) brine of 62 g/kg. In this work,
a small pilot-scale VMD system was developed and distillate fluxes were measured for feed solutions
of de-ionized water (DIW), DSW and RO brine DIW provided the highest distillate flux followed by
DSW and RO brine, but effects of feed salinity on the flux is not remarkable. A simple analysis was
performed using conventional mass transfer theory, which provides good qualitative understanding
of relative fluxes of DSWs normalized by that of DIW. The experimental observation indicated that
VMD can be readily used for desalination and concentration of salinity solutions as high as 62 g/kg.
This supports great potential of VMD for membrane crystallization of precious DSW minerals.

Keywords: Vacuum membrane distillation; Membrane crystallization; Deep seawater; Reverse osmosis

brine; Ocean thermal energy conversion

1. Introduction

Membrane distillation (MD) is one of the emerging iso-
thermal separation technologies for seawater and brackish
water desalination [1]. MD has great potential to reduce
net energy consumption as a replacement or supplement to
energy-intensive processes such as reverse osmosis (RO) and
thermal distillation [2]. The cost-effectiveness of MD depends
on availability of inexpensive heat sources to maintain hot
feed temperature [3]. The driving force for MD is the partial
pressure gradient of water vapor along membrane pores. The
partial pressure at the feed-membrane interface is approxi-
mated as the water saturation pressure in equilibrium with
the hot feed temperature. At the membrane-distillate inter-
face, the partial pressure is determined by condensing
schemes, which categorize MD types of direct contact mem-
brane distillation (DCMD), vacuum membrane distillation
(VMD), sweep gas membrane distillation (SGMD), and air-
gap membrane distillation (AGMD) [2,4].

* Corresponding author.

VMD maintains a low pressure or (near) vacuum on
the distillate (permeate) side by means of vacuum pumps.
In the vacuum phase, the gas phase pressure is a few per-
cent of the atmospheric pressure, which is often defined as a
low-quality vacuum in vacuum science and technology. This
vacuum pressure should be maintained (much) lower than
the water saturation pressure at the feed-membrane interface.
An external condenser is required for phase change of water
from vapor to liquid, which is usually installed between the
membrane module and the vacuum pump. DCMD is more
widely studied and used due to easy setup, installation, and
operation without external condensers. In addition, SGMD
uses dry or ambient air flow to sweep and condense the
water vapor using external condensers. Advantages of VMD
over DCMD include lower conductive heat loss and lower
mass transfer resistance. The vacuum phase is an excellent
thermal insulator, and therefore the thermal boundary layer
barely forms at the membrane-vacuum interface. Note that
thermal conductivities of the feed solution, a membrane
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consisting of solid and humid air, and vacuum phases are
of orders of O (10°), O (10%, O (10') mW/m K, respectively.
Detailed multi-scaling analysis of MD can be found else-
where [5]. Another big difference between VMD and DCMD
is the gaseous composition in the pore spaces. Humid air (a
mixture of dry air and evaporated water) is stagnant in pore
spaces in DCMD processes. The gas phase is (literally) con-
fined by solid pore-walls and two interfacial liquid streams.
The rejection of solute components, especially salt ions for
desalination, is as good as that of RO, (almost) regardless
of chemical and physical characteristics of the salt ions [6].
This is because the extraction mechanism of MD is the selec-
tive evaporation of water over solutes at a low temperature
(below the boiling point of 100°C at 1 atm), which is followed
by condensation of the water vapor at liquid or solid sur-
faces. The vapor pressure of the saline water is indifferent to
charge valence and molecular weight of solutes, and the pH
of the feed solution. Vapor pressure of seawater is a weakly
decreasing function of the salt concentration [7].

Being superior to other MD processes, VMD has a higher
probability to face pore wetting due to the stronger driving
force of the applied vacuum [8]. Polydispersity of the pore
size distribution is the key factor in causing membrane wet-
ting, of which in-depth qualitative analysis can be found
elsewhere [8]. Unlike DCMD, the wetting of VMD does not
directly influence solute rejection. Water penetrating through
VMD membranes (by wetting) will not transport to the
external condenser, but remains inside the module instead.
Some fraction of this penetrated water may evaporate while
being retained inside the module. Operations can be tem-
porarily ceased to drain the retained water and membranes
can be dried for cleaning purpose. Although VMD is less
prone to membrane wetting, it consumes much more (elec-
tric) energy to maintain the low gas pressure on the distil-
late side. The energy consumption rate is highly correlated
to the non-linear variation of the saturation pressure with
respect to the liquid-phase (feed) temperature. For exam-
ple, Criscuoli et al. [9] reported that increasing the vacuum
pressure from 10 to 60 mbar decreases the energy consump-
tion 1.97 times. Taking the vacuum pressures as saturation
pressures, one calculates the corresponding equilibrium tem-
peratures of 6.25°C and 36.4°C (for the vacuum pressures of
10 and 60 mbar, respectively), which can be considered as
theoretical minimum values of feed temperatures. It is often
required to reduce the vacuum pressure below 30-40 mbar,
which requires higher energy consumption of VMD in com-
parison with other MD types. Future applications of VMD
include ocean thermal energy conversion (OTEC) for simul-
taneous or alternative generation of electricity and fresh
water [10]. OTEC uses the temperature gradient between
the surface (20°C-30°C) and deep (4°C-8°C) ocean water for
evaporation and condensation, respectively. A significant
drawback of the OTEC technology is the extraordinarily
large scales of instruments and equipment. Our previous
estimation indicates that use of VMD modular systems as
a replacement of the conventional evaporator can signifi-
cantly reduce the total evaporator volume to as low as 10%
[11]. Although RO is currently the most popular desalination
technology, providing the world least expensive cost below
$.50/ton of desalinated water [12], an unavoidable problem
is brine disposal, which initiates environmental concerns

and makes environmental regulations more stringent.
Current technologies for seawater concentration and min-
eral extraction rely on RO and low-pressure evaporation,
but a disadvantage is the considerable energy consumption
and (unreasonably) high concentration and temperature of
disposed brine. As the brine solution has (much) higher salt
concentration than the seawater, additional use of RO stages
are very energy-intensive for concentrating brine solutions
near the solubility limit. Other options include conventional
evaporation and crystallization, which are still not cost-effec-
tive due to the high energy consumption and vulnerability to
corrosion [13,14]. Inorganic precipitation during membrane
separation initiates deleterious fouling followed by notice-
able flux decline. If the precipitation occurs, however, away
from the membrane surface and precipitated salts are sepa-
rately collected, MD can be used for solution concentration
as well as mineral extraction. In this light, membrane crystal-
lization (MCr) may offer an attractive alternative solution to
a combination of membrane distillation (MD) and a separate
crystallizer. MCr was first studied for concentrated salt solu-
tions by Wu and Drioli [15], who observed precipitation of
crystal solutes outside the membrane module. Curcio et al.
[16] addressed the application of MCr for crystallization of
sodium chloride. Transmembrane flux was low on purpose
by maintaining feed and distillate inlet temperatures of 29°C
and 9°C, respectively. This is to minimize the concentration
polarization and so prevent precipitation-induced fouling on
the membrane surface. In MCr processes, fresh water is pro-
duced as permeate from the MD process, while the concen-
trated solutes can be recovered as solids from the crystallizer
[17-19]. At present, the challenging part of MCr is controlling
the hot feed temperature to increase downstream concentra-
tion for crystallization without causing precipitation on the
membrane surface.

Seawater Utilization Plant Research Center (SUPRC),
located at Goseung-gun, Gangwon-do, the north-most part
along the East Sea side of Korea, has been devoted to DSW
R&D for practical technologies and commercial applications.
DSW is continuously pumped from 500 m below the ocean
surface using 5 km of high-pressure pipes. Physical, chem-
ical, and health-related characteristics of this deep seawater
(DSW) can be found elsewhere [20-22]. Currently, the DSW
is desalinated using high-pressure RO systems and com-
mercialized as drinking water by Gangwon Deep Sea Water
Co., Ltd, located beside SUPRC. In general, salt concentra-
tion does not noticeably change with respect to the depth of
ocean. DSW contains the same salt concentration and com-
position as those of the surface seawater, but lower contents
of microbial entities, suspended solids, and particulate mat-
ter. This implies that fouling potential must be less than the
surface seawater for conventional desalination using RO or
thermal processes. Eykens et al. [23] successfully applied
DCMD for desalination of synthetic seawater of various con-
centrations (i.e., NaCl of 0, 13, and 23 wt%) and reported the
presence of optimal thickness of flat sheet MD membranes.
Their experimental results strongly imply the great possibil-
ity of using MD for secondary concentration of highly saline
solutions. A unique feature of the current research is to inves-
tigate the potential of VMD for energy efficient desalination
and high-degree concentration of DSW, which will signifi-
cantly reduce brine volume. Experimental observation of the
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current research will be extended in the future to MCr for
high-purity mineral extraction.

Our specific interest is to concentrate the brine solution
near the solubility limit to reduce the brine volume, followed
by recovering precious salt and mineral ions using energy-ef-
ficient technologies. In this study, the VMD performance
using DSW and its RO brines as feed solutions was inves-
tigated for desalination performance of VMD and its future
potential to crystallize minerals from DSW.

2. Materials and methods
2.1. Materials
2.1.1. Membrane

Typical materials used to prepare MD membranes include
polytetrafluoroethylene (PTFE), PVDF, and plypropylene
(PP), and their thermal conductivities range from 0.11 to 0.29
from temperature 296 to 348 K [24]. Polyvinylidene fluoride
(PVDF) membranes of the hollow fiber type were supplied
by Econity Inc. Korea. Detailed technical information of the
membrane can be found in Table 1. The membranes have
average inner and outer radius of 0.35 and 0.60 mm, respec-
tively, and the thickness is calculated as 0.25 mm. The vendor
provided physical and chemical characteristics of the mem-
brane, which are pore diameter, porosity, thermal conductiv-
ity, and contact angle, and liquid entry pressure (LEP). PVDF
LEP varies typically from 105 to 204 kPa (i.e., 1.05 and 2.04
bar, respectively) [2]. The prepared membrane in this study
has a LEP of 1.60 bar, which is in our opinion a reasonable for
VMD operations.

2.1.2. Module

Fig. 1 shows a membrane module consisting of a cylin-
drical vessel and a number of hollow fibers. In Fig. 1(a), 180
hollow fibers of 17 cm in length are packed in parallel to the
inner vessel-wall, and each side was ported rigidly to the
vessel. The module is temporarily detached from the system.

Table 1
Characteristics of hollow fiber membranes

Variables Values Unit
Pore diameter, dp 0.10 um
Membrane porosity, E 0.70 [-]
Thermal conductivity, k= 0.2 W/mK
Liquid entry pressure 1.60 bar
(LEP)
Contact angle, 0, 105 £5 °
Membrane Inner diameter, D, 0.70 mm

Outer diameter, D, 1.20 mm
Thickness, o 0.25 mm
Number of fibers, Nhf 180 ea.
Fiber length (ea.), [, 0.17 m
Total fiber length, L, 30.6 m
Total surface area A =0.0673 m?

(w/D)

A =0.1154 m?

(w/D))

The hollow fibers were ported at each end of the containing
vessel. Two small holes of 10 mm in diameter were made at
opposite ends of the vessel surface to extract water vapor
from the interior to the condenser: one on the top-left side
and the other on the bottom-right side of the vessel. Only
one hole is shown at the upper part of Fig. 1(a) because the
second hole is behind the vessel. Fig. 1(b) shows the module
installed in the VMD system. Arrows in Fig. 1(b) are physi-
cally marked on tubes of the VMD system (not digitally illus-
trated on the image), and one arrow on a tube connected to
the top-left hole is not shown since it is behind the tube. The
hot feed stream was introduced from the bottom side of the
vessel and flowed upward through membrane lumen spaces.
The direction of feed flow is indicated by two vertical arrow
stickers attached on tube surfaces below and above the vessel.
The effective length of each membrane, excluding the ported
parts, is 17 cm. The total membrane length within the vessel
is calculated as 30.6 m. Membrane surface areas are calcu-
lated using the inner and outer diameters, D, and D, denoted
as A, ,and A , respectively. The outer membrane surface area
A, is approximately twice the inner membrane surface area
A, . Since the hot feed is introduced to the lumen space, D,
was used to calculate the total surface area. Fundamental dis-
cussion about flux calculation of hollow fiber membrane can
be found elsewhere [24].

2.1.3. Feed solutions

Three types of feed solutions were tested: de-ionized water
(DIW) and DSW of 34 and 62 g/kg, denoted as DSW34 and
DSW62, respectively. DIW was prepared using a pure water
generator (model: MR-RO1600) from MiRAEST Co., Ltd,
Korea, consisting of a pretreatment unit (model: PCPF005S),
an activated carbon filtration unit (model: PCACO010S), and
a small RO system (model: PCRM1075). DSW was obtained
by pumping seawater from 500 m below the ocean surface at
SUPRC, located at Goseong-gun, Gangwon-do, Korea. The
concentration of this raw DSW was measured as 34.0 g/kg,
and detailed information can be found elsewhere [20,22].

Fig. 1. Photo images of (a) a detached module of 180 PVDF hol-
low fibers and (b) the same module connected to a feed tank and
a vacuum pump in the VMD system.
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The concentrated DSW62 is provided by Gangwon Deep
Sea Water Co., Ltd., located beside SUPRC. Their DSW was
pumped at the same location, but at 600 m in depth. An RO
system was used to desalinate the DSW34 and DSW62 is the
RO brine to be disposed in the ocean.

2.2. Methods

Fig. 2 shows a schematic of the VMD experimental sys-
tem, consisting of a feed tank, gear and vacuum pumps,
VMD module, two heat exchangers for heating and cooling
(i.e., heater and cooler, respectively), and distillate storage.
Operational conditions are summarized in Table 2.

2.2.1. Experimental steps

The heater maintains the feed temperature at a constant
value (between 26°C and 60°C) during VMD experiments.
The temperature of the entering feed stream was recorded
using a thermostat installed on each side the vessel. The
gear pump supplies the hot feed solution to the VMD mod-
ule, and the feed stream is distributed to lumen spaces of
180 hollow fiber membranes. The feed flow rate is set at
1.0 L/min, which provides a moderate lumen flow speed of
0.24 m/s. Using the lumen diameter of 0.7 mm, Reynolds
number of this lumen flow is calculated as Re = 168, specif-
ically at 25°C. The kinematic viscosity of water decreases

VMD module Heater

2]
1 08

r 1|
(8 {Condensor Pump
Cooler L] Feed Tank
Vacuum
Pump

Distillate Storage
Fig. 2. Schematic of vacuum membrane distillation system.

Table 2
Experimental conditions and parameters

Values Unit
0.031-0.037  bar

Variables

Operation Vacuum (shell)

pressure, P

vac

Feed (lumen) 26-61,AT=5 °C

temperature, T,

Initial feed volume 13 Liter
Feed flow rate, q 1.0 liter/min
Feed flow speed, u, 0.24 m/sec
Condenser 45+0.5 °C

temperature, T,
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from 1.002 m?/s at 20°C to 0.475 m?/s at 60°C. But, due to
the slow speed and small inner diameter of the hollow
fiber, the thermal variation of the solution viscosity cannot
change the lumen flow regime from laminar to turbulent.
Feed solution passed through lumen spaces was returned
and its temperature adjusted to the preset constant. This
feed recirculation continued during VMD experiments until
the proper amount of distillate was collected in the storage
tank. The rare gas in the shell side of the module was con-
tinuously extracted using a vacuum pump, and therefore a
low pressure (of 0.034 bar) was maintained in the shell side
of the vessel. This gas flow contains water molecules, which
were pre-evaporated at membrane-gas interfaces in lumen
spaces. A condenser was installed between the membrane
module and vacuum pump. The temperature of the cooling
stream of the condenser is maintained at 4.5°C + 0.5°C for
fast condensation of the water vapor. This product water is
collected in the distillate storage tank, located between the
condenser and the vacuum pump. The salinity of the dis-
tillate water was measured using a refractometer (model:
PAL-03S, Atago Co., Ltd., Japan). In all the experiments
reported in this work, the produced distillate does not have
any salinity.

3. Theoretical
3.1. Vapor pressure of saline waters

The vapor pressure of the saline water P__ is often rep-
resented as a product of vapor pressure P, (T) of pure water
and a weighting function f (C) of saline concentration C:

P, (T, C)=P, (T)fC) (1)

vsWw

where f (C) should satisfy

fIC—>0)=1 ?

and T is temperature at the interface between liquid and gas
phases, which is approximately equal to feed temperature
when temperature polarization is moderate. Several empir-
ical correlations were suggested for the weighting function
fand an excellent review can be found elsewhere [7]. First,
Emerson and Jamieson’s correlation [25] was employed for
f(C) such as

log,f(C) =-2.1609 x 10C - 3.5012 x 107C? ®)

which is valid for 35 g/kg < C < 170.0 g/kg with error range
of #0.07%. An advantage of using Eq. (1) with (3) is that
influences of temperature and concentration are separately
contributed to the seawater saturation pressure as a prod-
uct. Note that coefficients on the right side of Eq. (3) are all
negative. The vapor pressure of saline water decreases with
respect to the salt concentration. For C = 0, 34, and 62 g/kg,
f(C) values are 1.0, 0.98231, and 0.96546, respectively. This
indicates that the vapor pressures of DSW34 and DSW62
decreased 1.769% and 3.454% from that of fresh water,
respectively. These variations with respect to the saline
concentration do not depend on the solution temperature.
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Other expressions for the relative saturation pressure of
seawater to that of fresh water include Raout’s law (RL)
[26], Millero (MR) [27], and Weiss and Price (WP) [28], as
shown in Fig. 3. Specific formulas can be found elsewhere
[7]. Raoult’s law has a form, similar to Eq. (1), that the satu-
ration pressure ratio is independent of temperature. For 34
and 62 g/kg, the ratios are 0.9802 and 0.9635, respectively.
Both Millero’s and Weiss and Price’s correlations are limited
to temperatures between 0°C to 40°C and salinity between
0 to 40 g/kg. Therefore, these two correlations can be used
only for seawater of salinity no more than 40 g/kg and tem-
peratures below 40°C, above which abnormal behavior of
Milleno’s correlation above 40°C is clearly shown in Fig. 3.
Although it is stated that use of WP is likewise restricted,
simple extrapolation of WP shows reasonable trends that
the seawater saturation pressure decreases with salt concen-
tration and it is either constant or decreasing with respect to
temperature.

In the experiments, the vacuum pressure was main-
tained at 0.034 + 0.003 bar. Note that 26.25°C is the water
temperature in equilibrium with the vapor pressure (0.034
bar). If the feed temperature of VMD is 26.25°C and the vac-
uum pressure is 0.034 bar, then the transmembrane gradient
of the partial pressure is theoretically zero and no distillate
flux will be generated. Zero or negligible distillate volume
was observed under these conditions. (See the next section
for details.) To evaporate saline water of finite concentra-
tion C (>0) and temperature T, a necessary (not sufficient)
condition is that the vacuum pressure P, _should be lower
than the vapor pressure of pure water at a specific feed
temperature, thatis, P, <P _ (T, C =0). Equivalently, the
equilibrium temperature of the vacuum pressure (inversely
calculated using a correlation equation of water vapor pres-
sure with respect to temperature) should be lower than the
feed temperature.

Accurate estimation with fundamental rigor of the water
vapor pressure is an important issue in VMD modeling.

099 F
° 0.98 E
g 097k . AM
=4 K
3 096 F
s E —— 34-MR
8 095¢ —a— 62-MR
Z oo f, —o— 34.E]
kS £ —o— 62-EJ
g 093 3 —e— 34-RL
1%} Fooe —e— 62-RL
092 F —e— 34.WP
001 £ "eeeeeeee%ssese —o— 62-WP
0 10 20 30 40 50 60 70 80 90 100 110 120

T[°C]

Fig. 3. Ratio of seawater saturation pressure with respect to tem-
perature for concentrations of 34 g/kg and 62 g/kg, as indicated
in the legend.

Note: MR, EJ, RL, and WP are correlations provided by Millero
[27], Emerson and Jamieson [25], Raout’s law [26], and Weiss and
Price [28].

A newly developed representation of [29] was employed for
the saturation pressure:

L(T)
P, ,=p, eXp{_RT} @)
L(T)=1+1,TInT )

where p, = 271690 x 10* mmHg, [ = 57.075 kJ/mol,

0

and [, = 4.3856 x 107 kJ/mol K. In Eq. (4), the coefficients of
vapor pressure are fundamentally related to those of the
latent heat of water:

1(T)=1,-1T (6)

In our previous work [29], Eq. (4) is directly derived using the
Clausius-Clapeyron equation and the empirical correlation
of the latent heat Eq. (6).

3.2. Distillate flux
The distillate flux can be written as follows:

J(T.C)=BAP=B[P,_(T,C)-P,] @)

where B is the mass transfer coefficient. Substitution of
Eq. (1) into (7) provides the following;:

J(T,C)=B(T)P, ,(T,C)[f(C)~p...] ®)
A —_ Pvac
pvac - Pv,u (T) (9)

where P __=0.034 bar in the current study. Because B is related
to only migration of vapor molecules through membrane
pores, one can assume that B = B (T), which is independent
of C. The flux ratio of the DSW and DIW can be represented
as follows:

1(1.C) £(C)-p... (10)
T,0

Jose =5 (T,0) " 1.

which is in this study defined as the relative flux of DSW
to DIW at temperature T. The dimensionless vacuum pres-
sure p_ rapidly decreases with temperature because the
water vapor pressure is highly non-linear with respect to T
[29]. This means that the relative flux of DSW will reach the
extreme value of f (C) as the temperature increases:

lim j .. (T) = f(C)

highT

(11)

Theoretically, at temperature T — 100°C, the vapor pressure
reaches 1.01325 bar, and therefore p_ — 0.034/1.01325=0.03356,
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8IVING Jigyma = 0-9817 and 0.96426 for DSW34 and DSW62,
respectively. DSW fluxes cannot be higher than that of DIW, but
their magnitudes are only a few percent less.

4. Results and discussion

Fig. 4(a) shows distillate fluxes of the three feed solu-
tions (DIW, DSW34 and DSW62) with the feed temperature.
As expected, fluxes are very low at 26°C, where the driving
force is negligible. Only the DIW provides non-zero flux and
no distillate volumes are collected for DSW34 and DSW62
solutions. At this temperature, the water vapor pressure is
reported as 0.03364 bar [30], which is approximately equal to
or slightly below the vacuum pressure of 0.034 bar. The onset
temperature point of distillate fluxes seems to be around 31°C,
above which fluxes monotonously increase with respect to
temperature. Throughout the temperature range from 41°C
to 60°C, DIW flux is higher than that of DSW34, followed by
DSW62. Variations of distillate flux saline concentration are
apparent, but their differences are small.

Fig. 4(b) shows the fluxes of DSW34 and DSW62 nor-
malized by DIW flux. Due to the small driving force at low
temperatures, flux ratios below 36°C appear to be influenced
by experimental conditions or uncertainties and they do
not seem to provide important physical meanings. Above
41°C, DSW34 has higher flux values than those of DSW62,
as expected from Fig. 4(a). Observing the trend of Fig. 4(b),
it is expected that the flux ratio rapidly increases from zero
at 26°C and gradually reaches a plateau for higher tempera-
tures. Emerson and Jamieson’s and Weiss and Price’s correla-
tions were used to compare the simple theoretical prediction
and experimental observations. The flux ratio of DSW34/
DSWe62 is plotted using solid/dashed lines, respectively.
Asymptotic values are shown as the horizontal dash-dot
and dash-double dot lines for DSW34 and DSW62, respec-
tively. The EJ and WP theories predicted a much steeper
increase in j ., with respect to the feed temperature than the
experimental observations. Since j., does not include any
geometrical factors, it is valid for both flat sheet and hollow
fiber modules. The quantitative disagreement between the
theory and experiment must be from either inaccuracy of
f(C)orp, .Itis interesting to see that what both EJ and WP
predict about j ., does not show a noticeable difference in
Fig. 4(b), whereas WP predicts a lower saturation pressure
than EJ (as shown in Fig. 3). This implies that effects of salt
concentration on seawater evaporation are minimal, and the
flux decline is highly correlated to heat loss during VMD
operation. However, the fundamental rigor and numerical
accuracy of P (T) has been already confirmed. On the other
hand, the temperature in Eq. (10) is interpreted as the tem-
perature that water molecules evaporate at the lumen sur-
faces. This is because on lumen surfaces of the inside-out
mode, the temperature can be maintained close to the feed
temperature with some difference due to temperature polar-
ization. The feed stream loses its thermal energy as it flows
along the lumen interior. Although the vacuum has one order
of magnitude smaller thermal conductivity than that of air,
the heat loss through the cylindrical vessel cannot be fully
negligible. Ambient heat influx to the vessel through the
cylindrical vessel wall may change the effective evaporation
temperature and hence DSW vapor pressure. Considering

(a)
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—o— DSW62
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Fig. 4. (a) Total distillate flow rate per unit inner surface area and
(b) ratios of DSW fluxes to DIW flux at various temperatures.

the above issues, we think that the solid and dashed lines in
Fig. 4(b) must be translated to the right, being anchored at
point (25°C, 0). If so, the theoretical lines drop down a little
at each temperature, coming closer to the experimental data.
In addition, the asymptotic values of j, , must decrease
accordingly, as implied in Eq. (11). This theoretical analysis
qualitatively predicted the convergence of two DSW fluxes
at high temperatures, which is experimentally observed in
Fig. 4(a) and implied in Fig. 4(b). This is because water mol-
ecules in the feed solution have more kinetic energy to break
hydrogen bonds and evaporate more frequently to the gas
phase. The hindering effect on water evaporation by salt ions
in the feed solution becomes less significant at higher tem-
peratures. This implies that the variation of vapor pressure
by high salinity is insignificant at high feed temperatures,
and the distillate flux is almost indifferent to the feed salin-
ity. The performance of VMD is insignificantly influenced
by the increases in seawater concentration as much as 200%.
Thermal energy consumption to heat up the feed solution is
almost independent of the feed concentration for the same
distillate flux. This confirms the great potential of VMD
on desalination and MCr. Technical aspects of MCr can be
found elsewhere [18,19].
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5. Concluding remarks

In this work, the practicality of MD in terms of concen-
trating DSW and its secondary RO brines were systematically
investigated. The final goal of this research is to use VMD
for crystallization of DSW minerals. Among several MD
types, VMD is selected because of its superior performance
and lower risk of the membrane wetting. During the series
of VMD experiments, no-wetting was observed, and salt ions
were completely (100%) rejected. Distillate flux decreased
with respect to the feed concentration, but changes are small
even when the high salinity solutions (34 g/kg and 62 g/kg)
were used. A simple Eq. (10) is developed to predict or ana-
lyze distillate fluxes of high salinity solutions. This theory
gives qualitatively good agreement with the experimental
data. Heat flux across the vessel wall seems to play an import-
ant role in water evaporation on the lumen surfaces. The high
salinity does not significantly change the vapor pressure of
seawater and hence VDM distillate flux. Future use of VMD
looks promising for concentrating high salinity water when
combined with MCr.
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