459 Egypt. J. Chem. Vol. 64, No. 9 pp. 4889 - 4899 (2021)

x
&

Egyptian Journal of Chemistry

http://ejchem.journals.ekb.eq/

Fabrication and Characterization of Hydrophobic PVDF-based
Hollow Fiber Membranes for Vacuum Membrane Distillation of
Seawater and Desalination Brine

CrossMark
Mohamed H. Sorour, Heba A. Hani*, Hayam F. Shaalan, Mahmoud EI-Toukhy ossyar

Chemical Engineering and Pilot Plant Department, National Research Centre, EI-Buhouth Street,
Dokki, Giza, Egypt; P.O. Box 12622

Abstract

Fabrication of hydrophobic polyvinylidene fluoride (PVDF) hollow fiber membranes was studied using Lithium chloride
(LiCl) and polyethylene glycol (PEG 35000) as non-solvent additives by dry-wet phase inversion process. Scanning Electron
Microscopy revealed that LiCl addition made the finger-like voids become smaller and provided a sponge-like structure, in
addition to increasing the membrane surface roughness to 42 nm, porosity to 83% and mean pore size to 5.75 nm with
narrower pore size distribution. It also decreased Young’s modulus to 63 MPa while, no significant improvement was
observed in water contact angle (115.5°). During vacuum membrane distillation (VMD) of water, Mediterranean Sea water,
Red Sea water and Red Sea brine, the PVDF membranes spun with LiCl achieved higher water permeation flux with values of
48, 32, 25 and 19 L/m?h, respectively. The flux-salinity relationship was represented by empirical correlations. The two
membranes exhibited high salt rejection values (99.4%-99.8%) for the investigated saline solutions. These results suggest
numerous interventions for membrane distillation within integrated desalination/salt recovery schemes or as a stand-alone
facility with the combination of complementary appropriate thermal crystallization units. Two VMD/solar pond scenarios
were investigated for dual production of water and salts.

Keywords: Hydrophobic hollow fiber membrane, PVDF, vacuum membrane distillation, seawater and brine

1. Introduction

Membrane distillation (MD) is an emerging
energy-intensive low-pressure membrane separation
technology enabling combined production of
freshwater and concentrated brine. The thermal
gradient between feed and permeate compartments
drives vapor from the former to the latter
compartment [1-3]. Four main configurations exist
for different MD applications comprising direct
contact (DCMD), vacuum (VMD), sweeping gas
(SGMD) and air gap (AGMD) [1,3]. Comparing the
two most common applied configurations DCMD and
VMD reveals that the heat loss from the saline water
due to thermal conduction and the temperature
polarization on the permeate side are lower in VMD,
in addition to higher water vapor flux that could be

achieved when applying a reasonably high vacuum
[4]. Hollow fiber membranes have recently received
much attention in MD due to their high surface area
to volume ratio, low footprint and ease of handling
during fabrication [2,5,6]. Three direct features
characterize MD as compared to other membrane
separation processes. The first is related to the
hydrophobic nature of the membrane which is of
current interest among concerning membrane
community and it is a necessary condition for the
successful performance of MD. Non wetting
hydrophobic membranes are usually used in the
membrane distillation process. Many Polymers have
been used to fabricate these types of membranes
including  polyvinylidene  fluoride  (PVDF),
polypropylene (PP), and polytetra- fluoroethylene
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(PTFE). Generally, the excellent performance in MD
could be achieved by using membrane with good
thermal and mechanical stabilities, low thermal
conductivity, low wetting resistance and low
resistance to mass transfer [3,7,8]. The second
important feature is the possibility of using solar
energy or an appropriate waste heat source for
powering the MD units. Thus, remote coastal and
desert communities in arid areas could be served by
this type of technology [9-11]. Also, electric power
plants working with seawater cooling can be coupled
with MD units for additional water production. The
third feature is related to the great versatility of this
process which permits seawater/brine concentration
to the level of overall or differential source
crystallization in addition to integrating MD with
nano filtration (NF) or reverse osmosis (RO) for
water desalination [12-14]. The ability to process and
concentrate brines from membrane and thermal
desalination plants guarantees additional water
production and highly concentrated brines suitable
for salt recovery. In this sense, MD technology
enables higher recovery desalination and salt
crystallization to be undertaken simultaneously [15—
17]. The most important limitations of using MD are
excessive energy consumption, aggressive fouling of
membrane surface and immaturity of the technology.
Several additives were used for modification of
membranes’ properties and accordingly, enhance the
MD performance [18,19].

Given the limited research on MD application to
Red Sea water, this work presents a detailed study
using VMD system to produce fresh water from
Mediterranean Sea water and Red Sea water, as well
as Red Sea brine using developed hydrophobic PVDF
HF membranes prepared using different additives.
Attempts were made to investigate the effect of
additives on membrane characteristics, pure water
permeability and salt rejection and also to correlate
the flux-salinity relationship. Moreover, two
scenarios were proposed and investigated for dual
production of water and salts through mass balance
which is based on the results of this study, in addition
to other technical parameters.

2. Experimental

2.1. Materials

Polyvinylidene fluoride (PVDF) was supplied
from Alfa Aeser, Germany and used as the base
polymer.  Dimethylacetamide = (DMAc) and
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dimethylformamide (DMF) were supplied from Carl-
Roth and Merck, respectively and used as solvents
without further purifications. Poly ethylene glycol
(PEG) soluble polymer with molecular weight 35000
was supplied from Merck and used as non-solvent
additive. Lithium chloride (LiCIl) was supplied from
Alpha Chemika and used as small molecular pore
former inorganic salt non-solvent additive. Distilled
water (DW) water was used as the bore fluid and in
coagulation and washing baths.

Three saline solutions were tested for VMD
comprising Mediterranean Sea water (Marsa
matrooh, Egypt), Red Sea water (Safaga, Egypt) and
finally Red Sea brine (thermally concentrated Red
Sea water). The pH values of these solutions range
from 7.6-7.85. Table 1 shows the composition and
main characteristics of the investigated saline
solutions.

Table 1: Composition and main characteristics of the
selected saline solutions

Seawater Red Sea
brine
Parameter * Mediterra Red Sea
nean

Ca?* 400 488 756
Mg? 1460 1660 2573
Na* 11000 13538 20984
CI 20000 24350 37743
S04 2700 3352 5196
K* 500 551 854
COz* 20 28.8 44.6
HCO* 90 102.5 158.9
Alkalinity 110 132 204.6
TDS 36320 44200 68514
Conductivity, ps 54800 65389 97976

* All concentrations are in mg/L

2.2. Methods

2.2.1. PVDF HF membrane fabrication
Dope preparation

The PVDF powder was dried at 100°C for 24 h to
remove its moisture content before it was used for
dope preparation. Certain amount of PVDF (20 wt%)
powder was dissolved into the mixture of (10:1)
DMF/DMAc solvent and non-solvent additives (3
wt% PEG and 2 wt% LiCl), then the polymer dope
mixture was subjected to continuous stirring for
about 4-5 days at 70°C and 1-3 bar under nitrogen
until a homogeneous solution was formed. Two
samples were prepared, the first sample (PV) was
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prepared using only PEG as the non-solvent additive
while, the second sample (PVL) was prepared
similarly but with the addition of LiCl. The solutions
were degassed under vacuum condition and left
stagnant until spinning.

Spinning of PVDF HF membranes

PVDF HF membranes were fabricated through a
dry-wet phase inversion spinning process as
described previously by the authors [20] on a semi-
pilot scale spinning facility. Briefly, the polymeric
dope was prepared in a stirred tank jacketed vessel
then it was pumped using a metering pump and
extruded through an annular spinning nozzle
supported on a heated spin block. Bore fluid (lumen
side) was supplied from a pressurized vessel (0.5-2
bar) and fed to the spinneret passing in the center of
the annulus to preserve the hollow structure within
the fibers. The as-spun fibers discharged from the
spin block were introduced into a water filled
coagulation bath to solidify then, collected and
wrapped multiple times and fed to two consecutive
washing baths where they were rolled again and
finally wound on a take-up reel winder. Prepared
fibers have been soaked thoroughly in distilled water
for removal of excess solvent and left to dry
ambiently. Spinning conditions are shown in Table 2.

Module preparation

A bundle of ten dry PVDF fibers have been potted
in a glass module of 2.5 cm inside diameter and 25
cm active fiber length using epoxy resin to pot both
ends of the fiber and then, the fibers were cut open
from both sides to accommodate lumen side-feed
configuration in an (in-out) mode.

Table 2: Spinning conditions for PVVDF HF membranes

Investigated parameter Value
Dope flow rate, mL/min 45

Bore fluid flow rate, mL/min 2.6

Air gap, cm 25
Spinning temperature, °C 65
Coagulation bath temperature, °C 20
Washing bath temperature, °C 20
Take-up speed, m/min 9.5-10.5
Spinneret dimensions, pm Di/Dout:

500/1200
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2.2.2. PVDF HF membrane characterization
SEM

The morphology of both PVDF HF membranes
was studied through SEM imaging using scanning
microscopes JEOL-JXA-840 A and JEOL SEM 6000
Neoscope desktop. HF membrane samples were cut
using a sharp razor and then they were fixed on the
sample stage using carbon double-face tape.
Morphological structure and HF membrane inside
and outside diameter, as well as, wall thickness were
evaluated. The SEM microscope is coupled with an
electron dispersive spectrum (EDS), which was used
for elemental analysis of the prepared PVDF HF
membranes.

AFM

PVDF HF membrane surface roughness were
analyzed using 1.5 micron resolution TT-AFM
workshop, equipped with a video optical microscope
with up to 400X zoom. A one cm long fiber sample
was fixed using a double face tape on the magnetic
plate of the AFM apparatus. Vibrating scan mode
was used for testing a scan area of 5 um x 5 pm.
Roughness  parameters were calculated using
“Gwidyyon” software.

Hydrophobicity
Moreover, the hydrophobicity of the fibers was

evaluated by measuring their contact angles. The
water contact angle (WCA) of the HF membrane was
measured on an Attention Theta optical contact angle
instrument (KSV Instruments Ltd) through a digital
video image of the water drop of 5 uL volume on the
dried surface of the hollow fiber at 25°C. All the
samples were tested at five different positions and the
final results presented are an average of the measured
values.

Average porosity
The porosity of the fibers was measured using the

gravimetric method according to the procedure
described previously [21] by measuring the weight of
the liquid entrapped within the membrane pores. The
overall porosity was calculated according to the
following formula:

(W1-w3)
Dk

Dk Dpol
where w; is the weight of the wet membrane, w;
the weight of the dry membrane, Dy the density of
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kerosene (0.82 g/cm?®), Dy is the density of PVDF
(1.78 g/cm?®). For each fiber type, five measurements
were carried out and average values are presented.

Mean pore size and pore size distribution

Mean pore size and pore size distribution for the
prepared PVDF HF membranes were determined
using pore size distribution analyzer Belsorp Max
apparatus (MicrotracBel. Corp.). Adsorptive nitrogen
was used at 77 K. Vacuum degree before
measurement was 6.95E“ Pa and standard vapor
pressure was 108 kPa.

Average pore size was also determined through
hydraulic permeability using the Hagen- Poiseuille
equation which gives the relation- ship between the
pure water flux (using distilled water at 25°C) and the
applied pressure across the membrane (0.1 MPa) for
certain time, as well as, the average porosity of the
membrane, according to the following equation
[20,22].

15 «AP

Js = B*H*A?X 2

where Js is the water flux based on membrane area
(m/s), rp is the average effective pore radius (m), AP
is the transmembrane pressure (Pa), p is solution
viscosity (Pa.s), Ax is the effective membrane
thickness (m) and & is the membrane porosity
(volume %).

Mechanical properties

Mechanical properties of PVDF HF membranes
were studied using a benchtop tensile testing machine
(Tinius Olsen H5kS) equipped with a 5N load cell.
Testing was undertaken at 50 mm/min speed and a
gauge length of 100 mm. Tensile stress, elongation at
break and fiber’s Young’s modulus were measured.

2.2.3. Vacuum membrane distillation experiments
VMD experimental set-up used for testing the
permeation performance of the prepared PVDF HF
membranes is shown in Figure. 1. VMD experiments
were performed using distilled water, Mediterranean
Sea water, Red Sea water and Red Sea brine. A
membrane module was mounted vertically in the
system to reduce the effect of free convection and
eliminate air bubbles. The system is equipped with
flow meters, pressure sensors and thermocouples. In
this system, the saline solution is fed to a jacketed
feed tank which is heated to 70°C using a

Egypt. J. Chem. Vol. 64, No. 9 (2021)

temperature-controlled circulating water bath. The
hot solution is fed to the membrane module with a
flow rate of 3.3 cm%/s. The feed passes through the
lumen side of the module and the reject was returned
to the feed tank where the vacuum is applied on the
shell side. The VMD system was operated within
brine concentration regime to avoid intra-fiber
occlusion. The vapors were transported through the
membrane and then condensed in a stainless steel
tubular condenser which is connected to a vacuum
pump, with vacuum degree less than 0.1 mbar, and
cooled to a temperature of about 1-2°C using a
chiller. The condensed permeate was collected in a
separate tank where a sample was taken every 30
min, weighed, by an electronic balance, and its
electrical conductivity was measured, using a
conductivity meter, in order to check fiber salt
rejection. Average flux values were represented for 5-
6 samples. The volume of the distillate collected after
specific time intervals was measured and the VMD
permeate flux (J: L/m2.h) was calculated according to
the following relation;

J=Q/A (3)

where Q represents vapor permeate flow (L/h), A
is the effective membrane area calculated based on
membrane inner diameter, length of each fiber and
the total number of fibers (m?). Moreover, salt
rejection (R%) values were calculated using the
following equation:

R (%) = (1-(C,/Cy)) * 100 4)
where C, and Cs are the concentrations of permeate
and feed streams, respectively.

Recirculated
brine

Feed tank

Condenser

y Cooler
Heater :
h |
n Flowmeter  HF Membrane Vent
module Vacuum
Distillate tank pump
® Pressure sensor|  Feed pump Electronic Conductivity

balance meter

@ Thermacouple

Fig.1. Schematic of vacuum membrane distillation
experimental set-up
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3. Results and Discussion
3.1. PVDF HF membranes morphology

3.1.1. SEM

The SEM images of the prepared PVDF HF
membrane samples has been determined and
presented in Figure 2 illustrating i) fibers cross-
section, ii) wall thickness and iii) surface. The images
in Figure 2a reveal asymmetric morphology
consisting of finger-like macrovoids near the inner
and outer surfaces of the PV HF fibers and sponge-
like structure in the middle. The sponge-like structure
is related to the relatively high polymer concentration
(20%) used of viscosity (4100 cp), which delays the
solvent-non-solvent exchange for coagulation and
thus slows down polymer solidification [23]. The
voids formed were attributed to PEG presence where,
non-solvent additives such as PEG in dopes may
cause large cavities in the membrane [24], which
compensates the tendency for sponge-like structure
due to PVDF used. Figure 2b presents the SEM
images for the PVL HF membrane sample. Lithium
chloride addition makes the finger-like macrovoids
beneath the outer and inner layers of the fiber become
smaller and longer and provided more sponge like
structure. LiCl is thought to benefit the solid-liquid
demixing process and suppress macrovoid formation,
which may be related to the increase in the spinning
dope viscosity (5800 cp) caused by the interaction of
LiCl with solvent, as well as, with electron donor
group of PVDF to delay the dope precipitation [25-
28]. It should be noted that the finger/sponge like
structure resulted from the addition of LiCl comprise
a trade-off choice between permeability and wetting
resistance [29]. Average values of inside and outside
diameters of PV and PVL HF membranes were 630,
561 pm and 875, 789 um, respectively.

< '-

i) ii) ‘ iii)

i) ii) i)
b) PVL

Fig.2. SEM images of PVDF HF membranes
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The EDS results show that the prepared PVDF HF
membranes are mainly formed from the fluoride and
carbon elements with comparable values for PV and
PVL membranes, as shown in Figure 3. The
atomic % of carbon, nitrogen, fluoride and oxygen
were comparable for both samples representing 54.2,
0.2, 42 and 3.4%, respectively.

a)pv b) PVL
Fig.3. EDS of the prepared PVDF HF membranes

3.1.2. AFM

AFM images of the prepared PVDF HF
membranes have been obtained and presented in
Figure 4. The surface roughness values (Ra and
Rms), as depicted in Table 3, are higher in the case of
PVL which is attributed to the presence of the pore
former, LiCl that alters the membrane’s surface and
increases surface roughness accordingly [27].

a) PV b) PVL

Fig.4. AFM images of the prepared PVDF HF membranes

3.1.3. Membrane hydrophobicity

The surface hydrophobicity of the PV and PVL
HF membranes was evaluated by water contact angle
measurements, and the results are shown in Figure 5.
Comparable water contact angle values, with minor
increase for the PVL membrane, (114° and 115.5°)
were obtained for both PVDF membranes, indicating
high hydrophaobicity of the fabricated membranes.
These values are considered relatively higher than
those reported by Tang et al. [28].
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a) PV b) PVL

Fig.5. Water contact angle images of the prepared PVDF
HF membranes

3.2. Membrane porosity

The porosities of the prepared PVDF HF
membranes (PV and PVL), determined by the
gravimetric method, are shown in Table 3. It is
noticed that LiCl addition has increased the porosity
of the fibers from 78% to 83%. These values
generally agree with the published range (69%-92%)
for PVDF hollow fibers [21,28,30,31].

3.3. Membrane pore size and pore size distribution

The pore size of the prepared PVDF HF
membranes was determined by using pore size
distribution analyzer Belsorp Max apparatus
(MicrotracBel. Corp.) and Hagen- Poiseuille equation
(equation 2). The mean pore size values of PV and
PVL determined by Belsorp analyzer were 4.646 and
5.639 nm, respectively while those calculated by
equation 2 were 4.456 and 5.753 nm, respectively.
The values are comparable and agree with Mansouri
et al. who used 2 and 4% LiCl with PVDF [29]. It
was previously proved that the smaller pore sizes are
more capable to capillary condensation based on the
Kelvin equation [32].

The pore size distribution of the membranes was
determined by using the Belsorp Max apparatus and
shown in Figure 6. It is obvious that the PVDF HF
membrane spun with 2% LiCl revealed higher pore
size and narrower pore size distribution which agrees
with published work [24,27].

0.002
0.0018

PV
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'y
0.0016 A
0.0014 A

APVL
0.0012
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0.001 A

0.0008
0.0006

0.0004

Differential pore volume

0.0002

o
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Pore width (nm)

Fig.6. Pore size distribution for the prepared PVDF HF
membranes
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3.4. Membrane mechanical properties

Mechanical properties of PVDF membranes were
and the stress-strain curves were measured and are
shown in Figure 7. It is observed that PV has higher
mechanical properties than PVL. This has been
explained previously [33,34] where the addition of
LiCl decreased mechanical properties but enhanced
the membrane’s permeation rate. Average and
standard deviation (SD) values of break force (N),
break stress (tensile strength: MPa), elongation at
break (break strain: %) and Young’s modulus (MPa)
for the prepared membranes are presented in Table 3.
The results agree with the increase in porosity
discussed in section 3.2.

Break stress (MPa)

2
1.5 —--Pv
1

—k—PVL

o 50 100 150 200
Break strain (%)

Fig.7. Stress strain curve for the prepared PVDF HF
membranes

Table 3: Characteristics of the prepared PVDF HF
membranes (PV and PVL)

Property PV PVL
a. Fibers morphology

1D (um) 630 561

OD (um) 875 789

Thickness (um) 123 149

b. Mechanical properties

Break force (N)

Average/SD 0.97/0.0224 1/0.00654
Break stress (MPa)
Average/SD 4.03/0.0928 3.18/0.0208
Break strain (%)
Average/SD 153/9.94 166/10.3
Young’s modulus
(MPa) 74.8/17.6 63.3/14.3
Average/SD
c. AFM results

Ra (nm) 32.7 42
Rms (nm) 41.2 53
Porosity (%) 78.4 83.4
Average pore size
(nm) 4.646 5.7531

d. Hydrophobicity
Water contact angle
@) 114 1155
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3.5. Water permeability of PVDF HF membranes
applied in VMD experiments

3.5.1. Test on distilled water

The pure water flux experiments were conducted
for PV and PVL at 70°C under VMD mode and the
flux values were 37.6 and 48 L/m?h for PV and PVL,
respectively as presented in Table 4. This may be
attributed to the higher porosity obtained after the
addition of LiCl, which agrees with results mentioned
in the previous sections, where the addition of pore
former additive in the polymer dopes generally
results in the enhancement of liquid-liquid demixing
which enhances the membrane porosity and,
consequently, the VMD flux [4,26,28,29,35]. It is
worth mentioning that these values are higher than
those previously published under comparable VMD
conditions for PVDF HF membranes [4,30,31,36,37],
but lower than those published by Drioli et al. who
used PVP and maleic acid as additives [21].

3.5.2. Test on saline solutions
Three saline solutions were tested under VMD

mode and it is noticed that salinity is reduced by
99.4-99.8% for all the studied saline solutions.

The VMD/permeate flux of different saline
solutions using PVDF HF membranes have been
measured as depicted in Figure 8. It is clear that the
flux values obtained using PV HF membrane
decreased from 23 L/m?h in the case of
Mediterranean Sea water to 18 L/m?h for Red Sea
water and finally to 14 L/m?h using Red Sea brine. It
is worth mentioning that PVL HF membrane
prepared using LiCl achieved higher flux values of
32, 25 and 19 L/m?h for the three tested saline
solutions. This may be attributed to the role of LiCl
as mentioned earlier. Moreover, two empirical
correlations have been formulated representing the
relation between flux and the studied feed salinities
for the two prepared membranes, as represented in
Figure 8 and in equation no. (5) for PV and equation
no. (6) for PVVL HF membranes.

VMD flux = -0.44 * Feed salinity + 47.3  (5)
VMD flux = -0.35 * Feed salinity + 36.1  (6)

These flux values are higher than those previously
published by Huyan et al., where the VMD flux using
3.5% NaCl was 28 L/m?h at 70°C which decreased to
20L/m?h using seawater (38.9 g/L) at 70°C [38].
Tang et al. studied the PVDF HF membrane
performance, prepared using 2.6% LiCl, under VMD
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mode and revealed 23 L/m?h using 9% NaCl [28].
Synthetic seawater was studied by Simone et al. and
revealed flux value ranging from 12-14.5 L/m?h on
varying the feed flow rate from 27 L/h to 32 L/h at
50°C [30,31] . Further, a pilot-scale PVDF HF
membrane with a total membrane area of 5.4 m? was
tested on seawater for VMD with solar heating
system and attained 8 L/m?h [39]. Also, the effect of
salinity on the final flux at 75°C and 45, 35 and 25
g/L was studied recording 11, 10 and 9 L/m?h [39].
The obtained results reflect a rather energy
conservation mode due to complete or partial
recirculation, simulating multistage processing at
temperature about 70°C which is more practical
under normal field conditions[36]. Table 4 represents
a comparison between the main characteristics and
flux of different PVDF HF membranes studied in
literature and in this study.

y=-0.44x + 47.3
R*=0.97

w
[}

WPV

w
=]

APVL

5]
(=]

| |
y=-0.35x+ 36.1
R? = 0.96

VMD flux, L/m*h
N
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Fig.8. VMD flux of PVDF HF membranes at different feed
salinities

3.6. Implications on process design of VMD based
system

The results of this work strongly support the
technical feasibility of desalination and concentration
of Mediterranean Sea water and Red Sea water using
multi-stage  VMD. Where, previous studies
incorporated solar-assisted VMD [10,40,41], solar-
assisted multistage VMD [42,43], multistage VMD
[44-46] and multistage pilot-scale VMD [47].

Two possible scenarios could be reviewed. The
first scenario comprises directing filtered seawater to
an MD plant composed of serial and parallel MD
staging. The brine is fed either to a thermal
crystallizer and/or to a solar pond. The second
scenario  involves the processing of RO,
electrodialysis, multistage flash desalination brines to
multi-stage MD with and without circulation; the
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final fractional crystallization is achieved via
solar/thermal pond system.

In this section, preliminary estimation of the
amounts of raw salts that could be produced from
these scenarios was investigated. A block flow
diagram for the proposed scenarios, based on 40,000
m3/d feed to VMD and solar pond, is presented in
Figure 9. The amounts of salts were determined by
overall mass balance calculations. The mass balance
calculations were based on performance indicators
and main technical specifications for the proposed
processes as depicted from the results of this study
for PVL HF membrane and other published work

suggested scenarios and expected salts produced are
shown in Table 5.

— VMD
VMD Brine

Red Seawater/Brine

40000 m'fd 20000 m'Yd

MD Permeate Salts: 1182/2035 ton/d
Sadium Chloride

Potassium Chloride

20000 m'/d

Calcium Sulphate
Magnesium Sulphate

Fig.9. Block flow diagram for the VMD/solar pond
proposed scenarios

[48-50]. Some technical aspects regarding the
Table 4.: Comparison of the main characteristics and VMD performance data for PVDF HF membranes
. Contact L Operating VMD flux,
Solvent/ additives angle, © Porosity, % conditions L/m2h Ref.
Pure water
DMAC/H,0O/LiCI 78-82 10 L/h, 50°C 0.5 [37]
DMF/PVP 82-91 74-83 32 L/h, 50°C 12.5 [30]
NMP/DMF/PVP/Maleic . 70-83.4 6 L/h, 50°C 15-41 [21]
anhydride
NMP/H,O/PVP - 77-92 27 L/h, 50°C 9.5 [31]
DMACc/PG - - 27 L/h, 50-70°C 40 [36]
NMP/LICI 130 - 30 L/h, 80°C 1.9 [4]
(DMF,DMAC)/PEG 114 78 12 L/h, 70°C 37.2 This work
(DMF,DMAC)/PEG/LICI 115 83.4 12L/h, 70°C 48
Saline solutions
Tianjin Polytechnic i 3.5% NaCl, 70°C 28
8 SW, 70°C 20 [38]
0,
NMP/LICI 130 - 8% Naéél(;go L/, 1.13 [4]
DMAC/LICI/PEG 100.8 69-79 9% NacCl, 65°C 23 [28]
DMF/PVP 82-91 74-83 SSW, 32 L/h, 50°C 12 [30]
NMP/H,O/PVP - 77-92 SSW, 27 L/h, 50°C 14.5 [31]
(DMF,DMAC)/PEG - - Red SW 8 [39]
Med. SW, 12 L/h,
78 70°C, 23
(DMF,DMAC)/PEG 114 Red SW, 12 L/h,
78 18
70°C
78 Brine, 12 L/h, 70°C 14 This work
83.4 Med. SW, 12 L/h, 32
' 70°C
(DMF,DMAC)/PEG/LICI 115 Red SW, 12 L/h,
83.4 700C 25
83.4 Brine, 12 L/h, 70°C 19
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Table 5: Technical aspects of the proposed 40,000 m?/d
VMD/solar pond scenarios and expected salts produced

Feed VMD Pond Expected salts,
ton/d

Red Sea  VMD flux: 25 NaCl (895), KClI
water L/m?h (27), CaSO,
TDS: Recovery: 50% Concentrati  (43), MgSO,
44,200 Membrane area: on factor: (216)
mg/L 33333 m? 0.89
Red Sea  VMD flux: 19 Precipitatio  NaCl (1587),
water RO L/m?h n (40),CasO,
brine Recovery: 50% efficiency:  (70), MgSO,
TDS: Membrane area: 65% (338)
73,870 43860 m?
mg/L[51]
4. Conclusion

VMD of Mediterranean Sea water, Red Sea water
and Red Sea brine was investigated using two
fabricated hydrophobic PVDF HF membranes with
and without lithium chloride (PV and PVL,
respectively). Addition of lithium chloride enhanced
the membrane porosity, mean pore size, surface
roughness and introduced more sponge like structure.
The VMD system was operated with an energy
conservation mode due to complete or partial
recirculation, simulating multistage processing at
70°C. Processing of the different saline streams under
VMD mode enabled promising flux approaching 14-
23 L/m?h for PV and 19-32 L/m?h for PVL HF
membranes. Two empirical correlations have been
formulated representing the relation between flux and
the studied feed salinities for the two prepared
membranes. In addition, two VMD/solar pond
scenarios were proposed for processing of seawater
and RO brine and investigated for water production
and salt recovery. The results obtained enable brine
concentration to almost salt saturation conditions
enabling recovery of valuable salts.
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