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ABSTRACT

Brines produced by desalination processes such as reverse osmosis (RO), electrodialysis reversal
(EDR) and ion-exchange (IX) holds pollution potential for the water environment if not properly
handled. These brines contain a high water content (95-98%) and chemicals that could possibly be
recovered for reuse. Therefore, direct contact membrane distillation (DCMD) which has the poten-
tial for water and chemical recovery from brines was investigated for water and chemical recovery
from RO and EDR brines originating from difficult to treat petrochemical effluents. It was shown
that water recoveries of between 70% and 80% could be obtained with membrane distillation
(MD). Salt rejections of more than 99.5% were obtained. The quality of the treated brine is suitable
for boiler feed make-up. However, fouling of the membranes took place at high water recovery
similarly to as in the last modules in RO as a result of concentration polarisation and cleaning
of the membranes with acid and salt/caustic solution almost restored condensate flux.

Keywords: Membrane distillation; Concentration/desalination; Petrochemical effluents; RO

brine; EDR brine; Fouling/scaling

1. Introduction

The petrochemical industry produces large quanti-
ties of saline effluents and brines that need to be dis-
posed of safely [1,2]. These saline effluents and brines
originate from the desalination of water and process
effluents with reverse osmosis (RO), electrodialysis
reversal (EDR) and ion-exchange (IX) processes. Large
quantities of brine are produced in the process and the
brines are usually disposed of into evaporation ponds
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[3]. However, this method of brine disposal could lead
to surface and ground water pollution if the brines are
not handled correctly. The brines are also a potential
source of water and chemicals that could possibly be
recovered for reuse.

Evaporative technologies are often used to further
concentrate/desalinate brines from RO and EDR
plants for effluent volume reduction and water recov-
ery for reuse. However, fouling of the heat exchange
surfaces of evaporative technologies often limit the
usefulness of this process [4]. Evaporative technologies
have the perception to be very energy intensive and
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very expensive. However, some of the evaporative
technologies like mechanical vapour compression is
not very energy intensive. This technology recollects
the latent heat of evaporation similar to as in mem-
brane distillation (MD). MD is an alternative emerging
technology that has the potential for brine treatment for
water and chemical recovery [5]. This process uses
lower pressure than RO, lower temperature than distil-
lation processes [6] and membranes with less demand-
ing properties as required by RO. Salt rejections of
more than 99% is possible [6]. A further advantage of
the MD process is that waste or solar energy can be
used to drive the process [7,8].

The MD process makes use of hydrophobic micro-
porous membranes which are claimed to be fairly resis-
tant to membrane fouling/scaling [9]. Water and
chemicals can be extracted from the brines with high
water recoveries without serious fouling/scaling of the
membranes. The driving force for this process is a tem-
perature difference across the membrane for the con-
centration/desalination of brines [6].

Previous studies have demonstrated that a MD
technique such as vacuum-enhanced direct contact
membrane distillation (VEDCMD) and forward
osmosis (FO) could be effectively used for RO brine
treatment [10]. Water recoveries of 81% and 90%
could be obtained with the treatment of RO brine
(7,500 and 17,500 mg/L) with VEDCMD and FO,
respectively. Another study [11] has shown that an
integration of DCMD with accelerated precipitation
softening (APS) to protect the membranes from foul-
ing resulted in a 98% water recovery and a permeate
(condensate) with a quality of 6.0 uS/cm. A third
study shows that it is possible to produce pure water
(electrical conductivity ranging between 0.55 and
3.5 uS/cm) from seawater RO brines [12]. A water
recovery of 90% was also achieved. Other than this,
not much literature is available on the treatment of
EDR or RO brines with MD. However, in recent years,
membrane distillation-crystallisation (MDC) has
been investigated for the recovery of valuable salts
from concentrated brines produced by desalination
operations [12].

MD therefore appears to be a suitable technology
for the concentration/desalination of difficult to treat
industrial effluents for effluent volume reduction and
water recovery for reuse. However, the fouling poten-
tial of the effluents for the brines is an unknown factor
as well as the required operating conditions for brine
treatment. Therefore, the focus of this investigation
was to evaluate MD for the concentration/desalination
of difficult to treat brines resulting from the desalina-
tion of petrochemical effluents for effluent volume
reduction and water recovery for reuse.

1.1. MD — Principles of operation

MD is a process in which microporous hydrophobic
membranes are used to separate water from a salt solu-
tion using temperature as the driving force for desali-
nation. The applied temperature difference across the
membrane results in a vapour pressure difference
which drives vapour molecules from the high vapour
pressure to the low vapour pressure side through the
pores of the membrane. The MD separation mechan-
ism is based on the vapour/liquid equilibrium which
implies that the component with the highest partial
pressure exhibits the highest permeation rate [13].

A warm feed solution is brought into contact with at
least one side (feed side) of the membrane. The hydro-
phobic nature of the membrane prevents the penetra-
tion of the aqueous solution into the pores, resulting
in a vapour-liquid interface at each pore entrance.

1.2. Types of MD

Various types of MD configurations are available
that can be used for different applications (Fig. 1). The
configurations that are commonly used include [14]:

* Direct contact membrane distillation (DCMD) -1t is a
MD process in which a liquid phase is in contact with
both sides of the membrane.

* Air gap membrane distillation (AGMD) - It is a MD
process in which only the feed phase is in contact
with the membrane. The condensate side consists of
an air gap and a condensing surface.

+ Sweeping gas membrane distillation (SGMD) — The
SGMD process is a MD process with a configuration
that is similar to that of AGMD. The only difference
between these two processes is that the stagnant air
is replaced by a moving inert gas stream (typically
air) that sweeps the condensate side of the membrane
carrying the vapour molecules.

* Vacuum membrane distillation (VMG) — A vacuum
is applied to the permeate side of the membrane
module by means of a vacuum pump.

The brine solutions that were used in this investiga-
tion were dilute and should not cause damage to the
experimental apparatus. Direct contact MD was
selected for this investigation because it is the easiest
system to operate.

2. Materials and methods
2.1. Feed solutions

Three feed solutions were used: synthetic NaCl
solutions, EDR and RO brines. The synthetic NaCl
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Fig. 1. Different MD configurations: (a) DCMD, (b) AGMD, (c) SGMD and (d) VMD.

solutions were prepared by dissolving the salt in tap
water to obtain a 2.5% wt NaCl solution. The EDR and
RO brines were obtained from an industrial petro-
chemical company.

The RO and EDR brines result from the treatment of
different petrochemical process effluents and mine
water with tubular RO and EDR, respectively [15]. The
process effluents are pretreated with sandfiltration and
with chemical addition for suspended solids and iron
and manganese removal, respectively. The TDS of the
feed to the RO plant can be as high as 4,000 mg/L. The
approximate concentrations of other ions and organics
are: Na (900 mg/L); Ca (422 mg/L); Ba (0.2 mg/1); Cl
(800 mg/L); SO4 (3,204 mg/L); F (18 mg/L) and TOC
(51 mg/L).

The EDR brine results from the treatment of acid
mine drainage from a nearby coal mine to supplement
process water to the petrochemical company. Pre-
treatment of the feed water to the EDR plant consists
of suspended solids (filtration) and iron and manga-
nese (chemical) removal. The TDS of the feed water

to the EDR plant can be as high as 5,400 mg/L. The
approximate concentrations of the other ions and
organics are: Na (1,100 mg/L); Ca (200 mg/L); Cl
(289 mg/1); SO4 (3,200 mg/1); TOC (2.0 mg/L). The par-
tial chemical composition of the RO and EDR brines
during treatment with MD is shown in Tables 1 and 2.

Table 1
Chemical composition of the initial RO feed and final RO
brine

Brine/Feed

Constituents RO feed RO brine ratio
Sulphate as SO, 1 548 7 325 4.7
Calcium as Ca 2914 14 360 49
Chloride as Cl 4 485 20 334 45
Fluoride as F 10 42 4.2

pH 6.8 7.6

Conductivity 11 445 4.05

(mS/cm)

Concentration in mg/L unless otherwise stated



296

Table 2
Chemical composition of the initial EDR feed and final EDR
brine

Brine/Feed
Constituents EDR feed EDR brine ratio
Sulphate as SO, 4053 24 503 6.05
Calcium as Ca 324 403 1.24
pH 6.8 7.6
Conductivity 9.5 38.9 41
(mS/cm)

Concentration in mg/L unless otherwise stated.

2.2. DCMD setup

The experimental set-up was a custom built MD
system which consisted of a membrane module in
which a heated process fluid and cooling water flowed
in counter-current directions (Fig. 2).

A mMicrodyn hollow fibre membrane module (MD
020 CP 2N) was used. The membrane module contains
40 hydrophobic polypropylene hollow fibres of 0.1 m*
total interfacial area. The nominal pore size of the
membranes was 0.2 pm and the external and internal
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diameters were 2.8 and 1.5 mm, respectively. The
membrane thickness was 120 pm with 70% porosity.
Digital thermocouples (resolution of 0.1°C and
accuracy of +1°C) and pressure gauges (range of
0-100 kPa) were attached to the inlet and outlet of the
MD module, and were used to monitor the tempera-
tures and pressures of the fluids, respectively. A water
bath was used to heat the feed solution and the conden-
sate and the pick-up water (C&PUW) were recirculated
through a coil immersed in a cooling/chiller unit.
Experiments were conducted in the batch mode where
the C&PUW, and the retentate stream, flowed counter-
current through the membrane. Both the feed and the
cooling water (C&PUW) were recirculated by means
of Watson Marlow peristaltic pumps (0.25 kW 3-phase
50 Hz). Silicon pipes, with inner and outer diameters of
5 and 10 mm, respectively, were used. The feed and
C&PUW tanks were modified Erlenmeyer flasks of
approximately 3 litres in volume. The water vapour
from the process was collected in the C&PUW tank
which was weighed continuously with a measuring
balance. Readings were taken approximately every
hour. The quality of the feed and the C&PUW was
determined by an electrical conductivity meter.

-
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Fig. 2. Schematic sketch of the experimental set-up.
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2.3. Membrane cleaning

Hydrochloric acid solution (pH = 1) and a 2.5 wt%
NaCl solution (pH adjusted to 11 with NaOH) was
used to remove precipitate and organic scale deposits,
caused by the EDR and RO brines, respectively, from
the membrane surface and in the MD system. Prior to
any experimental work being done on the EDR and
RO brines, the clean vapour flux (CVF) was initially
measured with a 2.5 wt% NaCl solution. The CVF
(2.5 wt% solution) was again measured after mem-
brane cleaning to determine the effect of cleaning on
membranes performance and to determine the foul-
ing/scaling potential of the EDR and RO brines for the
membranes. The CVF was conducted at a feed tem-
perature (Ty) of 40°C, a permeate temperature (T},) of
10°C, a feed flow rate of 1,330 mL/min and a C&PUW
flow rate of 535 mL/min.

3. Results and discussion
3.1. Treatment of a synthetic NaCl solution with MD
3.1.1. Effect of feed temperature on the condensate flux

The effect of feed inlet temperatures on the
condensate flux is shown in Fig. 3. Condensate
flux increases with increasing feed temperature
from 20 to 38°C. However, the flux decreased with
time especially at the highest feed temperature as a
result of concentration polarisation and /or membrane
fouling/scaling. The initial increase in the flux at the
highest temperature (38°C) could be ascribed to
temperature equilibrium that has not been properly
established. The average flux values were
033 L m2h'(20°C), 047 L m 2 h™' (25°C) and
1.09 L m *h " (38°C). This is in agreement with litera-
ture data [13].
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Fig. 3. Condensate flux as a function of time at different

feed inlet temperatures (C; = 2.5 wt%; T, = 13°C; Q¢ =
1,330 mL/min; Q,, = 535 mL/min).
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Fig. 4. Condensate flux[o1] as a function of time at different
feed inlet concentrations (Ty = 38°C; T, = 10°C; Q¢ =
1,330 mL/min; Q, = 535 mL/min).

3.1.2. Effect of feed concentration on condensate flux

The effect of increasing feed inlet concentration on
condensate flux is shown in Fig. 4.

Condensate flux decreases with time and increasing
feed inlet concentration. This reduction can be ascribed
to an increase in concentration polarisation and to the
reduction in vapour pressure with increasing feed salt
concentration [9]. The average flux values were
117 L m 2 h! 25 wt%), 1.08 L m 2 h™' (5 wt%),
1.05Lm 2h ! (75 wt%) and 0.92 L m 2> h™' (10 wt%).

3.1.3. Effect of feed flow rate on condensate flux

The effect of feed flow rate on condensate flux as a
function of time and feed inlet flow rate is shown in
Fig. 5.

Condensate flux increases with increasing feed inlet
flow rate. The increase in feed inlet flow rate increases
the heat transfer coefficient in the feed side as well as
reduces the effects of temperature and concentration
polarization [8]. Therefore, it should be better to oper-
ate the MD process at the highest possible feed inlet
flow rate. The condensate flux also decreases with
time. This reduction in condensate flux can be ascribed
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Fig. 5. Condensate flux as a function of time at different feed
inlet flow rates (T = 38°C; T, = 10°C; C¢ = 2.5 wt%; Qp, =
535 mL/min).
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Fig. 6. Condensate flux as a function of time at different
C&PUW inlet flow rates (T = 38°C; T, = 13°C; Q¢ =
1,330 mL/min; C; = 2.5 wt%).

to an increase in concentration polarisation [5] and
possible salt crystallisation on the membrane surface. The
average condensate flux values were 0.89 L. m™2 h™"
(535 mL/min), 1.09 L m2 h™' (1,330 mL/min) and
118 Lm > h! (2,600 mL/min).

3.1.4. Effect of condensate pick-up flow rate on conden-
sate flux

The effect of the C&PUW flow rate on the conden-
sate flux is shown in Fig. 6.

Condensate flux increases with increasing C&PUW
inlet feed flow rate. An increase in the C&PUW inlet
flow rate results in an increase in the heat transfer
coefficient [9]. This means that the temperature at the
membrane surface approaches the bulk condensate
temperature. This causes the condensate flux to
increase. The condensate flux also decreased with time
at the different C&PUW flow rates as a result of a
decreasing driving force with reduced vapour pressure
at the higher feed concentrations towards the end of
the run. The average condensate fluxes were
1.09 L m2 h! (535 mL/min), 1.11 L m 2> h™*
(1,330 mL/min) and 1.17 L m 2 h™! (1,850 mL/min)
(Fig. 6). Therefore, the condensate flux was about
12% higher at the highest C&PUW flow rate.

3.2. Treatment of EDR and RO brine with MD

3.2.1. Condensate flux as a function of time and water
recovery

Condensate flux and water recovery as a function of
time are shown in Fig. 7.

Condensate flux decreased with time as a result of
concentration polarisation and fouling/scaling of the
membranes. The initial condensate flux was
1.3 L m 2 h™! and declined to 0.7 L m 2 h™" after
21.5 h in the case of the RO brine. A steeper decline
in flux was observed after 17 h as a result of salt
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Fig. 7. Condensate flux and water recovery as a function of time
(Te=35°C; T, = 13°C; Q¢ = 1,330 mL/min; Q,, = 535 mL/min).

precipitation that was observed in the feed tank. A
similar phenomenon was observed with the EDR brine.
Water recoveries at the end of the runs were 70% and
74% for the RO and EDR brines, respectively.

3.2.2. Condensate and pick-up water and feed conductiv-
ities as a function of time

The C&PUW and feed electrical conductivities as a
function of time are shown in Fig. 8.

The C&PUW conductivities decreased with time
while the feed conductivities increased with time. The
decrease in the C&PUW conductivities is a result of the
dilution of the pick-up water (tap water) with conden-
sate with a lower conductivity than tap water. Conden-
sate and pick-up water conductivities could be reduced
from 0.31 to 0.13 mS/cm for the EDR brine and from
0.28 t0 0.12 mS/cm for the RO brine. The electrical con-
ductivities of the RO and EDR C&PUW comply to the
quality requirements for boiler feed make-up. The feed
could be concentrated from 11 to 35 mS/cm for the RO
brine and from 9.5 to 45 mS/cm for EDR brine at the
end of the runs.
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Fig. 8. Condensate and pick-up water and feed conductivities
as a function of time (T¢ = 35°C; T, = 13°C; Q¢ = 1,330 mL/
min; Qp, = 535 mL/min).
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3.2.3. Concentration factor and salt rejection as a function
of time

The concentration factors and salt rejections as a
function of time are shown in Fig. 9.

The RO and EDR brines were concentrated by fac-
tors of 3.3 and 3.8 at the end of the runs, respectively.
Therefore, significant concentrations of the brines
could be achieved with significant volume reductions.
The brine volumes could be reduced by 70% and 74%
for the RO and EDR brines, respectively. This implies
that smaller brine disposal dams would be required for
brine disposal.

Apparent salt rejections of 99.68% and 99.70%
could be achieved in the case of RO and EDR brines,
respectively (Note: All salt rejections based on
C&PUW). The high salt rejections with MD mem-
branes will ensure that a very good quality conden-
sate could be produced.

(Note: Salt rejection increases with time as a result
of the dilution of the condensate with pick-up water).

3.3. Fouling potential of the RO brine for the membranes

The fouling/scaling potential of the RO brine for the
membranes is shown in Fig. 10. The condensate flux
declined with time but remained more or less constant
for three consecutive runs. The decline in the flux can
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Fig. 10. Condensate flux as a function of time (T; = 35°C; T}, =
13°C; Q¢ = 1,330 mL/min; Q, = 535 mL/min).
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Fig. 11. Vapour flux as a function of time (T¢ = 35°C; T, =
13°C; Q¢ = 1,330 mL/min; Q,, = 535 mL/min).

be ascribed to concentration polarisation and/or foul-
ing/scaling of the membranes. Salt crystals were
detected in the feed tank. These salt crystals could have
contributed to the flux decline that was experienced
towards the end of the run. However, the presence of
the salts in the feed did not appear to affect subsequent
runs adversely. The average flux for the three consecu-
tive runs was 0.9 Lm 2 h™! (Run 1), .00 Lm 2 h™!
(Run 2) and 0.98 L m > h~! (Run 3).

The CVFs before and after treatment are shown in
Fig. 11. The CVF was lower (approximately 14%) after
the runs. Acid cleaning does not appear to restore flux.
However, cleaning of the membranes with salt/caustic
solution almost restored the flux.

3.3.1. Chemical composition of the initial RO feed and
final RO brine

The chemical composition of the initial RO feed
and final RO brine is shown in Table 1. The salinity
in the RO brine could be concentrated by a factor of
4.05. The final brine was supersaturated with calcium
sulphate and an XRD analysis showed that the preci-
pitate formed consisted of a mixture of sodium sul-
phate (NaySO,), sodium chloride (NaCl), calcium
sulphate (CaSOy), calcium carbonate (CaCOj;) and
glauberite (Na,Ca(SOs),).

3.4. Fouling potential of the EDR brine for the membranes

The fouling/scaling potential of the EDR brine for
the membranes is shown in Fig. 12. The condensate
flux decreased with time but also remained more or
less constant for three consecutive runs. The decline
in the flux can be ascribed to concentration polarisation
and/or fouling/scaling of the membranes. Salt crystals
were observed in the feed tank. Despite the presence of
salt crystals in the feed it was shown that membrane
fouling/scaling should not be a big issue in the concen-
tration/desalination of the EDR brine with MD. The
average flux for the three consecutive runs was
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Fig. 12. Condensate flux as a function of time (T¢ = 34°C; T}, =
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076 Lm ?h* (Run 1), 0.75 L m > h™" (Run 2) and
0.74Lm ?h ! (Run 3).

The CVFs before and after the runs are shown in
Fig. 13. The CVF was lower (approximately 17%) after
the runs. However, cleaning of the membranes with
acid solution almost restored the flux.

3.4.1. Chemical composition of the initial EDR feed and
final EDR brine

The chemical composition of the initial EDR feed
and final EDR brine is shown in Table 2.

The salinity in the EDR brine was concentrated 4.1
times. The brine contained very high concentrations
of calcium sulphate and crystals were detected in the
feed tank. X-ray diffraction (XRD) analysis of the crys-
tals showed that it consisted of calcium sulphate
hydrate (CaSO,4)(Hz0),. The salt crystals are most
probably responsible for the reduced output of the con-
densate during MD of the effluent.

4. Summary and conclusions
4.1. Synthetic NaCl solutions

Sodium chloride feed solutions (2.5; 5.0; 7.5;
and 10.0 wt%) were successfully concentrated with
MD. Increasing the feed temperature (20; 25 and

1.4+

1.2
e
‘TE 0.8
< 064
L—:L’ 0.4 ——Ref: 2.5 wt% NaCl soln  —— After water cleaning

0.2 -#— After HCI cleaning

0 T T T T 1

0 5 10 15 20 25
Time (h)

Fig. 13. Condensate flux as a function of time (T; =38°C; T}, =
11°C; Q¢ = 1,330 mL/min; Q, = 535 mL/min).

38°C) increases the condensate flux (0.33; 0.47 and
1.09 L m 2 h™", respectively).

An increase in NaCl feed solution concentration
(2.5; 5.0; 7.5; and 10.0 wt%) results in a decrease in the
condensate flux (1.17; 1.08; 1.05; and 0.92 L m > h ™!,
respectively) as well as a decrease in temperature
polarisation effects.

An increase in the feed flowrate (535; 1,330 and
2,600 mL/min) increases the condensate flux (0.89;
1.09 and 1.18 L m > h™ !, respectively) but to a smaller
degree than for an increase in the feed temperature. An
increase in the C&PUW flow rates (535; 1,330 mL/min
and 1,850 mL/min) also increases the condensate flux
(1.09; 1.11 and 1.17 L m 2 h™", respectively) but also
to a smaller degree.

4.2. RO brine

The RO brine was successfully concentrated /desali-
nated by DCMD. Salt rejections, water recoveries and
C&PUW conductivities were: water recovery (%): 70,
salt rejection (%): 99.7, condensate and pick-up water
quality (uS/cm): 120.3.

The C&PUW quality (<125 pS/cm) produced from
the brine should be suitable for boiler feed make-up.

The condensate flux (0.99; 1.00 and 0.98 L m~2 hfl)
remained more or less the same for three consecutive
runs but decreased with time. The decline in the flux
could be ascribed to concentration polarisation and/
or fouling/scaling of the membranes. The CVF was
approximately 14% lower after the runs. Acid clean-
ing could not restore flux. However, cleaning of the
membranes with salt/caustic solution almost restored
the flux.

Crystals were detected in the MD brine. A mixture
of sodium sulphate(Na,SO;), sodium chloride
(NaCl), calcium sulphate (CaSOy), calcium carbonate
(CaCOs) and glauberite (NayCa(SO4),) formed.

4.3. EDR brine

The EDR brine was successfully concentrated /
desalinated by DCMD. The salt rejections, water recov-
eries and C&PUW conductivities were: water recovery
(%): 74, salt rejection (%): 99.66, condensate and pick-
up water quality (uS/cm): 122.3.

The C&PUW quality (<125 pS/cm) should be suita-
ble for boiler feed make-up.

The condensate flux (0.76, 0.75 and 0.74 L m > h™ 1)
also remained more or less the same for three consecu-
tive runs but decreased with time. The decline in the
flux could be ascribed to concentration polarisation
and/or fouling/scaling of the membranes. The CVF
was approximately 17% lower after the runs. Acid
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cleaning did not restore flux. However, cleaning of
the membranes with a salt/caustic solution almost
restored the flux. Crystals were detected in the MD
brine. XRD analysis showed these to be calcium sul-
phate hydrate (CaSO,)(H,O), crystals.
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