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ABSTRACT

In this study, a lab-scale of reverse osmosis (RO) system was used to investigate the performance of
a spiral wound RO membrane to desalinate a brackish groundwater of several locations (Mandali,
Al-Yusufiya, and Al-Musayyib) in the middle of Iraq. The investigation included different parameters
such as permeate conductivity, permeate flux, and membrane salt rejection. In addition, the examina-
tions of this work included studying the influence of feedwater temperature and feedwater pressure
on permeate flux and membrane salt rejection. Moreover, foulant analysis by the scanning electron
microscope images and the associated energy-dispersive X-ray spectroscopy spectra of the RO mem-
brane after being used for 45 d in an existed pilot plant to treat the groundwater of Mandali location
was also performed in this study. The results revealed that the difference in the groundwater quality
of the selected locations had a significant effect on the permeate fluxes produced by the RO membrane
system. In addition, increasing the feedwater temperature positively influenced the permeate flux and
negatively impacted the salt rejection of the RO membrane. Furthermore, foulant analysis exhibited
that the foulant accumulated on the RO membrane surface was most likely calcium carbonate (CaCO,)

which was apparently in calcite form.
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1. Introduction

The provision and sustainability of potable water are
important factors for disease prevention. It can be consid-
ered as the foundation of the valid life. Although there are
a wide variety of water resources available in the planet, the
gap between water supply and demand is getting larger, and
it continues to increase due to the worldwide growth in the
population and the applications of the water in the commer-
cial and industrial fields which have resulted in more water
consumption [1]. Reducing fresh surface water has led to
seek other sources such as seawater, brackish groundwater,
or treated wastewater as feedwater for the treatment plants
to produce drinkable water [2]. Groundwater, which is one
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of these suitable sources that can be exploited, is mostly
saline water and needs to be treated by different techniques
to remove salt and other minerals rather than using conven-
tional treatment method [3,4].

One of the most promising methods to desalt saline water
is the membrane process [5]. The membrane can be defined
as “a physical barrier through which pure solvent can pass
while other molecules or particles are retained” [6]. The
pressure-driven force membranes can be classified according
to the pore size into four types: microfiltration with a nomi-
nal pore size range of 1-10 um, ultrafiltration with a nominal
pore size range of 0.01-0.1 um, nanofiltration with a nom-
inal pore size range of 0.001-0.01 um, and reverse osmosis
(RO) with a nominal pore size range of 0.0001-0.001 pum [7].
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In general, the RO membrane process is the well-known sep-
aration method used in water desalination technique [8,9].
Several types of materials have been used to make the fabri-
cation of the membrane based on the operating conditions.
For example, the synthetic membrane may be classified into
organic such as a porous or dense membrane, inorganic such
as a ceramic membrane, composite such as that covers both
polymeric and inorganic membranes, and nanomaterial—
polymeric membranes [10].

Generally, there are three common types of polymers
that are used to prepare the RO membranes: cellulose ace-
tate (CA), fully aromatic polyamide (PA), and thin-film com-
posite (TFC) [9-13]. CA membranes are not tolerant to high
temperatures and possibly will destroy with high free chlo-
rine concentrations (above 1 mg/L). In addition, they might
hydrolyze in low and high pH. CA membranes, however,
have a smooth hydrophilic (has affinity for water) surface
that makes this type of membrane less susceptible to foul-
ing than the PA membrane which has a rough hydrophobic
(has no affinity for water) surface [9,14]. PA membranes, on
the other hand, are less susceptible to the biological degrada-
tion, and they work more appropriately over a wide range of
pH. Furthermore, TFC membranes are made by combining
three different layers: thin-film of cross-linked aromatic PA
layer (approximately 0.2 microns in thickness), polysulfone
layer, and polyester fabric layer. The first layer is the active
one which rejects the dissolved and suspended solids of the
feedwater while the other two layers are supporting layers.
In general, water flux and salt rejection of TFC membranes
are higher than those of CA membranes [3,9-12,14,15].

In terms of membrane configuration, four basic mod-
ules of RO membranes are typically developed for indus-
trial applications which are plate and frame, tubular, spiral
wound, and hollow fine fiber. The most common module of
RO membrane that is used in water desalination is the spiral
wound configuration which is characterized with high pack-
ing density [9,13].

In RO membrane system, a high pressure is applied
on the side of the higher solute (salt ion) concentration to
force the solvent (water) to pass through a semi-permeable
membrane (permeable to the water, but not the salt ions)
to the side of the lower solute concentration [16]. The main
problem of installing and operating RO membrane system
is membrane fouling. Some of other problems are the dis-
posal of waste products and concentrate, trapping of fish or
other marine organisms by the screens of the intake struc-
tures of the facility, and emission of air pollutants as a result
of energy-intensive processes [17,18]. Numerous types of
materials may cause RO membrane fouling such as micro-
bial growth (biofilms), organic matters, colloids, particu-
lates, inorganic materials, and suspended particles [9,19]. RO
membrane fouling which causes the permeate flux decline
by reducing the available area for the solvent to pass through
is significantly influenced by several parameters. Solute
concentration, for instance, increases the osmotic pressure
that enhances concentration polarization and consequently
enhances membrane surface fouling [20,21]. Moreover, feed-
water temperature has an impact on the morphology of the
deposited materials on the surface of the RO membrane.
For example, high temperature may enhance the crystal for-
mation of the fouled materials while low temperature may

enhance formation of a sludge-like deposit on the RO mem-
brane surface. However, high feedwater temperature causes
a reduction in the water viscosity and a swelling in the poly-
meric membrane, which are resulted in an increase in the
permeate flux with higher solute concentration [22,23]. The
morphology of the surface of the membrane itself is another
factor that has an impact on the accumulation of the fouled
materials on the membrane surface. For example, TFC PARO
membrane, as previously mentioned, is more susceptible to
fouling than CA RO membrane [22,24].

Brackish water RO membrane performance has been
widely studied in order to understand the problems that
negatively influence the performance of this technique and
to find the solutions to solve or minimize these problems.
Because fouling is the main parameter that affects the mem-
brane performance, the main focus in the following liter-
ature is on brackish water RO membrane fouling. Fouling
develops on RO membrane surface through different layers
[25,26]. Each layer has a varied thickness which ranges from
less than 1 to about 10 um [25]. In addition, fouling mate-
rial is unevenly distributed on the membrane surface [27].
Moreover, fouling of brackish water RO membrane is possible
to be controlled under appropriate operating conditions and
proper conventional pretreatment to significantly prolong
the membrane operating time [26]. Autopsy studies of the
RO membranes, which are used to desalinate brackish water,
revealed that the predominant compounds in the fouling
layer are different and mainly rely on the feedwater quality.
For instance, SiO,, clay, organic matter, CaSiO,, Fe,O,, AIPO,,
and CaSO, were the main foulants observed by Karime et al.
[28]. However, Yang et al. [29] found that 85%-93% of the
total foulants were organic matter in the first stage, while
92%-95% were inorganic matter (mostly calcium) in the sec-
ond stage. Furthermore, Arras et al. [30] reported that the
changes in the quality/quantity of the brackish water can sig-
nificantly impact the pretreatment unit of the RO system and,
consequently affect the deposited material on the membrane
surface.

Iraq has various resources of water such as the Tigris
and Euphrates rivers, marshes, and plenty of groundwater.
However, many regions in Iraq are seriously influenced by
the drought conditions in the last decade. In addition, the
water level reduction in the Tigris and Euphrates rivers has
become more visible because of the low quantity of water
that is released from the neighboring countries which manip-
ulated the sources of these two rivers [31]. Other reasons that
are resulted in an increase in water demand and have neg-
ative impacts on water availability are: population growth,
Iraq’s location in the semi-arid region, high temperatures and
evaporation rates, and human activities such as agricultural,
industrial, and urbanization [32]. Therefore, groundwater
is sought as an alternative source of water by the people in
these regions. Taking advantage of the expansion of the RO
membrane process in southern of Iraq to exploit the brackish
surface water of the marshes for drinking water purposes [3],
this technology started to spread in the middle of Iraq where
a real shortage in the fresh surface water is existed. Several
pilot desalination plants of RO system relying on the ground-
water as a source of the feedwater were implemented in some
locations in the middle of Iraq, and more pilot RO plants
are expected to be carried out in the future, and therefore,
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studies to asses and minimize the problems of operating this
technology are required.

Studying the application of the RO system in desalting
the groundwater of several locations in the middle of Iraq
was presented in this work. This examination included the
effect of the variability of the groundwater quality of three
selected locations on the permeate fluxes produced by the RO
membrane system. In addition, the influence of the operat-
ing conditions such as feedwater temperature and feedwater
pressure on membrane performance was also investigated.
Moreover, to observe the main foulants and the scale forma-
tion on the RO membrane surface, an autopsy analysis by the
scanning electron microscope (SEM) images and the associ-
ated energy-dispersive X-ray spectroscopy (EDXS) spectra of
used RO membrane was also performed in this study. The
selected RO membrane for the autopsy analysis was in opera-
tion for 45 d in an existed pilot plant to treat the groundwater
of Mandali location.

2. Material and methods
2.1. Feedwater

Several different sources of groundwater located in the
middle of Iraq were used to evaluate using RO membrane
system in producing drinkable water. These sources were
considered as an alternative to the fresh surface water which
is significantly reduced in these three selected places in the
last two decades. The first place that was considered in this
study is Mandali which is a town in the Balad Ruz District,
Diyala province, near the Iran-Iraq border as shown in
Fig. 1. The population of Mandali in 2014 was 120,000 cap-
ita. Kinkar River was the main source of freshwater for this
town. However, when a dam was built on this river in the
Iranian side in the mid of the last century and caused the
river valley to dry out, the quantity and the good quality of
the freshwater have become limited to this region. Therefore,

N “Mandali
\ {

IRAQ B:gﬁdiL
A.L"usnﬁ"}?l\ 8 2
- @ AlMusayyib
" =

Fig. 1. Locations of the selected groundwater feedwaters
(Mandali, Al-Yusufiya, and Al-Musayyib) in the middle of Iraq.

several pilot RO plants were established in this region, rely-
ing on groundwater as a source of the feedwater. To study
the performance of the RO system in this area, samples of
200 L of groundwater were taken from two wells which have
a total dissolved solids (TDS) range of 1,300-1,400 mg/L.
Water analyses were performed for these two samples and
the results of the main parameters are illustrated in Table 1.
Shimadzu atomic absorption spectrophotometer (model no.
AA-7000, Kyoto, Japan), which is available at the Ministry of
Health and Environment, Baghdad, Iraq, was used to deter-
mine the concentrations of the constituents of all water sam-
ples in this study.

Two other locations, which are more likely to use
groundwater as the feedwater of the RO systems to produce
a useable water for different purposes, are Al-Yusufiya loca-
tion which is one of the southern suburbs of Baghdad and
Al-Musayyib location which is located in the north of Babylon
province. Two groundwater wells in Al-Yusufiya area were
selected to have samples of groundwater and further to
analyze them. The analysis of these samples is illustrated in
Table 2. Sample 1 which has the highest TDS concentration
(2,588 mg/L) was used to represent the feedwater to carry
out the RO membrane experiments. However, some difficul-
ties encountered providing samples from the third location
which is Al-Musayyib. Therefore, the available analyses of
the groundwater quality were used to prepare the feedwater
of the conducted RO experiments for this location. A ground-
water quality analysis performed by Hill [33] was used to
simulate the feed groundwater of Al-Musayyib area. The
quality analysis with the highest salinity (3,029 mg/L TDS)
was selected to conduct the worse scenario. The measured
and the prepared concentrations of the salt ions of this loca-
tion are shown in Table 3. The salt stock solution was pre-
pared by calculating the required weight of each chemical
compound to prepare the measured concentration of the

Table 1
Water analysis of samples 1 and 2 of the groundwater in Mandali
location

Parameter Sample 1 Sample 2
TDS (mg/L) 1,388 1,350
Ca* (mg/L) 47.8 429
Mg*? (mg/L) 23.6 26.94
Na*! (mg/L) 382 428
SO,? (mg/L) 806.4 518.4
CI'! (mg/L) 369.21 175.72

Table 2

The characteristics of feedwaters of Al-Yusufiya
Parameter Sample 1 Sample 2
TDS (mg/L) 2,588 2,514
Ca* (mg/L) 226 168
Mg*? (mg/L) 240 75
SO,? (mg/L) 2,500 1,070
CI" (mg/L) 248 378
NO,™ (mg/L) 21 26




N.O. Kariem et al. | Desalination and Water Treatment 136 (2018) 72-82 75

groundwater quality listed in Table 3. Inorganic salts which
are calcium chloride (CaCl,2H,O), magnesium sulfate
(MgSO0,.7H,0), sodium bicarbonate (NaHCO,), sodium sul-
fate (Na,SO,), calcium chloride (CaCl,.2H,0), calcium sulfate
(CaS0O,), magnesium chloride (MgCl,.6H,0), and calcium
nitrate (Ca (NO,),.4H,0) were used to prepare the salt stock
solution of Al-Musayyib feedwater. The calculated weight of
the salt was added to 500 mL of deionized water. Then, the
sample was left on a magnetic stirrer for 24 h to make sure
that all the salt is dissolved. After that, the prepared sam-
ple was added to a 95.5 L of deionized water to obtain 100 L
of water supply. Samples from the prepared stock solution
were taken and analyzed by the Shimadzu atomic absorption
spectrophotometer to ensure that the concentrations of the
prepared solution constituents were close or similar to the
selected site water quality.

2.2. Lab-scale RO system

A lab-scale of RO system (manufactured by G.U.N.T.
Gerdatebau GmbH, Barsbiittel, Hamburg, Germany) which
is available at the Environmental Engineering Department,
Mustansiriyah University, Baghdad, Iraq, was used in this
study. A schematic diagram of the experimental system
is shown in Fig. 2. The main part of the RO system is the
membrane module which consists of several sheets of TFC
PA (FilmTec) RO membrane wrapped around a perforated
tube in a spiral shape as shown in Fig. 3. Spiral wound RO
membrane module is a cross-flow filtration system which has
one influent stream (feed channel) and two effluent streams

Table 3

The characteristics of feedwaters of Al-Musayyib [33]
Parameter Measured Prepared
TDS (mg/L) 3,029 2,800-2,950
Ca” (mg/L) 392 390-394
Mg* (mg/L) 92.75 88.05-94.5
Na*! (mg/L) 109.94 108-140.9
K (mg/L) 18.33 15.5-20.4
SO,? (mg/L) 1,167.84 1,164-1,175
CI" (mg/L) 194.64 181.6-197
NO, " (mg/L) 30.38 30.25-30.5

Maln components

A Membrane module

B1 Permeate tank

B2 Raw water tank
Rinse water tank

& ey
,I i) B3
Supply unit P Pump
; i ] R Stirring machine
i I 4 ;
i :
1

Measuring technique
Fl Flow rate
al Conductivity
m Temperature
% Pl Pressure
Vi vi Medlum
- Raw water
[ Retentate
l:l Permeate
) Rinse water
W,
——;
v

Fig. 2. A schematic diagram of the experimental system [34].

(permeate and concentrate channels) [9]. The RO membrane
is placed inside the high-pressure vessel which has a length
of 500 mm and a diameter of 60 mm. The spiral wound
RO membrane module is designed to handle a maximum
pressure of 1,000 psi (6,895 kPa). The active area of the RO
membrane of the used lab-scale is 1.2 m?. The maximum raw
feedwater flow rate of the system is 23 L/min and the maxi-
mum operating temperature is 45°C. The system consists of
two large tanks; feedwater supply tank (B2) and supply dis-
tilled water tank (B3) for rinsing the system. The volume of
each tank is 110 L. In addition, the system has a permeate tank
(B1) with a volume of 5 L to collect the product water. Several
taps in different locations are supplied for draining the sys-
tem, collecting samples, and manipulating the operation of
the system to run the experiments. Also, the system contains
pump engine, pulsation damper to protect the pump from
cavitation, display and control elements, membrane module
(A), measuring cell with conductivity sensor (QI), flow rate
sensor (FI), and several valves for multiple purposes such as
draining and safety of the system.

2.3. Autopsy of used RO membrane

A sample of spiral wound RO membrane (aromatic PA
composite membrane, model LP21-4040-Vontron membrane
technology, USA) after being used for 45 d was brought from
an existed pilot RO plant in Mandali for further analysis of
the fouling materials deposited on the membrane surface.
The membrane was carefully opened and cut to prepare a
sample. The sample was sent to the Samuel Roberts Noble
Electron Microscopy Laboratory, University of Oklahoma,
USA, to image and analyze the sample of the RO membrane.
SEM in conjunction with EDXS and secondary ion beam
(FIB) was used to examine the materials deposited on the RO
membrane surface.

3. Experimental procedures

Before conducting each experiment, the lab-scale RO
system was operated by using distilled water as a feedwater
to make sure that the system is properly functioning, and
no salts ions is existed in the concentrated channel and the
permeate carrier by checking the electrical conductivity
measurements. After that, a 100 L of feedwater sample was
added to the feedwater tank (B2). A stirring machine which is
located in the feed tank was operated at a speed of 300 rpm to
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—— Permeate

Permeate
B collecting tube
——— Raw water side

spacer
Raw water

— Membrane
envelope

- Transition from
raw water side to
permeate side

Permeate side
spacer

Fig. 3. Spiral wound RO membrane [34].
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make sure of the solution homogeneity. Then, the RO system
was operated at an applied pressure of 4,000 kPa (40 bar). For
the simulated feedwater, a sample from the feedwater tank
was taken to have a water analysis at the beginning of each
run to ensure that the prepared water quality and the mea-
sured water quality are similar or close. Moreover, conduc-
tivity, temperature, and pressure for permeate, retentate, and
feedwater for all runs were recorded for further analysis and
discussion. Furthermore, three samples (at the beginning,
middle, and end of each run) were taken from the permeate
water to measure the concentration of the ions and hence cal-
culate salt rejection. To avoid exceeding the required applied
pressure for each run, the bypass valve (V1) was used to con-
trol the system pressure. In addition, each run was conducted
with operation time to achieve 70%-75% water recovery of
the total volume of the feedwater (100 L). This was performed
by recirculating the retentate (brine) into the feedwater tank
(B2) and by separately collecting the product (permeate) in
the permeate tank (B1) up to the end of each run. The run was
stopped when the volume of the collected permeate reached
the desired volume (70-75 L). In order to obtain a high
feedwater temperature for some runs where the feedwater
temperature reaches 40°C, an electrical heater was totally
immersed in the feedwater tank (B2). Some of the runs were
implemented by using the same RO membrane. In this case,
the RO membrane was cleaned with a 0.1% of NaOH solu-
tion at the end of the run. Then, the system was rinsed twice
with deionized water to make sure that the conductivity of
the permeate and the concentrate channels is zero.

4. Results and discussion

Table 4 summarizes the experimental data and results
which include run number, location of the feedwater, TDS
concentration of feedwater, feedwater pressure, feedwater
temperature, permeate flux range of each run, desired water
recovery, and total time of each run.

4.1. The performance of the RO system in terms of permeate flux
and salt rejection

As previously mentioned, several runs were conducted
to investigate the RO membrane system performance in
desalting the groundwater of the considered locations. Fig. 4
displays the evolution of the permeate fluxes with the time
for Mandali location (run 5 and run 6), Al-Yusufiya location

Table 4
Summary of the conducted RO membrane experiments

(run 4), and Al-Musayyib location (run 1) whose feedwater
was simulated. The RO membrane of run 1 was cleaned with
NaOH solution and rinsed with deionized water, then it was
used to conduct run 4. The RO system for all runs was oper-
ated at an applied pressure of 4,000 kPa (40 bar). Overall,
the permeate flux of all runs dropped with the run time.
According to previous studies [35,36], the increase of the salt
concentration in the feed channel leads to higher fouling layer
thickness and higher salt concentration on the membrane
surface. The consequence of this process is increased in both
permeate flux decline and salt concentration in the permeate
channel. Therefore, the drop of the permeate flux is attributed
to the accumulation of the materials on the membrane sur-
face which resulted in a reduction in the filtration area [23].
However, in long-term operation system, the permeate flux
decreases for a certain time and then becomes more stable
[26]. Fig. 4 displays that the initial values of the permeate
fluxes for all runs were significantly different. For example,
run 1 which was conducted with higher TDS concentration
(3,029 mg/L) started at a permeate flux (0.45 Lpm/m?) while
initial permeate flux of run 4 which was conducted with a
TDS of 2,588 mg/L was 1.16 Lpm/m? In addition run 5, which
was carried out with a TDS of 1,388 mg/L, showed the high-
est permeate flux for all the run time (started at 1.28 Lpm/m?
and ended at 0.915 Lpm/m?). Because all runs were imple-
mented under the same conditions, the difference among the
permeate fluxes of these runs is likely due to the difference in
the groundwater quality. Moreover, the overall permeate flux
drop among all runs was also considerably different. Run 6,
for instance, had a total permeate flux drop of 36% compared

——run 5, TDS = 1388 mg/L
—®—run 4,TDS = 2588 mg/L
—C—run 6, TDS = 1350 mg/L

—&—run 1, TDS = 3029 mg/L

Permeate Flux (Lpm/m?)

0 10 20 30 40 50 60 70 80 90
Time (min.)

Fig. 4. Permeate flux evolution for Mandali location (run 5 and
run 6), Al-Musayyib location (run 1), and Al-Yusufiya location
(run 4). The RO system for all runs was operated at an applied
pressure of 4,000 kPa (40 bars).

Run’s Location TDS of feedwater Feed pressure  Temperature Permeate flux Water Total time
number (mg/L) (kPa) (°C) range (Lpm/m?)  recovery (%) (min)

1 Al-Musayyib 3,029 4,000 25 0.45-0.23 75 85

2 Al-Musayyib 3,029 4,000 33 1.83-0.315 75 80

3 Al-Musayyib 3,029 4,000 40 1.77-0.013 70 105

4 Al-Yusufiya 2,588 4,000 25 1.16-0.183 75 80

5 Mandali 1,388 4,000 25 1.28-0.915 75 60

6 Mandali 1,350 4,000 25 0.94-0.6 75 75

7 Al-Musayyib 3,029 5,000 25 1.45-0.631 75 75
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with that of run 1 which was 49%. The least total permeate
flux drop (28%) was seen in run 5 while the highest total per-
meate flux drop (84%) was observed in run 4. It is possible to
maintain the high value of the initial permeate flux longer by
operating the brackish water RO system under appropriate
operating conditions and proper conventional pretreatment
[26]. Furthermore, the total time to attain the desire water
recovery (70% of the total volume of the feedwater) of each
run was also varied among the conducted runs. Run 5, for
example, had the least run time which was 60 min compared
with that of 85 min of run 1. The minimum run time observed
in run 5 is attributed to the highest permeate flux and the
least total permeate flux drop. The salt rejection rates (in
terms of TDS rejection rate) of the conducted runs among the
locations were also different as displayed in Fig. 5. Run 2 and
run 3 shown in Fig. 5, which represented Al-Musayyib loca-
tion, were conducted with different feedwater temperatures;
therefore, their results were only compared with run 1. Run 5
and run 6 showed high salt rejection rates (98.9% and 98.47%)
compared with those of run 1 and run 4 (96.35% and 93.71%).
Although the feedwater of run 1 had higher TDS concentra-
tion than that of run 4, run 1 exhibited a better performance
in salt rejection. The trends of the permeate electrical con-
ductivity curves of runs 1, 4, 5, and 6 which are shown in
Fig. 6 consistent with the overall TDS removal efficiency. For
example, run 4 showed a significant increase in the permeate
conductivity during the run time which resulted in low salt
rejection rate (93.71%). Run 5, on the contrary, showed the
least values of the permeate conductivity which were slightly
increased during the run time. Thus, the salt rejection rate of
run 5 (98.9%) was the highest among all operated runs.

In general, run 4 showed more different trends of per-
meate flux decline and permeate conductivity than those of
run 1, run 5, and run 6. This is probably due to using the reac-
tivated RO membrane which was used to conduct run 1. It
seems that cleaning with a 0.1% of NaOH solution at the end
of the run and, then rinsing the RO system with deionized
water was insufficient to totally reactivate the membrane.
Using RO membranes in the desalination technology may
physically damage them in several ways such as reducing
the membrane hydrophobicity, modifying the membrane’s
texture by changing the pore size and structure, reducing the

100
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Fig. 5. The salt rejection rate for Mandali location (run 5 and
run 6), Al-Musayyib location (run 1, run 2, and run 3), and
Al-Yusufiya location (run 4). The RO system for all runs was
operated at an applied pressure of 4,000 kPa (40 bars).

mechanical strength of the membrane, and reducing the per-
meability area of the membrane by surface blockage [37]. The
dramatic decrease in the permeate flux of run 4 compared
with other runs was more likely due to one of the physical
damages of the RO membrane. Also, as shown in Fig. 6, the
rapid increase in the permeate conductivity of run 4, particu-
larly after 30 min provides additional evidence that the mem-
brane properties were changed during the first run (run 1).
Salt ions from the first run that could not be removed by
cleaning probably accumulated inside the membrane pores
[5,19]. The increase of the salt concentration in the permeate
channel is due to the increase in salt ions passage through the
membrane which resulted in a lower salt rejection percentage
as displayed in Fig. 5.

4.2. The effect of feedwater temperature on permeate flux and salt
rejection

As indicated before, Iraq is located in a region where
the temperature is extremely varied during the year (ranges
from below 0°C during winter to above 55°C during sum-
mer). However, Iraq has a very hot climate for most of the
year; therefore, feedwater temperatures of 25°C, 33°C, and
40°C were selected. The extreme temperatures may influ-
ence the RO system and consequently the performance of
the RO membrane. Therefore, the feedwater temperature of
the RO system was considered in this study. Using the same
prepared groundwater of Al-Musayyib location as the feed-
water to run the lab-scale RO system, runs 1, 2, and 3 were
performed at the feedwater temperatures of 25°C, 33°C, and
40°C, respectively. The other conditions were the same for all
runs. All runs were stopped when the desired water recovery
(70%-75%) was achieved. Fig. 7 shows the effect of the feed-
water temperature on the permeate flux for the feedwater
with TDS range of 2,800-2,950 mg/L. From Fig. 7, it can
be seen that the initial permeate flux increased as the tem-
perature of feedwater was raised from 25°C (run 1) to 40°C
(run 3). The initial permeate flux for run 1 (0.5 Lpm/m?) was
significantly lower than that of run 2 (1.83 Lpm/m?) and run 3
(1.775 Lpm/m?). The permeate flux of run 2, which was car-
ried out at a temperature of 33°C, declined at a high rate from
the beginning of the run time to the time of 15 min. After that,
it continued to drop but at a slight, constant rate to the time
of about 65 min. Then, the permeate flux sharply dropped
to the end of the run time where the desired water recovery
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Fig. 6. Permeate electrical conductivity for Mandali location
(run 5 and run 6), Al-Musayyib location (run 1), and Al-Yusufiya
location (run 4). The RO system for all runs was operated at an
applied pressure of 4,000 kPa (40 bars).



78 N.O. Kariem et al. / Desalination and Water Treatment 136 (2018) 72-82

was attained. The overall drop of the permeate flux of run 2
was 83% compared with 49% of that of run 1. Although all
runs showed a decline in the permeate flux with the time, the
trend of the permeate flux for run 3, which was conducted at
high temperature (40°C), was quite different. The permeate
flux of run 3 increased at the beginning of the run to reach
a flux of 2.1 Lpm/m? at a time of about 16 min. Then, it was
sharply dropped to reach 0.73 Lpm/m? at a time of 25 min.
After that, it continued to drop at a constant rate to achieve
the desired water recovery. The increase in the permeate flux
at the beginning of the run can be attributed to the decrease
in the water viscosity and the increase in the pore size of the
membrane structure [38]. However, increasing the pore size
of the membrane likely results in higher salt ions diffusion
inside the membrane, which reduced the allowable area of
the membrane for the water to pass though [23]. This prob-
ably was the reason behind the sudden drop in the perme-
ate flux of run 3. Moreover, higher salt diffusion through the
membrane resulted in higher salt ions concentration in the
permeate carrier.

The permeate conductivity (0,) of the runs conducted at
the three different temperatures was recorded and plotted
as shown in Fig. 8. The results elucidated that the permeate
conductivity of run 1, which was conducted with a tempera-
ture of 25°C, started to slightly increase after 5 min of the run
time while the permeate conductivity of run 2, which was
conducted at a temperature of 33°C, increased after 20 min at
a higher rate. However, the permeate conductivity of run 3,
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Fig. 7. Effect of feedwater temperature on permeate flux for
run 1, run 2, and run 3 (TDS = 2,800-2,950 mg/L).
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Fig. 8. Effect of feedwater temperatures on permeate electrical
conductivity (o) for simulated groundwater samples of
Al-Musayyib location (run 1, run 2, and run 3).

which was carried out at 40°C, started to rapidly increase
after several minutes of the run time which indicated that
more salt ions passed through the membrane and resulted
in higher salt concentration in the permeate channel. The
overall salt rejection rate of run 1 was 96.35% compared with
those of run 2 and run 3 which were, respectively, 95.01% and
93.58% as displayed in Fig. 5. This confirms that the higher
temperature of the feedwater allows more solutes to diffuse
through the membrane texture and finally to find their way
to the permeate carrier. In general, the above results con-
clude that when the feedwater temperature increases, both
the permeate flux and the salt ions passage through the RO
membrane increase. This finding is consistent with what was
found in the literature [23,39—41].

In order to estimate the salt rejection percentage of the
major ions (Na*, Mg*, Ca®, SO,?, CI"), samples at the begin-
ning (F), middle (M), and end (E) of the run time of each
experiment were taken from the permeate tap. Then, analy-
ses to find the concentration of the individual salt ions were
conducted. The rejection percentages of the major salt ions
for runs 1, 2, and 3, which were conducted at the tempera-
tures of 25°C, 33°C, and 40°C, respectively, are illustrated in
Fig. 9. The results demonstrated that the average rejection
percentages of the salt ions of run 1 conducted at a lower
temperature (25°C) were 85.4%, 94.29%, 97.19%, 94.74%, and
88.94% for Na*, Mg®, Ca®, SO,?, and CI, respectively. The
average rejection percentages of the salt ions resulted from
run 1 are higher than that of the runs (run 2 and run 3) con-
ducted at higher temperatures. For example, the average
rejection percentages of the salt ions of run 3 which was car-
ried out at 40°C dropped to 77.5%, 82.68%, 77.95%, 89.9%,
and 75.53% for Na*, Mg, Ca®, SO,?, and CI;, respectively.
Again, the results of the salt rejection percentages confirmed
that increasing feedwater temperature enlarged the pore size
of the membrane and likely resulted in higher salt ions diffu-
sion inside the membrane and finally higher salt ions concen-
trations in the permeate carrier.

4.3. The effect of feedwater pressure on permeate flux and salt
rejection

In order to investigate the effect of increasing the applied
pressure on both permeate flux and salt rejection of the RO
membrane, run 7, which its simulated feedwater quality rep-
resented the groundwater quality of Al-Musayyib location,
was conducted under the same conditions of run 1 except
that the feedwater pressure was increased from 4,000 (40 bar)
to 5,000 kPa (50 bar). Fig. 10 presents the trends of the perme-
ate fluxes of the two applied pressures for run 1 and run 7.
The results showed that a maximum initial permeate flux of
1.452 Lpm/m? was obtained at a feed pressure of 5,000 kPa.
The overall permeate flux of run 7 which was conducted at a
higher feedwater pressure was higher than that of run 1. This
confirms that the membrane resistance is pressure dependent
[42]. The permeate flux of run 7 declines to about 0.63 Lpm/m?
with an overall drop of 56.6%. In addition, the total operation
time of run 7 was 75 min which was 10 min lower than that
of run 1 to achieve the desired water recovery. The shorter
time of the run 7 compared with that of run 1 reflects the
usual trend found in the literature, that the permeate flux
and the feed pressure are proportionally correlated [39,43].
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Fig. 10. Effects of feedwater pressure on permeate flux for run 1
and run 7.

Moreover, Fig. 11 shows the effect of the feedwater pressure
on the salt rejection rate in terms of TDS concentration in the
permeate channel. It can be observed that the percentage of
the TDS rejection for run 7, where the feedwater pressure was
5,000 kPa, ranged from 97% to 98% compared with that of
run 1, where the feedwater pressure was 4,000 kPa, which
ranged from 95% to 97%. In other words, by increasing the

Erun 1, pressure = 4000 kPa

o]
o
|

®run 7, pressure = 5000 kPa

w
co
I

=]
el
I

O
wu
I

TDS Rejection Percentage (%)
w Y=l
B a
L 1

[X=]
w
I

3 9 12 15 20 25 30 35 45 55 60 65 75
Time of Collecting the Sample (min)

Fig. 11. Effects of feed pressure on salt ions rejection for run 1
and run 7.

applied pressure of the RO system, the quantity and quality
of the permeate flux were improved. The improvement of the
salt rejection was attributed to the decrease in the salt pas-
sage and the increase in the water flux passage through the
membrane at higher pressure [9]. This finding was also seen
in other studies [40,44] in desalting seawater and brackish
water by RO system.
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4.4. Foulant analysis by SEM images

SEM images and EDXS spectra were used to examine
the materials deposited on the used RO membrane surface.
Fig. 12 shows the SEM image (at a magnification of 1,000X) of
the scale formation of the materials deposited on the surface
of the RO membrane. The morphology of the scale formation
apparently covered the entire surface of the RO membrane
with a crystal structure. In addition, Fig. 13 shows the SEM
image of the same scale formation at a magnification of 7,000X
as well as four EDXS spectra in different locations to inves-
tigate the predominant elements across the scale formation.
The SEM image and the associated EDXS spectra revealed
that there was no variation in the scale formation across the
membrane surface and the main fouling was inorganic scal-
ing [45]. EDXS spectra analyses exhibited high levels of Ca, C,
and O and lower levels of Mg and S. The iridium (Ir) shown
in the EDXS spectra is a part of the procedures of the SEM
imaging [22]. According to She et al. [45], Tzotzi et al. [46],

Signal A= SE2

Fig. 12. SEM image of the scale formation of the materials
deposited on the surface of the RO membrane for Mandali
location.
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Fig. 13. SEM image at a magnification of 7,000X and the associated EDSX spectra of fouled RO membrane for Mandali location.
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and Antony et al. [47], the foulants accumulated on the RO
membrane surface is probably calcium carbonate (CaCO,)
which was reported as a common scale with all feed types.
Moreover, the crystal structure of the deposited material seen
in this study is consistent with that observed by [37] is most
likely calcite. Antiscalants can be used to inhibit the growth
of calcium carbonate scale on the RO membrane surface. A
blend of polyacrylic acid and phosphoric acid or polyacry-
late and a hydroyethylidene iphosphonate is the most effec-
tive antiscalant to control calcium carbonate precipitation. In
addition, cleaning chemicals are cautiously used to control
calcium carbonate scale. It is mostly recommended that alka-
line cleaning is to be conducted first. However, acid cleaning
is more appropriate to be conducted first if the calcium car-
bonate scale is presented on the RO membrane surface [9].

5. Conclusions

The difference in the groundwater quality of the selected
locations had a significant impact on the permeate fluxes pro-
duced by the RO membrane system. The initial value of the
permeate flux of the feedwater with higher TDS concentration
(3,029 mg/L) started at a low permeate flux (0.45 Lpm/m?), while
initial permeate flux of feedwater with a lower TDS concentra-
tion (2,588 mg/L) started at a high permeate flux 1.16 Lpm/m? It
is possible to maintain the high value of the initial permeate flux
longer by operating the brackish water RO system under appro-
priate operating conditions and proper conventional pretreat-
ment [26]. In addition, the RO system of Mandali location (run 5
and run 6) which had the least TDS concentration exhibited the
highest salt rejection rates (98.9% and 98.47%). Moreover, the
feedwater temperature had considerably influenced the perme-
ate flux and the salt rejection of the RO membrane. This was
due to the effect of the temperature on the water viscosity and
the pore size of the membrane structure. The results of the salt
rejection percentages confirmed that increasing feedwater tem-
perature enlarged the pore size of the membrane and likely
resulted in higher salt ions diffusion inside the membrane and
finally higher salt ions concentrations in the permeate carrier.
Because Iraq has a very hot climate for most of the year, it is rec-
ommended that the effect of the temperature on the RO mem-
brane performance should be highly considered. Additionally,
when the applied pressure of the RO system was increased,
both of the permeate flux and the salt rejection of the RO mem-
brane was noticeably improved. Furthermore, foulants analy-
ses by the SEM images and the associated EDXS spectra of the
used RO membrane exhibited that the scale formation covered
the entire surface of the RO membrane with a crystal structure
which was most likely calcium carbonate (CaCQO,) and it was
apparently in calcite form. Antiscalants can be used to inhibit
the growth of calcium carbonate scale on the RO membrane
surface. In addition, cleaning chemicals are cautiously used to
control calcium carbonate scale [9].
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