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a b s t r a c t
Reverse osmosis (RO) seawater desalination is a widely applied technological process to supply potable
water worldwide. Recently, saline groundwater (SGW) pumped from beach wells in coastal aquifers that
penetrate beneath the freshwater-seawater interface is considered as a better alternative water source
to RO seawater desalination as it is naturally ﬁltered within the sediments which reduces membrane
fouling and pre-treatment costs. The SGW of many coastal aquifers is anoxic – and thus, in a low redox
stage – has elevated concentrations of dissolved manganese, iron and sulﬁdes. We studied the inﬂuence
of the SGW redox stage and chemistry on the performance - permeate ﬂux and fouling properties - of RO
desalination process. SGWs from three different coastal aquifers were sampled and characterized chemically, and RO desalination experiments were performed under inert and oxidized conditions. Our results
show that all three aquifers have anoxic saline groundwater and two of them have intensive anaerobic oxidation of organic matter. Two aquifers were found to be in the denitriﬁcation stage or slightly
lower and the third one in the sulfate reduction stage. Our results indicate that the natural redox stage
of SGWs from coastal aquifers affects the performance of RO desalination. All SGW types showed better RO performance over seawater desalination. Furthermore, air oxidation of the SGW was accompanied
with pH elevation, which increased the membrane fouling. Hence, keeping the feed water unexposed to
atmospheric conditions for maintaining the natural reducing stage of the SGW is crucial for low fouling potential. The observed beneﬁts of using naturally reduced SGW in RO desalination have signiﬁcant
implications for reduction in overall process costs.
© 2020 Elsevier Ltd. All rights reserved.

1. Introduction
Current global water scarcities are forecasted to worsen in
the near future (Greve et al., 2018) as freshwater resources become depleted due to ongoing overexploitation and contamination,
especially in arid and semi-arid regions (Hoekstra and Mekonnen, 2012). A key technology for coping with the freshwater shortage is reverse osmosis (RO) desalination, which accounts for almost
70% of the global desalination capacity (Amy et al., 2017). On a
global scale, about 60% of the feed water for desalination is seawater, 23% is brackish water, and the remainder comprises wastewater and other sources (Shahzad et al., 2017).
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Saline groundwater (SGW) from coastal aquifers is an alternative source for seawater desalination (Dehwah and Missimer, 2016;
Sola et al., 2013; Stein et al., 2016), as it possesses a reduced fouling propensity due to the natural ﬁltration it undergoes through
the porous media (Stein et al., 2016). Moreover, its use leads to decreased greenhouse gas emissions due to lower energy consumption (Dehwah and Missimer, 2016) and reduced process costs than
are required in conventional seawater desalination. SGW is the
saline water body in a coastal aquifer that is naturally created by
seawater intrusion, which is in hydrodynamic equilibrium with the
freshwater body above it. The natural dynamic of the fresh-saline
water interface (FSI) (Andersen et al., 2005; Michael et al., 2005;
Yechieli et al., 2010) in many coastal aquifers is altered by the overexploitation of the fresh groundwater, and this pushes the FSI further inland (Houben and Post, 2017; Zhou et al., 2005), thereby
salinizing the groundwater and degrading its quality. Pumping
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are found around the world (Charette et al., 2005; Connor et al.,
2015; Kim et al., 2014; Porubsky et al., 2014; Roy et al., 2010;
Santos et al., 2011; Snyder et al., 2004). A previous study showed
reductive dissolution of iron and manganese in saline groundwater
of coastal environments (Duncan and Shaw, 2003). Furthermore,
near the FSI, the redox stage is altered due to oscillations in the interface level at which dissolved iron is precipitated when the environment becomes oxic (Sirois et al., 2018). Moreover, another study
found that the presence of natural organic matter in the groundwater enhances the rate of iron reduction (Chen et al., 2003).
The use of anaerobic groundwater as feed water for desalination may enhance fouling because upon exposure of the eﬄuents
to atmospheric oxygen, dissolved iron and sulfur may precipitate
as sulfur and iron oxides. At a desalination plant in Bahrein, colloidal sulfur concentrations of 5 ppm in anoxic raw water caused
severe fouling in the pretreatment cartridge ﬁlters and in the
RO membranes by sulfur deposits within two days of operation
(Ning et al., 2005). At a desalination plant in Fort Myers, nanoﬁltration treatment of anoxic groundwater was affected by particle fouling due to the precipitation of iron hydroxide and elemental sulfur (Nederlof et al., 20 0 0). In laboratory experiments, researchers
found that the addition of reduced iron to oxic feed water resulted
in the rapid precipitation of iron oxides and extensive membrane
fouling (Yiantsios and Karabelas, 2003). Hence, the unique redox
conditions of saline groundwater may affect the RO process and
membrane fouling behavior.
The aim of the present study was to investigate how the natural redox stage of the SGW from coastal aquifers affects the performance of the RO desalination process. We sampled and characterized the SGW of three different coastal zones – the Eastern
Mediterranean, the Red Sea and the Dead Sea coastal aquifers –
with potentially different compositions and redox stages. RO desalination experiments of the different SGW types were then carried out to test the performance and fouling characteristics of the
process. Additionally, different exposures of the feed water to atmospheric oxygen were tested, and the effects on the water chemistry and fouling behavior were examined. To the best of our
knowledge, this study provides the ﬁrst insight on desalination of
naturally reduced saline groundwater in coastal regions and its implications for control of membrane fouling.

Fig. 1. Locations of the study sites. Red circles represent sampling locations for the
desalination experiments.

SGW from a coastal aquifer as feed for desalination plant was
shown to shift the FSI toward the well, thus freshening and rehabilitating the aquifer in its vicinity (Stein et al., 2019,2020).
The membranes used in RO desalination suffer from fouling,
the deposition and accumulation of substances on the membrane
surface. Membrane fouling is especially problematic for RO and
nanoﬁltration technologies, in which backwashing is not applicable. Fouling, which increases the membrane’s hydraulic resistance and reduces its overall performance, may comprise colloidal
or mineral deposition (scaling), adherence of organics, or bioﬁlm
growth (biofouling) (Sim et al., 2018). To improve the RO process
and reduce its operational costs, it is critical to ﬁnd an eﬃcient
solution to membrane fouling.
Understanding the inﬂuence of SGW chemistry on the desalination performance is crucial for reducing membrane fouling in SGW
desalination. Speciﬁcally, the reduction-oxidation (redox) stage of
SGW differs from that of seawater, and its effect on the desalination process is not fully understood. The FSI often manifests as an
oxycline, wherein the upper freshwater part is oxidized while the
SGW is oxygen depleted (Russak et al., 2015; Sivan et al., 2005).
The exhaustion of the oxygen in the saline zone causes anaerobic
metabolism to dominate, using other electron acceptors according
to their energy yields (Stumm and Morgan, 2012). A variety of redox stages of the SGW that are driven by denitriﬁcation, the reductive dissolution of manganese and iron oxide minerals, sulfate reduction and ﬁnally methanogenesis (with the lowest redox stage),

2. Methods
2.1. Sampling Sites
2.1.1. The Eastern Mediterranean coastal aquifer (Nitsanim nature
reserve)
The Nitsanim Nature Reserve is located on the southern part
of the coastal plain of Israel (Fig. 1). The well that was used for
this study (112-W) is located 230 m from shore and is 55 m deep.
It cuts through the sandy cross section, while the well screen is
located at depths of 18 to 55 m.
2.1.2. The Red Sea coastal aquifer (Eilat area)
The water for this research was sampled from an observation
well (Meridian T-1) that is located ~20 m from the shore (Fig. 1)
and that is 117 m deep. The well is screened 30 m from a depth of
84 m to 114 m, representing the lower conﬁned aquifer.
2.1.3. The Dead Sea coastal aquifer (Ein Feshkha nature reserve)
The groundwater for this study was sampled from an observation well (EZ-112) that is an artesian well. The well is cut through
the alluvial aquifer of the Dead Sea (Fig. 1) to a depth of 40 m and
is screened at depths of 31 to 36 m in a gravel layer. That layer is
conﬁned by upper and lower impermeable clay layers with thicknesses of 3 and 1 m, respectively.
2
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Seawater from the desalination plant in Ashkelon (Fig. 1) was
also sampled and examined. The desalination plant started operating in 2006 and produces 100 million m3 y−1 of potable water.
The supplementary materials include detailed descriptions of the
different sampling sites and aquifers.

pressure while monitoring the permeate ﬂux decline. The RO ﬁltration system is shown schematically in Fig. 2. The large water tank
(200 L) of SGW or seawater sampled in the ﬁeld was kept in an inert atmosphere (N2 ) during the sampling and during the ﬁltration
experiment, and was mixed by a small circulation pump immersed
in the tank. For the oxidized waters, no nitrogen atmosphere was
applied. The ﬁltration system was operated in a ’feed and bleed’
mode: Feed water was pumped from the 200-L tank at 100 mL
min−1 into the RO system by a peristaltic pump (MRC), while the
permeate and concentrate were recycled back into a small water
tank (10 L; Fig. 2). Water was drained from the small tank at a
rate (ﬂux equal to the inlet ﬂux, 100 ml min−1 ) that maintained a
constant volume of the feed solution (4 L) in the tank. The temperature was controlled using a heat exchange unit and was set to
25 ºC. The RO system comprised a rectangular ﬂat-sheet pressure
cell (Sterlitech, 12.7 × 10 cm2 ; membrane dimensions 8.5 × 3.8
cm2 ), a Flomega ﬂow meter (Brooks instruments, Hatﬁeld, PA USA)
for the permeate, a high-pressure pump, a secondary pump, and
a cartridge ﬁlter (10 μm). In all ﬁltration experiments, the initial
permeate ﬂow was set to ~100 g h−1 (ﬂux of 30.5 L m−2 h−1 ) by
adjusting the applied pressure (in a range of 40 to 50 bars), and
the duration of the experiments was ~8 h. Additionally, the feed–
brine circulation ﬂow was set to 1.3 L min−1 (cross ﬂow velocity of
0.24 m sec−1 ) to obtain an overall similar ratio between the shear
and the drag forces on the membrane.

2.2. Water sampling and ﬁeld procedures
SGW in the Nitsanim and Eilat sampling campaigns was collected with a submersible pump (Grundfos, Bjerringbro, Denmark).
In the Ein Feshkha (Dead Sea) sampling campaign, a pump was not
needed due to the artesian nature of the well. Seawater was collected from the inlet of the Ashkelon desalination plant to sample
the feed water source of an industrial seawater desalination plant.
SGW was sampled in an inert environment by collecting the water in a 200-L tank ﬁlled with nitrogen gas; during water sampling
the gas was released from the tank through an outlet pipe and a
gas trap. For Eilat and Ein Feshkha waters, half of the sampled volume (100 L) was kept inert as described, and the other half was
oxidized by opening the tank and stirring for 24 h to evaluate the
effects of exposure of the water to atmospheric conditions.
Parameters that were measured on site in each sampling campaign included electrical conductivity (EC), pH, dissolved oxygen
(DO), and temperature, which were measured using the Multi 3620
IDS (WTW, Germany), and oxidation–reduction potential (ORP),
which was measured using a Quatro Professional Plus instrument
(YSI, USA). The silt density index (SDI) was also measured on
site by ﬁltering the water through a 0.45-μm ﬁlter at 30 psi for
15 min using the SDI-20 0 0 portable test kit (Applied membranes,
Inc. USA). Subsamples were prepared using different protocols after
ﬁltering the water through a 0.22-μm ﬁlter (Millex): Subsamples
for trace metals were acidiﬁed to pH 2 with 70% nitric acid puriﬁed by redistillation (Aldrich). Subsamples for alkalinity, dissolved
inorganic carbon (DIC) and nutrients analyses were preserved unacidiﬁed, and the samples for NH4 + , NO2 − and NO3 − were kept at
−20 °C until analysis. Subsamples for ferrous iron and sulﬁde analyses were treated immediately using a ferrozine solution and zinc
acetate, respectively, in separate vials. Subsamples for total organic
carbon (TOC) were not pre-ﬁltered.

2.5. Membrane autopsy
On the completion of each experiment the fouled membranes
were cut into pieces of 2 × 2 cm and dried under vacuum at room
temperature for surface analyses. For chemical analyses of the deposits, membrane pieces from each experiment were immersed
in 3 mL of 1 M HNO3 solution and shaken overnight on an orbital shaker. Chemical analyses were performed by ICP-OES. Surface elemental compositions were detected by X-ray photoelectron
spectroscopy (XPS) ESCALAB 250 (Thermo FisherTM Scientiﬁc Inc.,
Waltham, UK) using an Al X-ray source and a monochromator. The
morphologic features of the fouled membrane surfaces were studied using the QUANTA 200 scanning electron microscope (SEM;
Thermo FisherTM Scientiﬁc Inc., Waltham, UK) along with energy
dispersive X-ray spectroscopy (EDS) analysis to detect the chemical compositions of speciﬁc particles.

2.3. Water chemical analyses
Na+ , Ca2+ , Mg2+ , K+ , Sr2+ , Mn and boron were analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES)
using the Spectro Arcos instrument (Kleve, Germany). Cl− , Br−
and SO4 2− were analyzed by ICS-50 0 0 ion chromatograph (Dionex,
Thermo Fisher Scientiﬁc). Alkalinity was analyzed by titration by
Titrino 785 (Metrohm, Herisau, Switzerland) using 0.01 N HCl solution with a precision of 1%. DIC and its isotopic composition
(δ 13 CDIC ) were analyzed on a DeltaV Advantage isotop-ratio massspectrometer (Thermo Fisher Scientiﬁc) at a precision of ±0.1%.
TOC was measured with Sievers InnovOx ES Laboratory TOC Analyzer (Trevose, PA, USA) with 3% precision and a detection limit of
0.5 ppm using a persulfate with non-dispersive infrared (NDIR) detector. Ferrous iron ﬁxed with ferrozine (Stookey, 1970) was measured at 562 nm on a spectrophotometer with a detection limit
of 1 μmol L − 1 . Sulﬁde was measured using the Cline method
(Cline, 1969) by reading the absorbance at 665 nm with a detection limit of 1 μmol L − 1 .

3. Results and discussion
3.1. Water chemistry and redox conditions
SGW from three different coastal aquifers and seawater from
the intake pipe of the Ashkelon desalination plant (prior to treatment) were sampled (Fig. 1). All SGWs were sampled several meters below the FSI, and their water chemistries were analyzed
(Table 1). The average salinity measurement (total dissolved solids,
TDS) for all the SGW samples was around 30 ppt, compared with
the 42 ppt of the Eastern Mediterranean seawater, indicating some
mixing with the fresh groundwater body. The slightly lower average salinity observed in the SGW samples, which was close to that
of the nearby seawater, is typical to the levels of salinity in many
other SGWs from coastal aquifers around the world (Russak and
Sivan, 2010; Sivan et al., 2005; Yechieli et al., 2009).
The ion concentrations of the SGW from all three aquifers were,
however, deviated from simple mixing with fresh groundwater. The
simple mixing was calculated using the concentration of the Cl−
ion (see SI, equation S5), which was shown to be a conservative
chemical specie in those coastal aquifers and mimics the TDS of
the water (Avrahamov et al., 2010; Russak and Sivan, 2010). Among
the non-conservative ions in the SGW are Ca2+ , Na+ , K+ and Sr2+ .

2.4. Reverse osmosis ﬁltration experiments
RO ﬁltration experiments were conducted to evaluate the extent of fouling in the different water types (see Table 1) using a
ﬂat-sheet RO membrane (SW30HR, Dow-FILMTEC) at a constant
3
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Table 1
Physicochemical properties of the different water types that were used in the desalination experiments. All
values are in millimolar [mM] units unless stated differently.

EC [mS cm−1 ]
pH
Tempb [ °C]
SDIb [% min−1 ]
TDS [ppt]
B
Ca2+
Ba2+ [μM]
K+
Mg2+
Na+
Sr2+
Si
Alkalinity
Cl−
Br−
SO4 2−
ORPb [mV]
DO [mg L − 1 ]
NO2 − [μM]
NO3 − [μM]
NH4 + [μM]
Total Mn [μM]
Fe2+ [μM]
HS− [μM]
DIC
δ 13 CDIC [‰]
TOC [ppm]
a
b
c
d

SW

Nitsanim

Eilat

Eilat oxidized

Ein Feshkha

Ein Feshkha oxidized

56.1b
8.27b
21.7
6.35
41.8
0.5
11.45
BDLa
13.3
64.7
592
0.09
BDL
2.6
638
1.3
30
−5
9.01b
0.1c
0.3d
1d
BDL
BDL
BDL
2.6
−0.7
1.12

47b
7.3b
23.2
4.6
33.9
0.26
15.2
0.4
7.5
43.6
460
0.11
0.15
3.4
526
1.3
25
−60
0.13b
0.9
80
2.4
BDL
BDL
BDL
3.6
−5.7
0.6

33b
7.06b
31
5.44
22.5
0.25
15.1
BDL
4.5
29.9
294
0.32
0.51
2.4
327
0.23
25.1
−103
0.06b
0.47
50
0.58
BDL
BDL
BDL
2.4
−1.4
BDL

34
7.5
NDa
ND
23.6
0.27
15.3
BDL
4.6
30.4
307
0.33
0.53
2.7
349
0.28
25.4
ND
8.6
ND
ND
ND
BDL
BDL
BDL
2.8
−0.4
ND

39.9b
6.75b
31
0.91
24.7
0.68
34.65
2
17.5
121.8
217.6
0.22
0.29
4.2
493
4.5
1.8
−230
0.07b
0.6
0.1
4.5
1.4
4.3
32.2
4.7
−7.9
2

41
7.7
ND
ND
25.3
0.67
31.8
2
17.4
114
204
0.2
0.29
1.5
477
4.4
1.8
ND
8.6
ND
ND
ND
1.5
BDL
1.53
1.7
−2.55
ND

ND, not determined; BDL, Below detection limit.
Parameter measured on site.
Taken from (Krom et al., 2005).
Taken from (Sivan et al., 2005).

Fig. 2. Schematic of the reverse osmosis cross ﬂow ﬁltration system for evaluating the fouling and system performance with the difference water types.
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An additional process that has marked effect on the ion compositions of the different groundwater types is biogeochemicalmediated organic matter oxidation. In many SGWs, it has been
shown that intensive organic matter oxidation by oxygen leads to
its depletion and subsequently suboxic to anoxic conditions. Indeed, the oxygen levels measured in each of our studied aquifers
were from 0 to 0.13 mg L−1 , and the obtained ORP values were
negative (−60 - −230 mV; Table 1). The negative ORP values found
in Ein Feshkha were the lowest of the sample sites, followed by
Eilat and then Nitsanim, and all of the sites exhibited anaerobic
respiration processes. Anaerobic oxidation of organic matter releases HCO3 − , thus elevating the DIC concentration and alkalinity
by the same ratio. Aerobic oxidation of organic matter, in contrast,
releases mainly CO2 , but has almost no effect on the alkalinity
(Sivan et al., 2005). In all three groundwater systems, organic matter was most likely oxidized anaerobically, which was evidenced
by the increase in both alkalinity and DIC by a ratio of ~1 (Fig. 3a,
the trend corresponds only to the reduced samples). It can also
be seen that the increases in alkalinity and DIC were accompanied by lower δ 13 CDIC values (Fig. 3b). This association supports intense microbial oxidation of organic carbon, in which the light carbon isotope is preferable (Appelo and Postma, 2005). This suggests
that the Ein Feshkha aquifer has the most intense microbial activity of the examined aquifers and that the Eilat site has the lowest
microbial activity. Another explanation for the low δ 13 CDIC of Ein
Feshkha can be attributed to the relative high dilution of the dead
sea water (with value of ~0‰) with fresh groundwater (with low
value of −10%o ) even though it possesses similar salinities with the
other coastal aquifers. The total organic carbon (TOC) found in the
aquifers also supports the conclusion of intense microbial activity,
as the aquifer in Ein Feshkha possessed the highest TOC concentration (2 ppm) relative to the aquifers in Nitsanim (1.12 ppm) and
in Eilat (<0.5 ppm; Table 1). The low bacterial activity of the Red
Sea coastal aquifer can be explained by the oligotrophic nature of
the Red Sea (Reiss and Hottinger, 2012).
The different extents of organic carbon oxidation that led to
varied redox conditions observed in the three aquifers may also
lead to the dominance of correspondingly different anaerobic microbial respiration processes in the aquifers (Stumm and Morgan, 2012). Previous studies of the Mediterranean coastal aquifer
at Nitsanim found that denitriﬁcation was the dominant process
for anaerobic bacterial respiration (Russak et al., 2015; Sivan et al.,
2005). In the current study the concentrations detected for nitrate
(80 μM), nitrite (0.9 μM) and ammonium (2.4 μM) matched the redox condition (denitriﬁcation) that was found within the FSI zone
(Fig. 4 and Table 1). The concentrations of ammonium and nitrite
in the SGW were higher than their concentrations in seawater. This
is expected for anaerobic conditions when ammonium is not oxidized and denitriﬁcation takes place (nitrite is an intermediate
species in this process). Furthermore, ferrous and manganese were
not detected in the SGW of Nitsanim, and the sulfate concentration was that expected from simple mixing (dilution) of seawater
(Fig. 4a), implying that the redox stage in this aquifer had only
reached denitriﬁcation and not sulfate reduction.
The aquifer in Eilat showed no depletion in sulfate and no dissolved iron or manganese. Moreover, it contained 50 μM of nitrate,
0.47 μM of nitrite and 0.58 μM of ammonium (Table 1). These
ﬁndings suggest the presence of mutual microbial nitriﬁcation and
denitriﬁcation processes, but these occur at low rates due to the
low organic matter content of the groundwater.
In the Ein Feshkha coastal aquifer, nitrogen compounds comprised a very low concentration of nitrate (0.1 μM), a high concentration of ammonium (4.5 μM) and a relatively high concentration of nitrite (0.6 μM; Table 1, Fig. 4b-d). These ﬁndings suggest that the redox conditions enable the occurrence of denitriﬁcation. However, dissolved manganese (1.4 μM) and iron (4.3 μM)

Fig. 3. Alkalinity against DIC (a) and δ 13 C against DIC (b) of the three coastal
aquifers, the oxidized forms and the Mediterranean seawater of Ashkelon (SW). The
trend in (a) represents the natural (reduced) water types excluding the oxidized
samples.

Compared with the relative concentrations of Ca2+ in the seawater
samples, those in the SGWs of Nitsanim and Eilat were enriched,
exhibiting increases from 11.45 mM in the Mediterranean Sea to
15.2 mM in Nitsanim and from 12.2 mM in the Gulf of Aqaba
(Lazar et al., 2004) to 15.2 mM in Eilat groundwater. Na+ showed
the opposite trend, and it was depleted in the SGWs of Nitsanim
and Eilat (460 mM and 325 mM, respectively) compared with seawater concentrations in the Mediterranean Sea and in the Red
Sea (592 mM and 561 Mm, respectively (Al Ouran, 2005)), which
were 6% and 10% below conservative mixing. These processes of
depletion and enrichment are caused mainly by cation exchange
in aquifers due to salinization and freshening events (Russak and
Sivan, 2010). Other geochemical processes, such as the dissolution and precipitation of minerals (e.g., CaCO3 ), which occur during salinization or freshening events, affect also the chemical composition of the water (Andersen et al., 2005; Barker et al., 1998;
Magaritz and Luzier, 1985; Price and Herman, 1991; Russak and
Sivan, 2010; Wicks et al., 1995; Wicks and Herman, 1996). At Ein
Feshkha, the discrepancies between the SGW and seawater concentrations of various ions due to simple mixing in the aquifer may
possibly be attributed to the precipitation of different minerals
such as gypsum (Kiro et al., 2013), celestine and barite (Kiro et al.,
2012) in the FSI zone.
5
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Fig. 4. Sulfate concentration divided by the expected concentration from simple mixing between freshwater and seawater (a), nitrite (b), ammonium (c), and nitrate concentration (d) of the Nitsanim, Eilat and Ein Feshkha coastal aquifers and Mediterranean seawater against oxidation–reduction potential (ORP). The freshwater chemical
composition of the Dead Sea coastal aquifer is taken from (Burg et al., 2016) and the saline composition of the Dead Sea is taken from (Reznik et al., 2009). The calculation
of the Dead Sea mixing factor was taken from (Avrahamov et al., 2014). The NO2 − concentration of Mediterranean seawater was taken from (Krom et al., 2005) and the
NO3 − and NH4 + concentrations of Mediterranean seawater were taken from (Sivan et al., 2005). Red Sea ion concentrations were taken from (Reznik et al., 2012).

were also found at this site, indicating that the redox stage has
reached reduction of manganese and iron oxides. Furthermore, the
sulﬁde concentration of 32.2 μM and a sulfate concentration that
was lower than expected from simple mixing of Dead Sea water
(Fig. 4a) imply that sulfate reduction is occurring. Although the
coexistence of sulﬁde and Fe2+ is uncommon due to their tendency to precipitate as iron monosulﬁde and pyrite (Canﬁeld, 1989;
Kraal et al., 2013), previous studies reported their coexistence in
other coastal aquifers (e.g., Georgia, Delaware and South Korea)
(Kim et al., 2014; McAllister et al., 2015; Snyder et al., 2004). Yet
another study showed, by measuring methane and sulfate concentrations and their isotopes, that sulfate reduction in the Dead Sea
coastal aquifer was coupled to the anaerobic oxidation of methane
(Avrahamov et al., 2014), which in this aquifer may be produced in
deep layers (Avrahamov et al., 2015). It can therefore be concluded
that the redox stage of the Ein Feshkha aquifer has favored sulfate
reduction.

ducted in their natural anaerobic conditions by keeping the water
samples under nitrogen atmosphere during the experiment. Furthermore, the oxidized SGW of Ein Feshkha and Eilat were tested
as well to determine the potential outcome of oxidation of the
feed water prior to the desalination process. Flat-sheet commercial
RO membranes (SW30HR membrane) were ﬁrst compacted with a
NaCl solution for 24 h with 50 bars of pressure and initial ﬂux of
~30 L m−2 h−1 . The ﬁltration experiments of the different water
types started with an initial permeate ﬂux (J0 ) of 29.8 ± 3.6% L
m−2 h−1 by adjusting the applied pressure due to the difference
in water salinities, and the permeate ﬂux over time was recorded
at constant pressure. The results from the seawater experiment
showed that the permeate ﬂux declined from the initial value to
an average of 20.1 L m−2 h−1 (J/J0 of 0.75) during 8 h, which represents a 34% reduction (Fig. 5).
The desalination with all the SGW types showed better performance than that with seawater as a result of the lower fouling
propensity of the SGW compared to that of the seawater, which
resulted in accordingly smaller reductions in ﬂux under SGW desalination. The experiment with the SGW from the Mediterranean
coastal aquifer (Nitsanim) showed a permeate ﬂux decline of 10%
(Fig. 5). The higher fouling propensity of Mediterranean seawater compared with the low fouling propensity of SGW from the
nearby coastal aquifer (Nitsanim) was observed in a previous study

3.2. RO desalination and fouling experiments with the different water
types
Fouling experiments were conducted in the RO cross-ﬂow ﬁltration system (Fig. 2) to evaluate the fouling potential of seawater and of the SGW sampled from the different coastal aquifers.
The desalination experiments with the three SGW types were con6

S. Stein, O. Sivan, Y. Yechieli et al.

Water Research 188 (2021) 116508

Fig. 5. RO ﬁltration experiments of the different water types. (a) Permeate ﬂux normalized to the initial permeate ﬂux (J/J0 ) during 8 h. (b) The normalized permeate
ﬂux after 8 h of operation against the oxidation–reduction potential (ORP). The gray ellipse marks the natural groundwater types and the red ellipse marks the oxidized
groundwaters. Experiments with natural SGW and experiments after 24 h of SGW oxidation are represented by solid and hollow symbols, respectively.

(Stein et al., 2016) and is in agreement with the ﬂux decline observed in the current study. The experiment with the SGW from
the Red Sea coastal aquifer (Eilat) showed a ﬂux reduction of 8%
(Fig. 5). The experiment with the SGW from the Dead Sea coastal
aquifer (Ein Feshkha) stabilized at an average normalized ﬂux of
0.92, which is an 8% reduction from the initial ﬂux as in the Eilat
aquifer. Despite the different redox stages of the Nitsanim and
Eilat SGWs compared to that of the Ein Feshkha SGW, all three
aquifers showed generally the same reduction in ﬂux. The lower
fouling propensity of SGW is a major beneﬁt of using it rather than
seawater as the feed for desalination: the lower applied pressure
required in SGW desalination translates into reduced energy demand, less membrane cleaning and lower operational costs.
Evaluation of the SDI values for the SGW of Nitsanim, Eilat
and Ein Feshkha showed 4.6, 5.44 and 0.91% min−1 , respectively,
which are lower than the SDI of seawater (6.35% min−1 ; Table 1).
A sensitive parameter, SDI can be used to predict fouling potential (Mosset et al., 2008), and indeed, in this study the seawater
had a higher SDI and showed a higher fouling propensity than the
SGW samples. In some cases, such as in Almeria and Saudi Arabia, the natural ﬁltration of the aquifer reduces the SDI values by
more than 90% (Rachman et al., 2014; Sola et al., 2013). Other possible causes for the higher fouling of seawater compared with that
of SGW are the oxygen levels and the presence of transparent exopolymer particles that are secreted by marine microorganisms in
seawater (Bar-Zeev et al., 2009). The lower oxygen levels in SGW
than in seawater (Table 1) is beneﬁcial, as it inhibits bioﬁlm production on the membrane and was shown to prolong membrane
life span (Beyer et al., 2014). In our experiment, although signiﬁcant biofouling is not expected during the operation of the RO experiments, the potentially reduced biofouling propensity of SGW
may be an additional important advantage for continuous RO desalination practices.
The SGWs of Eilat and Ein Feshkha were oxidized by opening
the tank and stirring for 24 h, after which the DO of the water
was at saturation. RO ﬁltration experiments were then conducted
with the oxidized waters. The experiment with the oxidized water
of Eilat showed a permeate ﬂux decline that reached an average
ﬂux of 27.1 L m−2 h−1 , which is a 13% reduction from the initial

ﬂux (J/J0 of 0.87; Fig. 5). The ﬂux decline of the oxidized SGW of
Eilat was larger than the ﬂux decline found for the natural (reduced) water of Eilat. Permeate ﬂux during the RO ﬁltration of the
Ein Feshkha oxidized water was reduced to 26.6 L m−2 h−1 (J/J0 of
0.88), which is a 12% reduction in ﬂux (Fig. 5). Similar to our ﬁndings for the oxidized Eilat water, in tests of the Ein Feshkha water
a greater reduction in ﬂux was obtained with the oxidized compared with the natural (reduced state) water. The higher fouling
levels observed for the oxidized compared with the natural (reduced) waters of both Eilat and Ein Feshkha imply that the redox
stages of the waters may inﬂuence their fouling propensities in the
RO desalination process.
The oxidation of naturally reduced water can cause precipitation due to changes in the solution chemistry where reduced
species that are naturally dissolved may precipitate due to the
change of their oxidation state. Also, the enhanced fouling and
scaling of the oxidized waters can be attributed to the increased
pH values of the two aquifer waters. The natural pH values of Eilat
and Ein Feshkha are 7.06 and 6.75, respectively, while after the
oxidation process, those values were elevated to 7.5 and 7.7, respectively. These observed increases in pH, which are attributed
to CO2 release to the atmosphere during the oxidation stage, may
cause mineral precipitation especially of carbonates, whose solubility decreases at high pH values. Indeed, CaCO3 precipitation was
observed in the water tank (conﬁrmed by X-ray diffraction (XRD)
analysis; Fig. S1) during the 24 h oxidation of the Ein Feshkha water, which exhibited the largest change in pH. The Ca2+ and the
DIC concentrations of the oxidized Ein Feshkha water were lower
than in the natural (reduced) form (Table 1), ﬁndings that are in
agreement with the CaCO3 precipitation. Hence, both the change in
the redox stage and with the increase in pH upon oxidation contributed to the increased fouling propensity of the oxidized water.
3.3. Characteristics of the fouling layer on the RO membranes
To study the fouling properties of each water type, the fouled
membranes from each experiment were examined. The ionic compositions of the foulants were determined by dissolving the precipitates in a ﬁxed volume of nitric acid followed by ICP measurement. The membrane of the seawater desalination experiment
7

S. Stein, O. Sivan, Y. Yechieli et al.

Water Research 188 (2021) 116508
Table 2
ICP analysis of the precipitates on the fouled membranes after precipitate dissolution in 1 M nitric
acid. Data are presented in μg cm−2 of the membrane.
Element

SW

Nitsanim

Eilat

Eilat oxidized

Ein Feshkha

Ein Feshkha oxidized

Ca2+
Fe
K+
Mg2+
S
Si

3.8
2.0
3.9
9.6
5.5
26.1

6.5
0.5
2.9
6.4
3.7
12.0

5.1
0.9
1.4
2.9
2.9
2.8

1.7
1.6
0.1
1.9
1.4
1.0

16.1
1.1
4.1
16.5
0.4
6.5

26.0
0.9
6.4
25.8
0.7
6.6

Table 3
Saturation index calculated by PHREEQC software for various minerals in the different water types and the concentration polarization evaluations for
the RO ﬁltration system when using each water type to predict the possible mineral precipitates during RO desalination.
Mineral
Concentration polarization
Ca minerals
Aragonite
Calcite
Gypsum
Huntite
Si minerals
Talc
Antigorite
Anthophyllite
Sepiolite
Quartz
Fe minerals
Goethite
Mackinawite
Pyrite
Magnesite
Sulfur
a

Chemical composition
a

CaCO3
CaCO3
CaSO4 ·2H2 O
CaMg3 (CO3 )4

SW

Nitsanim

Eilat

Eilat oxidized

Ein Feshkha

Ein Feshkha oxidized

2.2

1.9

2.6

2.3

3.5

2.9

1.18
1.46
−0.66
5.38

0.72
1
−0.67
2.59

0.61
0.89
−0.36
1.69

0.96
1.24
−0.43
3.11

0.96
1.24
−0.95
3.7

1.22
1.5
−1.09
4.83

3.12
27.42
−4.57
−0.71
0.23

2.44
6.81
−6.59
−1.04
0.56

4.78
45.44
−1.09
0.51
0.51

3.08
6.86
−5.52
−0.53
0.89

8
89.03
6.09
2.72
0.77

Mg3 Si4 O10 (OH)2
Mg48 Si8 O22 (OH)2
Mg7 Si34 O85 (OH)62
Mg4 Si6 O15 (OH)5 ·6H2 O
SiO2
FeO(OH)
Fes
FeS2
MgCO3
S

7.87
0.23
23.84
1.6
−56

0.83
−50.5

0.56
−47.66

0.92
−51.2

1.11
11.84

1.4
10.57

Calculation of concentration polarization is presented in the supporting information.

showed a high silicon content and relatively high levels of sulfur, iron and magnesium (Table 2). Silicon and iron were also
observed by surface elemental analysis (by XPS) of the seawater membrane (Table S1). The observation that silicon and iron
were observed in high concentrations on the fouled membrane,
but were below the detection limit in the feed seawater indicates
their being aggregated and concentrated on the membrane during
the RO ﬁltration process. Other studies detected silicate and iron
fouling during seawater desalination (Aubry et al., 2014; Li et al.,
2012), and in some cases, the fouling resulted from the dissolved
ionic forms of silicates and iron (Li et al., 2012) when these were
present. Recent review articles indicated that the most common
foulant types of seawater RO desalination are colloidal iron and
silica (Badruzzaman et al., 2019; Jiang et al., 2017). Generally, iron
fouling on RO membranes is mostly colloidal, usually as silicates
(Ning, 2009).
The foulant composition of the membrane used in the Nitsanim
natural (reduced) SGW experiment showed high contents of silicon, calcium and magnesium (Table 2). In this case, it is plausible
that colloidal magnesium silicates were the dominant foulants due
to the sand-stone dominance in this aquifer.
The fouling layer of the Eilat (reduced) SGW RO experiment
was dominated by calcium, and it had relatively equal depositions
of magnesium, sulfur and silicon. Calcium, sulfur and silicon were
also detected by the XPS surface analysis (Table S1). These elements probably originated from the magmatic and metamorphic
crystalline host rocks of the alluvial aquifer in Eilat. SEM analysis
shows depositions of aluminosilicates with high iron content, including iron particles in the μm size range (Fig. S2). The ionic proﬁles of the membrane depositions from the RO experiment with
the oxidized Eilat water were similar to those of its natural (reduced) form (Table 2), and SEM analysis detected particle deposi-

tion with the above elements (Fig. S3). The oxidation of the Eilat
water did not substantially change the chemical composition of the
feed water (Table 1), which is in agreement with similar fouling
properties of Eilat natural and oxidized waters.
The membrane from the RO experiment with the Ein Feshkha
natural water was fouled mainly with calcium and magnesium
with silicon deposits (Table 2). XPS surface analysis shows a similar trend of ﬁnding calcium, magnesium and silicon on the membrane (Table S1). The fouled membrane from the experiment of
oxidized Ein Feshkha water shows a similar deposition pattern,
namely, mostly calcium and magnesium with additional silicon,
but in this case, the calcium and magnesium were present in much
higher concentrations (Table 2). This ﬁnding is probably due to the
formation of calcium and magnesium precipitates in the oxidized
groundwater, as discussed above for CaCO3 , and it agrees with
the more intense fouling observed for the oxidized water (Fig. 5).
Ferrous iron is often observed in anoxic groundwaters, but when
these are exposed to the partial pressure of oxygen in the atmosphere, it is oxidized and precipitates as ferric hydroxide within
minutes to hours (Sung and Forbes, 1984). In the natural (reduced)
Ein Feshkha water, iron was in its dissolved-reduced form; however, oxidation of the water did not signiﬁcantly increase the level
of iron deposition on the membrane, probably due to its low concentration in the bulk Ein Feshkha water (~4 μM; Table 1). Sulfur was detected in higher concentrations on the membrane of the
oxidized experiment compared with the natural (reduced) form of
the Ein Feshkha water. This may be due to the behavior of dissolved reduced sulfur (sulﬁde, as HS− , 32.2 μM in Ein Feshkha
SGW; Table 1) and the deposition of elemental sulfur when oxidized. A coastal aquifer in Delaware Bay was found to have dissolved ferrous iron concentrations of ~10 0 0 μM and sulﬁde concentrations of up to 466 μM (McAllister et al., 2015) that, upon ox8
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idation, may strongly precipitate. These ﬁndings indicate that the
redox stage of coastal aquifers may have a marked impact on RO
processes. Therefore, to predict the potential fouling and associated
challenges of applying the RO system in the treatment of saline
groundwaters, it is essential that the concentrations of the redox
species present in the water, and their dynamics, be accurately
measured and fully understood. Ning et al. showed that running an
RO desalination plant with feed water from an aquifer in Bahrein
that contained 90 μM of sulﬁde resulted in severe elemental sulfur
fouling within two days of starting operation (Ning et al., 2005).
Saturation index calculations for different minerals in the
studied water types were performed by PHREEQC software
(Parkhurst and Appelo, 1999) taking into account the concentration polarization in the RO system used for the ﬁltration experiments (Table 3). In addition, the SI includes further explanation
about the calculations for concentration polarization and salt rejection (Fig. S2). In general, almost all of the minerals presented in
Table 3 had higher saturation index values for the oxidized SGW
than for the natural (reduced) form. All water types exhibited a
tendency for the precipitation of CaCO3 (aragonite and calcite) and
calcium magnesium carbonate (huntite - CaMg3 (CO3 )4 ). Thus, scaling by these minerals can explain the calcium and magnesium deposits that were found on all membranes. Silicate minerals such as
talc, antigorite and quartz were each found to have a positive saturation index in all experiments besides those with seawater, because silicon was not detected in the seawater. Thus, silicates are
a potential scaling factor in the SGW desalination process. In the
oxidized Ein Feshkha water, the silicate mineral anthophyllite was
found to have a positive saturation index. Interestingly, iron minerals such as goethite and pyrite had high positive saturation index
values in the natural (reduced) Ein Feshkha water. Elemental sulfur
deposition is likely to occur both in Ein Feshkha natural water and
in its oxidized form, which had sulﬁde concentrations of 32.2 and
1.53 μM, respectively. SEM analyses indicated the presence of sulfur dominated spots on the membranes used for the natural and
oxidized Ein Feshkha water ﬁltrations (Figures S4 and S5).

ameliorating the associated problems and costs typically encountered during RO process operation. These ﬁndings, together with
the lower salinity of the SGW relative to seawater, indicate that
the use of SGW in RO desalination systems may reduce the energy
demand and overall operational costs of the RO process.
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