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Abstract: Water scarcity in Tunisia’s semi-arid regions necessitates advanced brackish water de-
salination solutions. This study evaluates the long-term performance and fouling characteristics of
the largest brackish water reverse osmosis desalination plant in southern Tunisia over a period of
5026 days. The plant employs two-stage spiral-wound membrane elements to treat groundwater with
a salinity of 3.2 g L−1. The pre-treatment process includes oxidation, sand filtration, and cartridge
filtration, along with polyphosphonate antiscalant dosing. Membrane performance was assessed
through the analysis of operational data, standardization of permeate flow (Qps) and salt passage
(SPs), and the calculation of water (A), solute (B), and ionic (Bj) permeability coefficients. Over
the operational period, there was an increase in operating pressure, pressure drop, and permeate
conductivity, accompanied by a gradual increase in SPs as well as in the solute B and ionic Bj per-
meability coefficients. The average B increased by 82%, reflecting a decrease in solute rejection over
time. Additionally, the ionic permeability coefficients for both SO4

2− and Cl− ions increased, with
Cl− showing an 88% increase and SO4

2− showing an 87% increase. The produced water’s salinity
increased by 67%, indicating a significant loss of membrane performance. To identify the cause of
these problems, membrane characterization was analyzed using visual inspection, X-ray fluorescence
(XRF), and Fourier transform infrared spectroscopy (FTIR). The characterization revealed the complex
nature of the foulants, with a predominant presence of calcium sulfate, along with minor quantities
of calcite, dolomite, and silica. The extent of CaSO4 deposition suggests poor antiscaling efficiency,
highlighting the critical importance of selecting an effective antiscalant to mitigate membrane fouling.

Keywords: brackish water; desalination; reverse osmosis; fouling; standardization; permeability

1. Introduction

One of the most pressing issues facing the world today is freshwater scarcity, which
affects around four billion people who live without water for at least one month of the
year [1]. Population expansion and climate change contribute significantly to the freshwater
scarcity problem [2], which is particularly severe in regions such as the Middle East, South-
east Asia, and North Africa [3,4]. In response to this crisis, membrane-based desalination
technologies, notably reverse osmosis (RO), have become attractive solutions to balance
freshwater supply and demand [5].

RO is the predominant technology for desalination of both brackish water and seawater
due to its efficiency and reliability [6,7]. Despite its effectiveness, efforts are being made
to improve RO technology in terms of efficiency [8,9], materials innovation for membrane
manufacture [10–12], process optimization through modeling and simulation, and other
strategies [13,14].
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However, the main limiting factor affecting the performance of RO desalination plants,
whether treating brackish water (BWRO) or seawater (SWRO), is membrane fouling [15,16].
Besides fouling, scaling is a limiting factor in BWRO, which significantly impacts membrane
performance and requires costly maintenance or replacement. Maintaining RO performance
requires addressing fouling with the right pretreatment techniques [17–19].

There are some authors who have studied the fouling impact on the performance of
full-scale RO desalination plants over long-term operating periods. One of the ways to
assess the impact of fouling on a desalination plant is through the decrease of the water
permeability coefficient (A) or its reverse, the membrane resistance (Rm). For instance, Wilf
and Klinko [20] observed a decrease in A ranging between 20 and 25% over three years
of operation in different full-scale SWRO desalination plants, leading to the development
of predictive models. Similarly, Abbas and Al-bastaki [21] observed a 25% decrease in
A and a 1.9% decrease in solute rejection (Rej) in a full-scale BWRO desalination plant.
Contrastingly, Belkacem et al. [22] reported a 20% increase over year in BWRO desalination
plants employing recirculation.

Further research has published some studies reporting the long-term performance
analysis of a full-scale BWRO desalination plant with notable declines in permeability
coefficients [23,24] and increases in permeate conductivity observed over 10 and 15-year
periods [23–25] Additionally, Adel et al. [26] investigated the performance of a full-scale
SWRO desalination plant over 8 months, highlighting a gradual decline in performance
and an increase in operational costs.

While membrane autopsy remains the most effective method for studying membrane
fouling in full-scale reverse osmosis (RO) desalination plants, its use after long periods of
operation is uncommon due to high costs and a lack of operational data. However, several
studies have conducted membrane autopsies in both SWRO and BWRO desalination plants,
highlighting the complex nature of fouling in RO desalination plants [26,27]. Tang et al. [28]
conducted an autopsy of a full-scale BWRO membrane BW30LE-440DRY Filmtec™ (Filmtec
Corporation, Minnetonka, MN, USA) after nearly a year of service, identifying organic–
Al–P complexes, aluminum silicates, and polysaccharides as the main foulants. Similarly,
Karime et al. [29] performed another autopsy of a full-scale BWRO membrane after 6 years
of operation, revealing SiO2, clay, and calcium-based compounds attributed to antiscalant
inefficiency. Yang et al. [30] and Kim et al. [31] further investigated the distribution and
composition of foulants in BWRO membranes, highlighting the predominance of organic
substances and inorganic deposits. Additionally, autopsies conducted by Ruiz-García
et al. [32] revealed the presence of biofilm, calcium carbonate, and various inorganic
substances as primary foulants. The primary foulants identified by Karmal et al. [33] were
calcium carbonate crystals, specifically of the calcite variety (CaCO3). In a separate study by
Tapiero et al. [34], the results of autopsies confirmed the existence of organic components
such as polysaccharides and proteins, along with the presence of silica in the fouling layers.

Earlier work investigated the autopsy of RO membranes used in brackish or seawater
desalination systems. However, this study is the first to present a membrane character-
ization with experimental data over a long operating period of 5026 days. The aim of
this paper is to assess the performance of a specific full-scale BWRO under particular
pretreatment conditions and varying feed water quality over time, with a focus on specific
fouling potential during long-term operation.

2. Materials and Methods
2.1. Plant Description

The Dissa BWRO desalination plant (Figure 1), situated in Gabes, Tunisia, was estab-
lished in 1995 to provide drinking water to Gabes city. Initially designed to produce around
937.5 m3 h−1, its capacity was increased to 1250 m3 h−1 in 2006. The desalination plant is
supplied by a mix of two sources, the continental intercalary aquifer situated in the Chott
El-Fejijj region and three groundwater wells near the station, which pump water from the
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North Gabes aquifer. The plant is designed for continuous operation 24 h a day, 7 days a
week, throughout the year.
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Figure 1. BWRO desalination plant.

The plant’s pre-treatment, RO, and post-treatment stages are detailed below (Figure 2):

(1) The pre-treatment phase begins with water oxidation in an aerated tank, followed
by filtration through 8 slow sand filters. Each filter consists of two compartments
fed by a central column from the oxidation basin, which retains suspended solids
and iron oxides. After filtration, water is pumped through 4 pre-coated filters, at
a flow rate of 480 m3 h−1, to eliminate impurities larger than 5 µm. Each vessel
consists of 330 elements. Several types of antiscalants have been used to prevent
scale formation (Polyphosphonate, Polyacroboxic, and Polyacrylate). The antiscalant
dose corresponds to the dose at the feed. No additional chemical products have
been added to this plant. The water is then subjected to micro-filtration by cartridge
filters (1 µm), of which there are four. Each filter contains 102 cartridges, except for
the fourth line, which contains 170 elements. Four high-pressure pumps, with an
electric power motor with 350 kW for three lines and 200 kW for the fourth line, were
installed to boost the filtered water through the BWRO system, with a feed flow (Qf)
of 480 m3 h−1 each and a feed pressure (pf) of about 1.5 MPa.

(2) The BWRO system consists of four production lines with a total capacity of 1250 m3 h−1,
the system uses spiral-wound BWRO membranes TORAY TM720-400 (Toray Indus-
tries, Inc., Tokyo, Japan) distributed over two stages. The first stage consists of
42 pressure vessels (PVs), and the rejection flow from this stage feeds the second stage,
which consists of 24 PVs.

(3) The final stage involves post-treatment, during which the pH of the permeate is
adjusted by adding sodium hydroxide (NaOH) and removing CO2.
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In this study only the second line was studied because it had a more continuous
operation time (t). The operating data that were measured in the BWRO system of this line
were Condf, Tf, pf, Qf, ∆p, Condp, pp, and Qp, in both stages.

2.2. Method for Measuring Ion Species

pH is measured using a Consort pH meter. Turbidity is measured by a Micro 100 Th-
Turbidity meter [35] and expressed in NTU. The determination of the concentrations of
anions (chloride and sulfate) and cations (calcium, magnesium, sodium, and potassium) in
water is carried out by liquid ion chromatography (Metrohm 850) [35]. Bicarbonate ions
are determined by dosing with a solution of H2SO4 (0.02 N) in the presence of a colored
indicator (methyl orange) [35]. The iron and silica concentrations are determined by a
spectrophotometer of the HACH DR 3900 type [35]. Using a TOC-meter, total organic
carbon (TOC) is measured in accordance with ISO 8245 (1999) [36].

2.3. Standardization of the Operating Data

Standardization of system performance is highly recommended, as it allows early
identification of potential problems (e.g., scaling or fouling) if standardized data are checked
daily. Corrective procedures are much more efficient when they are taken early [37]. Beside
this, standardizing the operating data could be useful for comparing the performance of
different RO desalination plants. The operating conditions of any RO desalination plant
can vary, causing permeate flow rate (Qp) and salt passage (SP) to change. It is necessary
to compare permeate flow and salt rejection data under the same operating conditions, so
applying standardizing would allow us to achieve that. In the present study, the ASTM
4516-00 method [37] was employed to standardize the Qp, and SP [38,39].

2.3.1. Standardization of Qp

The Qps refers to the permeate flow rate of a RO system that has been standardized
with respect to changes in T, p and osmotic pressure (π). Qps was calculated using
Equation (1) [38,39].

Qps = Qpa

(
pfs −

∆pfbs
2 − pps − πfbs + πps

)
(

pf −
∆pfb

2 − pp − πfb + πp

) TCFs

TCF
(1)

where pfs is the feed pressure (in bar), ∆pfbs the feed-brine pressure drop in both stages
(in bar), pps the permeate pressure (in bar), πfbs average feed-brine osmotic pressure (in
bar), πps the permeate osmotic pressure (in bar) and TCFs the temperature correction
factor. All previous parameters at standard conditions respectively. The parameters in the
denominator are those measured experimentally in the BWRO system. πfbs was obtained
using the Equation (2) [37,39].

πfb =
0.2654 · Cfb · (Tf + 273.15)

1000 − Cfb
1000

(2)

where Cfb is the feed-brine concentration in mg L−1 as NaCl and it was calculated using
Equation (3) [37].

Cfb = Cf

ln
(

1
1−Y

)
Y

(3)

where Y is the fractional water flux recovery (it was determined from the operating data).
Throughout t, 23 samples of the feedwater were taken to determine its inorganic composi-
tion and Cf, however, the parameter that was actually measured was the Condf. The feed
water samples allowed the creation of a relationship between Cf and Condf, which allowed



Water 2024, 16, 1892 5 of 17

the estimation of Cf for all operating points Cf = 0.74 · Condf. TCF was determined using
Equations (4) and (5).

TCF = e(2640·( 1
298−

1
273.15+T )); T ≥ 25

◦
C (4)

TCF = e(3020·( 1
298−

1
273.15+T )); T ≤ 25

◦
C (5)

2.3.2. Standardization of SP

The standardized (SP) for RO process is calculated using Equation (6) [37,39].

SPs(%) = SP(%) ·
Qp-ele

Qps-ele
· TCF

TCFs
· Cfbs

Cfb
· Cf

Cfs
(6)

where Qps-ele is the average element permeate flow.

2.4. Calculation of Permeability Coefficients and SEC

To assess the efficiency of the BWRO plant, the average A at 25 ◦C, the average B at
25 ◦C and the average ionic permeability coefficients (Bj) at 25 ◦C were determined. These
coefficients are described in the solution-diffusion model and were calculated using the
Equations (7) and (8) [40,41].

Sc =
η

ρ · D
(7)

dh =
4ε

2
h + (1 − ε) 8

h
(8)

with, Sc denotes the Schmidt number, ρ represents density (kg m−3), D stands for the solute
diffusivity (in m2 s−1), η represents the dynamic viscosity (in units of kg m−1 s−1), dh
corresponds to the hydraulic diameter (m), and ε signifies the porosity of the cross-sectional
area in the feed channel (with a value of 0.89 [42]), in addition, h represents the height of
the feed channel, which was specifically 34 milli-inches, equivalent to 8.636 × 10−4 m, for
the BWRO membrane module TORAY TM720-400 (Toray Industries, Inc., Tokyo, Japan).

Equations (9)–(13) [43,44] were utilized to determine the values of η, ρfb, and D for
aqueous solutions of NaCl.

ηfb = ηw · (1 + (5.185 × 10−5T + 1.0675 × 10−4) · (ρfb · Cfb/1806.55)0.5

+(3.300 × 10−5T + 2.591 × 10−3)(ρfb/1806.55))
(9)

ρfb = ρw + (0.824493 − 4.0899 × 10−3T + 7.6438 × 10−5T2 − 8.2467 × 10−7T3 + 5.3875 × 10−9T4) · Cfb
+(−5.72466 × 10−3 + 1.0227 × 10−4T − 1.6546 × 10−6T2) · Cfb

3/2 + 4.8314 × 10−4 · Cfb
(10)

ρw = 999.842594 + 6.793952 × 10−2T − 9.09529 × 10−3T2 + 1.001685 × 10−4T3

−1.120083 × 10−6T4 + 6.536336 × 10−9T5 (11)

log 10

(
ηw

η20

)
=

1.1709 · (20 − T)− 0.001827 · (T − 20)2

T + 89.93
(12)

D = 6.725 · 10−6 · e(0.1546·Cfb− 2513
273.15+T ) (13)

where ηfb (kg m−1 s −1) the dynamic viscosity, ρfb (kg m−3) the feed-brine water density,
Cfb is the feed-brine concentration, ρw is the density of pure water, and ηw is the dynamic
viscosity of pure water. The Sherwood number, Sh, was calculated using Equation (14) [45].

Sh =
k · dh

D
= 0.14 · Re0.64 · Sc0.42 (14)

Re =
ρfb · ν · dh

ηfb
(15)



Water 2024, 16, 1892 6 of 17

Cm − Cp

Cf − Cp
= exp(Jw/k) (16)

π = 0.0787 · (273 + T) · ∑ mj (17)

πm = πf ·
Cfb
Cf

· PF (18)

PF =
Cm

Cfb
(19)

A =
Jw(

pf −
∆pfb

2 − pp − πm + πp

)
· TCF

(20)

B =
Cp· · Qp(

Cm − Cp
)
· Sm · TCF

(21)

where k, denoting the mass transfer coefficient of solute; Re, representing the Reynolds
number; ν the average velocity (m s−1); Cm, signifies the concentration at the membrane
surface (mg L−1); Jw, representing the permeate flux (expressed in m3 m−2 s−1); πp, is
the permeate osmotic pressure (in bar); mj, is the molal concentration of the solution
(mol L−1); πm, is the average osmotic pressure at the membrane surface (in bar); πf, is the
feed pressure (in bar); PF, is the concentration polarization factor of the membrane element;
Sm, is the membrane area (in m2); ∆pfb, representing the average feed-brine pressure drop
in the feed channel (in bar); pf, is the feed pressure (in bar); pp, denoting the permeate
pressure (in bar); and TCF, is the temperature correction factor, which was calculated using
the previous Equations (4) and (5). Equations (15)–(17), (20), and (21) were adopted from
the work of Ruiz-García et al. [46], and Equations (18) and (19) were taken from [41].

The average Bj at 25 ◦C were calculated using Equation (22). In this calculation, we
utilized the available inorganic composition data for both the feed water and permeate
samples to establish a correlation with conductivity. Subsequently, this correlation was
applied to estimate concentrations for the remaining operating data.

Bj =
Cpj · Jw

(Cmj − Cpj) · TCF
(22)

where Cpj is the ionic concentration in the permeate (mg L−1), and Cmj is the ionic con-
centration at the membrane surface (mg L−1). Cpj was calculated by multiplying Condp
by 0.65. The specific energy consumption (SEC) of the BWRO plant was also calculated
(Equation (23)).

SEC =
pf · Qf · ρf · g

Qp · ηHPP
(23)

where ρ is the density of the water (1000 kg m−3); g is the acceleration of gravity (generally
adopted: 9.81 m s−2); and ηHPP is the performance of the high-pressure pump (HPP) (it
was assumed to be 80%).

2.5. Fouling Characterization Methods

Fouling characterization is a procedure used to identify the cause of the RO failure [33].
A fouled membrane element selected for this study was removed from the second stage
of line 2 (Figure 3). The BWRO membrane used to perform this operation was TORAY
TM720-400 (Toray Industries, Inc., Tokyo, Japan). The characterization procedure includes
selecting a representative membrane element, dissecting it, analyzing collected samples,
identifying fouling constituents, and implementing corrective measures [45]. The sample
was analyzed by visual inspection, X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), and X-ray fluorescence spectrometry (XRF).
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The crystallite structure of the collected foulant sample was obtained using a PAN-
alytical X’PERT Diffractometer equipped with Cu-Kα radiation. The diffractogram was
then analyzed using “Origin 2018 (64 bit)” processing software for further analysis and
interpretation.

FTIR analysis was conducted using a PerkinElmer FTIR spectrometer (model 783)
from the United States. Spectra were acquired in the range of 400 to 4000 cm−1, employing
the co-addition of 64 scans, a resolution of 4 cm−1, and a mirror velocity of 0.6329 cm s−1.
KBr pellets were prepared by mixing 1 wt.% of the sample with 99 wt.% KBr and pressing
them. FTIR results were processed using the “Origin” software.

XRF analysis is a comprehensive elemental analysis technique that enables the identifi-
cation and quantification of most chemical elements present in a sample. It was conducted
employing the molten pearl technique, specifically PERLEX-2. This technique exposes the
sample to an X-ray beam, causing the atoms to transition from their ground state to an
excited state and emitting X-ray photons. By analyzing this secondary X-ray emission, we
can identify and quantify the chemical elements present in the sample.

3. Results and Discussion
3.1. Operating Data Analysis

The results are presented in terms of operating time, which spans around 120,624 h.
During this period, the BWRO operated with the same membranes. The membrane used
for fouling characterization were changed during a period not included due to a lack of
data. The feed water from the well contained between 2960 and 3350 mg L−1 of salinity.
The composition ranges of the feed water are shown in Table 1. The distribution of cations
and anions is as follows: SO4

2− > Cl− > Na+ >Ca2
+ >HCO3

− > Mg2+. The feedwater has
high levels of sulfate, calcium, magnesium, and chloride, which exceed the reference limits
set by the Tunisian Standard NT09.14 (2013) [47].

During the initial 224 h, the BWRO desalination plant operated with a feed pressure
(pf) of approximately 1.2 MPa. Over the observed period, pf fluctuated between 1.16 MPa
and 1.6 MPa, reflecting the typical behavior of full-scale BWRO systems. This increase
can be attributed to fouling, scaling, and membrane compaction, which are common in
plants treating groundwater with low solubility solutes (Figure 4a) [23,25]. Variations in
feed flow rate (Qf) can also influence the required pf to maintain a constant permeate flow
rate (Qp) [48].
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Table 1. Feed water analysis.

Ion Concentration Range Limit/Reference
[47]

pH 7.02–7.84 >6.5 and <8.5
Ca2+ (mg L−1) 298–460 200
Mg2+ (mg L−1) 35–112 100
Na+ (mg L−1) 344–500 2080

HCO3
− (mg L−1) 77–139 -

SO4
2− (mg L−1) 1060–1373 500

Cl− (mg L−1) 638–1080 500
SiO2 (mg L−1) 13–27 -
TDS (mg L−1) 2960–3350 >200 and <2000
TOC (mg L−1) <0.3 -

Turbidity (NTU) 0.26–1.1 3
SDI 0.5–1.4 -
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The pressure drop (∆p) across both stages of the plant is shown in Figure 4b. Through-
out the operating period, ∆p was consistently higher in the first stage compared to the
second stage due to the higher feed-brine flow rate (Qfb) (higher feed-brine velocity). This
higher Qfb, representing the concentrated brine leaving the first stage and entering the sec-
ond stage, increases resistance to flow and results in the observed higher ∆p. This finding
aligns with the results reported by Ruiz-Garcia and Nuez [49]. Specifically, ∆p in the first
stage increased from 123 kPa to 255 kPa between 23,520 h and 75,000 h, probably due to the
accumulation of impurities on the membrane surface. Fluctuations were observed later,
with ∆p reaching a maximum of 330 kPa, possibly due to the presence of a small amounts of
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sand, anthracite, and other particles. In contrast, ∆p in the second stage remained relatively
stable, averaging of 125 kPa. In this study, an increase in ∆p is mainly observed in the first
stage, contrasting with the trend observed in other studies [23,25,49], which reported an
incremental trends in ∆p in both stages, with particularly higher values in the first stage.

During the initial 45,112 h, the conversion rate, (R), ranged from 47% to 91%, showing
considerable variability before stabilizing around 74% (Figure 4c). Qp initially fluctuated be-
tween 227 m3 h−1 and 436 m3 h−1 before stabilizing at an average of 375 m3 h−1 (Figure 4d).
This suggests a correlation between the stabilization of R and Qp, indicating a potential
relationship between these variables.

Figure 4e shows that Condp gradually increases from 229.89 µS cm−1 to 700 µS cm−1,
corresponding to a 67% increase in the salinity of the produced water. This increase is
attributed to membrane degradation, compromising its ability to effectively reject solutes
from the feedwater. The lack of chemical cleaning or membrane replacement during
the study likely accelerated this degradation, resulting in higher Condp. The inorganic
composition of the permeate water is shown in Table 2. Ruiz-García and Ruiz-Saavedra [24]
reported a relatively constant Condp (~200 µS cm−1) over 80,000 h, whereas Ruiz-Garcia
and Nuez [13] observed an increase from 250 µS cm−1 to 700 µS cm−1 due to membrane
degradation, aligning closely with the observed trend. Farhat et al. [50] noted a more
significant increase in Condp from 1000 µS cm−1 to 1750 µS cm−1.

Table 2. Permeate water inorganic composition.

Ion Concentration Range (mg L−1)

Ca2+ 16–136
Mg2+ 3–78
Na+ 70–102

HCO3
− 9.5–36

SO4
2− 45–132

Cl− 75–180
SiO2 1.8–18
TDS 280–504

During the first 40,000 h, the SEC fluctuated between 0.29 kWh m−3 and 0.62 kWh m−3

(Figure 4f). For the remainder of the operational period, the SEC stabilized at an average
of 0.42 kWh m−3. The initial fluctuation could be attributed to adjustments or variable
conditions, but the stabilization suggests a stable operational state, with consistent energy
consumption. Greenlee et al. [51] discussed that the SEC in RO plants tends to increase as
membranes foul and scales form, aligning with the observed increased energy consumption.
Matin et al. [52] highlighted that effective pre-treatment and regular maintenance could
mitigate the rise in energy consumption due to fouling, reinforcing the need for improved
pre-treatment strategies.

In summary, as fouling progresses, higher operating pressures are required to maintain
constant permeate flux due to the added resistance from the fouling layer. This also leads
to a greater pressure drop across the membrane. Increased permeate conductivity indicates
reduced membrane selectivity, as fouling can cause changes in the membrane structure,
allowing more salts to pass through.

3.2. Standardization of Operating Data

The standardization of Qp and salt passage SP was performed to determine the
observable differences in RO unit performance caused by problems such as fouling, scaling,
etc. During the initial 46,856 h, Qps fluctuated between 208 m3 h−1 and 405 m3 h−1, with
an average of 326 m3 h−1 (Figure 5a). During these years, Qps fluctuated significantly, but
remained at its maximum of 405 m h−1 for the entire 120,624 h. From 46,856 h, the Qps
remained quite stable (around 328 m3 h−1). Conversely to this finding, several studies
found a decrease in permeate flux [24,26,32], which was attributed to the formation of a
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fouling layer on the membrane surfaces. The conventional method for assessing membrane
fouling involves monitoring the decrease in flux over time. It has been shown that when
the permeate flux is noticeably affected, the membrane is so severely fouled that restoration
to its original permeability may become impossible [53].
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The membranes exhibited a gradual increase in SPs, reaching a maximum of 15.5%
(Figure 5b). This incremental trend in SPs through RO membranes is indicative of the
progressive degradation of the membranes over time, a phenomenon commonly observed
in long-term operation, considering that the replacement rate for membranes in other plants
around the world is around 10% per year [54]. The prolonged operation of more than
120,624 h without membrane replacement or significant chemical cleaning may contribute
to the observed increase in SPs. As membranes age, they are susceptible to various forms of
fouling, including the accumulation of deposits on the membrane surface or within its pores,
which can have a negative impact on permeation flux and salt rejection performance [55,56].
Therefore, the membrane could become less selective, leading to a higher proportion of
salts passing through the membrane and ending in the permeate water. This phenomenon
aligns with findings from previous studies by Hoek and Elimelech [57] and Adel et al. [26],
which also reported a significant increase in the normalized salt passage rate of fouled RO
membranes. One proposed mechanism for this increase is the formation of a cake-enhanced
concentration layer on the membrane surface. As fouling progresses, this layer further
impedes salt rejection and exacerbates the decline in membrane performance.

In summary, the observed increase in SPs highlights the importance of proactive
maintenance and replacement strategies to mitigate membrane degradation and ensure the
long-term efficiency of BWRO desalination plants. Regular cleaning and monitoring proto-
cols are essential to preserve membrane selectivity and optimize salt rejection performance
over extended operational durations.

3.3. Permeability Coefficients

To evaluate the efficiency of the BWRO plant, the average A, the average B, and the
average Bj at 25 ◦C were calculated. The results indicate that the average A remained rela-
tively stable with an average of 0.72 × 10−12 m Pa−1s−1 (Figure 6a), suggesting consistent
membrane performance in terms of water flux over the operating period. This stability
contrasts with studies by Abbas and Al-Bastaki [21] and Ruiz-García and Nuez [49], which
reported a decline in A due to factors like fouling and membrane compaction.

The average B increased, reflecting a decrease in solute rejection over time. The observed
values ranged from a minimum of 0.58 × 10−7 m s−1 to a maximum of 3.4 × 10−7 m s−1,
representing an increase of 82% (Figure 6b). This trend aligns with the findings of Abbas
and Al-Bastaki [21], Park et al. [58], and Ruiz-García and Nuez [49], who observed similar
increases in B in long-term BWRO operations.
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For sulfate (SO4
2−) ions, the average B was 0.81 × 10−7 m s−1(Figure 6c), while

for chloride (Cl−) ions, the average B was significantly higher at 41.42 × 10−7 m s−1

(Figure 6d). The higher retention of bivalent SO4
2− ions compared to monovalent Cl− ions

can be explained by their higher hydration energy and greater electrostatic interactions
with the membrane, which make their permeation more difficult. These results align with
Choi et al. [59] and Paugam et al. [60], who noted that ions with higher hydration energies
and charges, such as SO4

2−, face greater resistance to membrane permeability. Saavedra
et al. [61] and Ruiz-García et al. [23] also reported similar trends, showing that SO4

2−

ions had lower B values that Cl− ions due to these factors. Additionally, the long-term
monitoring indicates that the ionic permeability coefficients for both SO4

2− and Cl− ions
increase over time, with Cl− showing an 88% increase and SO4

2− showing an 87% increase.
This suggests a gradual decrease in membrane selectivity and performance.

The increase in solute and ionic permeability coefficients indicates that more solutes
and ions are passing through the membrane. This decline in performance necessitates an
autopsy to determine the causes and appropriate remedies.

3.4. Fouling Characterization

Fouling was analyzed by visual inspection, Fourier transform infrared spectroscopy
(FTIR), and X-ray fluorescence spectrometry (XRF).

3.4.1. Visual Inspection

Visual inspection is one of the main ways of identifying the physical characteristics of
the fouled membrane surface. It also helps to understand the nature of the fouling. For
example, the presence of pollutants can be detected by seeing the color of the membrane
surface [62].

Visual inspection of the membrane surface (Figure 7a) revealed signs of deterioration.
The feed spacer was obstructed, and debris consisting of fragments and a white layer
was observed.
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3.4.2. X-ray Diffraction (XRD)

An XRD analysis was carried out to determine the scales’ crystal structure. The
obtained XRD data from the foulant collected on the membrane surface is displayed in
Figure 7b. The narrow peaks in the XRD patterns show a high degree of crystallization
in the samples. The predominant crystal identified on the RO membrane was gypsum
(CaSO4·2H2O). Specifically, peaks observed at 2θ values of 7.61, 4.28, 3.8, and 3.06 Å [63,64]
indicate the presence of gypsum. These strong and intense peaks signify well-crystallized
gypsum structures, particularly at higher concentrations. Additionally, peaks of lower
intensity were discerned at 2θ values of 2.87, 2.21, and 2.07 Å, corresponding to traces of
dolomite [26] and calcite [65], respectively.

The X-ray diffraction spectra indicated a higher deposition of gypsum compared to
calcite on the membrane surface. Notably, research by Karmal et al. [33] and Balcik [66]
found strong CaCO3 diffraction peaks, in contrast to our results.

3.4.3. FTIR Results

The spectrum obtained from the FTIR characterization of the fouled membrane is
shown in Figure 7c. The peaks observed around 3530 cm−1, 3410 cm−1, as well as at
1620 cm−1 and 1690 cm−1 may be assigned to the hydrated components of gypsum, in
particular hydroxyl groups and water [67,68]. The highest peak at around 1100 cm−1 is
attributed to the presence of the SO4

2− functional group [69]. In addition, the spectrum
shows two distinct peaks at 667 cm−1 and 596 cm−1, corresponding to the antisymmetric
bending vibrations of SO4

2− [70,71]. The minor peak near 470 cm−1 suggests the presence
of Si–O–Si, characteristic of silicon-based compounds [72]. As a result, FTIR analysis
indicates that the fouling layer is composed of SO4

2− and hydroxyl functional groups.
In addition, there are indications of silicon-based compounds, probably originated from
feed water that contains high amount of silica. Based on the data provided, the peaks
observed at wavelengths associated with hydrated components, such as hydroxyl groups
and water, as well as the presence of antisymmetric bending vibrations characteristic of
sulfate, suggest the presence of gypsum, which contains water in its crystalline structure.

3.4.4. X-ray Fluorescence Results

XRF was used to identify the main elements of the mineral particles on the RO
membrane [73]. The results are shown in Table 3. Based on the presented results in the
table, high percentages of sulphuric oxide (SO3) and calcium oxide (CaO) were observed
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in the sample (45.901% and 32.498%, respectively), which confirms that the composition
of the samples was dominated by CaSO4 [71]. Silica (SiO2) was the next most abundant
compound. Additionally, lower percentages of other elements such as magnesium oxide
(MgO), potassium oxide (K2O), phosphorus pentoxide (P2O5), aluminum oxide (Al2O3),
sodium oxide (Na2O), iron oxide (Fe2O3), titanium dioxide (TiO2), strontium oxide (SrO),
and manganese oxide (Mn2O3) were detected.

Table 3. Chemical Composition Analysis of Scale Deposits on RO Membranes in Brackish.

Compound Weight %

Calcium oxide (CaO) 32.498
Loss on ignition (LOI) 21.56
Sulfur trioxide (SO3) 45.901

Sodium oxide (Na2O) 0.047
Magnesium oxide (MgO) 0.034

Alumina (Al2O3) 0.021
Silica (SiO2) 0.130

Phosphorus pentoxide (P2O5) 0.021
Potassium oxide (K2O) 0.022
Titanium dioxide (TiO2) 0.011

Iron oxide (Fe2O3) 0.007
Strontium oxide (SrO) 0.230

Manganese oxide (Mn2O3) 0.004

XRF analysis provided elemental composition data, indicating significant levels of
calcium and sulfur, which suggests the presence of calcium sulfate (CaSO4). This indication
of CaSO4 as a major component of the fouling layer is further supported by both XRD
and FTIR results. The XRD data confirmed the crystallographic presence of gypsum
(CaSO4·2H2O), with distinct peaks corresponding to highly crystallized gypsum structures.
Similarly, FTIR analysis corroborated these findings by revealing characteristic peaks
associated with sulfate groups and hydroxyl components, which are indicative of gypsum.
Therefore, the combined results of XRF, XRD, and FTIR analyses consistently indicate that
CaSO4 is the main component of the fouling layer.

The predominant presence of CaSO4 in the fouling layer may indicate that the anti-
scalant is not functioning correctly or that the chosen type of antiscalant is not effective.
This observation aligns with the results reported by Karime et al. [29], which similarly
identified CaSO4 as the predominant scale layer component. The deposition of this layer
may indeed be attributed to the antiscalant’s limited efficacy in preventing calcium sulfate
scaling. Moreover, the low rejection rates of the reverse osmosis (RO) membranes could
possibly contribute to the elevated levels of sulfate precipitation. Sachit and Veenstra [74]
demonstrated that the high rejection rates of RO membranes for sulfate ions, coupled with
the preferential passage of carbonate ions, may lead to minimal sulfur precipitation on
fouled membranes despite the high sulfate concentration in the feedwater. This highlights
the crucial role of RO membranes in mitigating fouling due to sulfate precipitation, thereby
maintaining system efficiency. In contrast to our investigation, Karmal et al. [33] found that
tartar is primarily composed of calcium carbonate. Specifically, their FTIR results revealed
four significant peaks indicating the presence of inorganic carbonate (CO3

2−), while the
XRF analysis detected a minor percentage of SO3 (3.72%) and a significant percentage of
CaO (51.54%).

It should be noted that desalination plants using brackish groundwater often en-
counter the accumulation or precipitation of inorganic salts, as evidenced by previous
research [75,76]. These salts typically comprise multivalent soluble ions such as calcium,
aluminum, and sulfate ions. This consistent pattern underscores the importance of effective
pretreatment strategies and membrane technologies in managing and minimizing fouling
issues associated with inorganic salt precipitation in desalination systems using brackish
groundwater sources.
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Using scale inhibitors that are not disclosed is often the method used in commercial
settings to prevent scale deposits, especially those that contain sulfate minerals like gypsum
and barite. Studies by He et al. [77] and Pina et al. [78] have indicated that phosphonates,
which have the functional group C-PO(OH)2, are commonly employed for this purpose.
It has been suggested by research that phosphonates prevent the precipitation of sulfate
minerals by enhancing adsorption onto gypsum surfaces [79]. Additionally, phosphonate
additives affect gypsum crystal characteristics, including forms and diameters [80,81]. This
suggests that phosphonates not only prevent the formation of scale deposits but also alter
the morphology and size distribution of the crystals that are formed.

The low silica content (0.130%) observed in the inorganic composition of the foulant
layer despite the high concentration of silica (SiO2) in the feed water indicates effective
pretreatment of the water. This suggests that the pretreatment filters have successfully
removed a substantial portion of silica from the water before it reaches the RO membranes.
In contrast to findings from studies by Karime et al. [29] and Hamouda et al. [82], where
the foulant layer contained a significant percentage of silica, the discrepancy here implies a
potential anomaly in the pretreatment filters. This anomaly suggests that the filters might
not be adequately removing silica or that there could be a bypass or malfunction in the
filtration system, allowing silica to pass through and contribute to the fouling layer.

4. Conclusions

This study examined the performance decline of a full-scale BWRO desalination
plant over 5026 days using destructive element characterization. The observed increase
in operating pressures, pressure drops, and permeate conductivity, along with higher
standardized salt passage and permeability coefficients, clearly underscores the significant
impact of fouling on membrane efficiency. XRD, IR, and XRF analyses identified inorganic
scaling primarily composed of calcium sulfate, with minor contributions from calcite,
dolomite, and silica. This indicates the current antiscalant treatment is ineffective. However,
the low silica content in the scale suggests that the water pretreatment process is effective
despite the high silica levels in the feed water.

To address these issues, it is recommended to implement regular cleaning and moni-
toring to maintain membrane selectivity and optimize salt rejection. Additionally, using a
more effective antiscalant based on water chemistry can inhibit calcium sulfate precipita-
tion, potentially increasing the conversion rate to over 75%. These measures are crucial for
protecting membrane functionality and enhancing overall system efficiency.
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