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Removal of fouling species from brackish water reverse osmosis reject stream
G. M. Ayouba, L. Korbana, M. Al-Hindib and R. Zayyata

aDepartment of Civil and Environmental Engineering, American University of Beirut, Beirut, Lebanon; bDepartment of Chemical and Petroleum
Engineering, American University of Beirut, Beirut, Lebanon

ABSTRACT
Brine disposal from reverse osmosis (RO) systems remains a major challenge for the desalination
industry especially in inland areas where discharge options are very limited. Solutions will entail
the introduction of economic treatment processes that will alleviate the brine’s negative impact
on the environment and reduce its discharge volume. Such processes could act as an
intermediary treatment process for the recycling of the brine through an additional RO stage
which, for brackish water (BW) desalination, could lead to saving valuable water while reducing
the amount of brine discharge. In this context, the study at hand attempts to evaluate the
effectiveness of a one-step chemical process for the treatment of BWRO brine. This study seeks
to determine optimal operating conditions relative to type, ratio, and dosage of alkalizing
chemicals, pH and temperature, for substantially reducing the concentrations of scaling
parameters such as calcium, magnesium, silica, and strontium. The results indicate that
precipitation softening at pH = 11.5 using combined chemical dosages of NaOH and Na2CO3 in a
ratio of 2:1 leads to substantial removal of calcium and magnesium (>95%) and moderately high
removal of strontium and silica (>71%).
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Introduction

In response to the increasing demand for fresh water
worldwide, water reuse and desalination have been suc-
cessfully employed as alternative methods of freshwater
supply over the last few decades [1]. Specifically, reverse
osmosis (RO) has gained significant appeal as one of the
major processes for desalination, representing up to 80%

of the world’s share of installed desalination plants [2,3].
Due to technological enhancements and reduction in
cost, RO is one of the most commonly used desalination
process, especially for the desalination of brackish water
(BW) [1]. Nonetheless, the RO process has several limit-
ations, such as relatively high energy consumption, mod-
erately high operational costs, and environmental and
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cost constraints associated with brine disposal, especially
for inland systems [4–9].

In brackish water reverse osmosis (BWRO) systems the
concentrate (interchangeably referred to as reject or
brine) stream usually constitutes 10–35% of the feed
water as BWRO recovery rate varies between 65% and
90% [3,5,9]. As determined by the characteristics and
pretreatment needs of the feed water, the concentrate
streams rejected from the RO may contain high concen-
trations of salts (e.g. calcium, magnesium, boron, silica,
barium, and strontium) coagulants, anti-scalants, anti-
foaming agents, residues from membrane cleaning
chemicals, and traces of heavy metals from equipment
deterioration such as copper, nickel, and lead [3,10].

Several ‘solutions’ have been proposed, and
employed, for concentrate disposal, such as evaporation
ponds, irrigation, fish farming, discharge to surface water
bodies, land disposal in unlined surface depressions,
addition of the reject flow to a wastewater stream,
further concentration into solid form, and injection
below water aquifers [4,6,9,11,12]. All of these methods
suffer from several disadvantages, such as high costs,
contamination of surface and ground water, flooding,
destabilization of aquatic ecosystems, and increased
levels of salts in the soil [13,14].

It is important to add that in some cases, the brine
undergoes treatment, depending on local environmental
guidelines and on the disposal option selected. These
include, but are not limited to, disinfection, aeration, dega-
sification, and other processes [15]. The ideal target would
be to minimize liquid effluent and recover useful or valu-
able products from the brine, transforming the waste
into commodity [5,16–18]. Some efforts include selling
recovered salts and byproducts, irrigating salt-tolerant
crops, cultivating marine species such as brine shrimps,
and applying the zero liquid-discharge (ZLD) concept
[5,13,19,20]. ZLD can be achieved once the water recovery
reaches 100% approximately, where all the salts are
retrieved and good-quality water is produced [3,17].

Several processes have been proposed for concentrate
minimization [4,6,9,12]. These processes are often inte-
grated with a BWRO or other desalination processes.
These include softening by pellet reactors [21], ion
exchange [22], desalination using an additional RO stage
[23–25], electrodialysis and electrodialysis reversal [9,26–
29], oxidation combined with precipitation [30,31], vibra-
tory shear enhanced process, electrocoagulation, micro-fil-
tration, and ultra-filtration (UF) [7,9,32], microalgae [33],
membrane distillation and forward osmosis [34,35].

Precipitation by lime and soda ash softening has also
been tested for treating RO concentrate in order to aid in
the removal of certain scaling precursors such as calcium,
magnesium, and barium [17,22,24]. This is performed by

direct addition of alkalizing chemicals to the concentrate
[22,36], applying chemically enhanced seeded precipi-
tation of concentrate using gypsum as an intermediate
step prior to secondary RO units [37,38], seeded crystal-
lization [39,40], and intermediate chemical demineraliza-
tion [24,25]. Accelerated precipitation softening resulted
in favorable reduction of major scalants such as silica,
barium, and strontium [41,42].

The use of caustic and soda ash rather than lime and
soda ash has been successfully tested by the authors as a
pretreatment method for the removal of most if not all of
the fouling/scaling species from seawater [43] and BW
[44]. The limited use of chemicals to achieve this pre-
treatment process should result in a limited change in
the types of pollutants that will appear in the brine,
specifically the absence of disinfectants and their bypro-
ducts, conventional coagulants, antiscalents, antifoam-
ing agents, with reduced quantities of biocides,
ammonia, and hydrogen sulfide. As for heavy metals,
precipitation softening is recorded to have been very
effective in removing such metals [45,46]. The use of sea-
water bittern has also been found to be very effective in
the removal of a variety of solids from alkalized effluents
[47–49]. Whilst the use of chemicals for the removal of
fouling species has been investigated for BWRO reject
streams, a systematic evaluation of the most optimal
conditions (type of chemicals, ratio of chemicals, pH con-
ditions, and temperatures) necessary for the removal of
fouling species from BWRO rejects has received scarce
attention in the literature. The experimental study at
hand attempts to address this issue and endeavors to
(a) evaluate the effectiveness of a one-step process
employing several pH-adjusting chemicals to remove
precipitating constituents from the BWRO brine, (b)
select the optimal combination of chemicals, and (c)
determine the optimal operating conditions in terms of
removing a large percentage of the scaling/fouling
species. In this context the treatment of BWRO brine by
the proposed method will serve as an intermediate treat-
ment step prior to a second-stage BWRO leading to a
higher water recovery for the overall RO system. This
will reduce the total amount of reject water to be sent
back to the environment and may prove to be a viable
approach for the disposal of an end product which
meets stringent brine discharge parameters.

Materials and methods

BWRO brine sample collection and analysis

All of the BWRO brine samples were collected from a
pilot plant system located at the American University
of Beirut’s (AUB) Chemical Engineering Laboratory
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facilities. The pilot plant was desalinating water from a
moderately saline BW well located in the vicinity of
AUB, Beirut, Lebanon. The samples were collected on a
weekly basis in 20 L containers that were cleaned and
rinsed with the brine twice beforehand.

Tests conducted on the BWRO brine water samples
were based on standard methods [50] where the follow-
ing measurements were recorded: pH, temperature, con-
ductivity, total dissolved solids (TDS), total suspended
solids (TSS), volatile suspended solids (VSS), calcium,
magnesium, silica, iron, boron, strontium, barium,
sodium ions, potassium ions, and fecal and total coliform.
The HACH method 8014 was used for measuring barium.
The experimental study was carried out at the Environ-
mental Engineering Research Center at AUB, over a
year’s time, with a total of 9 months of uninterrupted
laboratory work. The characteristics of the collected
BWRO brine are shown in Table 1.

Selection of alkalizing chemicals

Three alkalizing chemicals, lime (Ca(OH)2), caustic soda
(NaOH), and soda ash (Na2CO3), as well as combinations
of Ca(OH)2 with Na2CO3 and of NaOH with Na2CO3, were
used in testing for the removal of the components inves-
tigated in this study. To this effect, a preliminary investi-
gation was conducted through a series of six titrations
on the sample water with each of the proposed alkalizing
agents, followed by the evaluation of Ca and Mg removal
efficiencies. The water temperatures and pH values were
recorded during the titrations, and the calcium and total
hardness were analyzed. Ultimately, the agent or combi-
nation of agents that best achieved the required pH and
optimal pollutants removal was selected for further evalu-
ation as the final alkalizing agent/agents tobe adopted for
the consequent experiments.

Upon selection of the optimal chemical, which in this
case was determined to be the combination of 1 N
NaOH and 1 N Na2CO3 as noted in Table 2, further tests
were performed to determine the optimal pH and chemi-
cal ratios needed to achievemaximum removals of the Ca
andMg. For this purpose series of tests were conducted to
cover a range of pH values (9.5, 10.5, 11.0, 11.5, and 12)
and a range of alkalizing chemical (NaOH:Na2CO3) ratios
(1:1, 1.25:1, 1.5:1, 2:1, 2.5:1, 3:1, 3.5:1, 1:1.25, 1:1.5, 1:2,
1:2.5, 1:3). An additional series of titration tests were per-
formed for the different alkalizing chemical ratios in order
to determine the concentration of chemicals needed to
attain different pH values. Figure 1 shows the amounts
of alkalizing chemicals NaOH:Na2CO3 at a ratio of 2:1
and 25°C needed to attain different pH values, while the
results recorded at all the ratios are shown in ESM Table
S1 and Figure S1. For further clarification, ESM Table S2
is presented to indicate the ratios of a dosage of 1 mL of
titrant and their equivalent in mg/L of NaOH and Na2CO3.

Experimental procedure

The experiments were carried out using the standard jar-
test apparatus (Phipps and Bird Model 7790–300 Six
Paddle Stirrer). Starting with a rapid mixing phase of
1 min at 100 rpm, followed by slow mixing at 30 rpm
for 20 min, alkalizing agents were added to the
samples until the desired pH is achieved. The flocculated

Table 1. Composition of the BWRO brine samples collected for
the experimental study.

Parameter Unit
Number of
observations Mean

Standard
deviation

pH pH units 11 7.4 ±0.1
Temperature °C 11 25.5 ±1.9
Conductivity mS 2 15.3 ±0.3
TDS
(gravimetric)

mg/L 6 9053.3 ±539.9

TSS mg/L 4 44 ±24
VSS mg/L 5 20.0 ±9.6
Alkalinity
(bicarbonate)

mg/L as CaCO3 7 117 ±59.1

Ca hardness mg/L as CaCO3 18 1197 ±130.7
Ca2+ mg/L 18 478.8 ±52
Mg hardness mg/L as CaCO3 18 2111 ±182.0
Mg2+ mg/L 18 512.5 ±44
Total hardness mg/L as CaCO3 18 3273 ±166.5
Sulfate mg/L 6 125 ±53
Chloride mg/L 14 5489 ±216.0
Silica mg/L as Si 17 6 ±1.4

mg/L as SiO2 17 13.1 ±4.6
Fe mg/L 4 0.041 ±0.004
Boron as B (mg/L) 6 2.1 ±0.2

as H3BO3

(mg/L)
6 11.9 ±1.4

Strontium mg/L 7 7.5 ±2.2
Barium mg/L 4 BDLa BDLa

Na mg/L 5 2842.7 ±349.7
K mg/L 2 35.2 ±1.4
Fecal coliforms CFU in 100 mL

After 24 h
3 0 0

Total coliforms CFU in 100 mL
After 24 h

3 0 0

aBDL, Below detection limits.

Table 2. Results of preliminary study for the removal of Ca and Mg using different chemicals.
Chemicals Ca(OH)2 NaOH Na2CO3 2NaOH:1Na2CO3 2Ca(OH)2:1Na2CO3

Concentration 1 M 1 N 1 N 1 N:1 N 1 M:1 N
Sample temp. 20.7 ± 0.5 23.7 ± 0.5 23.5 ± 1.8 23.6 ± 0.7 23.1 ± 1.3
pHb 12.1 ± 0.1 12.1 ± 0.2 11.33 ± 0.2 12.0 ± 0.1 12.02 ± 0.1
Ca % removal 0a 65.5 ± 3.5 100 ± 0.0 99.9 ± 0.1 0a

Mg % removal 84.8 ± 6.9 91.0 ± 6.0 66.4 ± 6.4 97.1 ± 0.4 73.5 ± 4.3
Dose (mL/100 mL) 2.56 5.51 265.92 8.34 4.26
aHigher concentrations for Ca were recorded.
bThe selected pH is based on previous studies.
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samples were left to settle for around 60 min. When the
jar tests were conducted at 10°C and 30°C, fitted poly-
styrene jackets were used so as to control possible vari-
ation to the test temperature. pH and temperature
were monitored at regular intervals throughout the
experimental time. In this regard, limited pH reductions
were observed, which may be attributed to the presence
of dissolved CO2 in the form of carbonic acid (H2CO3)
that results in reducing the pH [43,51].

The selected ‘optimal’ chemical combination (NaOH:
Na2CO3) at a 2:1 ratio was used in successive tests at
three different temperatures (10°C, 25°C, 30°C) and at
three pH values (10.5, 11, 11.5) in order to determine
the effect of temperature and pH on the removal efficien-
cies of the different pollutants. Additional tests were con-
ducted at five different temperatures (10°C, 15°C, 20°C,
25°C, 30°C) for each of the five different pH values (9.5,
10.5, 11, 11.5, 12) to further elaborate these effects.

At the end of the settling period supernatant samples
were withdrawn while ensuring that the settled layer was
not disturbed and the samples were analyzed for the tar-
geted parameters.

Analytical procedures

The experimental data were analyzed using the software R:
The R project for Statistical Computing. The Shapiro–Wilk
test for normality of data was applied, along with the Bar-
tlett test for the homogeneity of variances. One-way and
two-wayanalysis of variance (ANOVA) testswereperformed
on every parameter as well, and the null and alternative/
experimental hypotheses were defined as follows:

. H0: The suggested treatment (pH and/ or tempera-
ture) has no effect on the parametric removal
efficiency

. Ha: The suggested treatment (pH and/ or temperature)
has an effect on the parametric removal efficiency

After significant findings were extracted from ANOVA,
single and multiple linear regressions were conducted
as well with the aim to assess the linear relationship
between the predictor variables of pH and temperature
and the response variable, which is the removal effi-
ciency of the key contaminants.

The United States Geological Survey’s modeling soft-
ware, PHREEQC (version 2.18.3.570), was used for specia-
tion and saturation-index calculations where at each pH
experimental point, the initial concentrations and the
concentrations of the alkalizing chemicals were inputted
into the program to determine saturation levels and the
nature of the precipitated compounds.

Results and discussions

Optimal alkalizing chemical ratio

Table 3 presents the results for the residual concen-
trations of Ca2+ and Mg2+ for experiments conducted
at different chemical ratios of 1 N NaOH :1 N Na2CO3

and at five different pH values at a temperature of 25°
C. The results indicate that there are several combination
ratios and pH values that will lead to very low residuals of
calcium and magnesium ions, that is, to good removal

Figure 1. The variation of brine pH with volume of the alkalizing
chemicals (NaOH:Na2CO3) at a 2:1 ratio.
Note: *For concentration of titrant expressed in mg/L refer to ESM Table 2.

Table 3. Residual concentrations of Ca and Mg ions at different pH and NaOH:Na2CO3 ratios.
Ratio ofa pH = 9.5 pH = 10.5 pH = 11 pH = 11.5 pH = 12

NaOH:Na2CO3 Ca2+ Mg2+ Ca2+ Mg2+ Ca2+ Mg2+ Ca2+ Mg2+ Ca2+ Mg2+

(1/3) 24.10 449.55 32.06 345.06 4.01 46.17 0.00 29.16 0.00 24.30
(1/2.5) 112.22 417.96 48.10 359.64 4.01 48.60 2.00 32.81 0.00 24.30
(1/2) 120.24 364.50 60.12 328.05 4.01 46.17 2.00 32.81 0.00 24.30
(1/1.5) 160.32 352.35 100.20 298.89 16.03 38.88 2.00 27.95 0.00 24.30
(1/1.25) 126.25 348.71 120.24 267.30 14.03 42.53 8.02 41.31 0.00 16.52
(1/1) 128.26 359.64 120.24 267.30 18.04 49.82 8.02 55.89 0.00 97.20
(1.25/1) 128.26 359.64 112.22 277.02 16.03 38.88 14.03 52.25 30.86 93.07
(1.5/1) 140.28 340.20 112.22 247.86 0.00 48.60 24.05 48.60 16.03 14.58
(2/1) 140.28 340.20 120.24 223.56 0.00 36.45 0.00 24.30 0.00 14.58
(2.5/1) 160.32 328.05 152.30 150.66 16.03 41.31 4.01 48.60 0.00 14.58
(3/1) 160.32 303.75 148.30 153.09 32.06 89.91 31.26 41.80 8.02 9.72
(3.5/1) 168.34 286.74 160.32 97.20 40.08 72.90 20.04 48.60 12.02 6.08
aTests conducted at 25°C.
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percentages of Ca2+ and Mg2+: 1.5:1 ratio at pH = 11,
2.5:1 ratio at pH = 12 and 2:1 ratio at pH values of 11,
11.5, and 12. Given that the 2:1 volumetric ratio of 1 N
NaOH:1 N Na2CO3 yields excellent removal results over
a range of pH values, this ratio was selected as the
‘optimal’ alkalizing combination to be used in the jar-
test experiments.

Removal efficiencies of fouling species at various
operating conditions

The removal percentages of calcium, magnesium, silica,
strontium, and boron at several temperatures and pH
values are shown in Table 4, while a plot for the
removal percentages of calcium and magnesium for a
wider range of temperatures and pH values is shown in
Figure 2.

It is evident from Table 4 that the percentage
removals for Ca and Mg increase with the increase in
pH from 10.5 to 11.5, reaching their maximum removals
of 99.77% and 96.61%, respectively, at pH = 11.5. Consist-
ently, the one-way ANOVA showed that pH had a major
effect on the removal efficiency of Ca and Mg (p-values
for all three parameters were <.05).

For a particular temperature, the percentage
reduction of Ca and Mg increases as the pH of the
system increases. It is depicted from Figure 2 that for
the higher ranges of temperatures (25°C and 30°C), Ca
precipitation starts at pH values lower than 9.5 while
Mg precipitation is initiated at a pH of approximately
10.5. However, and for the higher temperature values,
substantial removals of Ca and Mg (>80%) are achieved
at a pH value around 11.0 with almost complete precipi-
tation at pH = 11.5. The strong dependence of calcium
carbonate solubility on the operating pH value is in
agreement with previous research reported on BWRO
brine, brackish, and seawater, while the precipitation of
magnesium in the form of magnesium hydroxide at
operating pH values larger than 10.5 has also been
extensively reported [24,42–44].

Removal of strontium showed similar pH depen-
dence to Ca2+ and Mg2+ removal where, for a particular
temperature, the removal rate of strontium increased
with the increase in pH with the highest removal rate
of 71.6% recorded at pH = 11.5 and 25°C. This phenom-
enon is in line with the work of Rahardianto et al. [42],
Gabelich et al. [24], and Gabelich et al. [25] for BW brine
and is attributed to the co-precipitation of strontium
(probably in the form of carbonate) with the increased
precipitation of calcium carbonate at the higher pH
values.

In contrast to observations for precipitation softening
in seawater [43] where removal rates of calcium and Ta
bl
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magnesium at a temperature of 10°C and pH = 10.5 were
relatively high (71% and 84%, respectively), removal
rates of calcium and magnesium for the BWRO brine at
the same operating point were much lower (35.4% and
2.4%, respectively). This difference may be explained
by the fact that the ratio of Mg:Ca in the seawater
system is much higher than that for the BWRO brine
system (4.85 versus 1.77 on a molar basis) and the satur-
ation indices for the potential precipitating species are
higher for the seawater system. Nevertheless, and as
can be seen from Table 4 and Figure 2, the increase in
removal percentages of calcium with the increase in
temperature was evident and, given the inverse solubi-
lity of the precipitating calcium salts, not surprising. On
the other hand, and similar to precipitation of mag-
nesium in seawater, the dependence of magnesium
removal on temperature is not as evident as that for
calcium. This may arise as a result of the interactions
between competing or co-precipitating salts and is a
phenomenon that is not, at present, very well under-
stood. Statistically significant differences in Ca and Mg
removals between different operating temperatures
were recorded (p-value < .05)

For experiments conducted at 25°C, the percentage
removal of silica increased with pH peaking at 91%
removal at pH = 11 and dropping to 67% at pH = 11.5.
A similar trend was observed for experiments conducted
at 30°C. The trends for boron removal percentages were
identical to those of silica where the percentage
removals peaked at pH = 11.5. These observations are
in line with a number of previously reported studies
where, at pH > 10.0, boron and silica removal occur as
a result of these compounds being adsorbed onto the
surface of magnesium hydroxide, and becoming incor-
porated into the crystalline structure of magnesium
hydroxide or by forming low solubility magnesium sili-
cates [52–54]. The observations for the experimental
results at pH≤ 11.0 lend credence to the above postu-
lates, however, fail to explain the experimental results
at pH = 11.5, where highest percentage removal of mag-
nesium occurs but the percentage removals of both
boron and silica are lower than those observed at pH =
11.0. This reduction in the percentage removal of silica
may arise as a result of repulsion forces and the for-
mation of more soluble silicate and borate complexes.
For experiments conducted at 10°C, the removal of
silica followed the trend hypothesized in the literature,
that is, percentage removal increased with the increase
in pH reaching a very high 92.6% removal at pH = 11.5.
According to the ANOVA test, no statistically significant
differences were observed in SiO2 removal efficiencies
between the different pH values tested at T = 25°C,
whereby the p-value was .868. However, the difference
in H3BO3 removal between the experimental pH values
was statistically significant (p-value = .0123).

Saturation levels of the brine minerals

Table 5 summarizes the saturation levels, expressed as
the log of the saturation index (logSI), for the minerals
that may have precipitated from the brine at various
pH values. It should be noted that a (logSI) value
greater than 0.0 signifies a tendency for the salt to pre-
cipitate. The (logSI) values for the calcium carbonate min-
erals as shown in Table 5 indicate that these minerals will
precipitate at all pH values, while strontium carbonate
(strontianite) will precipitate at pH value greater than
8.5. Magnesium in the form magnesium carbonate (com-
bined with calcium as Dolomite) will also precipitate at all
pH values. The (logSI) of the sulfate compounds of
calcium and strontium are negative throughout the pH
range indicating that calcium and strontium minerals in
the sulfates form will remain in solution. It is interesting
to note that the (logSI) of SiO2 is negative for all pH
values, indicating that the silica is unlikely to precipitate
in its pure form with the increase in pH.

Figure 2. Removal of fouling species at various operating con-
ditions (a) removal of calcium and (b) removal of magnesium.
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The impact of pH on the removal of calcium and
magnesium ions

Calcium carbonate precipitation has been reviewed by
Morse et al. [55]. The mechanisms and rate of precipi-
tation of calcium carbonate depend on a number of par-
ameters such as temperature, saturation state, salinity,
and concentration of other ions. Given the complexity
of the brine solution, the synergistic, antagonistic, and
competing effects of several co-precipitating salts, a dis-
cussion of the mechanisms involved and the order of the
precipitation reaction rates (where they for calcium car-
bonate or magnesium hydroxide) will be limited to
observations of the rates of precipitation.

The variation of the calcium and magnesium ion con-
centrations in the brine solution with time is shown in
Figure 3. At the higher pH values (11.5 and 12), where
the super-saturation values of calcium and magnesium
ions are higher than the super-saturation values of
these same ions at the lower pH values (8.5 and 9.5),
higher removal percentages of calcium carbonate and
magnesium hydroxide were observed. Additionally, the
higher initial super-saturation levels lead to faster pre-
cipitation kinetics. However, at these elevated pH
values the reduction in the calcium concentration
occurred at a higher rate than that of magnesium
where 93% of the calcium ions in solution were
removed after 30 s compared to 75% for magnesium
ion removal. This observation contrasts with the results
of a previous study on seawater where similar removal
percentages were achieved after 5 min and where mag-
nesium exhibited the faster decline rate [43]. The precipi-
tation rates recorded in this work are comparable to
those reported by Rahardianto et al. [42] for a slightly
less saline BWRO concentrate.

Advantages and limitations of the treatment
process

As a BWRO brine treatment option, the proposed chemi-
cal treatment scheme leads to the almost complete

Figure 3. Precipitation kinetics for calcium and magnesium: (a)
Ca2+ at various pH values, (b) Mg2+ at various pH values, and
(c) Ca2+ and Mg2+ at pH11.5.

Table 5. Log saturation indices (log SI) for minerals that may precipitate from BWRO brine.

Mineral Formula
Brine

pH = 7.4
Alkalized brine

pH = 8.5
Alkalized brine

pH = 9.5
Alkalized brine

pH = 10.5
Alkalized brine

pH = 11.0

Anhydrite CaSO4 −1.74 −1.74 −1.74 −1.74 −1.74
Aragonite CaCO3 0.13 0.17 0.87 1.25 1.3
Calcite CaCO3 0.27 0.31 1.01 1.4 1.45
Celestite SrSO4 −1.43 −1.43 −1.43 −1.43 −1.43
Dolomite CaMg(CO3)2 0.95 0.98 2.38 3.14 3.24
Gypsum CaSO4:2H2O −1.54 −1.52 −1.52 −1.52 −1.6
SiO2(a) SiO2 −1.34 −2.34 −2.36 −2.38 −2.34
Strontianite SrCO3 −0.86 −0.09 0.34 0.62 0.89

Note: (log SI) = (logIAP−logKsp), where SI, IAP and Ksp are the solubility index, ionic activity product and the solubility product of a particular salt in solution,
respectively.
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elimination and/or substantial reduction in the concen-
tration of several contaminants and a number of poten-
tially fouling species, conditions that will lead to an
increase in the overall recovery of desalination systems,
via the use of a high-recovery second-stage RO. This
will lead to substantial reductions in the volume of the
discharged brine. On the other hand, in the case of
excessive chemical use, the process can incur further
costs and render the sludge hard to manage. It would
be interesting to further explore sludge considerations,
since the presence of heavy metals like boron, iron,
and others, can notably affect the quality of this end
product [17,56]. Moreover, a cost–benefit analysis of
this process as a BWRO brine treatment scheme is
crucial in order to assess its effectiveness and feasibility
as an alternative to other options.

Conclusion

The purpose of this research was to evaluate the optimal
conditions (alkalizing chemicals, dosages required, pH,
and operating temperature) to be adopted for the
removal of potential fouling species from BW RO concen-
trate using chemical addition. The key results of this work
are summarized below:

. The use of a combination of 0.1 N-NaOH and 0.1 N-
Na2CO3 in a 2:1 ratio at a pH = 11.5 and operating
temperature of 25°C gave rise to the largest removal
percentages for almost all of the potentially fouling
species present in the BWRO concentrate. Silica was
the only exception where the maximum removal per-
centage occurred at pH = 11.0

. At T = 25°C, Ca, Mg, and Sr removals were the highest
at pH = 11.5. As for silica and boron, their optimal
removals were achieved at pH = 11, followed by pH
= 11.5. pH showed a statistically significant effect on
Ca, Mg, and Sr removal, but it did not significantly
impact SiO2 and H3BO3 removal.

. At T = 10°C and for the pH range considered, Ca, Mg,
and Sr removals percentages were unsatisfactory, com-
pared to the removals achieved at higher temperatures.

. At T = 30°C, Ca and Mg removals were at their absol-
ute maximum levels at pH = 11.5. The highest silica
removal was at pH = 10.5, while that of boron was
recorded at pH = 11.5. The highest removal of Sr was
accomplished at pH = 11.5, but it was slightly lower
than that at 25°C.

. As well established results reconfirm Ca and Mg to
have statistically significant trend of improvement of
removal with temperature increase.

. Some inconsistencies were observed with regards to
the expected variation of Si removal efficiency

versus pH (in parallel to Mg removal) and temperature
variation. Explanations for these observations are not
possible at this stage; however, further experiments
with a larger sample size are required to verify this
phenomenon, to eliminate the possibility of exper-
imental or instrumentation errors and to proffer a
physico–chemical explanation.
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