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ABSTRACT

Reverse osmosis (RO) technologies present a solution for water scarcity in many parts of the world
where brackish water exists. Antiscalants act as a pre-treatment water additive for the RO plants
in order to protect the membranes from scaling. This paper presents field and experimental lab
works to examine the effects of antiscalants on the small and medium-scale brackish RO desali-
nation plants under real operation conations. To assess the impact of the different antiscalants, a
sample of 50 RO desalination plants has been selected along the Gaza Strip, Palestine. The evalua-
tion process was based on three steps: (i) RO plant’s operational questionnaire, (ii) water samples
collection and chemical water quality analysis and (iii) built a generalised linear model for oper-
ational process optimisation based on the antiscalants’ type, dilution and dose. According to the
optimization model to maximize the pollutants’ removal, the results show that in order to reach
the maximum salts rejection (98%) the first type of antiscalant (polyphosphates) should be used,
at 1 ppm concentration with a dilution of 2 L of antiscalant to 250 L of water. However, using the
second type of antiscalant (phosphonates) with the same dose and concentration would lead to a

92% salts rejection.
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1. Introduction

Desalination contains a wide range of processes that are
utilized to reduce the dissolved salts in water. Desalination
can provide a reliable unconventional source for water
supply worldwide, especially where there is water scar-
city. The desalination process has been applied for many
decades with precise technical and economic feasibility
[1,2]. There are several conventional methods of desali-
nation, such as multi-stage flash, multi-effect distillation,
and reverse osmosis (RO). RO has been developed to
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be a robust technique for sustainable water [3-6]. Many
groundwater sources would have moderate-to-high dis-
solved salts, due to many reasons such as seawater intru-
sion phenomena in the coastal aquifers [7-9] or the direct
contact with rocks and formations that would increase the
salt concentrations in the groundwater in particular in the
areas that characterized with low rainfall, which leads to
less recharge to the groundwater aquifer [10,11]. Brackish
water forms as a result of the high dissolved salts and
are not suitable for drinking and irrigation purposes, and
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that leads to the use of different desalination processes to
produce good quality water [12,13]. Groundwater aqui-
fer is considered the primary water supply source in the
Gaza Strip (domestic, industrial and agricultural purposes)
[14,15]. However, groundwater has declined in both qual-
ity and quantity because of low rainfall rates, the increase
in the urban areas which led to a decrease in the recharge
volume of the aquifer, also the increase in the population
and the seawater intrusion phenomena [16,17]. The major
crisis associated with groundwater for future sustainability
is the increase in salinity due to seawater intrusion.

Reverse osmosis is extensively used as the preferred
technology for brackish water desalination plants in the
Gaza Strip. Distilled water serves as an alternative water
resource for supplying drinking water for the communi-
ties in Gaza Strip through small to medium scale brackish
water RO private desalination plants [18,19]. Mainly, reverse
osmosis is used because of the simplicity of the process,
the high-end product quality, and it can handle the salin-
ity of the available feedwater [20]. However, the major-
ity of desalination RO plants have problems with fouling
caused by inorganic scales and the scaling influenced by
the precipitation of salts onto the membrane surface, which
results in reducing the permeate flow [21].

Surface water and groundwater contain ions such as
calcium, sulphate and bicarbonate which lead to the depo-
sition of salt minerals on the RO membranes’ surfaces,
which is commonly known as scaling [22]. Depending on
the feed water source, the scale deposits may consist of salts
such as CaCO,, CaSO, and SiO, [23]. Scales fall under the
categories of alkaline, non-alkaline, and silica-based, with
non-alkaline scales more challenging to remove than alka-
line scales [24]. The most common non-alkaline scale is cal-
cium sulphate and is typically prevented by maintaining
unsaturated conditions. Another typical scaling is calcium
phosphate, which is most effectively treated by acidification
of the feed water. Silica scale can be prevented by either pre-
treatment or acidification [25]. In general, scale formation
leads to operational and maintenance problems and loss of
efficiency. In the RO systems, scaling of membranes results
in decreasing the plant efficiency and that leads to higher
power consumption because of the need for higher pump-
ing pressures. The cost due to scaling may be equivalent
to about 10% of the capital cost of the plant [26]. To tackle
membrane scaling, there are many techniques for scaling
removal, as mentioned before. However, the most used
techniques are the addition of acid or antiscalants materials
[27,28]. Antiscalant is typically polyelectrolytes with vari-
ous functional groups to target different scaling problems.
The choice of the type and dosage of antiscalant is highly
dependent on the source water characteristics [29].

This research paper assesses the effects of different
commercially available antiscalants on the efficiency and
productivity of small to medium scale brackish RO desali-
nation plants utilizing field, and experimental lab works
to examine the effects of antiscalants under real operation
conations. The evaluation process was based on three steps
(i) RO plant’s operational questionnaire, (ii) water sam-
pling collection and chemical water quality analysis and
(iii) built a generalised linear model for operational process
optimisation.

2. Materials and methods

To assess the impact of antiscalant on RO desalination
plants in the Gaza Strip and study their effect on the qual-
ity of desalinated water, the flowchart shows the research
methodology as shown in Fig. 1.

The continuous dramatic increase in salinity of the
groundwater source in the Gaza Strip that feeds into the
small-scale desalination plants is a unique situation that
causes an overload on those plants. Due to this unique-
ness, this paper aims to investigate the relationship and
the possibility of determining the effectiveness of inhibi-
tors in terms of salt retention degree and other operational
parameters. This is a fundamental investigation in the
optimization of the maximum removal of salts in relation
to the type of antiscalant and how that would affect the
overall RO efficiency.

A survey for private and public brackish desalination
plants in the Gaza Strip was conducted to gather the opera-
tional conditions data. All workable RO desalination plants
in the Gaza Strip were 159 plants distributed from North to
South of the Gaza Strip. The target group of RO desalina-
tion plants for this study was statistically calculated using a
sample size equation to have a represented sample. The sta-
tistical sample size was 50 plants distributed along the Gaza
Strip, as shown in Fig. 2 and Table 1. For this study, the sam-
pled RO desalination plants are evaluated based on three
steps (i) operational conditions questionnaire, (ii) water
samples collection and analysis and (iii) built a generalised
linear model for optimising the operational conditions.

Statistical RO plants sample size calculation (50 plant)

Built questionnaire for RO plants survey

Sample collection from source water and
desaliated

Chemical lab analysis for samples

Statistical analysis for chemical and
questionaire results

Check the Statistical results validation

Quality assurance and quality control process for the
chemical and statsitical analysis

Fig. 1. Research methodology flowchart.



14

35°00"E 40°0'0"E

A.S. Gharbia et al. | Desalination and Water Treatment 224 (2021) 12-20

45°0'0"E £

:2 HEIOTE Mo
o =
=" b grounm nmi:-\.\_ ] ’
E :.% ;S‘/ I Sample location I
3
Turkay 3
' North
{ N £ NI
?I Gaza " -4, Ii
# -y 0 o i
= o pri y
2 o I Mid I
) Iran |Isfamic Repstdh off &% i b
Iran "
g_:) World Borders Khanyunis = * .
ra Fa
* Cities : 4 t
: k! i
= Geogrid I I
% Rivers ﬁ X S
EZ‘I ;"3‘ RO Samples
Lakes =] I Rafah
Saudl AT
Asia a .
i 1 -;- 5 E in "'M‘ ;
Continents 5 0 5
A5°00"E 40°0°0"E A5°0'0"E e WAL —

Fig. 2. RO sampling location map.

Table 1
Numbers of selected RO plants by governorate

Governorate No. of RO % No. of selected
plants plants

North 22 14% 7

Gaza 55 36% 18

Mid 28 18% 9

Khan Yunis 36 23% 12

Rafah 13 8% 4

Total 154 100% 50

Water sampling and analysis have been performed
according to the standard methods for the examination
of water and wastewater [30]. Two sizes of samples were
collected from each RO plant, a 500 mL and a 2 L polyeth-
ylene. The 2 L samples were used for physical and chemi-
cal analysis of the desalinated water. The desalinated water
samples were collected immediately after the membrane
stage and before any post-treatments were applied, the
RO plants membranes types were not taken into account
through this study. The 500 mL samples were collected from
the feedwater to the RO plants. All the collected water sam-
ples were analyzed immediately after collection. During
the sampling and in order to prepare a statistical represen-
tative sample from each desalination plant, one input and
one output sample from the 50 desalination plants, were
collected twice every day for one week for both the desali-
nated water and the feed water. The samples were cumu-
latively collected at the starting time and the end of the
working day on one container for both desalinated water

and feed water. After then, these samples were mixed to
have 50 samples for desalinated water and 50 samples for
feed water and analyzed. For each desalination plant and
every day for one week, the following physical param-
eters were measured: pressure, water flow rate which
refers to the efficiency of RO membrane, power consump-
tion, number of working people and the antiscalants’
type, dilution and dose. Also, for each sample from each
desalination plant (for both the desalinated and the input
water), the following chemical analysis was performed:
total dissolved solids, pH, electrical conductivity and con-
centration of chlorides, calcium, magnesium, sodium, sul-
phates and nitrates. A sample of the used antiscalant at
each desalination plant was collected and analyzed using
IR spectroscopy and pH meter to determine the antiscal-
ants’ chemical composition and sort the local antiscalant
type according to it. All the chemical analyses were carried
out in the Laboratories of Al-Azhar University, Facility of
Science, Chemistry Department (The Research Lab).

The data was compiled, statistically analyzed, mod-
elled and presented using R-Studio. Mainly the descriptive
statistical analysis was performed for the collected data-
set to describe the main features of the data and to study
the bivariate relationships among the variables.

Generalized linear models are extensions of traditional
regression models that allow the mean to depend on the
explanatory variables through a link function, and the
response variable to be any member of a set of distribu-
tions called the exponential family (e.g.,, Normal, Poisson,
and Binomial). R-Studio data-driven generalized linear
optimization model was trained to test the statistical signif-
icance of the different parameters and to optimize the real
operational conditions to maximize the pollutant remov-
als in the RO desalination plants. The trained optimization
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model was based on optimizing the real operation conditions
of the antiscalants’ type, dilution and dose.

3. Results and discussions
3.1. Antiscalants analysis

The antiscalants’ samples taken from the desalina-
tion plants were imported from 2 companies and they
distributed for all workable RO desalination plants, these
samples of antiscalants have been analyzed using IR spec-
troscopy and pH meter in order to classify them into their
types. In order to categories, the antiscalants’ groups, the
chemical composition of each sample analyzed using IR
spectroscopy, which is typically used to determine the
functional groups in molecules. In general, all the sam-
ples can be categorized into two types of antiscalants with
various functional groups to target different scaling prob-
lems. Both antiscalants are strong acidic materials, which
can save RO membranes from the precipitation of salts.
The antiscalants types were found as follows:

* Antiscalant (1): polyphosphates with pH equals to 4,
Fig. 3.

* Antiscalant (2): phosphonates with pH equals to 4.5,
Fig. 4.

By comparing the studied antiscalant composition
results with other studies which give similar chemical
composition and acidic pH behavior. Amjad [31] studied
the impact of antiscalants on the calcium sulfate dihydrate
crystallization forms at 25°C, polyphosphates, phospho-
nates, polystyrene sulfonate, polyacrylamide, polyacry-
late antiscalants which were applied in this study. And
Rosenberg et al. [32] studied the effect of using phosphonate
antiscalant at acidic pH on the gypsum scale (CaSO,2H,0)
scale deposition which caused a reduction in the pH at
reject-brine when a strong acidic effluent has added.

3.2. Statistical analysis for water quality samples

Water quality samples were collected as described. In
the previous section from desalination plants as 50 samples
from feed water and 50 samples from desalinated water.

3695.35,96.19

55 3407.75,63.70

2356.08,84.43 1648.52,75.20

The samples were analyzed for the water quality evalua-
tion purposes concerning permeate including pH, electri-
cal conductivity, chlorides, nitrate, magnesium, calcium,
sodium and sulphates. Tomaszewska et al. [33] illustrated
that numerical modelling has a high level of assurance for
estimating precipitation phenomena because it depends
on the process factors like pressure and temperature, and
a related to the physicochemical properties of feedwater.
The modelling of phenomena related to the forecast of
membrane scaling should also depend on water type and
the dose of antiscalants. Antiscalants activated with chem-
ical reactions on the membrane surface produce new, var-
ies mineral forms causing a drop in membrane efficiency.
Table 2 shows the results of the descriptive statistical
analysis for the chemical analysis for the feed water, which
indicates that the feed water was in general, a weak base
with average pH (7.8). This pH level is considered as a com-
mon trend for the RO desalination plants” water wells, and
it meets the WHO standards for water quality (pH (6.5-8.5))
[34]. The majority of the feed water samples’ electrical con-
ductivity has a high level of EC, more than 2,500 ms/cm. The
feed water of all plants was found to have a high concentra-
tion of chlorides, nitrates, calcium, magnesium, sodium and
sulphates, which all exceed the standards levels of the WHO.

Fig. 5 shows the Piper diagram for all the feed water
samples categorized by the different governorates; the
Piper diagram is used to understand the sources of the
dissolved constituents in the water.

However, Table 3 presents the results of chemical
analysis for permeate. The average pH equals 6.5, which
is considered to be a common trend for the RO desalina-
tion process. The electrical conductivity for the permeate
water of all the plants was less than 2,500 ms/cm, which
meets the WHO standards for drinking water. This indi-
cates the high RO efficiency with high salt rejections.
The majority of the permeate water samples from the RO
desalination plants had low concentrations of chlorides,
nitrates, calcium, magnesium, sodium and sulphates well
below the WHO standards for drinking water. The mini-
mum, maximum, mean, standard deviation and standard
error values of all parameters generated data are given
in Table 2. The results presented in this section related to
the permeate water well agree with the work of [35,36].

1279.53,83.36

978.87,51.17

1054.20, 52.05

628.71, 50.51
899.31,39.84
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Fig. 3. Fourier-transform infrared spectroscopy of antiscalant for the antiscalant (1).
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Fig. 4. Fourier-transform infrared spectroscopy of antiscalant for the antiscalant (2).

Table 2
Descriptive statistics for the chemical analysis of the feed water

Parameter N Mean WHO standards Standard error (SE) mean Standard deviation Minimum Median Maximum
pH 50 7.8 6.5-8.5 0.07 0.52 6.5 7.9 8.5
EC (ms/cm) 50 3.08 25 0.19 1.32 0.69 3.29 6.9
Cl- (mg/L) 50 350 250 21 149 72 376 750
NO; (mg/L) 50 134 50 12.3 86.7 20 119 443
Ca”?(mg/L) 50 20 100 3.57 25 4 16.5 180
Mg?(mg/L) 50 726 60 1 7.1 0 433 40
Na*(mg/L) 50 61.1 200 5.2 36.8 10 50 200
SO;*(mg/L) 50 153 250 29 20.3 0 8.35 95.8
A Gaza
Khanyounis
& Mid
North
Rafah

o] oF
Ca Ma+K  HCO3+CO3

Fig. 5. Piper diagram for the feed water quality.

Table 4 shows the calculated average removal pol-
lutants and salts removal. The results presented in Table
4 indicate the high desalination efficiency of the RO
membranes along the Gaza Strip.

The overall average removal percentage has been cal-
culated for each sampled RO desalination plant involving

all the chemically analysed parameters before and after
the RO. Fig. 6 shows the factors which affect the efficacy
of the RO membrane and one can indicate that the RO
membrane efficiency increases by increasing one or more
of the following parameters: the number of operating staff,
production capacity and average working hours. Also,
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Table 3

Descriptive statistics for the chemical analysis of the permeate water
Parameter N Mean WHO standard SE mean Standard deviation Minimum Median Maximum
pH 50 6.5 6.5-8.5 0.1 0.76 5.09 6.54 7.9
EC (ms/cm) 50 0.26 25 0.04 0.29 0.03 0.18 1.9
CI- (mg/L) 50 26.9 250 3.5 24.7 5 18 122
NO; (mg/L) 50 13.9 50 2.6 18.44 0 7.5 93
Ca* (mg/L) 50 1.6 100 0.35 2.45 0.2 1 13
Mg (mg/L) 50 3.9 60 041 2.92 0 3 12
Na* (mg/L) 50 26 200 2.5 17.7 0 23.5 80
SO;? (mg/L) 50 5.79 250 0.9 6.18 0 3.92 34.6

Table 4

Descriptive statistics for the pollutants’ removal (%)
Parameter N Mean SE mean Standard deviation Minimum Median Maximum
CI- (%) 50 90 1 10 51 95 95
NO; (%) 50 86 3 21 23 96 95
Ca*? (%) 50 90 2 13 13 93 98
Mg (%) 50 43 2 13 21 44 98
Na* (%) 50 26 2.5 17.7 0 23.5 80
SO% (%) 50 56 3 24 20 50 98

Mo. of operating staff Capacity of storage(m3) Production capacity(m3/hr) Avarge working hour MNO. of trucks own the plants

60

Pressure pump (bar) Concentration in dose (ppm)

Mean of Average Removal (%)

Fig. 6. Main effect plots for average total removal (%).

one can observe that the efficiency of the RO membrane
decreases by increasing any of the following: the stor-
age capacity, the capacity of the high-pressure pump and
dose concentration of the antiscalant.

Also, Fig. 6 presents a fundamental investigation in the
optimization of the maximum removal of salts in relation
to the unique operational protocols for the small-scale RO
plants in the Gaza Strip which go under the continuous dra-
matic increase of the input water salinity. Fig. 5 represents
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the interaction between operation characteristics that are
concluded from the surveying questionnaires on the oper-
ational protocols of the RO plants. However, it shows there
is a significant high removal percentage associated with
Mid governorate whenever the first antiscalant is used at
a dose of 1 L of antiscalant to 100 L of water to save the
efficacy of RO membrane. Also, Fig. 7 shows that the low-
est removal percentage is in Rafah governorate associated
with the use of the second antiscalant which unsuitable
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Fig. 7. Interaction plot for average total removal (%) with governorate, dilution and suppliers.

for RO membrane in this area. In general, one can notice
that the first antiscalant type performs significantly
better than the second antiscalant type on RO membrane.

3.3. Optimization modelling results

A general linear model was trained using all the
collected data in the previous two steps in order to opti-
mise the ideal working conditions for maximum average
removal of all the pollutants. The trained optimiza-
tion model was based on optimizing the real operation
conditions of the antiscalants’ type, dilution and dose.
The R-square was 0.83, and the root mean square error
was 3.8. The model was targeted to maximize the aver-
age overall removal as a response parameter. The model
had the following parameters as inputs: pressure, water
flow rate, which refers to the efficiency of RO, power
consumption, number of working people and the anti-
scalants’ type, dilution and dose. All the input param-
eters had weight equals to 1 and importance equals to 1
as well, and that was mainly because all parameters had a
significant effect on the functionality of the RO membrane.

The results of the optimization model indicate that to
reach the maximum removal in the Gaza governorate RO
desalination plants (98% salts rejection) the first type of anti-
scalant should be used with 1 ppm antiscalant concentration
and a dilution rate of 2 L of antiscalant to 250 L of water.
However, to get only 92% salts rejection at Rafah governor-
ate RO desalination plants, the second type of antiscalant
should be used with 1 ppm concentration and the dilution
rate of 2 L of antiscalant to 250 L of water. Although, in the
North governorate to reach the 98% salts rejection in the
RO desalination plants the first type of antiscalant should
be used with 1.04 ppm concentration and dilution rate of
2 L of antiscalant to 250 L of water. For the Middle gover-
norate in order to get the 98% salts rejection, the first type
of antiscalant should be used with 1 ppm concentration

and dilution rate of 2 L of antiscalant to 250 L of water.
Finally, to reach the 98% salts rejection at Khan Yunis gov-
ernorate RO desalination plants, the first type of antiscalant
should be used with 1ppm concentration and dilution
rate of 2 L of antiscalant to 250 L of water.

Fig. 8 shows the optimization plots with the optimized
conditions for the maximum removal of all the param-
eters including salts, sulfates, sodium, magnesium, cal-
cium, chlorides and nitrates. The red line corresponding
to each input parameter indicates the optimized condition
to get the maximum removal percentage in modelled RO
desalination plants.

4. Conclusions

This research presents field and experimental lab
works to examine the effects of antiscalants on the small
and medium scale brackish RO desalination plants under
real operation conations. A total number of 100 samples
were collected from 50 RO desalination facilities along
the Gaza Strip, Palestine. Several 50 samples were col-
lected from the feedwater, and the other 50 samples were
collected from permeate. The samples were analysed and
evaluated for pH, total dissolved solids, electrical conduc-
tivity, chlorides, nitrates, magnesium, sodium, sulphates
and calcium. From a water quality point of view, electrical
conductivity, sodium, chlorides, calcium, sulphates and
nitrates concentration levels for the permeate were found
to be within the WHO guidelines for drinking water qual-
ity. All the sampled RO desalination plants were found
to use one of two types of antiscalants; both were strong
acidic materials. The antiscalant types were categorized
as antiscalant (1): Polyphosphates with pH equals to 4
and antiscalant (2): phosphonates with pH equals to 4.5.
A general linear model was trained using all the collected
data in order to optimise the ideal working conditions for
the maximum average removal of all the pollutants. The
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Fig. 8. Optimisation plots with the optimised conditions (highlighted in red) for the maximum removal of the different parameters.

trained optimization model was based on optimizing the
real operation conditions of the antiscalants’ type, dilution
and dose. The two types of antiscalants were found to be
effective in reducing salts precipitation and crystalliza-
tion on the surface of the membrane to save the efficacy of
the membrane. However, the results show that in order to
reach the maximum salts rejection (98%) the first type of
antiscalant (polyphosphates with pH equals to 4) should be
used, at 1 ppm concentration with a dilution of 2 L of anti-
scalant to 250 L of water. However, using the second type
of antiscalant (phosphonates with pH equals to 4.5) with
the same dose and concentration would lead to a 92% salts
rejection and finally, the choice of antiscalant is depend-
ing on the chemical properties of feed water analysis to
determine the water type and suitable type of antiscalant.
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