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ABSTRACT

This research focuses on optimizing the reverse osmosis process applied to water desalination in
the Noor 1 Ouarzazate plant. The purpose of this process is to remove salt from brackish water
from the Mansour Eddahbi dam. A complete factorial design based on four factors, that is, 2, has
been used to evaluate the parameters affecting the desalination efficiency aiming to optimize the
conductivity rejection rate, the calcium rejection rate, the magnesium rejection rate, and the trans-
membrane pressure. Furthermore, a linear mathematical model based on the experimental results
has been carried out to estimate the impact of the different parameters considered and their relative
interactions. As a result, this study reaches the optimal conditions for the reverse osmosis process,
pH is 8, the antiscalant concentration is 6 ppm, the flow rate is 38 m® h™', and the redox potential
is 100 mV. It also shows that the pH, the antiscalant concentration, and the flow rate are the most
statistically significant factors affecting the selectivity of metal ions, while the flow rate is the most
influencing factor on the transmembrane pressure. Thus, the results of experience are applied to the
process and verify the predicted optimal conditions.

Keywords: Noor 1 Ouarzazate; Water desalination; Reverse osmosis; Metal ions removal; Design
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1. Introduction

Over the last few decades, the available water resources
have decreased due to excessive consumption [1,2]. To solve
this issue, seawater or brackish water desalination is one of
the most promising methods for producing freshwater [3-5].

Among the different desalination technologies, reverse
osmosis (RO) is one of the leading filtration techniques cur-
rently available [3,5,6]. It is a demineralization process based
on a semi-permeable membrane to remove the low molecu-
lar weight compounds from water [7,8]. Under the effect of
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a pressure gradient, which allows having two fractions with
different concentrations, the first one that passes through
the membrane is called permeate, and the second one,
which is rejected, is called the concentrate [6,9].

The reverse osmosis applications are numerous. It is used
for brackish water treatment, drinking production, seawater
desalination, a ruse of wastewater, and industrial process
water [6,10,11]. Moreover, reverse osmosis is often used
to produce ultrapure water in the solar power plant [12,13].

Noor 1 is a good example. It is the first project within
the solar energy complex of Ouarzazate City. It uses a par-
abolic concentrating solar power (CSP) technology with
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a capacity of 160 MW. The First National Operation &
Maintenance Company (NOMAC) operates it [14-16].

This technology used in the plant consists of solar radi-
ation that is concentrated by curved mirrors on a tube or
collector through which a heat transfer fluid (HTF) circu-
lates [17-19]. Then, the liquid is used to collect the heat as
thermal energy, transport it to the steam generation system
(SGS), and generate electricity through a turbine generator
[13,19-21].

Water remains an essential element during this pro-
cess. Therefore, effective treatment is required to remove
all undesirable substances in order to obtain demineralized
water [17,22].

Water pretreatment includes hypochlorite disinfection,
coagulation-flocculation, dissolved air flotation, and mul-
timedia system [23,24]. Demineralization of water goes
through three essential steps, it begins with the first reverse
osmosis 1 (RO1), followed by the second reverse osmosis
(RO2), and it ends with electrodeionization (EDI) [14,25,26].

Improving the quality of demineralized water requires
enhancing the quality of each step of the process [26]. In this
study, particular emphasis is placed on the first step (RO1),
considered a decisive stage in the treatment process. In
order to evaluate and improve the efficiency of this process,
it has been relying on an experimental design.

The experimental design is the set of specific experi-
ments determined by a matrix composed of at least two fac-
tors and a minimum of two levels; it should be developed
to obtain the responses [27,28]. The number of experiments
and the levels of the factors studied depends on the estab-
lished matrix. In addition, it allows a more accurate descrip-
tion of the process by considering the possible interactions
between the different factors affecting the process [3,29].

Firstly, the physicochemical composition of the feed
water, the permeate, and the concentrate has been ana-
lyzed. Secondly, an experimental design methodology based
on four factors, the pH, the flow rate, the concentration of
antiscalant, and the redox potential, has been developed to
detect their optimum condition. Finally, this model opti-
mizes conductivity rejection rate, calcium rejection rate,
magnesium rejection rate, and transmembrane pressure.

2. Materials and methods

The experiment was carried at the water treatment
plant (WTP), Noor 1 plant Ouarzazate City, to evaluate
the efficiency and improve the performance of the reverse
osmosis process for metal ions removal from the water.

2.1. Feedwater

The source of the water supply for the solar power
station is the dam Mansour Eddahbi. The feed water reaches
the first reverse osmosis membrane (RO1) after undergo-
ing pretreatment and primary treatment; screening, sand-
blasting, coagulation—flocculation, dissolved air flotation
(DAF), and multimedia filtration [14,15,24].

Reverse osmosis RO1 consists of three trains installed
in parallel. Each train is composed of two stages; the feed-
water passes through the first stage (made up of four
modular series), and the rejection is filtered again through

the second stage (consisting of three modular series) [14].
All the experiments were done on the first train of RO1.

2.2. Membrane treatment

The type of membrane used in each modular of reverse
osmosis 1 was Filmtec BW30XFR-400/34i. Its specifications
are shown in Table 1 [12,30]:

2.3. Chemicals reagents

The feedwater used for the desalination process is
conditioned by adding a certain number of chemicals to
improve downstream processing performance. The anti-
scalant with the commercial name Hypersperse MDC704,
based on phosphonate [31], avoids scaling. Hydrochloric acid
avoids scaling and setting the pH. The antifouling, SMAS
Y-230, prevents biofouling. Moreover, the reducing agent,
sodium bisulfite, removes residual free chlorine [14,25].

2.4. Analytical methods

The ion concentrations in the feedwater, the reverse
osmosis permeate and concentrate solutions were measured
using an analytical kit, HACH Reagents, using the DR3900
Laboratory VIS Spectrophotometer with RFID technol-
ogy. A pH meter HQD Portable was used for pH measure-
ments of the solution throughout the study. The electrical
conductivity and the total dissolved solids (TDS) are mea-
sured by HQD Portable Meters. In addition, measuring and
monitoring turbidity was carried out with a 2100Q Portable
Turbidimeter.

2.5. Data analysis
2.5.1. Efficacy evaluation

The evaluation of the efficiency of treatment by the
reverse osmosis (rejection rate) is calculated by the following
formula [9,11]:

R(%):(Coc_cl’}mo—[l—%]xmo 1)

0 0

where R: rejection rate, also called selectivity; C: con-
centration of the species present in the feedwater (ppm);
C,: concentration of the same species in permeate water
(ppm); C,: concentration of the same species in concentrate
water (ppm).

The membrane flux is calculated using Eq. (2) [32]:

F

I,== @

The recovery rate R_of the reverse osmosis is calculated
by Eq. (3) [11]:

R (%)= %xlOO ®3)

0

the mass of scale formed on the membrane surface can
be calculated using the following mass balance [32]:
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Table 1
Specifications of the reverse osmosis 1 (RO1) membrane

Brand Model Membrane type Active area (m?) Average salt Minimum salt
rejection (%) rejection (%)
FILMTEC Membranes BW30XFR-400/34i Polyamide thin-film 37 99.65% 99.40%
composite

Max. pressure (bar) Max. temperature Permeate flow pH range, continuous Maximum feed Free chlorine
(°C) (m*h) operation silt density index  tolerance

41 45.0 43.3 2-11 5 <0.1 ppm

M, = (]0 xCO)—(]P xCp+ ], ><CR) (4) where a,, a,, 4, @y 4, Gy Gy G,y Gy Ay, and a,, are

where A: active area of membrane (m?); M, : mass of scale
formed on the membrane surface per unit of time (g m?h™);
J,: Flow of water in the feed stream (L m™ h™); ] : the flow
of water in the permeate stream (L m™ h™); J.: the flow
of water in the concentrate stream (L m=h™).

2.5.2. Optimization method

A model based on experimental design methodol-
ogy is used to evaluate the effect of parameters influenc-
ing the efficiency of the reverse osmosis process, using
STATGRAPHICS Centurion XVI software [3].

The experimental design established is the two-level
complete factorial design 2", where the factor number n is
equal to four; pH (X)), antiscalant concentration (X,), flow
(X,), and redox (X,). Thus, this experimental design matrix
has two levels (-1 and 1) and sixteen experiments [3,27].

In this study, four responses were taken into account:
conductivity rejection rate (Y,), calcium rejection rate
(Y,), magnesium rejection rate (Y,), and transmembrane
pressure (Y),).

Tables 2 and 3 show the experimental domain of the
design with values for each factor used in the complete fac-
torial design as well as the low and high levels studied and
the goal of each response measured.

The experimental design model is an equation that cor-
relates the response of a plan with the experimental factors
studied [3]; it is 2-factor interaction with 11 coefficients.
The regression equation with four parameters and their
interactions is as follows:

Y, =a,+a,X +a,X,+a,X,+a,X, +a,X X, +a,XX

i 171 2772 4774 12771772 i13°717 73

+a,,X X, +a,X,X,+a,X,X, +a,X,X )

i14°71° 4 123772473 24772774 134773774

Table 2
Definition of experimental factors

regression coefficients for each response.

3. Results and discussion
3.1. Water analysis

Feed, permeate and concentrate water were ana-
lyzed for six weeks (six samples each) from 23/10/2017 to
27/11/2017. The sample was taken every week. The flow rates
are 53, 39.5, and 13.5 m® h™, respectively, with a rejection
rate of 74.5% during operation.

3.1.1. Physical parameters

Physical parameters monitored are temperature, pH,
conductivity, and turbidity as shown in Fig. 2.

The mass of scale of TDS formed on the membrane
surface of each sample is presented in Table 4 using Eq. (4).

3.1.2. Chemical parameters

Chemical parameters monitored are calcium, magne-
sium, sulfate, iron, chloride, and orthophosphates, as shown
in Fig. 3.

Table 3
Definition of the responses measured

Coded (Y) Responses Goal

Y, Conductivity rejection rate, % Maximize
Y, Calcium rejection rate, % Maximize
Y, Magnesium rejection rate, % Maximize
Y, Transmembrane pressure, bar Minimize

Coded (X)) Factor Range level
Min. value (-1) Max. value (+1)
X, pH 7 8
X, Antiscalant concentration, ppm 0 6
X, Flow rate, m® h™! 39 41
X, Redox potential, mV 50 100
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The average temperature of the water varies between
19°C and 25°C, which is decreased in the last two samples
because of the low temperature these days. The pH of the
feed water ranges from 7.1 to 7.2. The turbidity at the inlet
of the membranes is generally greater than 1 NTU, which
leads to very rapid organic clogging of the membranes
due to colloidal material, thus reducing their yield. This
high value is mainly due to the pretreatment not put into
service. The conductivity of feedwater is about 1680 and
43.4 us cm™ for permeate water; the average efficiency is
97.54%.

From the above results, we will deduce that the major
elements present in water with high concentrations are
calcium, magnesium, chloride, and sulfate. On the other
hand, iron and orthophosphates are present at low concen-
trations. Therefore, the average rejection rates for eliminat-
ing major ions in water are 99.652% for calcium, 99.656%

for magnesium, 97.522% for sulfate, and 97.295% for
chloride.

3.2. Optimizing the performance
3.2.1. Experimental results

The performance can be improved by looking for opti-
mal conditions for all parameters using the experimental
design method. Table 5 shows a worksheet containing the
16 experiments performed in the order they were executed,
and each sample was taken after 10 min of flushing and
4 h of operation.

From these experiments, it is noted as a preliminary
remark that the pH 8 and antiscalant concentration of
6 ppm gives the best retention, and the flow rate of 38 m® h™*
gives a low transmembrane pressure.

Table 4
The mass of scale of TDS
Date TDS (ppm) (TDS x J) (g m™>h) M, (gm?h™)
Feed Permeate Concentrate Feed Permeate Concentrate
23/10 1,170 31.38 4,291 39.90 0.80 37.28 1.83
30/10 1,177 29.52 4,306 40.14 0.75 37.41 1.98
06/11 1,181 21.80 4,383 40.28 0.55 38.08 1.65
13/11 1,180 22.73 4,396 40.24 0.58 38.19 1.48
20/11 1,189 26.22 4,404 40.55 0.67 38.26 1.63
27/11 1,192 24.40 4,337 40.65 0.62 37.68 2.36
Average 1,182 26.01 4,353 40.30 0.66 37.81 1.82
Table 5
Worksheet for experiments
Exp. Factors Responses
no- X X, antiscalant ~ X:flow  X;:redox Y :conductivity Y, calcium Y,: magnesium Y,:transmembrane
pH rejection rejection rejection pressure
ppm m’h mV % % % bars
1 8.0 0.0 38.0 100.0 98.691 99.756 99.754 6.06
2 8.0 6.0 41.0 50.0 98.736 99.783 99.765 6.79
3 7.0 6.0 41.0 100.0 98.110 99.712 99.728 6.59
4 7.0 0.0 41.0 100.0 98.148 99.685 99.718 6.67
5 7.0 6.0 38.0 50.0 98.074 99.714 99.726 6.33
6 7.0 0.0 38.0 100.0 98.007 99.718 99.719 6.11
7 7.0 6.0 41.0 50.0 98.185 99.716 99.739 6.76
8 8.0 0.0 41.0 50.0 98.651 99.734 99.750 6.77
9 8.0 6.0 41.0 100.0 98.749 99.797 99.760 6.82
10 8.0 6.0 38.0 50.0 98.738 99.781 99.758 6.42
11 7.0 0.0 41.0 50.0 98.152 99.693 99.738 6.79
12 7.0 0.0 38.0 50.0 98.077 99.702 99.714 6.15
13 7.0 6.0 38.0 100.0 98.111 99.724 99.725 6.13
14 8.0 6.0 38.0 100.0 98.702 99.783 99.761 6.32
15 8.0 0.0 38.0 50.0 98.566 99.752 99.757 6.06
16 8.0 0.0 41.0 100.0 98.688 99.741 99.735 6.42
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3.2.2. Analyze the experimental results

According to the complete factorial design for responses,
estimated effects, standard errors, variance inflation fac-
tor (VIF), sum of squares (SS), degree of freedom (Df),
mean square (MS), F-ratios, and P-values, standardized
effects are calculated in Table 6.

The ANOVA table shows the significate (standard-
ized) effects of each response. The effect’s statistical sig-
nificance can be tested by comparing the MS against an
estimate of the experimental errors. It is significant if the
P-value is lower than F-ratio and less than 5%, indicat-
ing that it is significantly different from zero at the 95.0%
confidence level, except the main effects involved in sig-
nificant interactions. Models have P-values below 5%,
indicate that the model as the fit is statistically signifi-
cant. The standardized effects are well illustrated on the
Pareto chart.

Table 6
Statistical parameters and analysis of variance

3.2.3. Standardized effects and the Pareto chart

The Pareto graph is frequently used to evaluate the
results of experimental designs. The effects of the factors
and their interactions are presented as standardized effects
(SE). Besides, a vertical line is drawn to show the factors and
interactions that are significant. The red line on the x-axis
corresponds to the critical value to indicate the minimum
level [27].

Fig. 4 shows that the parameters influencing the
conductivity rejection are pH, flow rate, and antiscalant.
The parameters influencing the calcium rejection are pH,
antiscalant, flow, pH-antiscalant interaction, and anti-
scalant-flow interaction. The parameters affecting the mag-
nesium rejection are pH, antiscalant, and pH-flow inter-
action. The parameters influencing the transmembrane
pressure are flow and antiscalant.

Analyze experiment Effect Estimate  Standard error VIF SS Df MS F-ratio  P-value
Average 98.3991  0.0109 - - - - - -
X, 0.5821 0.0217 1 1.3555 1 1.3555 718.82 0.0000
Y: conductivity X, 0.0531 0.0217 1 0.0113 1 0.0113 5.99 0.0308
rejection X, 0.0566 0.0217 1 0.0128 1 0.0128 6.80 0.0229
Total error - - - 0.0226 12 0.0019 - -
Total (corr.) - - - 1.4022 15 - - -
Average 99.7369  0.0017 - - - - - -
X, 0.0579 0.0033 1 0.0134 1 0.0134 301.00 0.0000
X, 0.0286 0.0033 1 0.0033 1 0.0033 73.63 0.0000
. " X -0.0086 0.0033 1 0.0003 1 0.0003 6.68 0.0272
Y,: calcium rejection :
XX, 0.0116 0.0033 1 0.0005 1 0.0005 12.14 0.0059
XX, 0.0101 0.0033 1 0.0004 1 0.0004 9.21 0.0126
Total error - - - 0.0004 10 0.00004 - -
Total (corr.) - - - 0.0184 15 - - -
Average 99.7404  0.0013 - - - - - -
X, 0.0291 0.0026 1 0.0034 1 0.0034 128.82 0.0000
X, 0.0096 0.0026 1 0.0004 1 0.0004 14.07 0.0045
) X 0.0024 0.0026 1 0.0000 1 0.0000 0.86 0.3788
Y,: magnesium ’
rejection X, -0.0059 0.0026 1 0.0001 1 0.0001 5.24 0.0478
XX, -0.0074 0.0026 1 0.0002 1 0.0002 8.26 0.0184
XX, -0.0069 0.0026 1 0.0002 1 0.0002 7.18 0.0252
Total error - - - 0.0002 9 0.00002 - -
Total (corr.) - - - 0.0046 15 - - -
Average 6.4494 0.0211 - - - - - -
X, 0.0163 0.0422 1 0.0011 1 0.0011 0.15 0.7081
X, 0.1413 0.0422 1 0.0798 1 0.0798 11.21 0.0074
Y, transmembrane X, 0.5038 0.0422 1 1.0151 1 1.0151 142.64 0.0000
pressure X, -0.1188 0.0422 1 0.0564 1 0.0564 7.93 0.0183
XX, 0.1188 0.0422 1 0.0564 1 0.0564 7.93 0.0183
Total error - - - 0.0712 10 0.0071 - -
Total (corr.) - - - 1.2799 15 - - -
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Fig. 1. Reverse osmosis filtration system.
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Fig. 2. Physical parameters (temperature, pH, conductivity, turbidity).

The main parameters affecting the desalination system
respectively are pH, antiscalant concentration, flow rate,
and redox potential.

of linear models [3]. In terms of coded variables, the model
could be expressed using the regression models of the
four responses by the following equations:

Y, (%) = 93.261+0.582125X, +0.00885417X, +0.018875X,  (6)
3.2.4. Model equation for 2* design

The factorial design allows the calculation of the effects
of the factors and their interactions. This tool also allows a
preliminary evaluation of the factors based on the generation

Y, (%) = 99.6226 +0.04625X, —0.0687292X, —0.00625X,
+0.003875X, X, +0.001125X, X, @)
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Fig. 3. Chemical parameters (calcium, magnesium, sulfate, chloride, orthophosphate, iron).

Y, (%) =97.7666 +0.223333X, +0.00160417 X, +0.0445417 X,

+0.00350333X, —0.00491667 X X, —0.0000916667 X, X, (8)

Y, (%) = 0.692917 ~0.1025X, —0.273333X, +0.167917X,

—-0.002375X, +0.0395833X X,

3.2.5. Optimize the responses

According to the study, the optimal setting of the exper-
imental factors is determined. The results are displayed in

Table 7.

©)

Through the linear models, Table 8 shows the values of
the responses at optimum.

The value of the responses, Y, Y,, and Y, shows that
the rejection rate is increased from 97.540%, 99.650%, and
99.660%, to 98.688%, 99.785%, and 99.762%, respectively.
Similarly, they show that the transmembrane pressure is
decreased from 6.581 to 6.276 bars.

4. Conclusion

In this study, the performance of the reverse osmo-
sis process is investigated, and it is improved using the
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experimental design. Primary findings drawn can be sum-

marized as follows:

® The components found in the water with high concen-
trations are calcium, magnesium, chloride, and sulfate.

e The pH and antiscalant concentration are the most sig-
nificant parameters of the rejection rate of calcium,
magnesium, and conductivity. The flow is the main
parameter influencing the transmembrane pressure.

Table 7
Factor settings at optimum

Factor Value
X;:pH 8
X,: Antiscalant concentration (ppm) 6
X,: Flow rate (m’ h™) 38
X,: Redox potential (mV) 100
Standardized Pareto Chart for Conductivity rejection

/ +

X1 == -

X2 :|
0 5 10 15 20 25 30
Standardized effect

Standardized Pareto Chart for Magnesium rejection

X1X2 ‘

X2X3 ‘

A. Fatni et al. / Desalination and Water Treatment 236 (2021) 45-54

e The rejection rate of calcium and magnesium is
increased from 98.650% to 99.785% and from 99.660% to
99.762%, respectively. The conductivity rejection rate is
increased from 97.540% to 98.688%, and the transmem-
brane pressure is reduced from 6.58 to 6.276 bars.

e The optimal conditions obtained for the factors are:
antiscalant concentration = 6 ppm, pH = 8, Flow
rate = 38 m*® h™, and redox potential = 100 mV. These
parameters are validated by the results of the experi-
ments applied to the process.
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