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a b s t r a c t

In this paper, Regression model using a full factorial experimental design with four factors including 
operating pressure (Pf), salt concentration (Cf), feed flow rate (Qf), and feed temperature (Tf) at two 
levels were established to model and optimize the reverse osmosis (RO) process performance. Anal-
ysis of variance (ANOVA) technique was used to identify the main and interaction effects of the con-
sidered factors on the permeate flux (Jp). Comparisons of model predictions against analytical and 
experimental data of Jp are analyzed and plotted on 3D response surface and 2D contour plots. The 
results show that the effect of operating pressure and feed flow rate were significantly influencing 
factors on the permeate flux at comparatively high feed water temperature and low salt concentra-
tion. The chosen model exhibit a satisfactory agreement compared with theoretical and experimental 
results. An optimal combination of Pf , Cf , Qf , and Tf were found to be 6.3 MPa, 25.6 g/L, 18.0 L/min 
and 34.6°C, respectively, resulting in a maximum Jp of 44.756 L/h·m2. Within these optimum condi-
tions, the observed permeate flux is closer to that predicted.
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1. Introduction

One of the major global challenges today is to reduce 
the decline in natural fresh water reserves. Numerous coun-
tries suffer from a shortage of natural fresh water owing to 
the global population growth and the increasing demands 
for water [1]. The water scarcity is also aggravated by the 
excessive utilization of fresh water in industrial and agri-
cultural activities. Desalination of seawater and brackish 
water is a significant solution for increasing water demand. 
Various desalination technologies have been developed to 

produce fresh water. Multistage flash distillation, multiple 
effect distillation and vapor compression distillation are 
the earliest and considerably popular methods of thermal 
desalination processes [2]. Furthermore, the membrane 
technologies used for desalination are nano filtration (NF), 
electro dialysis (ED) and reverse osmosis (RO) processes 
[3]. Among these desalination processes, RO is one of the 
substantially promising, widely recognized and used tech-
nologies for water desalination [4]. RO is the most used 
technology to produce fresh water where the RO desalina-
tion plants represent more than 50% of the total installed 
desalination plants worldwide [5,6].

The RO process is basically based on the separation of 
a dilute solvent from a salt solution using a semi perme-
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able membrane that almost allows the molecules of fresh 
water to totally pass through it from the feed water side to 
the fresh water side by applying pressure higher than the 
osmotic pressure of the feed water solution, which depends 
on the salt concentration [7]. The RO membrane could retain 
more than 99% of the salt [8] and the osmotic pressure of sea 
water is approximately 28 bar. 

Several transport mechanisms and models have been 
developed to describe the salt and water permeation through 
RO membrane. These transport models can be broadly clas-
sified into three types: irreversible thermodynamics models, 
pore-based models and nonporous membrane models such as 
the solution-diffusion, solution-diffusion-imperfection, and 
extended solution diffusion models [9]. On the other hand, 
statistical models have been introduced in order to model, 
predict, validate and optimize the RO process variables. The 
statistical models are non-parametric simulative modeling 
tools known as “black-box” models where all factors vary 
simultaneously, permitting the study of the interaction effects 
between the operational variables (operating pressure, flow 
rate, concentration and temperature) and design variables 
(dimensions of modules and membrane surface). Unlike the 
conventional ‘one factor at a time’ technique, the experiments 
are generally ‘designed’ and conducted in a systematic way 
to develop mathematical models from the experimental data. 
There are several statistical methods successfully employed 
in RO process such as factorial design (FD) [10,11], response 
surface methodology (RSM) [12,13] and artificial neural net-
work (ANN) [14,15]. 

The literature survey on the modelling of RO process 
has been exhaustively documented such that virtually 
most of the possible recorded modelling techniques have 
been attempted by the researchers and engineers all over 
the world. However, to the best of the knowledge of the 
authors, very limited work has been reported on a com-
bined, comparative and comprehensive examination of 
the theoretical, experimental and statistical models on the 
performance of the RO process in an integrated manner. 
An attempt is made therefore to present an extensive, com-
parative research on the primary process control variables 
affecting the RO performance theoretically, experimentally 
and statistically.

In this study, The salt and water permeation through the 
RO membrane is governed by the solution diffusion trans-
port theory [16,17], whereas a mathematical model based 
on full factorial design approach is applied to model and 
optimize the RO process. The statistical method of exper-
imentation are used to understand the interaction effects 
between the RO performance indicators of the permeate 
flux and the operational variables such as feed pressure, 
flow rate, salt concentration and feed temperature. More-
over, comparisons of FFD model predictions against theo-
retical and experimental results are analyzed and plotted 
on 3D response surface and 2D contour plots. The major 
objectives of this study were to:

•	 identify the independent variables that affect the per-
meate flux of RO system and conduct preliminary 
experimentation.

•	 select the operating limits of the independent variables 
to conduct preliminary experiments based on full facto-
rial DoE method.

•	 conduct theoretical calculations to validate and compare 
the obtained secondary experimental results employing 
the conventional one factor at a time technique.

•	 develop mathematical model to identify the main and 
interaction effects of the independent variables on the 
response through ANOVA technique and compare the 
predicted results from the model with the designed 
experimental results from tertiary experimentation.

•	 obtain the optimum permeate flux (maximum response 
point) using desirability function.

2. Description of the RO pilot plant

Fig. 1 shows the schematic diagram of the RO desalina-
tion unit. The RO process primarily consists of five major 
processes. Pretreatment system reduces harmful substances 
in the feed water before its arrival to the membrane of RO. 
High-pressure pump, functions to pressurize the prelimi-
nary treated water towards the RO modules. Membrane 
modules consist of four stainless steel pressure vessels con-
taining a spiral wound membrane with multi-stage module 
arrangement. Post-treatment system consists of sterilization 
and stabilization of the fresh water. Membrane cleaning 
system is responsible for regenerating the RO membrane 
after a long operation time. The production capacity of the 
RO unit was 0.41 m3/h and with salinity less than 500 ppm. 
The technical specifications of main component are given 
in Table 1.

2.1. Pretreatment system

The pretreatment system was equipped with: i) a raw 
water intake system and ii) two filtration systems: multi-
media sand filter and cartridge filter. The raw water feed 
tank has a storage capacity of 1 m3 such that it could sustain 
a continuous, evenly concentrated solution feed to the RO 
process for at least an hour at the prescribed experimental 
conditions. The first step of filtration is the multimedia sand 
filter. The role of the sand filter is to retain the maximum 
amount of impurity, sand, dirt and sediments with sizes 
between 10–50 micron and to reduce the suspended solids 
and organic matter contained in the feed water. The sand 
filter is regenerated when the pressure differential exceeds 
0.7 bar. The cartridge filter is installed to remove the small 
amounts of suspended materials escaped from the sand 
filter. An automatic dosing pump injecting sulfuric acid is 
installed prior to the filters to adjust the pH and for scale 
prevention. A feed water pump of 0.28 kW absorbed power 
transfers the feed water to the RO membrane modules.

2.2. High pressure pump (HPP)

The HPP (CAT pumps, type 661) used in this study is a 
high efficiency plunger pump of 2.53 kW absorbed power. 
The maximum operating pressure and flow capacity of 
the pump is 210 bar and 2.27 m3/h, respectively. A pulsa-
tion dampener is installed on the pump discharge line to 
dampen the pressure variations and for smooth operation. 
It is used to force the water through the membrane modules 
and to supply the required pressure and feed flow rate. 
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2.3. Membrane modules

The designed RO unit consists of polyamide thin film 
composite spiral wound seawater reverse osmosis mem-
branes. The membrane element used was 2.5” Film-Tec, 
SW30-2540 with 99.4% salt rejection and active surface areas 
of 2.8 m2. The membrane racks consist of 4 pressure vessels 
each containing 2 spiral-wound elements. In order to increase 
the overall system recovery ratio of about 40% and the total 

permeate flow of 0.41 m3/h, the concentrate staging config-
uration was employed as shown in Fig. 1. This arrangement 
operate with the principle of the concentrate from the first 
stage becomes the feed to the second stage [18]. 

2.4. Post treatment system

The water produced from a RO membrane in major 
cases requires certain form of post treatment. The product 
water is treated and continuously monitored by the addi-
tion of caustic soda for pH adjustment and by the addition 
of chlorine for sterilization.

2.5. Cleaning system

An integrated membrane cleaning system including a 
cleaning tank is used when the productivity and salt rejec-
tion decreases and the pressure increases. A high-level flush 
tank is integrated in the unit to provide a fresh water supply 
for flushing during the shutdown. 

2.6. Measurements and control 

The RO unit is equipped with the measurements equip-
ment and control systems for monitoring various operation 
variables. The pH indicator is mounted on the feed line to 
measure the pH of the feed water before entering the fil-
ters. Conductivity meter is installed on the permeate line 
and the brine line to determine the product water quality 
and salt rejection. In addition, an alarm is used to signal 
the permeate loss. Flow meters are used to measure per-
meate and brine flow rates. Pressure gauges are installed 
at different positions to measure the pressure drop across 
the filters, pump inlet and discharge pressures, operating 
pressure to the membrane elements, pressure drop across 
membrane element, concentrate and the permeate. Pres-

Fig. 1. Schematic diagram of the RO desalination unit.

Table 1
Technical specification of main component of the RO 
desalination process

Item Specifications

Filmtec 
membrane

Membrane type: thin-film composite
Membrane material: polyamide - PA
Active area: 2.8 m2

Element configuration: Spiral wound
Number of RO modules: 4 vessels in series
2 spiral-wound elements

HHP Model: CAT Pumps / Model 661
Max flow: 38 l/min
Min pressure: 100 psi, (7 bar)
Max pressure: 3000 psi, (210 bar)
Hydraulic efficiency: 0.92
Motor efficiency: 0.8

Feed pump Model: GRUNDFOS, CRNI-8
Nominal power: 0.55 kW
Flow: 1.8 m3·h-1

Head: 35.9 m
Hydraulic efficiency: 0.50
Motor efficiency flow through pump: 0.85
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sure shutdown switches are located on either side of the 
high-pressure pump to trip on low suction pressure and 
excessive delivery pressure, as well as on the permeate 
delivery line to avoid the pressurization of the low product 
system. A high temperature switch is used for membrane 
protection. A flow control valve in the brine line is used to 
set the required recovery. A relief valve is installed in the 
discharge line of HPP to control the operating pressure to 
the membrane module. Also, a three-way valve to direct the 
product water to the drain if salinity > 500 ppm. 

3. Water transport equation

The solution diffusion model governs the mechanism 
of mass transfer through nonporous reverse osmosis mem-
brane. The solvent flux depends on pressure differences 
across the membrane thin film. Whereas, the driving force 
for the solute passage on membrane surfaces is provided by 
diffusion due to concentration differences [19]. In reverse 
osmosis the solution diffusion model, film theory, and the 
laws of energy and mass conservation were employed 
to determine the permeate flux of the RO processes [20]. 

Table 2
Water transport equations

Parameters Equations References

Permeate flux
( )p

p p

Q
 J A P

S
π= = ∆ − ∆

(1) [21,22]

Solute flux ( )s s m p J B C C= − (2) [22,23]

Water permeability coef. 

p p0
f

1 1
 A A exp 1965

298 273.15 T

  
= −  +  

(3) [23,24]

Salt permeability coef.
f

s s0

T 273
B B exp

273
α − =   

(4) [23,24]

Osmotic pressure ( )f m pRT C Cπ∆ = − (5) [24]

Concentration polarization
m p p

b p

C C J
CP  exp

C C kc

−  
= =  −  

(6) [16,22]

Mass transfer coefficient
0.875 0.25AB AB

c
h h

D D
k Sh 0.065Re Sc

d d
= =

(7) [25]

Reynolds number
hd u

Re
ρ

µ
=

(8) [23]

Diffusion coefficient
6 3

AB b
f

2513
D 6.725 10 exp 0.1546 10 C

273.15 T
− − 

= ⋅ ⋅ − + 

(9) [23,26]

Dynamic viscosity
6

b
f

1965
1.234 10 exp 0.00212C

273.15 T
µ −  

= ⋅ + + 

(10) [23,26]

Density of feed 2
b498.4M 248400M 752.4MCρ = + +

(11) [23,26]

Constant 4
fM 1.0069 2.757 10 T−= − ⋅ (12) [23,26]

Flow balance
f b pQ Q Q= + (14) [22]

Mass balance
f f b b p pQ C Q C Q C= + (13) [27]

Recovery ratio %
p

f

Q
RR 100

Q

 
= ×  

(15) [27]

Salt rejection
p

f

C
SR 1 100

C

 
= − ×  

(16) [28]
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Table  2 illustrates the equations describing the reverse 
osmosis modeling.

4. Experimental design and data analysis

4.1. Limits of operating variables variation for the factorial design 
analysis 

The effect of Pf on permeate flux at different Cf is 
shown in Fig. 2a. For Pf ranging from 4.6 MPa to 5.2 MPa, 
in the lower pressure region, the Jp increases exponentially. 
Whereas, in the higher pressure region, above 5.2 MPa, 
the Jp increases linearly that illustrates a linear relationship 
between the Jp and the Pf. Fig. 2(b) illustrates the perme-
ate flux dependence on the Qf at different Tf ranging from 
14.9°C to 34.6°C at constant Pf of 6.3 MPa. The variation 
of Jp against Qf demonstrates an exponential curve in the 
low Qf variation from 4 L/min to 10 L/min, and thereaf-
ter a gradual linear increase is observed in the range of Qf 
from 10 L/min to 18 L/min. Fig. 2c illustrates the effect of 
Tf on the permeate flux. The curves demonstrate a consider-
able linear increase trend with Jp. For a constant Qf , Cf and 
given Pf of 18 L/min, 36.2 g/L and 6.3 MPa, respectively, 
the Jp increased from 24.5 L/h.m2 to 33.1 L/h.m2 when the Tf 
increased from 14.9°C to 34.6°C, respectively. The effect of 
Cf on the permeate flux is illustrated in Fig. 2(d). The per-
meate flux decreases gradually to attain a minimum of 33.0 
L/h·m2, for a Qf of 18 L/min at constant Tf of 34.6°C. The Cf 
demonstrates a diminishing nonlinear relationship with the 
Jp at its lower range (from 16.3 g/L to 25.6 g/L). Evidently, 
beyond this range the curves demonstrate a linear relation-
ship between the Jp and Cf.

From these results, it is observed that there is a region 
where Pf , Cf , Qf and Tf have linear relationships with the 
permeate flux. Therefore, the range of variables is provided 
in Table 3. 

4.2. Full factorial design methodology

In the present study, a two-level-four-factor full factorial 
experimental design was carried out to model and optimize 
permeate flux. The procedure for the suggested methodol-
ogy is represented in the form of a flowchart as shown in 
Fig. 3. In a two-level-four-factor FFD, the minimum number 
of experimental runs requires being 24 = 16 runs replicated 
twice. The four independent factors, Pf , Cf , Qf and Tf were 
studied at two levels, a ‘low’ and a ‘high’ level. The low 
level and the high level of each factor were coded as (–1) 
and (+1) respectively. The experimental range and coded 
levels of the independent factors are given in Table 4. 

The statistical and graphical analysis of experimental 
data was performed using statistical and graphical analysis 
MINITAB® software release 17 developed by Minitab Inc., 
USA [29]. This software was used for regression analysis of 
the data obtained and to identify the main and interaction 
effects between the various operating variables and their 

Fig. 2. Effect of operating variables: (a) Jp vs. Pf , (b) Jp vs. Qf , (c) Jp vs. Tf and Jp vs. Cf .

Table 3
Upper and lower limit of operating variables 

Parameters Pf [MPa] Cf [g/L] Qf [L/min] Tf [°C]

Lower limit 5.2 25.6 10.0 14.9
Upper limit 6.3 36.2 18.0 34.6
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influences on the predicted response (Jp) through ANOVA 
technique. The design matrix for the replicated 48 test runs 
prescribed by Minitab17® software and the data obtained 
from the experiments are illustrated in Table 5. The linear 
regression equation based on the first-order model with 
four parameters and all their two-way interaction terms can 
be given in the form of the following equation [30]:

0 1 1

k k

i i ij i ji i j
Y X X Xβ β β ε

= ≤ ≤
= + + +∑ ∑ � (1)

where Y is the predicted response, k is the number of fac-
tors, β0 is the constant term, βi is the linear coefficient repre-
senting the effect of the factor, βij represents the interaction 
effects, Xi and Xj are the independent coded variables, and ε 
is the experimental error. 

For the present work, the linear regression equation 
was obtained using the coded independent parameters as 
the following:

1 2 3 4 12

13 23 24 34

p o f f f f f f

f f f f f f f f

J P C Q T P C

P T C Q C T Q T

β β β β β β
β β β β
= + + + + +

+ + + +
� (2)

where Jp is the permeate flux, β0, β1, β2, β3, β4 are the linear 
coefficients and β12, β13, β14, β23, β24, β34 are the second order 
interaction terms.

5. Results and discussion

5.1. Modeling and statistical analysis

The experiments were conducted in random order as 
per the design matrix shown in Table 5. A regression analy-
sis was conducted for the collected experimental data to fit 
a linear model using the least square technique. The devel-
oped mathematical model for predicting the permeate flux 
as the response from the design matrix based experimenta-
tion results determined in Table 5 is expressed in terms of 
actual parameters and can be written as follows:

25.683 4.256 4.310 3.158 3.485

12 0.163 0.722 0.276

0.827 0.506 0.936

p f f f f

f f f f f f f f

f f f f f f

J P C Q T

P C P C P Q P T

C Q C T Q T

β
= + − + +

+ + + + +

− +

� (3)

The primary effects of the factors were identified by the 
statistical significance of fitted models based on the Fish-
er’s exact test (p-value < 0.05) of confidence intervals using 
the ANOVA methodology. The model adequacy and error 
independency for each variable were used to diagnose the 
fitted models. The ideal developed model was evaluated by 
coefficient of determination (R2). The normality of the errors 
was checked by statistical analysis through normal proba-
bility plot of the empirical data in terms of the standardized 

Fig. 3. Flowchart of the model procedure.

Table 4
Control parameters and their limits

Parameters Unit Parameters symbol Coded symbol Actual value of coded levels

Low (–1) High (+1)

Operating pressure MPa Pf β1 5.2 6.3
Salt concentration g/L Cf β2 25.6 36.2
Feed flow rate   L/min Qf β3 10.0 18.0
Feed temperature °C Tf β4 14.9 34.6
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residuals. The software allowed obtaining of the statistical 
parameters; Pareto chart and interaction effect plots that 
aided in identifying the parameter conditions for optimal 
permeate flux.

5.2. Validation of the model through ANOVA

The adequacy and the significance of each coefficient for 
the developed model were tested by applying the ANOVA 
technique. The standard error of estimated (SE) coefficient 
of multiple correlations and coefficient of determination 
(R2) for all major effects and two-way interactions gener-
ated from the regression analysis are illustrated in Table 6. 

The significance is evaluated as p-value, the probability 
value used to determine the effect in the model that was 
statistically significant [30]. Based on the p-values that are 
less than 0.05, it was found that all the terms in the model 
have significant effects on the response. Therefore, the indi-
vidual effect of each of the significant parameters (Pf , Cf , Qf 
and Tf) on permeate flux does change in the presence of the 
other factors. 

The effects of the considered parameters and their 
interactions on the response are presented in a Pareto chart 
shown as Fig. 4. The Pareto chart presents the absolute val-
ues of the effects of main parameters and the effects of inter-
action of factors [31], and is illustrated as horizontal bars. 

Table 6
ANOVA results for Jp

Source Sum of squares Degree of freedom Mean square Fp value p-value Prob > Fp

Model 2822.91 4 705.728 11790.76 < 0.0001
A - Pf 869.43 1 869.4305 14525.77 < 0.0001
B - Cf 891.61 1 891.610 14896.33 < 0.0001
C - Qf 478.74 1 478.736 7998.35 < 0.0001
D - Tf 583.14 1 583.135 9742.57 < 0.0001
AB 1.27 1 1.274 21.29 < 0.0001
AC 25.05 1 25.054 418.59 < 0.0001
AD 3.66 1 3.658 61.11 < 0.0001
BC 32.83 1 32.829 548.49 < 0.0001
BD 12.27 1 12.269 204.99 < 0.0001
CD 42.09 1 42.087 703.16 < 0.0001
Pure Error 1.92 32
Cor Total 2957.38 47

R2 = 0.9994, Adjusted R2 = 0.9990, Predicted R2 = 0.9985

Table 5
Design matrix for experimentation and results

Standard 
order

Parameters (input variables) Permeate flux: Jp (L/h·m2)

Pf Cf Qf Tf Experimental Predicted

1 − 1 − 1 − 1 − 1 20.1 20.3 19.8 20.1
2 + 1 − 1 − 1 − 1 26.6 26.5 27.0 26.7
3 − 1 + 1 − 1 − 1 13.1 12.6 12.5 12.7
4 + 1 + 1 − 1 − 1 20.2 20.7 20.4 20.4
5 − 1 − 1 + 1 − 1 24.4 24.2 23.9 24.2
6 + 1 − 1 + 1 − 1 33.2 32.9 33.1 33.1
7 − 1 + 1 + 1 − 1 15.9 16.0 15.9 15.9
8 + 1 + 1 + 1 − 1 24.5 24.3 24.7 24.5
9 − 1 − 1 − 1 + 1 25.0 25.6 25.8 25.5
10 + 1 − 1 − 1 + 1 31.9 32.0 31.5 31.8
11 − 1 + 1 − 1 + 1 17.7 17.7 17.8 17.7
12 + 1 + 1 − 1 + 1 25.1 25.2 25.6 25.3
13 − 1 − 1 + 1 + 1 34.1 33.7 34.0 33.9
14 + 1 − 1 + 1 + 1 45.1 44.5 44.7 44.8
15 − 1 + 1 + 1 + 1 21.3 21.7 21.3 21.4
16 + 1 + 1 + 1 + 1 33.0 32.8 33.1 32.9
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The tall bar in the plot represents the substantially import-
ant factor; the one that follows the most important factor is 
represented by next tallest bar, and so on. To indicate the 
potentially important factor, a reference line is drawn such 
that the factors that extend past this line are statistically sig-
nificant [31] at 95% confidence level. 

It could be confirmed from the Pareto chart that all 
analyzed effects are statistically significant. The Cf has the 
significantly high effect followed by Pf , Tf and Qf . The rela-
tive importance of the combination of factors could also be 
observed from the Pareto chart.

5.3. Interaction effects plot

Fig. 5 shows the two-way interaction effects plot for the 
permeate flux. Among the four input parameters consid-
ered for the study viz., Pf , Cf , Qf and Tf , and the two param-
eter combinations, QfTf has prominent positive interaction 
effect followed by PfQf on permeate flux. However, the CfQf 

has strong negative interaction effect followed by CfTf on 
Jp. The PfTf has moderate positive interaction effect and PfCf 
has minimum interaction effect on Jp. Fig. 5 evidently indi-
cates that the salt concentration has affected the permeate 
flux individually as a main factor not only by decreasing it, 
but also by interacting with Qf and Tf to reduce it further. 
However, the slight interaction of Cf with Pf caused posi-
tive effect on permeates by a comparatively small (mini-
mum) increment. The two-way interaction plot therefore 
is an indicator of the negative impact of salt concentration 
that could be countered by increasing the Qf and Tf in RO 
process. 

5.4. Comparison of model predictions against analytical and 
experimental data

In this study, the experimental and theoretical results of 
the permeate flux versus the operating variables of Tf , Qf , 
Cf and Pf are investigated and represented on 3D response 
surface and 2D contour plots in Figs. 6a–11a. The experi-
ments were conducted by varying the operating variables 
of operating pressure, feed flow rate, feed temperature and 
salt concentration of 5.2–6.3 MPa, 10–18 L/min, 14.9–34.6°C 
and 25.6–36.2 g/L, respectively. The graphical representa-
tion of the model for predicting the permeate flux under 
the effect of these operating variables are illustrated in Figs. 
6b–11b.

5.4.1. Dependence of permeate flux on feed flow rate and 
feed temperature

Fig. 6 depicts the interaction and combined effect of 
feed flow rate and feed temperature on the permeate flux in 
the three-dimensional (3D) surface plots and contour plots. 
Although most of the real desalination processes are con-
ducted at a constant temperature, the influence of Tf on Jp 
was mainly considered in this study to validate model pre-
diction and optimize the response. The experimental results Fig. 4. Pareto chart of the standardized effects.

Fig. 5. Interaction plots for statistically predicted Jp.
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of the effect of Qf and Tf on permeate flux are compared 
with the theoretical values, illustrated in Fig. 6a. Whereas, 
Fig. 6b demonstrates the response surface and contour 
plot of the prediction model for permeate flux. It could be 
observed from these results that the permeate flux increases 
significantly with increase in both the feed flow rate and 
feed temperature. It was observed from the experimental 
and theoretical results that the permeate flux attains a max-
imum value of 33.0 L/h·m2 and 32.7 L/h·m2, respectively 
at higher feed flow rate of 18 L/min and higher feed tem-
perature of 34.6°C. A maximum value of permeate flux of 
32.8 L/h·m2 was determined by the regression model. These 
results indicate a satisfactory agreement, when comparing 
the experimental and the theoretical results with the model 
predictions. Thereby, the contour plots of Fig. 6a demon-
strate that the interaction between the experimental and the 
theoretical results follow a similar trend.

The positive impact of increasing both the feed flow rate 
and feed temperature on the permeate flux are due to the 
increase of Reynolds number (according to Eq. (8)) and to 
the increase in the diffusion coefficient. Suhan and Eric [20], 
reported that the turbulent flows enhance mass transfer that 
causes a comparatively small concentration polarization on 
the surface of membrane and lower osmotic pressure drop 
resulting in a comparatively large relative permeate flux. 
Comparatively high Reynolds number and the sweep of the 
feed water on the membrane surface result in the decrease 
of the accumulated solute, reduction of the hydraulic resis-
tance of the ‘cake’ and the thickness of the boundary layer 
[32]. Also, the increase in feed temperature at the feed side 
improves the water permeability coefficient (refer to Eq. (3)) 
and decreases the density and viscosity of the feed water. A 

comparatively high Tf could affect the structure and mor-
phology of membrane by increasing the membrane pore 
size and the diffusivity coefficient that leads to the enhance-
ment of Jp [33,34]. 

Further, as it can be seen from the contour plot of Fig. 6a 
that the trend of the theoretical calculations presents a small 
deviation (about 3.0%) with the experimental results. This 
deviation was illustrated at lower and higher values of Tf , 
suggesting enhanced solute accumulation at the membrane 
surface and also may be due to changes in the physical 
properties of the polymeric membrane.

5.4.2. Dependence of permeate flux on operating pressure 
and salt concentration

The effects of operating pressure on permeate flux at dif-
ferent salt concentration values are illustrated on the 3D sur-
face plot and 2D contour plot in Figs. 7a and 7b respectively. 
The 3D surface plot and 2D contour plot for the correlation 
between the experimentally obtained and theoretically cal-
culated values of the change of the permeate flux at different 
operating pressures and salt concentrations are shown in Fig. 
7a. At lowest salt concentration, it was experimentally proven 
that the actual permeate flux increased from 34.1 L/h·m2 to 
45.1 L/h·m2 when the operating pressure ranged from 5.2 bar 
to 6.3 bar, respectively whereas, the calculated permeate flux 
is observed to range from 34.3 L/h·m2 to 47.5 L/h·m2 with 
the same operating pressure range. The graphical represen-
tation of the model for predicting the permeate flux using Eq. 
(19) is illustrated in Fig. 7b. From this curve, it is observed 
that the operating pressure has a positive effect whereas salt 

Fig. 6. 3D response surface and 2D contour plots of permeate flux as a function of Qf and Tf : (a) Experimental and theoretical Jp , (b) 
Statistically predicted Jp.
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concentration has a negative effect on the prediction model 
of permeate flux. From these results, it could be noted that 
an increase in the operating pressure increases the perme-
ate flux, but as the salt concentration was increased the per-
meate flux decreased as expected. It could be observed that 
for a constant Tf and Qf maintained at 34.6°C and 18 L/min 
respectively, the permeate flux has direct relationship with 
operating pressure and an inverse relationship with salt con-
centration. The permeate flux attains its highest point when 
the Cf is at its lowest value (25.6 g/L) and correspondingly at 
the highest Pf (6.3 MPa). The combined effect of high operat-
ing pressure and low salt concentration results in the increase 
of driving force for water permeability (refer to Eq. (1)) and 
decrease of osmotic pressure (according to Eq. (5)). Moreover, 
the mass transfer coefficient and the membrane permeabil-
ity are exceedingly sensitive to the salt concentration and 
decrease significantly at comparatively high values of Cf [35]. 
Further, it is evidently observed from the contour plot that 
the trend of the theoretical calculations present a small devia-
tion (approximately 4.8%) with the experimental results. This 
percent error was registered at the high permeate flux values 
that could be created owing to the required low transmem-
brane pressures caused by the increase in driving force. In 
addition, the permeate flux could be affected by the concen-
tration polarization of solute at the membrane surface that 
causes considerable resistance of the membrane [36].

5.4.3. Dependence of permeate flux on operating pressure 
and feed temperature

Figs. 8a and 8b illustrate the change in permeate flux at 
different operating pressures and feed temperatures with 

constant salt concentration of 36.2 g/L and constant feed 
flow rate of 18 L/min. Fig. 8a demonstrates comparisons 
of theoretical and experimental permeate flux, while Fig. 8b 
illustrates the graphical representation provided by the 
mathematical model. These results indicate that the flux 
of the RO membrane increases with an increase of operat-
ing pressure and temperature and attains maximum val-
ues of 33.1 and 33.6 L/h·m2 for experimental results and 
theoretical calculations, respectively. A maximum value 
of 33.0  L/h·m2 of permeate flux was determined by the 
mathematical model. When Pf ranges from 5.2 MPa to 6.3 
MPa at Tf = 14.9°C the experimental permeate flux changes 
from 15.9 L/h·m2 to 24.5 L/h·m2, whereas it ranges from 
15.9 L/h·m2 to 21.7 L/h·m2 when Tf ranges from 14.9°C to 
34.6°C maintaining a constant Pf of 5.2 MPa. From these 
results, it is evident that the effect of operating pressure is 
comparatively more significant and important than that of 
the feed temperature on permeate flux. It could be observed 
from contour plots that the effect of pressure is considerably 
more significant at comparatively higher temperatures. The 
reasons behind the enhancement of the permeate flux with 
increasing pressure and temperature might be related to the 
change of the properties and morphology of the membrane. 
In general, when the feed temperature increases the concen-
tration polarization reduces (according to Eq. (6)) while the 
mass transfer improves [Eq. (7)] [34,37]. A comparatively 
higher temperature increases the membrane permeability 
caused by the reduction in water viscosity (refer to Eq. (10)) 
and the increases of the solubility of water in the membrane 
and consequently enhances the diffusion coefficient leading 
to the increase of the water permeability [38]. The increase 
of Jp with respect to operating pressure might occur owing 
to the rapid increase in water activity [39]. The contour plot 

Fig. 7. 3D response surface and 2D contour plots of permeate flux as a function of Pf and Cf : (a) Experimental and theoretical Jp , (b) 
Statistically predicted Jp.
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illustrates a small difference between the measured results 
and the theoretical calculations, with an error of approxi-
mately 4.1%. This percentage difference is observed at the 
lowest and highest values of temperature. The lowest oper-
ating temperature results in the stiffness of the membrane 
matrix that leads to the changes in the physical properties 
of the membrane materials [40]. Furthermore, substantial 
pressure could cause the hardening of membrane, known 
as the phenomenon of mechanical compaction [41]. 

5.4.4. Dependence of permeate flux on feed flow rate and 
operating pressure 

Fig. 9a illustrates the comparisons between the vari-
ations of permeate flux determined experimentally and 
calculated theoretically as a function of feed flow rate and 
operating pressure. Fig. 9b illustrates the 3-dimensional 
response surface and the corresponding contour plots of 
permeate flux versus the two afore-mentioned varying 
parameters. It is observed that a gradual increase in the 
Qf and Pf , leads to a rapid increase of the permeate flux of 
the RO membrane. The response surface and contour plot 
demonstrate that the highest flux values were achieved 
when the flow rate was approximately 18 L/min and the 
operating pressure was approximately 6.3 MPa. At the 
same operating conditions as mentioned above and with 
36.2 g/L salt concentration and 34.6°C feed temperature, 
the highest permeate flux obtained experimentally and the-
oretically were 33.0 and 34.3 L/h·m2, respectively. It could 
be observed from the graphical representation of the model 
that the predicted permeate flux increases from 25.1 to 
33.0 L/h·m2, which is a 31.5% increase as the feed flow rate 

increases from 10 to 18 L/min when operating pressure is 
maintained constant at 6.3 MPa. As the operating pressure 
was increased from 5.2 to 6.3 MPa at constant feed flow rate 
of 18 L/min, the predicted permeate flux was enhanced 
from 21.3 to 33.0 L/h·m2, which was a 55% increase. From 
the results, it could be noted that the influence of operating 
pressure appears to be more significant than that of feed 
flow rate for permeate flux at the prescribed condition and 
the operating pressure provides a major impact on the pre-
diction model of permeate flux. The contour plot illustrates 
an average difference of 3.7% between the permeate flux 
obtained experimentally and that calculated at different 
operating variables. This slight difference might be related 
to the concentration polarization effect and it might become 
considerably more severe and significant at higher pressure 
loads on the RO membrane [42]. The increase in concentra-
tion polarization leads to the increase in osmotic pressure 
and the reduction of the driving force and eventually leads 
to a slight decline of the flux [35].

5.4.5. Dependence of permeate flux on feed flow rate and 
salt concentration

Fig. 10a demonstrates the graphical representation of 
the 3D surface and the corresponding contour of permeate 
flux determined experimentally and calculated theoreti-
cally and investigated with respect to the predicted results 
exhibited in Fig. 10b. The permeate flux is determined and 
calculated as a function of combined effects of feed flow 
rate and salt concentration at constant Pf (6.3 MPa) and Tf 
(34.6°C). Both theoretical and experimental values of per-
meate flux were observed to be increasing with an increase 

Fig. 8. 3D response surface and 2D contour plots of permeate flux as a function of Pf and Tf : (a) Experimental and theoretical Jp , (b) 
Statistically predicted Jp.
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Fig. 9. 3D response surface and 2D contour plots of permeate flux as a function of Qf and Pf: (a) Experimental and theoretical Jp , (b) 
Statistically predicted Jp.

Fig. 10. 3D response surface and 2D contour plots of permeate flux as a function of Qf and Cf : (a) Experimental and theoretical Jp , (b) 
Statistically predicted Jp.
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of Qf and decrease with an increase of Cf and the same trend 
was observed in case of predicted results. The permeate flux 
attained the maximum value when the RO unit operated at 
highest Qf of 18 L/min and lowest Cf of 25.6 g/L. The reason 
being that the turbulence flow increases near the membrane 
surface resulting in decrease of solute concentration, thus 
leading to reduction of the concentration polarization and 
therefore, the permeate flux enhances. The permeate flux 
attains maximum values of 45.1 L/ h·m2 and 44.9 L/ h·m2 
for experimental results and theoretical calculations, respec-
tively. Both the 3D response surface and the 2D contour plot 
of permeate flux evidently indicates an exceedingly near 
agreement and trend for the theoretically calculated values 
to the experimental measurements. Within this experimen-
tal conditions and using the model equation, the maximum 
Jp obtained is 45.1 L/h·m2.

5.4.6. Dependence of permeate flux on feed temperature and 
salt concentration

To evaluate the effect of feed temperature and salt con-
centration and their interaction with permeate flux, the 
graphical representation of the experimental results and 
theoretical calculations values are exhibited in Fig. 11a and 
compared with those obtained by the prediction model 
demonstrated in Fig. 11b. The results indicate that the per-
meate flux increases with increasing Tf and decreases with 
increasing Cf maintaining Qf constant at 18 L/min and Pf 
at 6.3 MPa. According to these figures, the ideal operation 
conditions of RO system to maximize the permeate flux 
are to operate at a higher Tf combined with a lower Cf and 
attained a maximum value of 45.1 L/h·m2 and 45.7 L/h·m2 

for the experimental values and theoretical calculations, 
respectively. Using the regression model of permeates flux 
[Eq. (19)], a maximum value of 45.1 L/h·m2 was obtained. 
According to the 2D contour plot, the theoretical calcula-
tions of the permeate flux are observed to be in a satisfac-
tory agreement with the experimental values.

5.5. Prediction of the Jp

Fig. 12a depicts the regression plot between the per-
meate flux measured from the experiments and the the-
oretically calculated values. It could be observed that the 
theoretical results are exceedingly near to experimental 
measurements. It could be observed that the major portion 
of the data concentrated towards the straight line and fall in 
this line. Moreover, the correlation coefficient R2 is observed 
to be over 0.9786. This value confirms the satisfactory agree-
ment between the experiments and the theoretically calcu-
lated values. According to Fig. 12a, the regression equations 
accurately follow the experimental results. 

The regression function, which was generated using the 
experimentally measured results, was used to predict the 
permeate flux with confidence level of 95%. All the statisti-
cally significant primary effects and interaction effects were 
considered because of their high (>0.05) p-values based on 
the ANOVA results provided in Table 6. The regression 
function obtained is illustrated in Eq. (19). The quality of 
the developed model was estimated based on the correla-
tion coefficient R2 and the standard deviation values. The 
accuracy of the predicted response by the model could be 
evaluated by the proximity of its R2 value to unity and the 
least value of its standard deviation. In this study, the R2 

Fig. 11. 3D response surface and 2D contour plots of permeate flux as a function of Tf and Cf : (a) Experimental and theoretical Jp , (b) 
Statistically predicted Jp.
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and adjusted R2 values for Eq. (19) were observed to be 
0.999 which indicated that 99.9% of the total variation in the 
permeate flux was attributed to the input variables stud-
ied. Fig. 12b illustrates the comparison plot for the designed 
experimental and statistically predicted values of Jp. It could 
be seen evidently that there is a satisfactory agreement 
between the experimental and predicted Jp from the model, 
and hence the model could be considered as an adequate 
fit, confirmed by the regression equations that follow the 
experimental results with a satisfactory accuracy, since the 
R2 value is nearly unity.

5.6. Optimization and performance investigation of the RO pilot 
plant

In DoE, response optimization is a method used to aid 
in identifying the combination of input variable settings 
that simultaneously optimize single/multiple responses. 
Individual desirability (d) evaluates how a single response 
is optimized by the settings. It uses a desirability function 
(DF) to assess how suitably the input variables cumula-
tively satisfy the goals that are defined for the responses. 
It has weight ranging from zero to one to determine how 
much to emphasize reaching the target value. If one or more 
responses are in a range away from their acceptable limits, 
it is indicated by zero and one implying the ideal case [29]. 
In this study, based on two-level factorial design, optimiza-
tion was conducted to maximize the response. To achieve 

maximum desirability, Pf , Qf , Cf and Tf were set within the 
range, whereas Jp was set to the maximum level. The soft-
ware calculates an optimal solution by determining the 
optimal settings for input variables and to maximize the 
desirability and infers a plot. Fig. 13 illustrates the graphical 
representation of desirability generated from the optimum 
range of the combined variables. At the ideal range with 
maximum overall desirability of 0.988, the optimum Pf , Cf , 
Qf and Tf were observed to be 6.3 MPa, 25.6 g/L, 18.0 L/min 
and 34.6°C, respectively. Under the optimum conditions, 
permeate flux of 44.756 L/h·m2 is obtained. This optimal 
solution from the plot is the introductory point such that 
it allows interactively changing the input variable settings 
in the optimization plot to perform sensitivity analyses and 
for further possible improvement of the initial solution.

6. Conclusion

An extensive theoretical, experimental and statistical 
comparison study for the performance of RO unit is pre-
sented. The effect of the RO operating variables including 
the operating pressure (Pf , 5–6.3 MPa), salt concentration 
(Cf , 25.6–36.2 g/L), feed flow rate (Qf , 14.9–34.6°C) and feed 
temperature (Tf , 10–18 L/min) on the permeate flux (Jp) 
were investigated to select the operating limits to conduct 
secondary experiments based on full factorial DoE method-
ology. The theoretical results based on the solution diffusion 
model were validated with the preliminary experimental 

Fig. 12. (a) Theoretical Jp vs. Experimental Jp; (b) predicted Jp vs. Designed Experimental Jp.

Fig. 13. Optimization plot for permeate flux.



M.M. Hamdi et al. / Desalination and Water Treatment 124 (2018) 37–52 51

measurements using the ‘one factor at a time technique’ and 
a comparative analysis was conducted. DoE based second-
ary experimentation was conducted to develop full factorial 
empirical model such that comparison and validation anal-
ysis of the model predictions against experimental data and 
the theoretical calculations. All the statistically significant 
primary and interaction effects of the operating variables 
were examined and plotted on 3D response surface and 2D 
contour plots. The results indicated that the effect of oper-
ating pressure and feed flow rate were significant influenc-
ing factors at comparatively high feed water temperature 
on the permeate flux. Comparatively high permeate flux 
was obtained at lowest Cf value and correspondingly at 
highest Pf , Qf and Tf values. The results confirmed that the 
salt concentration has negative effect on the permeate flux, 
whereas the other three factors, Pf , Qf and Tf all have positive 
effects. The two-level full factorial technique was observed 
to be exceedingly effective for the prediction of permeate 
flux as the ANOVA results indicated an exceptional agree-
ment, when comparing the experimental and the theoreti-
cal results with the model predictions at a high coefficient 
of determination (R2) of 0.999 (with p-value <0.05). Process 
optimization was conducted to maximize the response 
using desirability function. At the ideal range with maxi-
mum overall desirability of 0.988, the optimum Pf , Cf , Qf , 
and Tf were observed to be 6.3 MPa, 25.6 g/L, 18.0 L/min 
and 34.6°C, respectively.

Symbols

Ap	 —	 Water permeability coeff. (m·Pa–1·s–1)
Ap0	 —	 Constant in water permeability coeff.
Bs	 —	 Constant in water permeability coeff.
Bs0	 —	 Salt permeability coefficient (m·s–1)
Cf	 —	 Constant in salt permeability coeff.
CP	 —	 Salt concentration (g·L–1)
Cb	 —	 Concentration polarization
Cm	 —	 Membrane surface concentration (g·L–1)
Cp	 —	 Permeate salt concentration (g·L–1)
DAB	 —	 Solute diffusion coefficient (m2·s–1)
dh	 —	 Hydraulic diameter (m)
Jp	 —	 Permeate flux (L·h–1·m–2)
Js	 —	 Salt flux (L·h–1·m–2)
k	 —	 Number of factors
kc	 —	 Mass transfer coefficient (m·s–1)
Pf	 —	 Operating pressure (Pa)
DP	 —	 Trans-membrane pressure (Pa)
Qb 	 —	 Brine flow rate (L·min–1)
Qf	 —	 Feed flow rate (L·min–1)
Qp	 —	 Permeate water flow (L·h–1)
R	 —	 Universal gas constant (Pa·m3·mol–1·K–1)
Re	 —	 Reynolds number
RR	 —	 Recovery ratio (%)
S	 —	 Effective membrane area (m2)
Sc	 —	 Schmidt number
Sh	 —	 Sherwood number
SR	 —	 Salt rejection (%)
Tf	 —	 Feed temperature (ºC)
u	 —	 Feed velocity (m·s–1)
Xi,Xj 	 —	 Independent coded variables
Y	 —	 Response

π	 —	 Osmotic pressure (Pa)
ε	 —	 Experimental error
α	 —	 Solvent transport constant
ρ	 —	 Feed density (kg·m–3)
μ	 —	 Feed dynamic viscosity (kg·m–1·s–1)
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