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permeate recovery amount is reached. The process is then stopped 
and the vessel drained. The performances of these processes are 

 
 
 
 
 

 
 
 

 

 
 
 
 
 

 
 
 
 
 
 

Desalination via reverse osmosis (RO) is a separation process
or making fresh water from seawater, and has increased in
opularity over the last few years. Its popularity comes from the
act that it has some advantages in terms of saving energy

odularity, flex-ibility, small plant sizes, or even less installation
pace compared to other traditional techniques, which include
hermal processes, such as the multistage flash (MSF) distillation
Schiffler, 2004). Most reverse osmosis (RO) and nanofiltration
NF) processes operate as plug-flow (PF) systems in continuous

ode. In these processes, per-meate recovery, flux and cross flow
re coupled. They are ideal for purification of pre-treated source
aters of uniform composition with limited permeate recovery
ercentages. Nevertheless, some authors are focusing on an
merging new semi batch technique (Stover, 2011). The volume of
oncentrate produced is less in a batch RO, with little membrane
ouling or scale deposition (Tarquin and Delgado, 2012). However
he application of batch operation to RO and NF has been limited
ecause they require higher energy input and the permeate

s also characterized by a lower quality. Lately, a novel
emi-batch process applicable for either RO or NF plants is
ecoming more attractive. In these semi-batch systems, the
rine feed is recirculated to the feed tank until the target
∗ Corresponding author. Tel.: +44 1274 233645.
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better in terms of high adjustable recovery rates that result in the
decrease of concentrate production and source water pumping.
Some other conveniences in using these semi-batch plants are the
independently adjustable cross-flow and there is less evidence of
the fouling and scaling phenomena. In addition, they consume less
energy and require fewer membrane elements than PF systems.

In RO process, Djebedjian et al. (2008) observed pressure
dependency on the permeate salinity. Voros et al. (1996) also noted
dependency of water and salt permeability constants on pressure.
Al-Bastaki and Abbas (2004) observed dependency of water perme-
ability constants on fouling. While Du et al. (2014) considered only
temperature dependent water permeability constant, Kim et al.
(2013) just used a single value for water permeability constant.
None of these studies considered the effect of feed salinity on water
and salt permeability constants which is one of the objectives of this
work. In addition, none of the previous studies (although limited)
focused on the development of a batch RO process model validated
against experimental data which is another objective of this work.

In this work, a batch operation of a RO desalination plant is
considered. The batch system is characterized by the recirculation
of the rejected brine into the feed tank. First, the performance of
the plant is assessed by studying the influence of some operat-ing
parameters, such as operating pressure and feed salinity, on the
permeate quantity and permeate salinity. Particular attention is
paid to understand the influence of the operating conditions (i.e.
pressure and feed salinity) on the water permeability constant
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mailto:r.patel@bradford.ac.uk
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Notation

�P net hydraulic pressure differential across the mem-
brane, bar

A membrane area, m2

CP concentration polarization factor
C1 conversion factor (from m3/min to L/min) = 1000
d degrees of freedom
D feed diffusivity, m2/s
dh hydraulic diameter, m
j Chilton–Colburn factor
Js salt flow through the membrane, g/min
k mass transfer coefficient, m/s
Ks salt permeability coefficient, L/m2/min
Kw water permeability constant, m3/min/m2/bar
L membrane length, m
M density temperature factor, ◦C
m total number of variables
Mb brine flow rate, L/min
Mf feed flow rate, L/min
Mp permeate flow rate, L/min
n total number of equations
Qf feed quantity, L
Qp permeate quantity, L
Qpt total permeate quantity, L
R gas constant, atm/m3/kmol/K
Re Reynolds number
Rj salt rejection
Sc Schmidt number
Sh Sherwood number
T operating temperature, ◦C
t time, min
u brine velocity, m/s
x average salinity, g/L
xb brine salinity, g/L
xf feed salinity, g/L
xp permeate salinity, g/L
xpt total permeate salinity, g/L
xw wall salinity, g/L
˛ number of ions produced on complete dissociation

of one molecule of electrolyte
�� net osmotic pressure differential across the mem-

brane, bar
� feed dynamic viscosity, kg/s/m
� feed kinematic viscosity, m2/s
� average osmotic pressure on the feed side, bar
�b brine osmotic pressure, bar
�f feed osmotic pressure, bar
� permeate osmotic pressure, bar
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quantity at time (t − �t).
p

� feed density, kg/m3

Kw). In this respect, two literature models are used. Second, the
ynamic concentration polarization (CP) mechanism is studied, as
P is one of the important parameters affecting the performance of
n RO process (Meares, 1976). Third, salt transport phenomenon
cross the membrane is analyzed by evaluating the pressure and
eed salinity influence on salt permeability constant and salt mass
ow and compared with those observed in the literature. Fourth, a
ystem of differential and algebraic equations is proposed to
odel the batch system, which is validated using the experimen-
al data. Finally, In order to better quantify the batch performances 
nd to qualify the dependence of water permeability constant on 
eed salinity some other experiments were conducted in a con-
tant feed concentration mode. Permeate quantity, salinity, water
permeability, concentration polarization, salt permeability and salt
mass flow are then compared with those obtained under variable
feed concentration mode.

2. Experimental set-up and method

Fig. 1 shows a schematic view of the RO pilot plant used for the
experiments. A couple of triple-plunger-positive-displacement
pumps (Pump 1 and Pump 2) located within the stainless steel
cab-inet, and driven by a two-speed electric motor are used to
pump the liquid. The pumps and motor drive are mounted on a
bed-plate, which in turn is mounted on vibration absorbing
dampers. The pumps are connected together by a flexible coupling
so that both can be run simultaneously. A three-way ball valve
(V3) situ-ated at the rear of the unit is used to divert the outlet
flow from pump no. 2 to the suction of pump no. 1, for instances
when only flow from pump no. 1 is required.

Liquid from the feed tank is pressurized and pumped through
the membrane holder module which contains two tubular mem-
branes in series (Armfield FT18). Upon leaving the module, part of
the solution then passes through a plate heat exchanger before
being discharged back into the feed tank. Work done on the fluid,
by the pumps, causes a gradual increase in temperature, with time.
This is avoided by pumping the fluid through plate heat exchanger
where it is cooled by water. The cooling water flow is controlled
manually and flow rates are monitored on variable-area flow
meters. The other part of the solution is directly passed to the feed
tank. This completes the closed loop recycle system. The permeate
drains by gravity into a dedicated permeate tank.

Fig. 2 shows a simpler schematic diagram of the process. In
order to study the influence of the operating parameters on the
performance of the RO process, experiments were carried out at
two different operating pressures and three different initial feed
salini-ties. The operating pressure is kept constant by manually
adjusting valve (V1) during the course of experiments. Each set of
experi-ments was carried out for 8 h and the permeate quantity,
permeate salinity, and permeate total salinity were measured
every 15 or 30 min. A calibrated conductivity meter was used to
measure the salinity. Fig. 3 shows the calibration curve.

It is assumed that the feed and the permeate tank are well mixed.
As the experiments were carried out with clean membranes there
was no fouling consideration in this work. As the experimental
set-up facilitates only few measurements such as permeate con-
ductivity and permeate rate, some simple mass balance equations
are developed to calculate the remaining parameter of the process.

For each time interval, a mass balance was carried out in order to
calculate the salinity in the feed tank (xf) because it was difficult to
make meaningful measurements with the conductivity meter due
to vibrations, mixing and recirculation of the brine feed.

The overall mass balances are given by the following equations:

Q t
f = Q t−�t

f
− Mp�t (1)

where Q t
f

is the feed quantity at time t, Q t−�t
f

is the feed quantity
at time (t − �t) and Mp is the permeate flow rate between the time
(t − �t) and (t):

Q t
p = Q t−�t

p + Mp�t (2)

where Q t
p is the total permeate quantity at time t, Q t−�t

p is the feed
Salinity balances:

Q t
f xt

f = Q t−�t
f

xt−�t
f

− Mpxp�t (3)



Fig. 1. Experimental apparatus for RO (courtesy of Armfield).
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Table 1 lists membrane type, membrane area, membrane length, 
membrane diameter, initial feed quantity, initial feed salinity, step 
time, feed flow rate, and pressure difference across the

Table 1
Membrane properties and experimental data.

Membrane AFC99

A (m2) 0.024
L (m) 0.3
dh (m) 0.01635
Q (L) 8
Fig. 2. Schematic dia

here xt
f

is the feed salinity at time t, xt−�t
f

is the feed salinity at
ime (t − �t) and xp is the instantaneous permeate salinity at time

t
pxt

pt = Q t−�t
p xt−�t

pt + Mpxp�t (4)

here xt
pt and xt−�t

pt are the accumulated permeate salinity at time
t and (t − �t) respectively. 

Eqs. (1) and (2) give:

t
f + Q t

p = Q t−�t
f

+ Q t−�t
p (5)

Whilst Eqs. (3) and (4) give:

txt + Q t
pxt

pt = Q t−�txt−�t + Q t−�t
p xt−�t

pt (6)
f f f f

Eqs. (5) and (6) can be used to calculate Q
f
t and x

f
t respectively 

t any given time t. With values of initial feed tank quantity and 
oncentration and measurements of permeate tank quantity and
of batch RO process.

concentration at regular intervals, Eqs. (1) and (2) can be used to 
calculate the quantity and concentration of feed tank.
0

x0 (g/L) 33-23-13
�t (min) 30–15
Mf (l/min) 18
�P (bar) 40–45



y = 0.0001x3 - 0.0064x2 + 0.7554x - 1.3879
R² = 0.9999
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Fig. 3. Salinity–conductivity calibratio

embrane. Note, although explicit pressure drop models are avail-
ble for Filmtec membrane modules in the literature (Altaee, 2012)
or simplicity, pressure drop in the membrane system used in this
ork is built in �P.

. Experimental results

.1. Permeate flux

Fig. 4 shows the permeate flux trend whilst Fig. 5 shows the
orresponding feed tank salinity for a given pressure for two dif-
erent operating pressures and an initial feed salinity of 25 g/L. The
ecrease in permeate flux is due to the increase in feed salinity
ith time. The separation becomes more difficult because an
ncrease in xf means an increase in the osmotic pressure on the 
eed solution side resulting in a decrease of the net driving force 
�P − ��). Also, higher pressures; correspond to higher permeate
ux, due to higher driving force and Mp is directly proportional to 
he pressure. This

Fig. 4. Permeate flux tren
ve (concentration is in g salt/L water).

leads to high values of xf at any given time at higher pressure (Fig.
5). A similar trend was found for xf0 of 35 and 15 g/L. This behavior
of the permeate flux at different pressures confirms the findings of
Shamel and Chung (2006) and Djebedjian et al. (2008). However, it
is to be noted that the slopes of the Mp profiles (Fig. 4) at two
different pressures are different but is linked to xf profiles shown in
Fig. 5. The xf profile at higher pressure is steeper than at lower
pressure leading to steeper Mp profile at higher pressure.

Fig. 6 shows the influence of initial feed salinity on the perme-
ate flux at a constant pressure of 40 bar. Higher values of the feed
salinity correspond to reduced amount of permeate flux because
the separation becomes more difficult corresponding to an
increas-ing of the feed tank salinity as shown in Fig. 5. Same results
were collected for an operating pressure of 45 bar. Similar trends

are reported by Shamel and Chung (2006), Djebedjian et al. (2008) 
and Wilf and Klinko (1994). However, it is to be noted that Mp pro-
files (Fig. 6) at different initial feed salinity are different. Although 
for xf0 = 15 and 25, the slopes are nearly the same, it is different for

d with xf0 = 25 g/L.
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Fig. 5. Feed tank sali

f0 = 35. It certainly reveals that for a given feed pressure there is a
imit to initial feed salinity, and it is due to the fact that higher initial
eed salinity leads to steeper xp profile (Fig. 8), therefore steeper x
rofile leading to steeper decrease in osmotic pressure difference
aking Mp profile less steeper (as evidenced in Fig. 6).

.2. Permeate salinity

Fig. 7 shows instantaneous permeate salinity dynamic evolu-
ion for initial feed salinity of 15 g/L, at two operating pressures
40 and 45 bar). The permeate salinity increases gradually almost
t the same pace for both pressures, with increase in feed salin-
ty until about 250 min. Beyond 250 min the rate of increase of

ermeate salinity at 45 bar is greater than that at 40 bar. This is 
robably because beyond 250 min, the effects of higher pressure are 
reater than the effect of concentration polarization (CP, explained 
ater in this paper) and lets more salt into the permeate. The same

Fig. 6. Permeate flux
end with xf0 = 25 g/L.

behavior was found for initial salinity values of 25 and 35 g/L.
These results confirm the findings of Shamel and Chung (2006),
Djebedjian et al. (2008) and Voros et al. (1996). Fig. 8 shows how
higher initial feed salinities result in higher permeate salinities for
an operating pressure of 45 bar. Similar trends were found at 40
bar.

3.3. Effect of feed salinity

Fig. 9 shows the variation of permeate salinity with the feed
salinity at a constant pressure of 40 bar (similar trends were
obtained at 45 bar). Fig. 10 shows the variation of Mp with xf at
different initial conditions, xf0. In an ideal case, one would expect

all the points in Fig. 9 falling on a single line. However, beyond
xf = 25, the rate of increase in xp is higher for xf0 = 15 compared to 
that for xf0 = 25. This is due to the fact that with xf0 = 15 the CP effect 
becomes increasingly more pronounced as feed salinity increases.

with P = 40 bar.
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Fig. 7. Permeate salin

his reduces the permeate flow (Fig. 10) and leads to an increase in
he permeate salinity for the same passage of salt through the

embrane (note that salt passage also gradually increases with
ncreasing feed salinity for a given pressure, see discussion in
ection 6). However, when xf0 = 25, the Mp is higher compared to
hat at xf = 27 (with xf0 = 15 ; see Fig. 10), which consequently
ecreases the value of xp (see Fig. 9). A similar explanation can be
iven, to the behavior of the profiles with xf0 = 35 and xf0 = 25. To
he best of the authors’ knowledge, these types of observations
ave been neither made nor reported in the literature. Section 4
aptures further the effect of initial feed salinity.
. Water permeability calculations

One of the parameters that greatly affects the performance of a
O plant, is the water permeability constant, because it is directly

Fig. 8. Permeate salinity
end with xf0 = 15 g/L.

proportional to the permeate flux and inversely proportional to
the driving force of the process. In order to calculate the driving
force the methods used by El-Dessouky and Ettouney (2002) and
Meares (1976) are considered

4.1. El-Dessouky and Ettouney (2002) model

According to the widely used solution-diffusion model, the 
water flux through the membrane is given by

Mp = Kw(�P − ��)AC1 (7)
where C1 is a conversion factor (=1000 L/m3), Kw the water perme-
ability, A the membrane area, �P the pressure difference between
the feed and permeate sides of the membrane and �� the osmotic
pressure difference across the membrane.

trend at P = 45 bar.
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Fig. 9. Permeate salinity variati

Eqs. (8) and (9) enable the calculation of the brine flow rate and 
he brine salinity (Fig. 2):

b = Mf − Mp (8)

b = Mf xf − Mpxp

Mb
(9)

here Mb, Mf and Mp are the brine, feed and permeate flux respec-
ively.

It is thus possible to calculate the permeate osmotic pressure
Eq. (10)), the feed osmotic pressure (Eq. (12)) and the brine osmotic
ressure (Eq. (11)), in order to obtain the net osmotic pressure dif-
erential across the membrane (��) through Eq. (14). For the solute
alinity considered in this work, the osmotic pressure is approx-

mately a linear function of solute salinity for simplicity. These 
orrelations are similar (multiplying factor is 0.7584) to those used 
y El-Dessouky and Ettouney (2002) for salinity up to 42 g/L and to 
hose used by Geraldes et al. (2001) who suggested a multiplying

Fig. 10. Permeate flux variation with
h the feed salinity at P = 40 bar.

factor of 0.8051 for salinity up to 90 g/L. In addition, Wardeh and
Morvan (2008) used the same correlation of Geraldes et al. for a
detailed CFD (Computational Fluid Mechanics) based simulation of
RO desalination process. Note, however, a nonlinear correlations
for salinity up to 48 g/L has been suggested by Lu et al. (2007):

�p = 0.7579xp (10)

�b = 0.7579xb (11)

�f = 0.7579xf (12)

�̄ = 0.5(�f + �b) (13)

�� = �̄ − �p (14)

Finally, it is possible to calculate the water permeability coeffi-

cient Kw using Eq. (15):

Kw = Mp

(�P − ��)AC1
(15)

the feed salinity at P = 40 bar.
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Fig. 11. Water permeability trend at xf0 = 25 g/L (Note:

Fig. 11 shows the water permeability coefficient at two
ifferent levels of pressure with an initial feed salinity of 25 g/L. It

s possible to observe how its value increases at higher pressures
ue to a higher driving force. Experiments conducted with an

nitial feed salinity of 15 and 35 g/L show a similar dependence.
Fig. 12 shows a rather important finding i.e. the effect of the

eed salinity on the water permeability constant which has not
een reported in the literature prior to this work. Some authors
ho studied the dependence on Kw, focused only on the pressure

Voros et al., 1996) or its decay with the time due to the fouling
henomenon (Zhu et al., 1997) and (Al-Bastaki and Abbas, 2004)

n this work, we observed that Kw values depend on feed salinity
see also Barello et al., 2014) and a higher feed salinity corresponds

o a smaller water permeability coefficient. This trend confirms the 
ependence found between the permeate flux and the initial feed 
alinity at both operating pressures. In order to better clarify this 
ependence, Fig. 13 shows the variation of Kw as a function of the

Fig. 12. Water permeabilit
alinity continuously increases as it is a batch system).

feed salinity and the linear regression line of best-fit approach will 
be used in the following to model the RO process (see Section 7).

4.2. Meares model

Meares (1976) based his reverse osmosis studies on an
irreversible thermodynamic treatment of the system. The model
assumes turbulent flow, osmotic pressure represented by the Van’t
Hoff equation, tubular configuration, isothermal conditions, reflec-
tion coefficient approximately equal to the intrinsic salt rejection
Rj, and the Nerst film model to describe polarization phenomenon.

The permeate flux and the salt rejection are given by:
Mp = Kw[�P − (Rj)
2˛R(T + 273.15)xw]AC1 (16)

Kw = −1.0 × 10−6xf + 6.0 × 10−5 (17)

y trend at P = 45 bar.
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Fig. 13. Water permeability t

here ˛ is the number of ions produced on complete dissociation
f one molecule of electrolyte, R the universal gas constant and T
he temperature. The wall salinity xw is estimated by:

w = xb
exp((Mp/60, 000 A)Sc2/3/ju)

Rj + (1 − Rj) exp((Mp/60, 000 A)Sc1/3/ju)
(18)

here C1 is a conversion factor, Sc the Schmidt number, u the brine
elocity and j the Chilton–Colburn factor:

c = v
D

(19)

= 0.0395Re−1/4 (20)

M
= b

60, 000 A
(21)

e = Mf dh

vA
(22)

Fig. 14. Water permeability
ith feed salinity at P = 40 bar.

where � is the viscosity, dh the hydraulic diameter of the flow chan-
nel and D the diffusivity coefficient.

For the physical properties, correlations from Pais et al. (2007) 
are used:

v = �

�
(23)

M = 1.0069 − 2.757 × 10−4T(
◦
C) (24)

� = 498.4M +
√

248, 400M2 + 752.4xf M (25)

−6
(

1965
)

� = 1.234 × 10 exp 0.00212xf +
273.15 + T

(26)

D = 6.725 × 10−6 exp
(

0.154E − 3xf + 2513
273.15 + T

)
(27)

trend at xf0 = 15 g/L.
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Fig. 15. Water perm

In the following figures (Figs. 14–16), some results are plotted
nd the trends confirm the various dependences found with the El-
essouky calculations.

. Concentration polarization

The term concentration polarization refers to the salinity gra-
ient of salts on the high-pressure side of the reverse osmosis
embrane surface created by the re-dilution of salts left behind as
ater permeates through the membrane itself. The salinity in this

oundary layer has a higher value than the salinity of the bulk
ater which affects the performance of the RO process (Meares

976) by increasing the osmotic pressure at the membrane surface

eading to reduced flux, increased salt leakage and it favors scale 
evelopment.

As suggested by Kennedy et al. (1974), a material balance 
within the mass-transfer boundary layer near the membrane wall,

Fig. 16. Water permeability trend w
y trend at P = 40 bar.

between the solute carried to the membrane by convection and the
solute carried away by diffusion, gives an expression that quantifies
concentration polarization:

CP = xw − xp

xb − xp
= exp

(
Mp

60, 000 kA

)
(28)

where xw is the concentration at the membrane wall, xp the perme-
ate salinity, xb the brine salinity and k the mass transfer coefficient.

The mass-transfer coefficient may be estimated using an appro-
priate empirical mass-transfer expression. For fully developed
laminar and turbulent flow regimes, Belfort (1984) gives the two
following relations:

( )0.33
Sh = kdh

D
= 1.86

ReScdh

L
(laminar) (29)

Sh = kdh

D
= 0.04Re0.75Sc0.33 (turbulent) (30)

ith feed salinity at P = 45 bar.
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Fig. 17. Concentration pol

here Sh, Re and Sc are the Sherwood, Reynolds (Eq. (22)) and
chmidt (Eq. (19)) numbers respectively, L the length of the mem-
rane and dh the hydraulic diameter of the flow channel.

Fig. 17 shows how CP varies with time for an initial feed
alinity of 35 g/L at pressures of 40 and 45 bar. Correspondingly
ig. 18 shows a graph of Mp against CP. It is possible to see from
his data how at higher pressures the concentration polarization
henomenon is more pronounced due to the increase in driving
orce.

The variation of CP with feed salinity for different initial salini-
ies is shown in Fig. 19. Results are plotted for an operating pressure
f 45 bar and similar trends were found at 40 bar. In an ideal case

ne would expect all the data points to fall on a single line. How-
ver, as mentioned earlier in Section 3.2, with xf0 = 15, the CP effect 
ecomes increasingly more pronounced as feed salinity increases 
nd this causes a decay in the permeate flow (Fig. 10). Also, in this

Fig. 18. Concentration polarization trend
ion trend with xf0 = 35 g/L.

case it is possible to make an interesting observation. In the study
with xf0 = 25, the CP value is higher compared to CP at xf = 30 (with
xf0 = 15) (see Fig. 17), which consequently decreases the value of xp

(see Fig. 9). Similarly, the behavior of the profiles with xf0 = 35 and
xf0 = 25 can be explained. Again, to the best of authors’ knowl-edge,
these types of observation have not yet been reported in the
literature yet.

6. Salt transport

As suggested by El-Dessouky and Ettouney (2002), the rate of 

salt flow through the membrane can be defined by:

Js = Ks(x̄ − xp)A (31)

with permeate flux at xf0 = 35 g/L.
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Fig. 19. Feed salinity influence on

here Ks is the salt permeability coefficient and xp the permeate
alinity. The average salinity is defined as:

¯ = Mf xf + Mbxb

Mf + Mb
(32)

The permeate salinity depends on the relative rates of water and
alt transport through reverse osmosis membrane:

p = Js (33)

Mp

The fact that water and salt have different mass transfer
ates through a given membrane creates the phenomenon of
altrejection. No membrane is ideal in the sense that it absolutely

Fig. 20. Salt permeability coeffi
ntration polarization at P = 45 bar.

rejects salts; rather, the different transport rates create an apparent 
rejection.

The salt permeability coefficient trends are shown in Figs. 20
and 21. In the former, it is possible to see the influ-ence of the
initial feed salinity at a constant pressure of 40 bar.
Higher values of xf0 correspond to smaller Ks because the separa-
tion becomes more difficult. This behavior confirms the results of
Voros et al. (1996) where the dependence of pressure on the salt
coefficient is plotted and a higher operating pressure produces

higher Ks. As for the water permeability constant, it is possible to 
obtain a correlation that describes the dependence of the feed 
salinity on Ks. Results are plotted in Fig. 22 for a constant pressure 
of 40 bar.

cient trend at P = 40 bar.
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t These four differential equations, coupled with one of the two 
theories (El-Dessouky and Ettouney, 2002; Meares, 1976) previ-
Fig. 21. Salt permeabil

Figs. 23 and 24 show the salt flow through the membrane as a
unction of time. The former shows the influence of the initial feed
alinity whilst the latter displays the influence of the operating
ressure.

. Process modeling

With reference to Fig. 2, the mass and salt balances for the feed
ank can be written as follows:

d(Q )
f

dt
= −Mp (34)

d(Qf xf )
dt

= −Mpxp (35)

Fig. 22. Salt permeability trend wi
efficient at xf0 = 25 g/L.

As for the feed tank, it is possible to write two equations of mass
and salt balances to characterize the permeate feed tank:

d(Qpt )
dt

= Mp (36)

d(Qpt xpt )
dt

= Mpxp (37)
ously discussed (Sections 4.1 and 4.2) to describe the RO system, 
give a complete description of the plant.

Calculating the degree of freedom of the system is one of the 
steps to carry out the simulation of the process. Table 2 shows the

th feed salinity at P = 40 bar.



Fig. 23. Salt flow trend at P = 45 bar.

trend

n
h
l
B
D

T
D

Fig. 24. Salt flow

umber of degrees of freedom for both the models. Both models

ave 2 degrees of freedom (DoF) and it is possible to look for

iterature values of the water and salt permeability constants.
y selecting values of water and salt permeability constants, the
oF reduce to zero and it is then possible to solve the system of

able 2
egrees of freedom.

m n d Specified
parameters

Remaining
specifications

El-Dessouky and
Ettouney (2002)

24 15 9
Mf , �P, A
Q 0

f
, x0

f
, Q 0

pt , x0
pt

2

Meares (1976) 33 21 12
Mf , �P, A, T, ˛, dh

Q 0
f

, x0
f
, Q 0

pt , x0
pt

2

with xf0 = 15 g/L.

equations describing the RO plant and validate the model by com-

paring these results with the experimental data.

Table 3 shows the parameters specified for both models. Note 
that Kw and Ks values (for non-fouled membrane) are taken from 
Voros et al. (1996) (tubular membrane, P = 25, 30, 35 and 40 bar).

Table 3
Parameter values.

Settings Initial conditions Literature values

Mf = 18 (l/min) Q 0
f

= 8 (l) Kw = 2.4E−5 (m3/min/m2/bar)
�P = 40 (bar) x0

f
= 35 (g/L) Ks = 0.0237 (l/min/m2)

A = 0.024 (m2) Q 0
pt = 1.E − 10

T = 23–33 (◦C) x0
pt = 1.E − 10

˛ = 2 (–)
dh = 0.01635 (m)
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Fig. 27. Permeate salinity trends with feed salinity dependence on water and salt
permeability (xf0 = 35 g/L).
Fig. 25. Permeate salinity trends Matlab calculations (xf0 = 35 g/L).

Figs. 25 and 26 show the results for both models (for xf0 = 35)
nd it is plain to see that there is a mismatch between experi-
ental results and calculated results. This is, partly due to some
easurement errors and the fact that constant values for Kw and Ks

re used. In reality, Kw and Ks are not constant and it is thus
ecessary to incorporate in the model the dependence of the feed
alinity from these parameters. From the experimental results
Figs. 13, 16 and 22), a linear regression is performed in order to
btain two expressions of water and salt permeability constants as
 function of xf. Tables 4–6 show the correlations for each initial
ondition (xf0) with the respective correlation coefficients, R2. It is
ossible to see that after implementing this correction
Figs. 27 and 28 (for xf0 = 35)), there is good agreement between
xperimental and predicted values, especially for El-Dessouky and
ttouney (2002). Same results were found for xf0 = 25 and xf0 = 15. It
ight be due to the fact that the experimental conditions including

he type of membrane used in this work can be described bet-
er with El-Dessouky and Ettouney model than the Meares model

nd that the model assumptions considered by the former model 
atches the experimental conditions of this work better than the 

atter model.

Fig. 26. Permeate flux trends Matlab calculations (xf0 = 35 g/L).
Fig. 28. Permeate flux trends with feed salinity dependence on water and salt per-
meability (xf0 = 35 g/L).

8. Constant feed tank salinity

The RO plant was run at constant feed tank salinity in order to

observe the difference with the batch configuration. In the exper-
imental set up, since it was not possible to disconnect the brine
recirculation to the feed tank, through a mass balance at discrete

Table 4
Water and salt permeability correlations for xf0 = 35 g/L (this work).

Kw (m3/min/m2/bar) Based on El-Dessouky
and Ettouney model

Based on Meares model

Equation Kw = −1.0 × 10−6xf

+ 6.0 × 10−5
Kw = −5.0 × 10−7xf

+ 3.0 × 10−5

R2 0.9687 0.9927

Ks (l/m2/min) Based on El-Dessouky
and Ettouney model

Based on Meares model

Equation Ks = −3.0 × 10−4xf + 0.0224 Ks = −3.0 × 10−4xf + 0.0224
R2 0.8802 0.8802



Fig. 29. Feed tank salinity trend.
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Fig. 30. Permeate flux trend

ime interval, fresh water was added to the feed tank to keep the

alinity constant. It is possible to see from Fig. 29 that this method
as successful as the xf trend is almost constant with the time. In 

igs. 28 and 29 results are plotted for an operating pressure of 40 bar

able 5
ater and salt permeability correlations for xf0 = 25 g/L (this work).

Kw (m3/min/m2/bar) Based on El-Dessouky
and Ettouney model

Based on Meares model

Equation Kw = −1.0 × 10−6xf

+ 6.0 × 10−5
Kw = −8.0 × 10−7xf

+ 3.0 × 10−5

R2 0.9516 0.9452

Ks (l/m2/min) Based on El-Dessouky
and Ettouney model

Based on Meares model

Equation Ks = −2.0 × 10−4xf + 0.0195 Ks = −2.0 × 10−4xf + 0.0195
R2 0.9029 0.9029
tch and continuous running.

and an initial feed salinity of 35 g/L (batch system) and constant feed

salinity of 35 g/L. As expected, Mp, xp and Kw remain constant for 
constant feed salinity and since the plant was run for only 8 h, it 
was not possible to see appreciable fouling (Figs. 30 and 31).

Table 6
Water and salt permeability correlations for xf0 = 15 g/L (this work).

Kw (m3/min/m2/bar) Based on El-Dessouky
and Ettouney model

Based on Meares model

Equation Kw = −9.0 × 10−7xf

+ 4.0 × 10−5
Kw = −7.0 × 10−7xf

+ 3.0 × 10−5

R2 0.9574 0.9574

Ks (l/m2/min) Based on El-Dessouky
and Ettouney model

Based on Meares model

Equation Ks = −4.0 × 10−4xf + 0.0293 Ks = −4.0 × 10−4xf + 0.0293
R2 0.9173 0.9173
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Fig. 31. Water permeability tre

. Conclusions

This paper presented, characterized and modeled a batch
everse osmosis desalination plant. The batch mode of operation
s achieved by recirculating the brine stream which increases the
eed tank salinity continuously, allowing in-depth investigation of
he effect of feed salinity on the water permeability constant which
as never the focus in the past. In addition, experiments were car-

ied out for different operating pressures to investigate if the effect
f pressure on the water permeability constant remains the same
bserved in the past (while keeping feed salinity constant). The
ehavior of other important process parameters such as concen-
ration polarization, salt transport, etc. were also studied. Finally,
he experimental data were validated against two literature RO

odels.
Permeate flux was found to increase with increasing pressure

nd for lower salinity whereas permeate salinity was found to
ncrease for higher pressure and salinity. An important observa-
ion was made by studying the permeate salinity trends with feed
alinity. It is found that the concentration polarization phenomena
an influence these trends and for different starting conditions i.e.
ifferent initial feed salinities, the values of the permeate salin-

ty at a chosen feed salinity are different. In the literature there is
o evidence of these dependencies. Water permeability constant
as evaluated as a function of changing feed salinity and pres-

ure from the collected experimental data and using two models
rom the literature. A strong pressure dependence of the water
ermeability constant was observed in line with earlier obser-
ations. Interestingly, strong salinity dependence of the water
ermeability constant is also observed which has been neglected
r ignored in the literature by authors who studied this aspect
f the process and considered only the water permeability decay
ith the time due to the fouling phenomena. To be absolutely sure

f our findings, we carried out an additional experiment at con-
tant feed salinity. This experiment confirms earlier observations
eported in the literature and at the same time strengthens our new

ndings.

In addition, the salt transport mechanism was studied in terms
f mass flow of salt that passes though the membrane and the
alt permeability constant. Interestingly, a strong feed salinity
batch and continuous running.

dependence on the latter was found, which has not yet been 
reported in the literature.

The batch RO process has been modeled by means of a
differential-algebraic equations system. Initially, constant values
of water and salt permeability were taken from the literature and a
significant difference was found between experimental and sim-
ulated results. When water and salt permeability constants as
functions of salinity are introduced in the model, results improved
significantly for El-Dessouky and Ettouney (2002) model, proving
that the experimental process considered in this work can be ade-
quately described by this model.

Finally, it is worth observing that feed salinity plays an impor-
tant role in deciding the optimal RO network configuration and a
number of operating parameters as observed by Lu et al. (2007)
and Sassi and Mujtaba (2012) to reduce the cost of production of
water ($0.22–$1.34) per m3 of freshwater produced. However, in
all these studies constant (concentration independent) water and
salt permeability constants were used. Our work will certainly
have implications on the design and operation of RO desalination
pro-cesses and on the cost of production of water which will be
explored in future.
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