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Reverse Osmosis (RO) is widely used for separating organic and inorganic pollutants in wastewater. In this
research, the one-dimensional steady state model of a spiral wound RO for the removal of phenol from waste-
water, was simulated using gPROMS software to identify optimal design and operating parameters. The design
parameters included the membrane length, width and feed spacer channel and operating conditions included
temperature and pressure of the RO process. The optimal design parameters were able to maximise the removal

of phenol from wastewater. The simulation results showed that the removal of phenol from wastewater was
significantly influenced by the combination of membrane width, operating pressure, and feed temperature. The
four main parameters (permeate concentration, solute flow, solute rejection, and water flux) that govern the
performance of a reverse osmosis membrane were found to be influenced by the design and operating conditions.

1. Introduction

The ever-increasing population and associated industrialisation have
contributed to a significant increase in the amount of industrial waste,
including more specifically large volumes of wastewater of varying
quantity and harmfulness (Zhang et al., 2020). The urgent need for
water recycling and wastewater treatment has never been greater than
today. Due to the exponential increase in water demand, low-quality
water is often re-used in cooling towers and power plants (Pan et al.,
2018). Current research shows a significant interest in recycling,
recovering and reusing a variety of wastewater. Even in water rich
countries, people are exploring water reuse, and are using every effort to
reduce the volume of wastewater discharged into surface water, thus
preserving a green environment (Tortajada, 2020). A significant volume
of research is focused on removing micro-pollutants from wastewater
because of their detrimental effect on both the natural environment and
human health. This is no trivial task, as the removal of such organic
contaminants present in wastewater is both difficult and costly (Zheng
et al., 2013).

A variety of organic and non-organic chemical substances can readily
be found in wastewater as a result of complicated technologies and
products used in various industries (Chaturvedi, 2022; Al-Obaidi et al.,
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2018). Such harmful substances are then discharged into a wide range of
water resources, they disturb the whole ecosystem and have a significant
impact on rivers and lakes which are used for drinking water (Liang
et al., 2020). There is therefore an urgent and ever increasing need to
ensure that such toxic substances are not released into the environment,
and are closely controlled.

Despite the existence of physicochemical, biological and advanced
treatment methods of wastewater such as adsorption, coagulation-
flocculation, activated sludge, ion exchange, and oxidation processes
(Mohammadi et al., 2015), Reverse Osmosis process (RO) is by far, the
leading treatment technique for wastewater treatment (Al-Obaidi et al.,
2020a). In an RO process, a semi-permeable membrane is used to isolate
two mediums of varying solution concentration. This has been suc-
cessfully used for extracting harmful contaminants from seawater and
wastewater by injecting the solution at a higher pressure than the os-
motic pressure inside a closed vessel (Attarde et al., 2017).

RO membrane modules are available in a variety of configurations
and are used in many different applications. Specifically, the spiral
wound membrane is one of the most well-known RO modules. It pro-
vides a higher packing density and a lower operating cost than con-
ventional membranes. It comprises of a flat sheet membrane sandwich
and spacers wrapped in a central permeate channel. The feed solution
flows axially through the sandwich in the spacer channel. The
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Nomenclature Rey) The feed Reynolds number at any point along the
membrane length (dimensionless)
Symbols Rej.,)  Solute rejection coefficient, (dimensionless)
B Feed channels friction parameter, (atm s/m*) Re,x) The permeate Reynolds number at any point along the
B, The solute permeability coefficients of the membrane, (the membrane length (dimensionless)
Solution—diffusion model) (m/s) Scix) The feed Schmidt number at any point along the
€1, €2 Cc.)nstan.ts in Eq. (33) ) ) membrane length (dimensionless)
Cx) Dimensionless solute concentration at any point along the Scon) The permeate Schmidt number at any point along the
membrane length o 5 membrane length (dimensionless)
Cs Brine solute concentration in the feed channel, (kmol/m>) Shyy) Sherwood number at any point along the membrane length
:(av) The mean solute concentration in the feed side, (kmol/m®) (dimensionless)
Chav) Average permeate solute concentration in the permeate SSE The sum of square errors
channel, (kmol/m?) Ty Feed temperature, ( °C)
Cux) Solute concentration at the membrane wall at any point t Feed spacer thickness, (m)
along the membrane length, (kmol/m®) w Width of the membrane, (m)
Dy(x) Diffusivity coefficient of feed at any point along the X Any point along the membrane length
membrane length, (m?/s) Z Parameter defined in Eq. (17)
Dy Diffusivity coefficient of permeate at any point along the )
membrane length, (m?/s) Subscript . .
Fox) Feed flow rate at any point along the membrane length, Pr(x) Feed density at each point along the membrane length,
(m®/s) (kg/m>)
Fox) Permeate flow rate at any point along the membrane Pm The molal‘ density of Wa'ter, (55.56 kmol/m®)
length, (m?/s) Po(x) Feed density at each point along the membrane length,
Fyroray  Total permeated flow rate at the permeate channel, (m3/s) (kg/ mg_) ) )
Ts(x) Solute molar flux through the membrane at any point along Hi(x) Feed viscosity at each point along the membrane length,
the membrane length, (kmol/m? s) (kg/m .S) ) )
Tutw) Water flux at any point along the membrane length, (m/s) Hp(x) Feed viscosity at each point along the membrane length,
Ky Mass transfer coefficient at any point along the membrane (kg/m s)
length, (m/s) c The reflection coefficient, (dimensionless)
® The solute permeability coefficients of the membrane
Length of the membrane, (m) (kmol/m? s atm)
L, Solvent transport coefficient, (m/atm s) Ax Length of the sub-section, (m)
Pyx) Feed channel pressure at any point along the membrane APy Trans-membrane pressure at each point along the
length, (atm) membrane length, (atm)
P, Permeate channel pressure, (atm) A7y The osmotic pressure difference at each point along the
R Gas low constant, (R =0.082 “;’;ﬁ;) membrane length, (atm)
r Parameter defined in Eq. (18)

commonly used cross flow velocity is laminar, but the separating ma-
terial (fibre mesh) can serve as a promoter of turbulence, and thus de-
creases concentration polarisation in the membrane by reducing the
membrane boundary layer without an excessive decrease in pressure
(Karabelas et al., 2018). The mesh also serves as a buffer for the isolation
of the membrane layers. The method of fluid separation begins with the
fluid pumping under pressure to push the fluid into the pores, thus
depositing on the permeate side at the end of the tube. A schematic
diagram of a spiral wound module of RO process is presented in Fig. 1.

The semi-permeable membranes including the spiral wound module
of RO process have been used to treat wastewater of a number of in-
dustries including textile, dairy, tannery, and pharmaceutical industries
to remove several pollutants such as copper, nitrate, sulphate and
acrylonitrile (Obotey Ezugbe, and Rathilal, 2020). Phenol, which is
highly toxic, can be found in the wastewater of several industrial prac-
tices (Magdy et al., 2021). Several researchers tested the feasibility of
spiral wound RO process for the removal of phenol from wastewater
(Srinivasan et al., 2010; Sundaramoorthy et al., 2011; Al-Obaidi et al.,
2017a; Al-Huwaidi et al., 2021). For instance, Al-Obaidi et al. (2017a)
evaluated the removal of phenol from synthesised wastewater from
varying the operating conditions of the spiral wound RO process. The
investigated operating parameters include the inlet phenol concentra-
tion, feed pressure and feed flowrate. This simulation confirmed the
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necessity of utilising an optimum feed concentration of phenol to obtain
the highest phenol rejection. However, to the best knowledge of the
authors, the investigation of membrane design parameters of spiral
wound module including membrane length, width and feed spacer
channel and consequent optimal operating conditions of temperature,
pressure and concentration have yet to be concurrently appraised. This
study attempts to resolve this gap by developing a simulation model for
the removal of phenol from wastewater using a spiral wound RO mod-
ule. Particular attention will be paid to the careful selection of optimal
operating conditions which will yield an improved removal of pollutant
(phenol) from wastewater.

2. RO process modelling

This section presents assumptions and the methodology process for
modelling elements of the RO process. This model selected is that
developed by Al-Obaidi et al. (2017b) as described below.

2.1. Assumptions

The following assumptions were made to aid in the development of
the process model:
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Permeate collection tube
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Fig. 1. A schematic diagram of a spiral wound module of RO process (Al-Obaidi, 2019) .

e The Spiegler-Kedem model’s validity.

e Darcy’s law is valid when the friction parameter is used to describe
the pressure drop.

e At the permeate side, a constant pressure of 1 atm is assumed.

e There is minimal curvature of the flat membrane sheet.

e The channel of permeate assumes a constant concentration of solute,
and the average value is calculated amounting to that of the solution
concentration inlets and outlets.

e For one-dimensional transport, the model is studied

e For the computation, the fundamental assumption is that the process
is isothermal.

2.2. Model equations

Al-Obaidi et al. (2017b) developed a one-dimensional model based
on the definition of the molar solvent and volumetric solvent fluxes Jy(x)
and Jgx. The following equations depict the x-axis fluxes across any
point of the membrane (all details for each variable can be found in the
Nomenclature).

Jwiy = Ly (APyy — (0 Any) ) @

Jiw = Jw (1-0) C7 + 0Anyy @

The average solute concentration on the feed side of membrane is
calculated using the following equation.
Cio + Gy

2

C-N(av) =

K

3

- _Co = Gw  _ Cw — Cpay
C.\-(o) = (Csm)) 7C.\-(L) = (Csm)
In{ == In{ ==
Cp(av) Cpla)
The osmotic pressure difference can be found using the following
equation at any point through the membrane.

G

ATty = RT,(Cyi — Cpian)) %)

Eq. (5) is substituted into Eq. (2) to facilitate the calculation of the
solute molar flux across any point of the membrane.

Jiw = Jwe (1 —0)Cy,,) + oRT, (Cwiw) — Cpiaw)) (6)

Eq. (6) incorporates two terms: convection, which is produced by the
connection between the solute and solvent, and is shown by the first
term; and diffusive solute flow, which is shown by the second term in the
equation.

Because the solute flow is smaller than the volumetric solvent flux, it
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can be summarised into the following equation.
@

Using the permeate, feed pressure the trans-membrane pressure
difference at any point of the membrane can be calculated using Eq. (8).

(8)

Eq. (9) is constructed by substituting Eq. (7) into Eq. (2), then
rearranging it to find the osmotic pressure difference at any point across
the membrane.

J Xca\" J X, l_O.C:aV
Mw:(wum ))_(WU( ) <>)

@ @

Ji) = Iwiw) Coa)

APy = (Po — Pp)

©)

Eq. (9) can be substituted into Eq. (1) in order to find the water flux
through the membrane at any point.

Jww (1 —0)Cy,,
Jwew =Ly |:APb(x) —0((JW<”)(SP<M>> _ ( wiw — )G >))} 10)
Eq. (10) is further simplified to give:
L, (APy) an

)

Jwe) = =
W(x) 1+ (UCP(:)V)LI'> B (CS(W)(I—J)L,,J>

The flowrate of brine would naturally drop as it travels through the
membrane, and this can be predicted as:

d*Fyy
dx

The second derivative may be deduced by combining Eq. (10) and
Eq. (12), as follows

= —WJwy 12)

APy
dFy - WL,

a2 1+ (55,;(”)1‘,;) _ (C.‘N(nv)(l’u)l‘"“)
@

0]

13)

A pressure decrease should be noted due to friction along the wall
membrane. The expression of this decrease in the equation is Darcy’s
law.

e = —bF ) 14)
Substituting Eq. (14) into Eq. (13), gives:
szb(x) w Lprb()c)
e (15)

6Cpan Clluy (1-0)Lp0
pa e\ [ Sstay
e () - (=57)
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d*Fyy L
A lFb(x)

dx? z

(16)

The combination of Egs. (15) and 16 is then rearranged and
simplified to find parameter Z

L 14 (aq,z,;,)ld”) B (Cqm(lwfffﬂwﬁ)

Wb

a7)

L,

Fy) = €™ where, r = + Z

(18)

The boundary condition from Eq. (16) is used to generate the final
solution as follows

Fywy <e\/% —e” @x) + Fy0) (e\/LZz(L”‘) —e \/LTT(L’)‘))

Fow = T T

Eq. (19) is substituted into Eq. (14). With the boundaries introduced,
it can be integrated into the following equation

(19)

Eq. (21) yields from equating Eq. (12) to the derivative of Eq. (19), as
follows

Using the boundary limits and equating equations to solve the trans-
membrane pressure at each point across the membrane.

APy =

b v, , b , ; ,
{ (Fb(L) (e\/; +e’\/g" — 2) — Fy) (e\/;(L’” +e’\/g(L”‘)) — (e F_ e LTIL)) }

N DR s {[F,,@ (e\/%wfﬁ@,x)”{Fw (\/:+\/Z)”
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Fb(O) (6\/%71‘ — eiﬁL> APb(o) \/%<e\/gL —e %L)

2 a 2b

Fyry =

(23)

Using Eq. (24) will determine the solute concentration along the x-
axis of the membrane

g {oui) T C, e d dc.
W wx) Coav) wCisn) s(x)
- R O (et ] 24
dx ( I >+( I )+dx( b(’)( dx )) @4

The accumulation of the impermeable solute on the membrane sur-
face may also be addressed using the concept of concentration

polarisation
Tw() >
= exp(
K

(Cwiy = Cptan)
(Cot0)-Coan)

The combination of Eqgs. (25) and (7) is first required to work out the

concentration polarisation

(25)

(20)

/wu)>
Jw Cplar) = C’\zav)(l - 0')-/w(x) + O)RT/)(C.‘(x) - C,,(m) e< (26)

2D

To get the average permeate solute, Eq. (26) is rearranged as shown
below

L%Zb{ |:Fh(0) (e\/@“’” + e’\/LZE“’*’)} - [Fhm (6\/@" + e’\@*)} }

L /&
Lp(e\/;L_e ZL)

To determine the brine output flowrate, it is necessary to rearrange
Eq. (22), as shown below
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(22)

Twx)
Ciian (1 = 0)Jwe) + @RT, C”e<‘m)
S (1= 0)we b Cot) @)

plav) =

<~’w(<;)
Jw(x) + @wRTye fw

To reduce Eq. (27) into Eq. (28), it is assumed that the reflection
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coefficient is equal to 1

("Wm)
RT), C, Kix)
oLy Cywer 7 (28)

plav) =

</w(n>
Jw(w) + @RT,e \'©

It is possible to calculate the average permeate solute concentration
using the Solution-diffusion model by expressing Eq. (28) as Eq. (29)

(=)
B, Cye Kix)

29)
(=)
JWm + Bye K

Cp(av) =

The separation effectiveness of the membrane is derived from the
solute rejection coefficient, which is a measure of separation as follows

Coty = Cplar
Rejian) = (7(“0-(1) ol )>x 100

(30)

Additionally, to get the overall flow rate, the sum of all permeated water
along the x-axis can be calculated as follows

dF plx)
dx

= Wi (3D

Fu(mm/) - F/:(L) (32)
It is worth noting that the coefficient of mass transmission is essentially
based on the solvent flux, flow rate, solute concentration and solvent,
and solution properties. In addition, the coefficient of mass transfer
varies along the x-axis dimension. The following equation helps quantify

the impact of each variable.

C
ke = c1[RepRer) G Sep Serin ] (33
2trk
Sh = LW (34)
Dy
28,0 I wix 200 F (s
€p) = ZoPp W) and Rey,) = 710‘;) b (35)
p(s) Hr(s)
CS X
Cm(x) = = (36)
pl)‘l
Hp) Hrx)
Sc x) = and SCf(X) = (37)
Dot PrDrto

The permeate concentration along the x-axis and the molar density of
water have a corresponding coefficient of solute diffusion. The equation
used to derive the mass transfer coefficients is given below

0333
Fh(«r)Di(b)>

38
7T 38)

ke = 1.177 <

Deducing the values of constants is possible by showing specific
variables. The phenol total mass transfer coefficient is determined as
follows

0.9995 0.0005
_ 6:5045Dy;,) (Fbm i) C.rm)

(39)
I Wp,,Dp()

k)

Table 1
Characteristics of the selected membrane.

Membrane characteristics

Make Ion Exchange, India

Membrane Material
Module configuration

Thin-film composite (TFC) Polyamide
Spiral wound
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Table 2
Membrane design specifications of selected modules for variable membrane
length.

Membrane design specifications Module

Base Case 1 2
Module length (m) 0.45 0.4 0.5
Module width (m) 1.667 1.667 1.667
Feed spacer thickness (m) 8.50E-04 8.50E-04 8.50E-04
Permeate spacer thickness (m) 7.80E-04 7.80E-04 7.80E-04

3. Membrane characteristics and operating conditions

Membrane properties have a significant impact on the process ability
to operate at optimal conditions. The use of the correct membrane is
thus very important. This section discusses the evaluation of the influ-
ence of different design parameters of the membrane including length,
width, feed spacer thickness, and permeate spacer thickness on the
phenol removal from wastewater. It seeks to identify optimal values via
the simulation-based model developed. Table 1 shows the membrane
characteristics of an Ion Exchange membrane. The simulation will be
carried out considering a set of inlet conditions of 10 atm of pressure,
8.5E-03 kmol/m? of phenol feed concentration, 3.33E-4 m3/s of feed
flowrate, and 32.2 °C of temperature.

The current simulation includes the variation of one design param-
eter of the membrane while other design parameters are fixed at the
original base case values. The original membrane specifications are
denoted as the base case module, while Modules 1 and 2 denote two
different membrane specifications tested with specified length, width,
and feed spacer thickness. In this regard, the module length has been
taken as 0.45 m, 0.4 m, and 0.5 m for the base case, module 1 and
module 2, respectively. The module width has been taken as 1.667 m,
1.0 m, and 2.0 m for the base case, module 1 and module 2, respectively.
Also, the feed spacer thickness has been taken as 8.50E-04, 8.0E-04, and
9.0E-04 for or the base case, module 1 and module 2, respectively.

4. Results and discussion
4.1. Analysis of membrane design parameters

To critically investigate the influence of membrane length on the
performance indicators of the spiral wound RO process for the phenol
removal from wastewater, Modules 1 and 2 are proposed. They corre-
spond to a lower and higher membrane length compared to the base case
respectively as shown in Table 2. The membrane width, feed spacer
thickness and permeate spacer thickness of the original base case are
maintained in Modules 1 and 2. Additionally, the length of each mem-
brane in each module is split into 5 subsections based on the membrane
length selected. For instance, each subsection is 0.1 m for 0.5 m mem-
brane length. This is in line with using a one-dimensional simulation
model (Section 3).

Fig. 2 illustrates the pressure and phenol feed concentration fluctu-
ation on the membrane length for three different modules, while the RO
process is operating in a steady state condition. The pressure drop, due
to friction, results in a decreased feed pressure along the membrane
length. Clearly, the pressure gradient between the feed and permeate
channels is at its greatest at the entry of the membrane and at its lowest
at the end of the unit. Due to water being absorbed by the membrane, the
phenol concentration gradually increases in the sub-sections of the feed
channel across the membrane.

Fig. 2 clearly shows that employing the two proposed Modules 1 and
2 of the membrane length and corresponding dimensions (Table 2) has
no significant impact on the distributions of feed pressure and phenol
concentration across the membrane, where similar behaviours can be
noticed. However, Module 1 has the best feed pressure across the
membrane length, and this yields a higher net driving pressure to
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Fig. 2. Feed pressure and phenol concentration along the membrane length with varying membrane length.
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Fig. 3. Feed and permeate flowrates along the membrane length with varying membrane length.

generate a higher water flux through the membrane pores compared to
the base case and Module 2. This is due to the lower membrane length of
Module 1. As the membrane length increases, it can be observed that the
feed pressure of Module 1 is comparable to the feed pressure of base case
and Module 2. This is another indication of the clear influence of
lowering the membrane length to gain a higher feed pressure along the
membrane length compared to a larger membrane length. On the other
hand, Module 2 with the largest values of membrane length appears to
have the highest phenol concentration throughout the membrane length
compared to the base case and Module 1. Module 2 has the lowest feed
pressure and lowest pressure driving force. This implies a lower water
flux with a higher accumulation of phenol on the membrane wall that
explains the increase of feed concentration throughout the membrane
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length. The variation of phenol concentration between the three mod-
ules is clearly visible at the end of the membrane length.

The above results confirm that Module 1 yields higher phenol
removal from wastewater due to its high feed pressure driving force
compared to the other modules tested.

It is crucial to look at the behaviour of the feed flow rate across the
membrane length in order to realize the behaviour of the phenol con-
centration depicted in Fig. 2. Fig. 3 shows the distribution of the feed
flowrate in the feed channel and permeate flowrate in the permeate
channel throughout the subsections of the feed channel for the modules
of different membrane length tested. The feed flowrate decreases
throughout the membrane channel because of water infiltration
throughout the membrane, causing feed velocity to be lowered and feed
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Fig. 5. Feed pressure and phenol concentration along the membrane length with varying membrane width.

Table 3
Membrane design specifications of selected modules for variable membrane
width.

Membrane design specifications Module

Base Case 1 2
Module length (m) 0.45 0.45 0.45
Module width (m) 1.667 1.0 2.0
Feed spacer thickness (m) 8.50E-04 8.50E-04 8.50E-04
Permeate spacer thickness (m) 7.80E-04 7.80E-04 7.80E-04

concentration to be raised as seen in Fig. 2. More importantly, the
membrane length has a clear influence on the feed and permeate flow-
rates. Specifically, the application of the two proposed modules and the
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base case of different membrane length, has a clear effect on the dis-
tribution of feed and permeate flowrates. In this regard, Module 1 is
characterised by the highest feed flowrate compared to the base case and
Module 2. This is due to it having the lowest values of membrane length
which upgrade the feed flowrate. Having the highest feed flowrate im-
plies the highest rate of disturbance that incorporates the lowest phenol
concentration compared to the other modules tested. Accordingly,
Module 1 provides the best option due to its higher feed flowrate along
the membrane length, which accelerates the water flux and increases
phenol rejection.

As the pressure drops along the membrane length due to friction, the
net pressure driving force is reduced, and this causes a decrease in the
water and solute fluxes through the membrane. Fig. 4 shows this for the
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Fig. 6. Feed and permeate flowrate along the membrane length with varying membrane width.

three modules studied. In particular, Fig. 4 also shows the results of
Fig. 2 where the maximum water flux using Module 1 was achieved at
the lowest value of membrane length. The base case has the second order
of water flux while Module 2 has the lowest water flux with the biggest
membrane length. Furthermore, the solute flux results are commensu-
rate with the water flux results. These exhibit a clear increase of the
water flux as the membrane length decreases due to an increase of
accumulated phenol on the membrane surface. Again, changing the
membrane length has little influence on water and solute fluxes through
the membrane pores along the membrane length. It can therefore be said
that Module 1 yields higher phenol removal from wastewater than the
base case or Module 2, as clearly shown in Figs. 2, 3, and 4.

To analyse the effect of membrane width (at fixed membrane length,
feed spacer thickness, permeate spacer thickness) on the related

performance indicators of RO process in respect of the removal of phenol
from wastewater, Fig. 5 depicts the distribution in feed pressure and
phenol concentration throughout the membrane length for three
different modules of different membrane width including the base case
module (Table 3).

Clearly, it can be seen that changing the membrane width has little
influence on the feed pressure distribution but considerable influence on
the feed concentration distribution.

Fig. 5 shows that having the highest membrane width (Module 2)
would yield the highest phenol concentration along the membrane
subsections compared to the base case and Module 1. This can be
attributed to a clear reduction of the feed flowrate in the feed channel as
the width of membrane increases. Thus a reduction of disturbance rate is
mostly expected due to lowering the feed flow rate that causes an
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Fig. 7. Water and solute flux along the membrane length with varying membrane width.
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Table 4
Membrane design specifications of selected modules for variable membrane feed
spacer thickness.

Membrane design specifications Module

Base Case 1 2
Module length (m) 0.45 0.45 0.45
Module width (m) 1.667 1.667 1.667
Feed spacer thickness (m) 8.50E-04 8.00E-04 9.00E-04
Permeate spacer thickness (m) 7.80E-04 7.80E-04 7.80E-04

increase of phenol concentration in each subsection along the membrane
length of Module 2. Statistically, phenol concentration at the membrane
end is raised from 8.86E-03 (Base Case) to 8.93E-03 kmol/m?> (Model 2)
when the membrane width is increased from 1.667 m to 2.0 m. More
importantly, the increased feed concentration results in an increase in
osmotic pressure, and in a decrease in water flux and solute rejection. It
is therefore important to deploy Module 1 of the lowest membrane
width in order to guarantee the reduction of the accumulated phenol on
the membrane surface, which in turn would lead to fouling and scaling
problems.

It can be affirmed that using Module 1 at the lowest value of mem-
brane width would delay the solute flux and therefore would limit the
permeate concentration of phenol in the permeate channel. Thus,
Module 1 yields highest phenol rejection.

Fig. 6 shows that increasing the width of the membrane lowers the
feed flowrate more quickly and raises the permeate flowrate equally.
The feed flowrate is 3.26E-4 m®/s in the basic scenario; when the
membrane width is increased, and the feed flowrate decreases to 3.24E-
04 m®/s. In the same trend, the permeate flowrate is 7.51E-06 in the
basic scenario, but it rises to 9.01E-06 when the width is increased to
2.0 m in Module 2. Based on these results, it can be confirmed that using
a high membrane width would generate the lowest feed flowrate along
the membrane length and vice versa. This is due to availability of a
higher space for the particle moving throughout the membrane with
increasing the membrane width, thus decreasing the feed flow rate.
Thus, it is recommended to select Module 1 since it incorporates the
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when the pressure drops due to friction, which in turn reduces the net
pressure driving force. Varying the membrane width had no effect on
water flux but did have an effect on solute flux as shown in Fig. 7. At the
membrane end, the solute flux was 2.38E-07 kmol/m? s in the base case,
2.40E-07 kmol/ m? s in Module 2 with the increased width, and 2.33E-
07 kmol/ m? s in Module 1 with the reduced width. The dominant low
solute flux of Module 1 can be attributed to the high rate of disturbance
with the highest values of feed flow rate. This in turn would retards the
possibility of passing phenol molecules through the membrane wall to
be transferred to the permeate channel. This confirms the effectiveness
of Module 1 as it identifies the best design for the highest removal of
phenol from wastewater.

According to the above results, Module 1 yields maximum phenol
rejection due to having the highest feed flow rate of the lowest solute
flux.

The feed spacer thickness is the next variable to be tested using three
modules of different values of feed spacer thickness for the removal of
phenol from wastewater. Table 4 shows the dimensions of the feed
spacer for the base case and the Modules 1 and 2 considered. In this
regard, Module 1 has the lowest feed spacer thickness while Module 2
has the larger feed spacer thickness. However, the other dimensions of
membrane length, membrane width, permeate spacer thickness are
selected the same as the base case.

Increasing the feed spacer thickness has resulted in a minor change in
water flux through the membrane length (Fig. 8). However, Fig. 8 shows
a considerable variation between the solute flux of the three modules
tested. In this regard, the lowest feed spacer thickness of Module 1 has
the lowest rate of solute flux with a relatively a considerable difference
against the base case module and Module 2. This is due to the possibility
of gaining a higher feed flowrate along the membrane length due to
reducing the overall area of feed flowing.

Again, the simulation of different modules of variable feed spacer

Table 5
Temperature specification of three selected models.

highest feed flowrate along the membrane length that would cause a Parameter Module
higher rate of mixing and turbulence. This implies a higher rate of water Base case 1 2
flux and lower permeate phenol concentration. Temperature ( °C) 32.2 25 40
Water and solute fluxes decrease throughout the membrane length
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Fig. 8. Water and solute flux along the membrane length with varying feed spacer thickness.
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Fig. 9. Temperature effect on phenol rejection and average permeate concentration of three different models.

Table 6
Pressure specification of three selected models.
Parameter Module
Base Case 1 2
Inlet pressure (atm) 10 8 12

thickness readily confirm the viability of Module 1 with the lowest feed
spacer thickness due to having the lowest solute flux and therefore the
maximum phenol rejection.

4.2. Temperature simulation

Having realised an appropriate membrane design for Module 1 that

yields improved performance, this section explores the impact of vary-
ing the operating temperature in three models; namely the base case and
Modules 1 and 2. It is expected that the variation of temperature would
affect both water and solute fluxes through the membrane pores as well
as the overall phenol removal from wastewater. Increasing the tem-
perature would reduce the density and viscosity of the fluid besides
increasing the water diffusivity which increases the mobility of the

Table 7
Concentration specification.
Parameter Model
Base Case 1 2
Inlet concentration (kmol/m?) 8.5E-03 7.0E-03 1.0E-02
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Fig. 10. Pressure effect on phenol rejection and average permeate concentration of three different models.
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Fig. 11. Concentration effect on solute rejection and average permeate concentration.

particles and therefore increases water and solute fluxes through the
membrane pores (Goosen et al., 2002). The specifications of the selected
models are given in Table 5. The other operating parameters of feed
phenol concentration, pressure flowrate will be fixed at 8.5E-3 kmol/m?,
of 10 atm, and 3.33E-4 m3/s, respectively.

As shown in Fig. 9, raising the temperature increases solute rejection
and decreases the average permeate concentration across the mem-
brane. Changing the temperature has a substantial effect on both. When
the temperature rises, the solute flux across the membrane reduces, thus
decreasing the average permeate concentration and increasing the
quantity of phenol rejected. As stated above, an increase of operating
temperature results in a decrease of solution density and viscosity,
which explains the increase of water molecules to pass the membrane
pores.

4.3. Pressure simulation

This section discusses the variation of operating pressure and its
influence on the phenol rejection in the three models tested. This is
presented in Table 6 with a fixed set of operating phenol concentration,
flowrate, and temperature of 8.5E-3 kmol/m?, 3.33E-4 m®/s, and 25 °C,
respectively.

Fig. 10 confirms that raising the operating pressure increases solute
rejection while reducing the average permeate concentration through
the membrane. This is due to increasing the driving force of water flux
that reduces the phenol concentration in the permeate channel.

4.4. Concentration simulation

Alternating concentrations of phenol is expected to happen
throughout the treatment. Thus, this section focuses on analysing the
influence of variable feed concentration at fixed feed pressure, flowrate
and temperature 10 atm, 3.33E-04 m3/s, and 25 °C, respectively. Table 7
shows the concentration specification of the three selected models.

Fig. 11 shows that increased concentration leads to comparable so-
lute rejection, but to a decreasing average permeate concentration
across the membrane. The initial rejection of solutes differed at the start
of the membrane owing to the varying concentrations of each model.
However, they all end up with the same value at the membrane end. The
increase of phenol concentrations in the feed channel significantly
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increases the overall osmotic pressure. This in turn retards the water flux
and decreases the phenol rejection due to increasing the phenol con-
centration in the permeate channel Al-Obaidi et al., 2020b.

The only problem remaining is that the possible fouling is not taken
into consideration. It is thought that by expanding the model equations
to include this term in a dynamic model version, more reliable values of
phenol removal from wastewater especially for different periods of
operation can be achieved. Further investigations of different RO pro-
cess configurations aimed at reducing the permeate production cost per
volume will be addressed in further research.

5. Conclusions

Reverse Osmosis is a successful treatment method for the removal of
organic pollutants in water reclamation applications. In this paper, a
one-dimensional steady state model based on the irreversible thermo-
dynamic principle used for the treatment of wastewater using the spiral-
wound RO process. The simulation revealed that the combined mem-
brane width, operating pressure, and feed temperature have a significant
effect on phenol removal from wastewater. These variables have most
influence on the four distinct parameters that determine an RO mem-
brane performance including the permeate concentration, solute flux,
solute rejection and water flux. Specifically, utilising the lowest value of
membrane width would delay the solute flux and therefore yields the
highest phenol rejection. Increasing the feed pressure would increase the
water flux and enhances the phenol rejection. Also, increasing water
temperature would enhance water flux and phenol removal due to
reducing water density and viscosity. Based on the simulation results
and the selected ranges of parameters, the optimal membrane charac-
teristics and operating condition to obtain the maximum removal of
phenol from wastewater using a single spiral-wound module of RO
process are as follows; 0.4 m, 1.667 m, and 8.0E-04 m of module length,
module width, and feed spacer channel, respectively, and 40 °C, 12 atm,
7.0E-03 kmol/m® of temperature, pressure and phenol concentration,
respectively. It can therefore be said that the use of appropriate mem-
brane operating and design parameters yield optimal RO system
performance.
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