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Abstract: Reverse Osmosis (RO) has already proved its worth as an efficient treatment method in 

chemical and environmental engineering applications. Various successful RO attempts for the re-

jection of organic and highly toxic pollutants from wastewater can be found in the literature over 

the last decade. Dimethylphenol is classified as a high-toxic organic compound found ubiquitously 

in wastewater. It poses a real threat to humans and the environment even at low concentration. In 

this paper, a model based framework was developed for the simulation and optimisation of RO 

process for the removal of dimethylphenol from wastewater. We incorporated our earlier devel-

oped and validated process model into the Species Conserving Genetic Algorithm (SCGA) based 

optimisation framework to optimise the design and operational parameters of the process. To pro-

vide a deeper insight of the process to the readers, the influences of membrane design parameters 

on dimethylphenol rejection, water recovery rate and the level of specific energy consumption of 

the process for two different sets of operating conditions are presented first which were achieved 

via simulation. The membrane parameters taken into consideration include membrane length, 

width and feed channel height. Finally, a multi-objective function is presented to optimise the mem-

brane design parameters, dimethylphenol rejection and required energy consumption. Simulation 

results affirmed insignificant and significant impacts of membrane length and width on dime-

thylphenol rejection and specific energy consumption, respectively. However, these performance 

indicators are negatively influenced due to increasing the feed channel height. On the other hand, 

optimisation results generated an optimum removal of dimethylphenol at reduced specific energy 

consumption for a wide sets of inlet conditions. More importantly, the dimethylphenol rejection 

increased by around 2.51% to 98.72% compared to ordinary RO module measurements with a sav-

ing of around 20.6% of specific energy consumption. 

Keywords: wastewater treatment; spiral wound reverse osmosis; modelling; species conserving ge-

netic algorithm optimisation; dimethylphenol removal; energy consumption 

 

1. Introduction 

The modern industrial world continues to produce a wide range of harmful organic 

and non-organic compounds. These pollutants are usually disposed of into a variety of 

water sources, which in turn have a serious impact on the biological ecosystem [1,2]. This 
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study focuses on phenolic compounds, and especially dimethylphenol, due to their exist-

ence in several industrial effluents such as those from refineries and petrochemical plants 

[3]. Dimethylphenol contains a stable benzene ring, which increases its resistance to bio-

logical decomposition and therefore lingers in the environment for a long period of time 

[4]. Moreover, the hydrophobicity property of phenolic compounds yields the formation 

of toxicological organic and free radical species, which are very harmful [5]. Several health 

agencies rate phenol and phenol derivatives as toxic compounds (even at low concentra-

tions). Dimethylphenol is therefore tightly controlled by legislation due to its carcinogenic 

properties [6]. For example, the ATSDR (Agency of Toxic Substances and Disease Regis-

try) [7] has restricted dimethylphenol concentration in surface water to 0.05 ppm. 

UV/H2O2 technology has been used as the prominent treatment process for the elim-

ination of phenol and its derivatives from wastewater. However, this technology con-

sumes a significant amount of energy and with increased carbon concentration of the re-

used water [8]. 

Reverse Osmosis (RO) membrane is a well-known water treatment method, which 

has been used extensively in seawater desalination [9]. The RO process has confirmed its 

efficiency in terms of low cost of operation and low energy consumption compared to 

thermal process methods [10]. The use of RO has therefore been extended to treat 

wastewater from various other industries [11]. For example, RO was magnificently used 

to eliminate heavy metals such as copper, nickel, acrylonitrile, sulphate, ammonium, cy-

anide and sodium [12,13]. Generally, the RO process and especially spiral wound mem-

brane method remains the most promising treatment method for the removal of several 

highly toxic compounds. Whilst various published studies have confirmed RO’s efficiency 

for treating secondary effluents at low cost, the challenge for enhancing its performance 

for rejecting toxic compounds from wastewater is yet to be explored fully [14,15]. 

The efficiency of a spiral wound membrane module to remove such harmful com-

pounds is dependent on the membrane type, design parameters and control variables 

such as the feed pressure, flow rate, concentration and temperature. Several attempts can 

be found in the literature for improving the efficiency of seawater RO process using opti-

misation methods [16]. However, only a few of such attempts have been carried out to 

optimise the membrane design parameters for wastewater treatment. 

Boudinar et al. [17] enhanced the efficiency of a ROGA-4160HR spiral wound mem-

brane module used for seawater desalination using a geometric optimisation for one set 

of input conditions. Sharifanfar et al. [18] assessed the influence of channel height on the 

permeate flux of a microfiltration membrane for a pomegranate juice clarification process, 

and concluded that the feed channel height had an impact on the permeate volume. Kar-

abelas [19] studied the effect of membrane sheet dimensions of a spiral wound membrane 

module used to desalinate seawater based on a fixed effective membrane area efficiency. 

He used an optimisation methodology based on the geometric characteristics of feed-side 

spacers. Gu et al. [20] explored the influence of the winding geometry of a spiral wound 

membrane RO module used for seawater desalination on the total process performance 

and energy consumption. The parameters studied included the membrane dimensions, 

number of membrane leaves, centre pipe radii, height of feed and permeate channels. 

Ruiz-García and de la Nuez Pestana [21] considered the impact of different feed spacer 

geometries on three different full-scale spiral wound membrane modules. They analysed 

the performance of membrane elements for wide ranges of feed concentration, pressure 

and flowrate. Toh et al. [22] studied the 3D feed spacer geometries of a spiral wound mem-

brane RO module with various degrees of “floating” characteristics via the implementa-

tion of Computational Fluid Dynamics (CFD) simulations to explore the mechanisms that 

result in shear stress and mass transfer improvement. Luo et al. [23] presented a hybrid 

framework of CFD model to explore the optimal design of feed spacer in a non-woven 

spiral wound membrane RO module and analyse the influence of industrial operating 

conditions on the performance of brackish water RO process. 
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This research focuses on exploring the removal of dimethylphenol from industrial 

effluents using a spiral wound RO membrane module. Al-Obaidi et al. [24] studied the 

effect of membrane dimensions including membrane length, width, and feed channel 

height on the retention of dimethylphenol from synthesised wastewater and the total con-

sumed energy of a single spiral wound membrane module. They used a simulation model 

based on the solution-diffusion principle. However, this was carried out for only one set 

of inlet parameters of 6.548 × 10−3 kmol/m3, 13.58 atm, 2.583 × 10−4 m3/s, and 31.5 °C of feed 

concentration, pressure, flow rate, and temperature, respectively. A gPROMS software 

optimisation tool has been used in this study to optimise the removal of dimethylphenol 

from wastewater by considering the membrane design parameters as the decision varia-

bles. However, the results of Al-Obaidi et al. [25], which were obtained using gPROMS 

software, were based on a discrete solution of a single objective function. Additionally, 

gPROMS software cannot provide a set of alternative solutions that trade various objec-

tives against each other. This is to say that it would be interesting to explore the results of 

a multi objective optimisation approach. This should provide a set of cooperative optimal 

solutions (alternatives) as confirmed by Savic [26]. The author compared the feasibility of 

single and multi-objective optimisation methods applied in water distribution design and 

affirmed that a multi-objective function optimisation-based model can be a useful tool for 

formulating alternative objectives especially for such systems with high uncertainty, and 

which can readily be used for exploring trade-off opportunities. This prompted the use of 

Genetic Algorithms (GA) as an evolutionary computation technique [27] for finding one 

global solution. 

To improve the performance of GAs in identifying global solutions, several methods 

can be used to solve multimodal problems. They include crowding, fitness share, clearing, 

multi-national GA and species conserving [27,28]. More specifically, the Species Conserv-

ing Genetic Algorithm (SCGA) can generate several solutions of complex optimisation 

problems [29]. For this reason, SCGA has been selected for solving the proposed optimi-

sation problem. 

The Use of Genetic Algorithms for Developing a Global Optimisation Solution 

Traditional Genetic Algorithm (GA) based optimisation methods have been imple-

mented in several applications including wastewater treatment. For example, Al-Obaidi 

et al. [30] applied traditional GA to find the optimal chlorophenol rejection from 

wastewater using a single spiral wound RO membrane module. Al-Obaidi et al. [31] re-

searched the best configuration of multistage RO processes based on permeate-repro-

cessing to reject N-nitrosodimethylamine (NDMA) from industrial effluents. To the best 

of the authors’ knowledge, the effect of a wide set of operating parameters on the removal 

of dimethylphenol from wastewater via a simulation of a single spiral wound RO mem-

brane module has not been yet addressed in the literature. 

This research attempts to use, for the first time, the Species Conserving Genetic Al-

gorithm (SCGA) for significantly improving the RO process performance for variable inlet 

conditions associated with variable membrane design parameters that will yield a higher 

dimethylphenol rejection from wastewater at low energy consumption. The main output 

of this work is the generation of multiple optimal solutions for any set of operating data 

[28]. The net effect of this is the ability to select the most suitable solution based on process 

requirements. 

This paper begins with an overview of an earlier mathematical model developed by 

the same authors [24]. This was successfully applied to simulate the transport phenome-

non of permeate and solute via the membrane texture of a spiral wound membrane mod-

ule. A comprehensive analysis of the validated results against a wide range of experi-

mental data from the literature is provided. The effect of membrane design parameters, 

such as membrane length, width, and feed channel height, are then assessed in respect of 

the rejection of dimethylphenol from industrial wastewater. This is used for two different 

sets of variable inlet conditions, as well as the required energy consumption for given 
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operating conditions. Finally, the process model is developed in the gPROMS software, 

and the multi-objective optimisation problem is implemented using the species conserv-

ing genetic algorithm written in C++. This yields the most economical membrane design 

parameters, thus providing the highest dimethylphenol rejection at lowest energy con-

sumption. In this regard, it is important to clarify that the implementation of the species 

conserving genetic algorithm based a model developed to allocate the optimal values of 

membrane dimensions of a single spiral would RO process that would maximise the di-

methylphenol removal from wastewater at the lowest specific energy consumption has 

not been addressed yet. Therefore, this study attempts to resolve this challenge. 

2. Materials and Methods 

2.1. Modelling of a Spiral Wound Membrane Module of RO Process 

Sundaramoorthy et al. [32] developed an analytical model based on the solution-dif-

fusion model, which has been originally deployed by Srinivasan et al. [33] to investigate 

the performance of a single spiral wound RO membrane module for the removal of dime-

thylphenol from synthesised wastewater. 

The model used in this study was first established by Al-Obaidi et al. [24], who used 

it to distinguish the transport phenomenon and allow the consideration and estimation of 

the required energy consumption. The model assumptions are as follows: 

(a) The solution-diffusion model characterises the solvent and solute fluxes. 

(b) The film theory identifies the membrane wall concentration. 

(c) Darcy’s law quantifies the pressure drop along the feed side of the module. 

(d) There is a fixed 1 atm pressure at the permeate side. 

(e) Membrane transport parameters are fixed, i.e., solute, and solvent transport param-

eters and constant friction parameter. 

(f) No temperature difference throughout the operation. 

(g) Constant high-pressure pump (HPP) efficiency of 80%. 

(h) The influence of pH variation has not been considered. 

Table A1 of Appendix A presents the model and physical property equations for a 

single spiral wound membrane RO module to simulate and optimise the rejection of di-

methylphenol from its aqueous solutions. As in many references, the water relationships 

anticipated by Koroneos et al. [34] have been used to calculate the physical properties of 

low concentration dimethylphenol aqueous solutions. 

The nonlinear algebraic correlations of the proposed model (given in Table A1 of 

Appendix A) can be presented in the following compact formula. 

f(x, u, v) = 0 (1) 

In this form, x, u, and v represent the set of all algebraic control variables, decision 

variables, and constant parameters, respectively. 

The research outlined in this paper has included the calculation of specific energy 

consumption. This would be considered as a significant improvement made in this study 

since both [32,33] did not include the energy consumption parameter in their model. Thus, 

the most interesting question of this research is how to attain a higher rejection rate at a 

lower energy consumption. However, it is firstly important to validate the model of Al-

Obaidi et al. [24] (provided in Appendix A) against the experimental data of [33] to quan-

tify its consistency. 

2.2. Experimental Setup  

For the convenience of the readers, we highlight the experimental work of Srinivasan 

et al. [33] here briefly. They conducted extensive experiments to assess the feasibility of 

the RO process to reject dimethylphenol from synthesised dilute wastewater of different 

concentrations. Specifically, they used a single spiral wound membrane module of thin 

film composite RO membrane. The features of the membrane module are chosen the same 
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as from [33] and are given in Table 1. The applied feed concentration of dimethylphenol 

varies between 0.819 × 10−3 and 6.548 × 10−3 kmol/m3. Additionally, the operating feed flow, 

pressure, and temperature were selected between 2.166 × 10−4 to 2.583 × 10−4 m3/s, 5.83 to 

13.58 atm, and 29 to 32.5 °C, respectively. The water and dimethylphenol transport pa-

rameters throughout the membrane and friction factor (Aw, Bs and b) are also given in 

Table 1. 

Table 1. Membrane characteristics, dimensions, and transport parameters [33]. 

Parameter Ion Exchange, India Ltd. 1 

Module configuration Spiral wound membrane 

Membrane material Thin Film Composite Polyamide 

Feed (tf) and permeate (tp) channel thickness 0.0008 (m) and 0.0005 (m) 

Actual membrane area (A) 7.8456 m² 

Length (L) and width (W) of the membrane 0.934 (m) and 8.4 (m) 

b 9400.9 ((atm s)/m4) 

Bs (dimethylphenol) 1.5876 × 10−8 (m/s) 

Aw 9.7388 × 10−7 (m/(atm s)) 
1 Manufacturer. 

Figure 1 depicts a detailed diagram of the corresponding experimental setup of a 

single spiral wound membrane RO module with the corresponding items. Figure 2 dis-

plays a 3D representation diagram of the flat sheet membrane. The inlet wastewater of 

aqueous solution of dimethylphenol splits into two streams of permeate (collected at the 

permeate channel) and retentate of high concentration dimethylphenol. This is due to sup-

plying a higher pressure than the osmotic pressure, which helps high quality water to 

penetrate through the membrane pores. The experimental data of [33] will be used in the 

next section to validate the new model, which equations are shown in Table A1 of Appen-

dix A. 

 

Figure 1. A detailed diagram of a single spiral wound membrane module of RO process. 
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Figure 2. Representation three dimensions’ diagram of a flat sheet membrane (adapted from Al-

Obaidi et al. [35]). 

2.3. Model Validation by Al-Obaidi et al. [24] 

The experimental data of Srinivasan et al. [33] were used to validate the model de-

veloped (shown in Table A1 of Appendix A) by Al-Obaidi et al. [24], which is used in this 

study for simulation and optimisation. Table A2 of Appendix A shows such data of [33] 

and the model calculations for each set of inlet conditions. The results clearly show that 

insignificant percentage errors exist between the model calculations and experimental 

data. 

2.4. Optimisation Methodology 

2.4.1. Problem Description 

In this section, the optimum dimethylphenol removal and the minimum energy con-

sumption are simultaneously investigated via the optimisation of membrane dimensions, 

including the length, width, and feed channel height of a single membrane module of RO 

process. The optimisation study is carried out using the SCGA platform, based on the 

model correlations and the restricted upper and lower bounds of membrane module de-

sign parameters. The optimisation considered is based on a fixed membrane area of 7.84 

m². This constraint was chosen to meet the manufacturer specification of membrane area 

and technical requirements. The decision variables are selected between the upper and 

lower bounds and taken as 0.5–1 m of membrane length, 5–15.69 m of membrane width, 

and 5.93 × 10−4–1 × 10−3 m of feed channel height. Additionally, the model parameters of 

permeate and dimethylphenol transport parameters and friction factor (Aw, Bs and b) are 

assumed constant (Table 1). Most importantly, the optimisation is carried out for several 

operating parameters of feed flow rate, concentration, pressure and temperature. These 

are used to investigate the appropriate operating conditions including the optimum mem-

brane design parameters commensurate with the optimum efficiency of a single spiral 

wound membrane RO module. 

The multi-objective function is targeted to simultaneously maximise the dime-

thylphenol removal and minimise the energy consumption. This is represented mathe-

matically as follows: 
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Max and Min Rej, EC, respectively 

L, W, tf  

Subject to: Equality constraints:   

Process Model:  f (x, u, v) = 0 

Inequality constraints:  0.5 ≤ L ≤ 1.0 

5.0 ≤ W ≤ 15.69 

5.93 × 10−4 ≤ tf ≤ 1 × 10−3 

Equality end-point constraint:  A = 7.84 m2 

Note, Al-Obaidi et al. [24] used the same optimisation problem formulation but used 

the gPROMS Model Builder to solve the optimisation problem using Point Optimisation 

technique that considers the Nonlinear Programming problems (NLP). This method is 

mathematically comparable to solve an algebraic problem with bearing in mind neither 

minimising or maximising a nonlinear objective function exposed to equality and inequal-

ity nonlinear constraints of upper and lower bounds of process operation. The optimisa-

tion problem is therefore solved by controlling a set of optimisation continuous or discrete 

control variables. Thus, the suitable control variables can be estimated to fit the projected 

objective function. However, gPROMS Model Builder cannot simultaneously solve sev-

eral objective function and therefore, the multi objective function is solved after running 

the optimisation for an individual objective function and incorporating the second objec-

tive function as a constraint. 

In this work we used a different optimisation technique based on SCGA as described 

below that enables to solve multi objective functions in one run. 

2.4.2. Description of Species Conserving Genetic Algorithm (SCGA) 

A species is an important term in SCGA [27] that represents a set of similar individ-

uals. Species are identified from a population. Specifically, a species si is dominated by its 

species seed x*, which has the greatest fitness value (objective value), if for everyone y  si 

d(x*,y) < rs, (2) 

and 

f(y) ≤ f(x), (3) 

d(*,*) represents the distance between two individuals, and rs is the species radius. A pos-

sible species distribution in a 2-D space is illustrated in Figure 3. A species contains some 

individuals and is a part of the practicability section. However, some individuals may be 

connected to many species. The pseudo codes of SCGA [27] are described in Figure A1 of 

Appendix A. In this regard, G(t) signifies the population at time t, and x signifies the spe-

cies set. 
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Figure 3. A distribution of species in a 2-D space (adapted from Al-Obaidi et al. [31]) 

A population is dynamically divided into subgroups, called species. Each species 

seed is a possible solution. The concept of SCGA is to locate species and make them sur-

vive in the next generation. Three operators in SCGA are added into a traditional GA. This 

in turn represents the main differences existing between traditional GA and SCGA. The 

three SCGA operators, are more particularly discussed below. 

• Identifying species seeds: This operator was developed to explore all the possible 

species from the current population. Firstly, all the individuals are set as untreated. 

Then, a best untreated individual is chosen to be a species seed of a species. An indi-

vidual will be marked as the member of the species if its distance to the species seed 

is smaller than the species radius, and will therefore be marked as “processed”. This 

practice is recurrent until all the individuals have been marked. 

• Conserving species seeds: The selected species seed is imitated back to the popula-

tion and will replace the nearest individual if it is better the individual. The goal of 

this process is to ensure that all the species can continue in the next generation. 

• Identifying global solutions: This is achieved by choosing the top species from xs due 

to saving the best individual in a species in the set xs. A threshold rf  (0 < rf ≤ 1) is 

used to find the global solutions. A species seed x is therefore treated as a solution, 

if: 

f(x) ≤ fmax − (fmax − fmin) rf, (4) 

fmin and fmax are the worst and best objective values. The defaulting value of species 

radius is established as 1 in this research. 

Figure A1 of Appendix A illustrates a typical genetic algorithm when the above three 

operators are removed. This includes three genetic operations: selection, crossover and 

mutation. After those operations, new individuals from the crossover and mutation will 

be evaluated. Most importantly, SCGA can provide multi optimal solutions for a single 

objective function. Therefore, the multi-objective functions presented in Section 2.4.1 

should be calibrated to represent a single objective function. This is readily achieved by 

developing a new formula (Equation (4)) based on weighting factors to arrive at a single 

objective function derived from two objective functions commensurate with SCGA re-

quirements. 

f(L, W, tf ) = W1 × Rej + W2 × (1/EC) (5) 

W1 and W2 are the weighting parameters. Thus, the main aim of this optimisation is 

to maximise the objective function f in Equation (4). However, we assume that the two 

objectives are at the same level of importance. In other words, the maximum value Rej 

(overall rejection) is set as 1 and the maximum value of EC is about 3 for simplification 
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purposes. Thus, let W1 to be 1, and W2 be 3, which denotes that both objectives are at an 

identical level of importance and have a similar involvement of the system objective. 

3. Results and Discussions 

3.1. Steady-State Simulation 

In this section, the model presented in Table A1 of Appendix A and validated in Sec-

tion 2.3 is implemented to carry out a simulation to forecast the effect of inlet parameters 

on dimethylphenol rejection from wastewater for a spiral wound membrane RO module. 

Firstly, the simulation indicates that the rejection parameter and total water recovery grow 

due to a rise in feed pressure at any fixed operating feed flow rate, concentration and 

temperature (for instance, Experiments 2 to 4, Table A2 of Appendix A). This is due to the 

water flux increase, which in turn is related to the increasing pressure supplied (Equation 

(A1), Table A1 of Appendix A). This reduces the permeate concentration of dimethylphe-

nol despite insignificantly enhancing the removal of dimethylphenol. The consequence of 

this is (insignificant) reduction of the energy consumption as outlined in Equation (A29), 

where any increase of water production serves to limit the energy consumption despite 

the increase of the operating pressure. Statistically, rising the feed pressure from 9.71 to 

13.58 atm at fixed other inlet conditions, would result in 0.07% decrease of energy con-

sumption. 

Secondly, simulating the process at fixed feed flow rate, pressure and temperature 

and increased feed concentration (for instance, Experiments 12 and 15, Table A2 of Ap-

pendix A) yields a significant decrease of total permeate recovery and an increase in the 

removal of dimethylphenol. This might be ascribed to the growth of the osmotic pressure 

because of the increasing feed concentration, which generally decreases the water flux. 

The simulation results of Experiments 12 and 15 (Table A2 of Appendix A) showed that 

the osmotic pressure has been increased from 0.84 to 1.065 atm, which corroborates the 

validity of the reason above. However, this increased dimethylphenol rejection can be 

elucidated by the fact that increasing bulk concentration is not necessarily comparable to 

the increase of permeate concentration, as this is due to the increasing operating concen-

tration. It is argued therefore, that the rejection parameter increases, as outlined by Equa-

tion (A28) in Table A1 of Appendix A, due to the lifting of the feed concentration. More 

generally, any growth of feed concentration is associated with an increase of energy con-

sumption. 

Finally, the increase of feed flow rate at constant inlet parameters of operating pres-

sure, concentration and temperature (for instance, Experiments 8 and 17, Table A2 of Ap-

pendix A) results in an insignificant rejection increase the but with a noticeable reduction 

of water recovery. This phenomenon can be ascribed to the reduced resident time of the 

fluid inside the feed channel, which itself is due to the increased feed flow rate. Such find-

ing can be described by the high frictional pressure drop that reduces the water flux, and 

in turn increase the energy consumption required. 

3.2. Influence of Membrane Design Parameters 

The effect of membrane design parameters, which include membrane length, width 

and feed channel height as shown in Table 1 (as per manufacturer’s specification), is as-

sessed in respect of dimethylphenol removal, water recovery, and the consumed energy 

at two particular sets of operating parameters. These were the same as those experimental 

data used by Srinivasan et al. [33] at the highest and lowest dimethylphenol rejections 

achieved. More specifically, the highest rejection of 97.3% is commensurate with 6.548 × 

10−3 kmol/m3, 13.58 atm, 2.583 × 10−4 m3/s, and 31.5 °C of inlet concentration, pressure, flow 

rate and temperature, respectively. The lowest rejection of 90.2% is commensurate with 

0.819 × 10−3 kmol/m3, 2.166 × 10−4 m3/s, 5.83 atm, and 32.5 °C, respectively. The next sections 

present the simulation results in detail at the two selected sets of operating conditions. 
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3.2.1. Influence of Membrane Dimensions of Length and Width 

The membrane dimensions of length and width are altered at fixed volume and mem-

brane area. This is done to adjust the flow patterns of the fluid inside the feed channel and 

will be used to assess the extent of dimethylphenol removal, permeate recovery, and en-

ergy consumption. The geometrical amendment of the selected membrane (Ion Exchange, 

India) is achieved at the two selected operating parameters (provided in Section 3.2) of 

inlet concentration, pressure, flow rate and temperature. 

Figures 4 and 5 show the effect of variable membrane dimensions at the fixed mem-

brane area and feed channel height of 7.84 m² and 0.8 × 10−3 m, respectively on dime-

thylphenol removal for the two sets of operating conditions. Figure 6 presents the effect 

of membrane width at fixed membrane area and feed channel height on the permeate 

recovery and energy consumption. A slight increase was noticed in dimethylphenol rejec-

tion as a result of increasing membrane length at fixed area and feed channel height (Fig-

ures 4 and 5). Clearly, any decrease in membrane width would enhance dimethylphenol 

rejection. This is owing to a rise in the bulk velocity inside the membrane module, which 

in turn is due to the membrane width decreasing (Equation (A16), Table A1 of Appendix 

A) or the membrane length increasing at fixed membrane area. Both result in a reduction 

of the wall membrane concentration and concentration polarisation, which yield less so-

lute flux and more dimethylphenol rejection. 

Figure 6 confirms an increase in permeate recovery due to an increase in membrane 

width at fixed membrane area. This reduces the pressure drop, which rises the permeate 

flux through the membrane, and this applies to both sets of tested operating conditions. 

Similarly, the energy consumption required decreases due to the membrane width in-

creasing—this is especially so for the second set of operating conditions (Figure 6). The 

reason for this is the increase of permeate recovery due to the increase in the membrane 

width. Another interesting point here is that running the process at the second set of op-

erating conditions (the lowest rejection) can generate a higher permeate flux as a response 

of the membrane width variation compared to the first set of operating conditions (the 

highest rejection). Karabelas et al. [19] confirmed that using short sheets of membrane can 

potentially improve the recovery performance of low and high-pressure membranes. 

 

Figure 4. Influence of membrane module design parameters (length and width) on the removal of 

dimethylphenol at fixed membrane area and feed channel height (operating parameters: (A) 6.548 × 

10−3 kmol/m³, 2.583 × 10−4 m³/s, 13.58 atm and 31.5 °C (adapted from Al-Obaidi et al. [24]). 
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Figure 5. Influence of membrane module design parameters (length and width) on the removal of 

dimethylphenol at fixed membrane area and feed channel height (operating parameters: (B) 0.819 × 

10−3 kmol/m³, 2.166 × 10−4 m³/s, 5.83 atm, and 32.5 °C). 

 

Figure 6. Influence of membrane design width on permeate recovery and energy consumption at 

fixed membrane area and feed channel height (operating parameters: (A) 6.548 × 10−3 kmol/m³, 2.583 

× 10−4 m³/s, 13.58 atm and 31.5 °C, and (B) 0.819 × 10−3 kmol/m³, 2.166 × 10−4 m³/s, 5.83 atm, and 32.5 

°C). 

3.2.2. Influence of Feed Channel Height 

Figure 7 shows the influence of feed channel height on dimethylphenol removal and 

energy consumption for the two sets of inlet conditions mentioned in Section 3.2. This 

simulation is carried out at the fixed membrane area of 7.84 m2 and variable module vol-

ume and fixed feed conditions. Interestingly, the increase of the feed channel height actu-

ally reduces dimethylphenol rejection but increases the energy consumption (Figure 7). 

The cause of this is a rise in the height of feed channel and the pressure drop. The decline 

in water flux through the membrane, thus dimethylphenol rejection, is the main reason 

for the rise in the consumption of energy (Equation (A29) in Table A1 of Appendix A). 

Seemingly, running the process using the second set of operating conditions significantly 

decreases dimethylphenol rejection compared with doing the same with the first set of 
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operating conditions. This is due to lower water flux for the second set of operating con-

ditions when the feed channel height increases. This results in a higher concentration of 

the pollutant (dimethylphenol) at the permeate channel. In contrast, the first set of oper-

ating conditions cause high operating pressure and therefore higher water flux despite 

feed channel height variation. These results are corroborated by Sablani et al. [36], who 

confirmed that the feed channel height of the spiral wound membrane module has a sub-

stantial influence on the performance indicators of the RO seawater desalination process. 

 

Figure 7. Influence of feed channel height of membrane module on dimethylphenol removal and 

energy consumption at fixed membrane area (operating parameters: (A) 6.548 × 10−3 kmol/m³, 2.583 

× 10−4 m³/s, 13.58 atm and 31.5 °C, and (B) 0.819 × 10−3 kmol/m³, 2.166 × 10−4 m³/s, 5.83 atm, and 32.5 

°C). 

The above results readily provide a clear motivation for an optimisation study for 

analysing the precise impact(s) of all membrane design parameters within the objective 

functions and operational constraints. The optimisation study is discussed in more detail 

in the next section. 

3.3. Optimisation Results Based on a Species Conserving Genetic Algorithm (SCGA) 

The optimal values of the membrane length, width and feed channel height (decision 

variables) obtained by SCGA are given in Table 2 for several selected control variables of 

inlet concentration, pressure, flow rate and temperature, respectively. Table 2 presents 

several optimal solutions for each set of operating parameters, while the best solution is 

highlighted (Bold). This is done by a simple comparison of the rejection and energy con-

sumption obtained including the proposed solutions. However, the highlighted optimal 

solutions of different operating conditions show the consistency of these solutions ob-

tained by SCGA compared to the experimental results of Srinivasan et al. [33]. In this re-

gard, Al-Obaidi et al. [24] confirmed the optimum solution of the same membrane as 9.745 

m, 0.805 m, and 5.93 × 10−4 m of membrane width, length and feed channel height, respec-

tively using the gPROMS suite optimisation tool. The optimised solution of Al-Obaidi et 

al. [24] is quite close to the output of the SCGA solution 3 for the operating conditions 

under case 2, as presented in Table 2. However, SCGA has generated multiple optimised 

solutions compared to only one solution provided by the gPROMS optimisation tool. This 

is the main advantage of using SCGA for multi-objective optimisation compared to 

gPROMS, which handles a single objective function as part of the optimisation process. 

  



Membranes 2021, 11, 595 13 of 20 
 

 

Table 2. Optimisation results of the SCGA. 

Control Variables 

(Case 1) 
0.819 × 10−3 kmol/m³, 9.71 atm, 2.166 × 10−4 m³/s and 32.5 °C) 

Solutions 
Variables Objectives 

𝑳 (m) 𝑾 (m) 𝒕𝐟 (m) x10³ 𝑹𝒆𝒋 (-) 𝑬𝑪 (kWh/m³) 

1 0.725 10.809 0.593 98.141 1.240 

2 0.724 10.822 0.719 96.935 1.264 

3 0.728 10.763 0.782 96.096 1.282 

Control Variables 

(Case 2) 
1.637 × 10−3 kmol/m³, 11.64 atm, 2.166 × 10−4 m³/s and 31 °C) 

1 0.765 10.244 0.593 98.455 1.230 

2 0.770 10.177 0.744 97.134 1.286 

3 0.803 9.770 0.652 98.055 1.251 

Control Variables 

(Case 3) 
6.548 × 10−3 kmol/m³, 7.77 atm, 2.166 × 10−4 m³/s and 31.5 °C) 

1 0.756 10.374 0.593 98.400 1.528 

2 0.770 10.186 0.626 98.222 1.559 

Control Variables 

(Case 4) 
6.548 × 10−3 kmol/m³, 7.77 atm, 2.33 × 10−4 m³/s and 31.5 °C) 

1 0.716 10.951 0.593 98.395 1.646 

Control Variables 

(Case 5) 
2.455 × 10−3 kmol/m³, 9.71 atm, 2.583 × 10−4 m³/s and 31 °C) 

1 0.726 10.791 0.716 97.454 1.637 

Control Variables 

(Case 6) 
1.637 × 10−3 kmol/m³, 11.64 atm, 2.583 × 10−4 m³/s and 31 °C) 

1 0.822 9.534 0.677 97.894 1.520 

Experimental data of Srini-

vasan et al. [33] 
0.934 8.400 0.800 97.300 2.157 

Table 2 shows the original dimensions of the membrane selected by Srinivasan et al. 

[33] and a comparative SCGA analysis of dimethylphenol rejection and energy consump-

tion results. Therefore, optimal solution 1 of the operating conditions (case 1) yields the 

best process performance results against the experimental data of [33]. In this respect, Ta-

ble A2 of Appendix A shows the simulation results by means of the optimised solution 1 

of the membrane design parameters. This in turn yields the optimised recovery, dime-

thylphenol rejection and the percentage of energy saving compared to the original mem-

brane design parameters of Srinivasan et al. [33], for each set of operating parameters. 

It can readily be seen from the new optimisation results that the proposed method-

ology can be used to achieve the maximum dimethylphenol rejection at the minimum 

energy consumption for all the inlet parameters of [33]. The corresponding energy saving 

varies between 0.79% to 20.66% based on the fundamental set of inlet parameters (Table 

A2 of Appendix A). In this regard, the minimum and maximum optimum energy con-

sumptions are 1.24 and 1.695 kWh/m3, respectively, based on the fundamental set of inlet 

parameters. Additionally, the rejection of dimethylphenol has been increased between 

2.51% to 5.87% to attain 98.72% and 98.14%, respectively, based on the fundamental set of 

inlet parameters (Table A2 of Appendix A. These results are comparable to the maximum 

energy saving of 19.2% reported by Al-Obaidi et al. [24] for the same membrane using 

gPROMS. Additionally, the new optimisation results readily show that the most econom-

ical performance is achieved with a specific intermediate spacer thickness (5.93 × 10−4 m) 

compared to the manufacturer specifications. An immediate and interesting outcome here 

is that wastewater usually comes with a low pollutant concentration, which means with a 

low possibility of fouling. The implementation of the optimised feed channel height of 

5.93 × 10−4 m will therefore result in a much lower risk of membrane blogging. 
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It would therefore be safe to say that the new optimisation methodology of the mem-

brane design parameters, which yielded improved pollutant rejection at lower energy 

consumption for a spiral wound membrane RO module, can readily be applied to any 

type of organic pollutant such as chlorophenol and phenol. Having said this, full details 

of the membrane transport coefficients of the water and pollutant should be known be-

sides the physical properties. 

4. Conclusions 

Dimethylphenol compounds, found in several industrial effluents, are extremely re-

sistant to any biological decomposition and can readily cause serious harm to humans and 

the environment. This is why dimethylphenol concentration in surface water has been 

limited to 0.05 ppm by health agencies. The aim of this research was to obtain an efficient 

method for removing this toxic compound from industrial wastewater using a single 

membrane RO module. This has been achieved by using a comprehensive simulation 

based model for analysing the influence of the membrane length, width and feed channel 

height (membrane design parameters) on the removal of dimethylphenol, total permeate 

recovery and energy consumption. Firstly, the consistency of the model developed has 

been tested against experimental data from the literature. Simulation results confirmed 

that the geometric parameters of membrane length and width have a minor impact on the 

rejection rate on one hand, and a marked impact on energy consumption on the other. 

Ever-increasing the feed channel height has a negative influence on both dimethylphenol 

rejection and energy consumption. Finally, the model was used to carry out a multi-ob-

jective optimisation for the membrane design parameters using a species conserving ge-

netic algorithm. The results of the optimisation analysis yielded an optimum removal of 

dimethylphenol at reduced energy consumption (objective functions) of the RO process. 

Specifically, the optimisation showed a higher dimethylphenol rejection (around 5.8%) at 

lower energy consumption (around 20.6%) when compared to ordinary RO module meas-

urements. 
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Nomenclature 

𝐴 Effective membrane area (m²) 

𝐴𝑤 Water membrane transport parameter (m/atm s) 

𝑏 Friction factor of feed channel of the membrane module (atm s/m4) 

𝐵s Dimethylphenol membrane transport parameter (m/s) 

𝐶b Bulk dimethylphenol concentrations at the feed channel (kmol/m³) 

𝐶f Inlet feed dimethylphenol concentrations (kmol/m³) 

𝐶m 
Dimensionless dimethylphenol concentration in Equation (A5) in Table A1 of Ap-

pendix A (dimensionless) 
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𝐶p Permeate dimethylphenol concentration (kmol/m³) 

𝐶w Dimethylphenol concentration at the membrane wall (kmol/m³) 

𝐷b Dimethylphenol diffusion parameter at the feed side (m²/s) 

𝐷p Dimethylphenol diffusion parameter at the permeate side (m²/s) 

𝑑𝑒b Equivalent diameters of the feed channel (m) 

𝑑𝑒p Equivalent diameters of the permeate channel (m) 

𝐸𝐶 Specific energy consumption (kWh/m³)  

𝐽s Dimethylphenol molar flux through the membrane pores (kmol/m² s) 

𝐽𝑤 Permeate flux (m/s) 

𝑘 Mass transfer coefficient of dimethylphenol (m/s) 

𝐿 Membrane length (m) 

𝑚f Parameter in Equations (A10) and (A11) in Table A1 of Appendix A 

𝑃f(in) Inlet pressure of the feed (atm) 

𝑃f(out) Retentate pressure exit the membrane module (atm) 

𝑃p Permeate side pressure (atm) 

𝑄b Bulk feed flow rate (m³/s) 

𝑄f Inlet feed flow rate of the membrane module (m³/s) 

𝑄p Permeate flow rate of the membrane module (m³/s) 

𝑄r Retentate flow rate of the membrane module (m³/s) 

𝑅  Gas low constant (R = 0.082 atm m³/ K kmol) 

𝑅𝑒b Reynold number at the feed side (dimensionless) 

𝑅𝑒𝑐 Overall permeate recovery of a single membrane module (dimensionless) 

𝑅𝑒𝑗 Dimethylphenol rejection of a single membrane module (dimensionless) 

𝑅𝑒p Reynold number at the permeate side (dimensionless) 

𝑇  Feed temperature (°C) 

𝑡f Height of feed channel of the membrane module (m) 

𝑡p Height of permeate channel of the membrane module (m) 

𝑈b  Bulk feed velocity (m/s) 

𝑊 Membrane width (m) 

Greek 

𝜇b Feed viscosity (kg/m s) 

𝜇p Permeate viscosity (kg/m s) 

𝜌b Feed density (kg/m³) 

𝜌p Permeate density (kg/m³) 

𝜌w Molal density of water (55.56 kmol/m³) 

𝜃  Parameter in Equation (A24) in Table A1 of Appendix A  

Appendix A 

Table A1. Modelling of a spiral wound membrane module of RO system. 

Model Equations Equation No. 

𝐽w = 𝐴w [(
(𝑃f(in)+𝑃f(out))

2
− 𝑃p) − (𝑅 (𝑇 + 273.15) (𝐶w − 𝐶p))]  (A1) 

𝐽s= 𝐵s (𝐶w − 𝐶p)  (A2) 

(𝐶w−𝐶p)

(𝐶b−𝐶p)
= exp (

𝐽w

𝑘
)  (A3) 

𝑘 =
246,9 𝐷b 𝑅𝑒b

0.101  𝑅𝑒p
0.803 𝐶m

  0.129

2 𝑡f
  (A4) 



Membranes 2021, 11, 595 16 of 20 
 

 

𝐶m =
𝐶b

𝜌w
  (A5) 

𝐷b = 6.725𝐸 − 6  exp {0.1546𝐸 − 3 (𝐶f 𝑥18.0125) −
2513

(𝑇 +273.15)
}  (A6) 

𝐷p = 6.725𝐸 − 6  exp {0.1546𝐸 − 3 (𝐶p 𝑥18.0125) −
2513

(𝑇 +273.15)
}  (A7) 

𝜇b = 1.234𝐸 − 6 exp {0.0212 ( 𝐶f 𝑥18.0153) +
1965

(𝑇 +273.15)
}  (A8) 

𝜇p = 1.234𝐸 − 6 exp {0.0212 (𝐶p 𝑥18.0153) +
1965

(𝑇 +273.15)
}  (A9) 

𝜌b = 498.4 𝑚f + √[248400 𝑚f
2 + 752.4 𝑚f 𝐶f 𝑥18.01253]  (A10) 

𝜌p = 498.4 𝑚f + √[248400 𝑚f
2 + 752.4 𝑚f 𝐶p 𝑥18.01253]  (A11) 

𝑚𝑓 = 1.0069 − 2.757𝐸 − 4 (𝑇 )  (A12) 

𝑅𝑒b =
𝜌𝑏  𝑑𝑒𝑏  𝑄𝑏

𝑡𝑓 𝑊 𝜇𝑏
  (A13) 

𝑅𝑒p =
𝜌p  𝑑𝑒p  𝐽w

𝜇p 
  (A14) 

𝑑𝑒b = 2𝑡f                                   𝑑𝑒p = 2𝑡p      (A15) 

𝑈b =
𝑄b 

𝑊 𝑡f 
  (A16) 

𝑄b =
𝑄f + 𝑄r

2
  (A17) 

𝐶b =
𝐶f+𝐶r

2
  (A18) 

Model Equations Equation No. 

𝐶p =
𝐽s

𝐽w+𝐽s
  (A19) 

𝑄f = 𝑄r + 𝑄𝑝  (A20) 

𝑄f 𝐶f = 𝑄r 𝐶r + 𝑄p 𝐶p  (A21) 

𝑄p = 𝐽w 𝐴  (A22) 

𝑃b(out)= {𝑃b(in) −  (𝑏 𝐿 𝑄f)+ (b W 𝜃    (
𝐿2

2
) (∆Pb(out))) - [b2 W 𝜃   (

𝐿3

6
) 𝑄f] −

[𝑏2 𝑊 𝜃   (
𝑊 𝜃 

𝑏
)

0.5

(
𝐿3

6
) (∆𝑃b(out) − ∆𝑃b(in) 

)]}  

(A23) 

𝜃 =
𝐴𝑤 𝐵𝑠

𝐵𝑠+𝑅 (𝑇+273.15) 𝐴𝑤 𝐶𝑝
  

(A24) 

∆𝑃b(in) = 𝑃b(in) − 𝑃p  (A25) 

∆Pb(out) = 𝑃b(out) − 𝑃p  (A26) 

𝑅𝑒𝑐 =
𝑄p

𝑄f
 𝑥100    

(A27 
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𝑅𝑒𝑗 =
𝐶r−𝐶p

𝐶r
𝑥100  

(A28) 

𝐸𝐶 =

((𝑃b(in) 𝑥101325) 𝑄f  )

𝑄p 𝜀pump
  

36𝑥10⁵
  

(A29) 
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Table A2. Model validation, simulation and optimisation results based on the optimal membrane design parameters of SCGA 

 Operating Conditions Validation Optimisation 

Exp. Nu. 
𝐂𝐟 ×10³  

(kmol/m³) 

𝐓 
(°C) 

𝐏𝐛(𝐢𝐧) (atm) 
𝐐𝐟 x𝟏𝟎𝟒 

(m³/s) 

𝐏𝐛(𝐨𝐮𝐭) 

(atm) 

%
E

rr
o

r 

𝐐𝐫 ×10⁴ (m³/s) 

%
E

rr
o

r 

𝐑𝐞𝐣% (−) 

%
E

rr
o

r 

𝐑𝐞𝐜% (−) 

%
E

rr
o

r 

Exp. EC 

(kWh/m³) 
Rec% Rej% 

EC 

(kWh/m³) 

Energy Sav-

ing% 

E
xp

. 

M
o

d
el

 

E
xp

. 

M
o

d
el

 

E
xp

. 

M
o

d
el

 

Exp. 

M
o

d
el

 

1 0.819 32.5 9.71 2.166 8.14 8.013 1.55 1.590 1.60 −0.78 92.7 96.258 −3.83 26.592 26.015 2.17 1.284 27.547 98.141 1.240 3.599 

2 1.637 31.0 9.71 2.166 8.09 8.002 1.08 1.630 1.63 −0.14 94.3 96.196 −2.01 24.746 24.636 0.44 1.380 26.778 98.193 1.275 8.274 

3 1.637 31.0 11.64 2.166 9.93 9.992 −0.62 1.523 1.50 1.695 94.9 96.599 −1.79 29.686 30.878 −4.01 1.379 33.372 98.438 1.227 12.42 

4 1.637 31.0 13.58 2.166 11.76 11.991 −1.97 1.416 1.36 3.746 95.3 96.894 −1.67 34.626 37.075 −7.07 1.379 39.963 98.533 1.195 15.41 

5 2.455 31.0 9.71 2.166 8.05 7.995 0.67 1.666 1.65 0.945 94.3 96.651 −2.49 23.084 23.810 −3.14 1.479 26.245 98.367 1.301 13.75 

6 4.092 30.0 7.77 2.166 6.17 5.984 3.00 1.808 1.82 −0.55 94.0 96.066 −2.19 16.528 16.067 2.78 1.653 18.656 98.021 1.465 12.89 

7 4.092 30.0 9.71 2.166 8.00 7.979 0.25 1.681 1.69 −0.62 94.9 96.676 −1.87 22.391 21.907 2.16 1.525 25.046 98.382 1.364 11.85 

8 6.548 31.5 7.77 2.166 6.13 5.978 2.46 1.828 1.83 −0.37 95.2 96.985 −1.87 15.604 15.290 2.01 1.751 17.757 98.381 1.527 14.72 

9 0.819 32.5 9.71 2.33 8.06 7.863 2.43 1.742 1.77 −1.64 93.0 96.293 −3.54 25.236 24.007 4.86 1.353 25.450 98.150 1.342 0.871 

10 0.819 32.5 11.64 2.33 9.90 9.857 0.43 1.639 1.63 0.636 93.5 96.512 −3.22 29.656 30.104 −1.50 1.380 31.720 98.395 1.291 6.961 

11 0.819 32.5 13.58 2.33 11.73 11.860 −1.11 1.542 1.49 3.585 94.8 96.806 −2.11 33.819 36.192 −7.01 1.412 38.005 98.574 1.257 12.37 

12 1.637 31.0 9.71 2.33 8.02 7.853 2.07 1.794 1.80 −0.30 94.3 96.239 −2.05 23.004 22.771 1.01 1.485 24.759 98.202 1.379 7.688 

13 1.637 31.0 11.64 2.33 9.86 9.843 0.16 1.684 1.66 1.233 94.9 96.639 −1.83 27.725 28.617 −3.21 1.477 30.912 98.445 1.324 11.56 

14 1.637 31.0 13.58 2.33 11.68 11.844 −1.40 1.594 1.53 4.162 95.3 96.932 −1.71 31.587 34.435 −9.01 1.512 37.069 98.543 1.288 14.78 

15 2.455 31.0 9.71 2.33 7.97 7.847 1.54 1.815 1.82 −0.10 94.4 96.686 −2.42 22.103 22.025 0.35 1.545 24.278 98.373 1.407 9.849 

16 2.455 31.0 11.64 2.33 9.81 9.836 −0.26 1.707 1.68 1.378 95.0 97.065 −2.17 26.738 27.748 −3.77 1.531 30.362 98.603 1.348 13.62 

17 6.548 31.5 7.77 2.33 6.05 5.833 3.57 1.987 1.99 −0.28 95.3 97.319 −2.11 14.721 14.477 1.65 1.856 16.581 98.397 1.648 12.68 

18 6.548 31.5 9.71 2.33 7.88 7.829 0.63 1.902 1.86 2.007 96.2 97.815 −1.67 18.369 20.008 −8.92 1.859 22.485 98.717 1.519 18.30 

19 0.819 32.5 13.58 2.583 11.61 11.630 −0.17 1.720 1.74 −1.43 95.9 96.858 −0.99 33.410 32.456 2.85 1.430 34.087 98.582 1.401 2.070 

20 1.637 31.0 9.71 2.583 7.89 7.623 3.37 2.042 2.06 −0.77 94.3 96.298 −2.11 20.944 20.334 2.91 1.631 22.135 98.214 1.543 5.707 

21 1.637 31.0 11.64 2.583 9.73 9.614 1.18 1.947 1.92 1.369 94.8 96.696 −2.00 24.622 25.654 −4.19 1.663 27.708 98.455 1.477 12.60 

22 2.455 31.0 9.71 2.583 7.85 7.617 2.96 2.080 2.07 0.265 94.4 96.734 −2.47 19.473 19.687 −1.09 1.754 21.718 98.383 1.572 11.59 

23 2.455 31.0 11.64 2.583 9.66 9.607 0.54 1.970 1.94 1.536 95.3 97.111 −1.90 23.732 24.903 −4.93 1.725 27.234 98.611 1.503 14.81 

24 4.092 29.0 9.71 2.583 7.8 7.599 2.57 2.113 2.13 −0.57 95.3 96.297 −1.04 18.195 17.721 2.60 1.877 20.541 98.225 1.663 12.89 

25 6.548 31.5 7.77 2.583 5.93 5.602 5.52 2.253 2.26 −0.25 95.4 97.029 −1.70 12.775 12.556 1.71 2.139 14.626 98.387 1.854 15.41 

26 6.548 31.5 9.71 2.583 7.75 7.597 1.96 2.170 2.13 1.798 96.3 97.573 −1.32 15.989 17.500 −9.44 2.136 20.151 98.722 1.695 20.66 

Membrane design parameters: 0.934 (m), 8.4 (m), and 5 × 10−4 (m) of membrane width, length, and feed channel height, respectively 

Membrane design parameters: 10.809 m, 

0.725 m, and 5.93 × 10−4 m of membrane 

width, length, and feed channel height, 

respectively 
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Figure A1. The pseudocodes of the SCGA (adapted from Al-Obaidi et al. [30]). 
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