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Abstract

:

Due to its high pollutant rejection and low energy usage, the spiral wound module of reverse osmosis (RO) process is the most commonly used technology utilised in wastewater treatment. For a spiral wound module, the presence of a feed spacer is important as a key solution to mitigate the concentration polarisation phenomenon, due to disorderly fluid flow, and to improve the mass transfer coefficient. Undoubtedly, improvements in the spiral wound module design, mainly in the symmetrical shape of the feed spacer, can have a significant impact on the cost and probable use of these modules. Despite the wide interest in appraising the impact of feed spacer geometry and orientation on the performance of a spiral wound module for RO process-based water desalination, the hydrodynamics of feed spacers (pressure drop and mass transfer coefficient) and the associated influences of feed spacer design (the height of the feed spacer, the angle of the filaments, and the porosity) on the removal of pollutants from wastewater have not yet been addressed. The current investigation aims to fill this gap by studying the hydrodynamics and design parameters of the selected parallelogram feed spacer type ultrafiltration (UF−3) for the removal of dimethylphenol from wastewater. Using model-based simulation, the impacts of UF−3 feed spacer design parameters, including the height, angle between the filaments (orientation), and porosity on the pressure drop, friction factor, axial flow fluid velocity, mass transfer coefficient, water flux, dimethylphenol rejection, recovery rate, and specific energy consumption are detailed in this study. The study intends to demonstrate the optimum design features of UF−3 feed spacer that should be considered to assure the highest elimination of dimethylphenol from wastewater in addition to the lowest specific energy consumption.
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1. Introduction


Reverse osmosis (RO) is a successful water purification method that uses a semipermeable membrane to eliminate organic and nonorganic pollutants from treated water. Compared to nanofiltration (NF) and ultrafiltration (UF), RO technology has the smallest pores and is the most energy intensive. In the context of water desalination, RO is extensively employed to eliminate a wide range of pollutants including salt, bacteria, viruses, and other minerals from seawater and brackish water and produces high-quality potable water [1]. The RO process is also deployed in several fields of wastewater treatment process, as it is distinguished by several merits that make it a superior technique for removing a wide range of toxic compounds and producing safe water [2,3]. Indeed, the RO process can achieve a high rejection rate and produce treated water that fulfils demanding quality requirements. Municipal and industrial effluents can all be effectively treated with RO technology. The capacity to retrofit present treatment plants with RO technology or integrate RO technology into new processes in hybrid systems is made possible due to the compact design of RO units, which also permits for installation in smaller spaces. Consequently, the RO process is well-matched for small-, medium-, and large-scale applications, as it can be effortlessly scaled following the required capacity. The RO process consumes a lower amount of energy per unit of treated water than other treatment technologies, such as thermal desalination systems [4]. Nevertheless, there are a few drawbacks to the RO process that should be tackled in future investigations. For example, membrane scaling and fouling, which occur when particles, organic debris, and scale build up on the membrane surface, are the most alarming causes of impaired performance and call for systematic cleaning or membrane replacement [5,6]. Furthermore, RO introduces several issues when it comes to the elimination of emerging and micro-pollutants from industrial effluents [7,8]. Low rejection rates are deduced as being due to the capacity of some emergent contaminants, such as hormone-disrupting substances and insecticides, to penetrate through the membrane’s pores [9]. However, the selection of a suitable membrane with a smaller pore size can enhance the rejection rate and sustain a high level of water recovery. Moreover, advanced oxidation approaches can be used with RO to eliminate (oxidize) these pollutants before they reach the membrane [10]. On top of this, the RO process consumes a lot of energy, especially when many high-pressure pumps are necessary. The overall operational costs can also be amplified due to the necessity of schedule maintenance and membrane replacement, due to fouling and scaling problems [11,12]. However, integrating energy recovery equipment, such as pressure exchangers and energy-efficient pumps, can resolve the issue of the high energy consumption of RO systems [13,14].



The current investigation intends to improve the effectiveness of the entire RO treatment for the elimination of toxic pollutants from wastewater, by examining the hydrodynamics of the feed spacer in a spiral wound module of the RO process. The hydrodynamics of the feed spacer must be thoroughly investigated in order to improve the overall performance, as the fouling propensity and associated water flux are substantially affected by the hydrodynamics of the feed spacer. The feed spacer is an imperative part to guarantee uniform flow distribution across the membrane area. The porous feed spacer is precisely positioned in the module and placed between two envelopes, facing the active layer of each envelope. Indeed, the feed spacer serves as a supportive net that holds the two neighbouring envelopes apart, allowing feed water to travel vertically across the membrane’s active layer [15]. Undoubtedly, the concentration polarization happens when solutes build up on the membrane surface, which results in less effectual mass transfer operation. Accordingly, the design and configuration of the feed spacer should be optimized while considering the aspects of hydrodynamics [16,17]. The concentration polarization can be mitigated through an optimal feed spacer design that endorses uniform flow, moderates stagnant areas, and increases mass transfer across the membrane [18,19]. The following exhibits some examples of related studies that deal with investigating the hydrodynamic-based feed spacers of the RO process.



Gu et al. (2017) [20] evaluated the impacts of feed spacer geometry on concentration polarization using three-dimensional computational fluid dynamics (CFD) simulations. The results of numerical simulation showed that a fully woven spacer attained the lowest concentration polarization. Also, the fully woven spacer with a mesh angle of 60° guaranteed the highest water flux. In this regard, the spacer with a 90° mesh angle introduced the lowest pressure drop.



Considering the water desalination RO process, Singh et al. (2022) [19] analysed the simultaneous impacts of different spacer filament geometries, angle of attack, and Reynolds number on the performance metrics of a RO membrane module, comprising water flux, solute flux, and pressure drop. The authors used a three-dimensional CFD model to conduct their study. The findings showed that the lowermost solute flux (and therefore the lowest concentration polarization) could be attained by using triangular spacer filament. Moreover, the orientation of the feed spacer impacted the pressure drop per unit length, while the triangular spacer filament had the greatest pressure drop.



To observe the significance of mitigating the energy loss of the spiral wound module of RO-based water desalination, Guan et al. (2023) [21] evaluated the consequences of several filament diameter ratios and the spacer mesh angle on the energy loss and mass transfer coefficient in a spiral wound RO module. The outcomes ascertained the substantial effect of the spacer geometry, as the pressure drop increased with an increasing space mesh angle. Furthermore, it was guaranteed that the lessening of pressure dropped by about 58%, due to the dropping of the filament diameter ratio from 1.0 to 0.45.



Despite the previous studies being concerned about the improvement and geometric features of the feed spacer in a spiral wound module and analysing how feed spacers can impact the rejection efficiency and water recovery metrics of RO process-based water desalination in particular, analysing the hydrodynamics of a feed spacer and the removal of a pollutant from wastewater has not been achieved yet. In this regard, Al-Obaidi (2023) [22] developed a specific model to measure the efficacy of a spiral wound module in the RO process concerning the removal of contaminants from wastewater, which was reinforced by utilising the correlations of Schock and Miquel (1987) [23] and Da Costa et al. (1994) [24] to characterise the pressure drop throughout the feed side of the module. Al-Obaidi (2023) [22] used this model to explore the performance of sixteen various feed spacers concerning the removal of dimethylphenol from wastewater, considering a constant set of inlet conditions. Despite the outcomes of this study, which identified the most successful feed spacers, the specific influences of variable characteristics of feed spacers, including the height of the feed spacer, the angle of the filaments, and porosity, on the hydrodynamic of RO-based dimethylphenol removal from wastewater was not covered in [22]. In other words, there is a necessity to explore the hydrodynamics and interrelationship between the characteristics of feed spacers and the removal of dimethylphenol from wastewater. The current study attempts to close the gap in the literature by utilising the model developed by the same author (Al-Obaidi, 2023 [22]) to conduct thorough simulations, using constant values of operational conditions, while considering the feed spacer type UF−3 (as a case study), inside a spiral wound module of the RO process, throughout the removal of dimethylphenol from wastewater. Specifically, the simulation will be carried out to evaluate the influences of feed spacer characteristics (i.e., the height of the type UF−3 feed spacer, the angle of flow diversion of the feed spacer, and the porosity) on the mass transfer coefficient, pressure drop, friction factor, axial flow velocity, water flux, specific energy consumption, and dimethylphenol rejection. However, it should be noted that the present study focuses on the removal of dimethylphenol from wastewater with an inlet concentration of 6.548 × 10−3 kmol/m3 (799.97 ppm). Thus, it is fair to admit the negligible influence of membrane fouling, due to low inlet concentration, compared to the case of seawater desalination (30,000–50,000 ppm). Indeed, the consequences of the studied spacer characteristics on mass transfer coefficient, pressure drop, and cross flow velocity would reflect the concentration polarization in this process. Expectedly, this study introduces a comprehensive understanding of the behaviours of hydrodynamic parameters in the feed channel for variable angles of flow diversion of the UF−3 feed spacer and elaborates on the associated dimethylphenol removal and water recovery. Accordingly, the associated findings of this study are advantageous in designing efficient and cost-effective spiral wound modules, which in turn aid in improving the performance metrics of the RO process concerning the removal of toxic compounds from wastewater.




2. Modelling of the Reverse Osmosis Process and the Feed Spacer


This section demonstrates the model developed by Al-Obaidi (2023) [22], which was used to carry out the simulation of the current study. The simulation was carried out using gPROMS [25]. Table 1 shows the model equations for the RO process, fluid flow, and mass transfer coefficient for a feed spacer. The model was validated by Al-Obaidi (2023) [22], by comparing the experimental data of dimethylphenol rejection from wastewater against the model’s predictions. Table A1 of Appendix A demonstrates the results of the model validation. Further details of the model’s development and validation, with implicit discussions, can be found in [22].




3. Specifications of the UF−3 Feed Spacer and the Spiral Wound Module


The current study focuses on a UF−3 parallelogram-type of feed spacer as the case study of a feed spacer in a spiral wound module of the RO process. The feed spacer geometry parameters under investigation are the feed spacer height     h   s p    , mesh sizes     l   m 1     and     l   m 2    , filaments diameters     d   f 1     and     d   f 2    , porosity   ε  , the angle between the filaments   θ   (the inner angle between two adjacent filaments facing the feed flow), and the hydraulic diameter     d   h    , as shown in Figure 1.     h   s p     determines the distance between the membrane surfaces and signifies the flow channel height or the thickness of the feed spacer.     l   m 1    ,     l   m 2    ,     d   f 1    , and     d   f 2     characterise the geometry of the feed spacer’s mesh, which affects the flow distribution and pressure drop across the module. The open region of fluid flow is determined by the feed spacer’s porosity, which has an impact on the pressure and velocity distribution inside the module. Table 2 provides the values of the design parameters of a UF−3 feed spacer.   α   and n are the feed spacer constants, related to Equation (22) of Table 1. Also, the features of the spiral wound module and membrane transport factors are also provided in Table 2.




4. Simulation of a Spiral Wound Module Containing a UF−3 Feed Spacer


Considering the inlet conditions of 6.548 × 10−3 kmol/m3, 3 × 10−3 m3/s, 15 atm, and 31.5 °C for dimethylphenol concentration, pump pressure, and water temperature, respectively, the simulation results of the actual design of a spiral wound module containing a UF−3 feed spacer identified 98.81%, 14.65%, and 3.6 kWh/m3 as the dimethylphenol rejection, water recovery, and specific energy consumption, respectively.



The following simulation would investigate the impact of variable design parameters of a UF−3 feed spacer on the hydrodynamics and performance metrics of a single spiral wound module of the RO process working at the same set of operating conditions (mentioned above) and undertaking dimethylphenol removal from wastewater. Accordingly, the impacts of the variables, namely the height of the feed spacer, the angle of the filaments, and the porosity on the hydrodynamics and performance indicators of the module will be investigated. The hydrodynamics and performance indicators under consideration are the pressure drop throughout the feed channel (Equation (12) of Table 1), friction factor (Equation (22) of Table 1), axial fluid velocity (Equation (23) of Table 1), mass transfer coefficient (Equation (4) of Table 1), water flux through the membrane pores (Equation (1) of Table 1), dimethylphenol rejection levels (Equation (17) of Table 1), water recovery levels (Equation (18) of Table 1), and specific energy consumption (Equation (25) of Table 1).



4.1. Effects of Feed Spacer Height


Figure 2 shows the relationship between the pressure drop and friction factor, against the increase in Reynolds number, for the UF−3 feed spacer at different feed spacer heights and a constant filament angle of 135°. The increase in Reynolds number can explain the growth of feed flow rate from 1 × 10−3 to 5 × 10−3 m3/s, with a step change of 1 × 10−3 m3/s. In the laminar flow domain (characterised by a low Reynolds number), a clear reduction in the friction factor (more than 32%) can be seen in Figure 2, as a result of increasing the Reynolds number from 30 to 175, which fits the reverse relationship of Equation (22). However, the increase in feed spacer height, which implies increasing the distance between the membrane layers from 1.68 × 10−3 m to 2 × 10−3 m, has an inconsiderable impact on the friction factor. In other words, the results of Figure 2 indicate somewhat similar values of friction factor for the three tested feed spacer heights during the variation in the Reynolds number between 30 and 175.



An increase in the height of the feed spacer from 1.68 × 10−3 m to 2 × 10−3 m significantly reduces the pressure drop throughout the membrane feed channel. In this regard, it should be noted that lower pressure drops would lead to a lower concentration polarization [26]. To professionally analyse this result, it can be said that a smoother feed solution flow (with less resistance) is likely made possible by increasing the feed spacer height, which creates more open spaces between the membrane layers. There is less of a pressure drop throughout the module as a result of the decreased flow resistance. This implies that an improvement in fluid dynamics can be achieved by a higher spacer height, which lowers resistance to water flow through the membrane at a lower pressure drop. In this aspect, it is important to realise that the consequence of increasing the height of the feed spacer is a lower mass transfer coefficient in the feed channel. Indeed, the altered flow patterns within the module, caused by increasing the feed spacer height, could be the reason for the reduced mass transfer coefficient. A larger spacer height can result in less turbulence and less direct contact between the membrane surface and the feed solution, even though it further enhances flow distribution. As a result, there may be less efficient mass transport of solutes across the membrane and a higher concentration polarization rate. In turn, this would lead to a higher solute flux and a lower rate of solute rejection (Figure 3). Thus, it is recommended to utilise the lowest height of the feed spacer, to guarantee the highest dimethylphenol rejection. Due to the highest level of turbulence with the lowest height of the feed spacer, the solute accumulation would be at a lower level, which signifies the growth of water permeation through the membrane pores (increased water recovery) (Figure 3).



Figure 4 shows the importance of using a smaller feed spacer height, as it introduces the lowest specific energy consumption, due to having the uppermost water permeation at a lower concentration polarization. This is already commensurate with increasing the mass transfer coefficient, as an important key to mitigate the accumulation of dimethylphenol on the membrane surface, which improves the water flux and reduces the solute flux throughout the membrane pores. Thus, the utilisation of a smaller feed spacer would be a fantastic option for the exclusion of dimethylphenol from wastewater, since it enhances the mass transfer coefficient.



Beyond this point, the UF−3 feed spacer is originally designed with a height of 1.68 × 10−3 m, and, therefore, it can be said that this is the optimum value of feed spacer height, as it resulted in the lowest specific energy consumption, highest water recovery levels, lowest concentration polarization, and the highest dimethylphenol rejection levels. Despite the argument of a possible higher degree of fouling when using a lower feed spacer height, it can be claimed that the elimination of dimethylphenol from wastewater occurs at a very low concentration, which would not influence the overall RO performance.



In summary, it is obvious that maintaining the actual height of the UF−3 feed spacer of 1.68 × 10−3 m offers advantages in securing the highest rate of turbulence, which enhances the mass transfer coefficient and improves the dimethylphenol rejection levels, water recovery levels, and the specific energy consumption. Furthermore, it is vital to highlight the interrelationship between the resistance to water flow through the membrane and the specific energy consumption. In this aspect, an increase in the feed spacer height would lower the pressure drop, which means a lower resistance to water flow through the membrane. However, increasing the feed spacer height results in a higher specific energy consumption. This is attributed to less water permeation at higher feed spacer heights, due to a reduction in turbulence intensity.




4.2. Effects of the Angle of the Filaments


Considering the design parameters of the UF−3 feed spacer (Table 2) and using parameters of 6.548 × 10−3 kmol/m3, 3 × 10−3 m3/s, 15 atm, and 31.5 °C for dimethylphenol concentration, flow rate, pressure, and temperature, respectively, Figure 5 shows that an increase in the angle between the filaments up to 90°, at a fixed operating feed flow rate, causes a significant reduction in pressure drop along the feed channel, which then clearly decreases after 90°. In this regard, Gu et al. (2017) [20] identified that the lowest pressure drop occurs with a mesh angle of 90°. This is due to a continuous reduction in axial velocity at the membrane surface with a progressive concentration polarization (i.e., a decrease in the shear stress) as the angle increases up to 90° (Figure 6), which is readily associated with a decreasing mass transfer coefficient (Figure 6). However, any additional increase in the angle between the filaments (beyond 90°) causes a rise in pressure drop as the axial velocity increases. Therefore, it is fair to admit that the optimum value of the hydrodynamic angle, namely 90°, results in the lowest pressure drop (Figure 5). Referring to Figure 5 and Figure 6, this corresponds to having the lowest axial velocity (5.37 cm/s) and the minimum mass transfer coefficient (4.08 × 10−6). Indeed, increasing the axial velocity definitely increases the mass transfer coefficient (Figure 7). Undoubtedly, higher axial velocity would reduce concentration polarization by sweeping away the concentrated boundary layer that forms on the membrane surface [27].



In this regard, it should be noted that the mass transfer coefficient and dimethylphenol rejection, or the membrane’s effectiveness in blocking the solute flow, are positively correlated. Higher mass transfer coefficients and lower concentration polarization are frequently associated with higher solute rejection, due to less solute accumulation on the membrane surface, resulting in fewer opportunities for solute passage through the membrane.



Thus, it can be said that the maximum mass transfer coefficient implies the maximum level of rejection of dimethylphenol, which is another important performance indicator of the RO process. However, the penalty for increasing the mass transfer coefficient is an increase in the pressure drop throughout the feed channel.



To systematically discuss dimethylphenol rejection at different angles of filaments, Figure 8 indicates that an increase in the filament angle up to 90° resulted in a reduction in dimethylphenol rejection, due to a continuous reduction in axial velocity and mass transfer coefficient, which are associated with a continuous decrease in friction factor, increased concentration polarization, and passage through the membrane pores, with an increase in permeate concentration. In turn, this reduces the water flux and water recovery as a consequence of reducing the axial velocity. It is clearly shown in Figure 9 that the feed spacer of 90° results in the minimum water flux through the membrane, where it displays the lowest axial velocity and mass transfer coefficient, in addition to having the maximum concentration polarization. The same results were demonstrated by Araújo et al. (2012) [28]. However, working at low or high filament angles (especially low angles) can reinforce the dimethylphenol rejection as a result of increasing the axial velocity, which reduces the solute flux and concentration polarization through the membrane, albeit at increasing the energy dissipation due to the increased friction factor (Figure 8). Shakaib et al. (2007) [29] demonstrated the largest local and shear stress values using the lowest flow attack angle. In turn, this improved the water flux and elevated the levels of solute rejection. Referring to the presented results of Figure 8, it can be said that there is a necessity to adjust the original design of the UF−3 feed spacer. Specifically, a filament angle of 25° would present the greatest dimethylphenol rejection of 99.5%, this is in comparison to the original efficiency of 98.81% while working at the same inlet conditions and filament angle of 135°.



Figure 10 demonstrates an exponential relationship that links the specific energy consumption of the RO process, when using a UF−3 feed spacer, and the angle of the filaments, using the same set of operating conditions. Variations in the angle of the filaments introduce a change in the water flux (i.e., productivity) (Figure 9), which can lead to a change in specific energy consumption (Equation (25) of Table 1) at a fixed inlet feed pressure and feed flow rate. Clearly, it can be seen that a filament angle of 90° has a maximum specific energy consumption of about 3.9 kWh/m3. More importantly, the lowest considered filament angle, 25°, can obtain the lowest specific energy consumption, of 3.37 kWh/m3. Comparing to the original simulation results at a filament angle of 135°, using 25° would save 6.38% energy.



In summary, the above simulation results indicated that a filament angle of 90° introduced the lowest dimethylphenol rejection and water recovery levels (Figure 8 and Figure 9) and maximum specific energy consumption (Figure 10), due to having the lowest values of mass transfer coefficient and axial velocity (at a greater influence of concentration polarization) (Figure 6), in addition to having the lowest pressure drop (Figure 5). This is in comparison to working with the lowest filament angle of 25°, which would lead to the opposite results (the highest axial velocity, highest water flux, highest mass transfer coefficient, highest dimethylphenol removal, and lowest specific energy consumption) and fit the goal of improving the performance indicators of a spiral wound module of the RO process, concerning the removal of dimethylphenol from wastewater. In this regard, researchers and engineers might consider varying the angle of the filaments of a UF−3 feed spacer, to strike a compromise between energy consumption, mass transfer efficiency, pressure drop, dimethylphenol rejection, water recovery, and specific energy consumption. This modification has the potential to result in more economical and energy-efficient operations in desalination facilities and other RO-related applications. However, it is important to consider potential trade-offs and practical limitations associated with decreasing the height of the feed spacer in RO systems. This is due to the possibility of reducing the effective membrane area available for filtration when using a shorter feed spacer. However, the current study focuses on the treatment of a low-concentration pollutant (dimethylphenol), with an insignificant tendency for considerable concentration polarization and fouling propensity. Therefore, the main objective was to achieve maximum dimethylphenol rejection, which is currently attained using the shortest feed spacer.




4.3. Effects of Porosity


Examining critical factors that affect the system’s overall efficiency is necessary for analysing the impact of porosity on the hydrodynamic features and performance metrics of a spiral wound module in the RO process. Referring to Equation (21) of Table 1, the porosity is affected by the angle of the filaments, the height of the feed spacer, and the characteristic design parameters of mesh sizes and filament diameters. Furthermore, it should be noted that variable porosity can also be adjusted by modifying the spacers’ geometry, thickness, and placement. Examining several materials for the spacers that have diverse porosities by nature can also be advantageous. This can specifically be achieved by selecting materials with a variety of pore shapes, such as materials with regulated pore size distributions or porous polymers. More importantly, the current simulation characterises the variation in porosity due to changes in the angle of the filaments, when other influences are fixed. Figure 11 shows that an increase in the filament angle up to 90° causes a continuous rise in porosity, and then it clearly decreases after 90°. Figure 11 shows that the optimum value of the angle of filaments, of 90°, led to a maximum porosity of 0.83.



Firstly, it should be noted that this simulation has been carried out using similar inlet conditions as those described in the previous sections. Lower resistance and pressure drops are frequently caused by a higher porosity. Figure 12 depicts the impact of porosity on the friction factor and pressure drop. Figure 12 shows that porosity has a noteworthy impact on the pressure drop, similar to the impact of the angle of the flow diversion. An increase in porosity leads to a reduction in the pressure drop, which is associated with a reduction in concentration polarization impact. Statistically, an increase in porosity from 0.6 to 0.83 causes a reduction in the pressure drop of approximately 77%. A higher porosity enables a lower intensity of turbulence and less direct contact between the membrane surface and the feed solution, with a lower mass transfer coefficient. Therefore, it is fair to expect that an increase in porosity would cause a continuous decrease in axial velocity, corresponding to reductions in the friction factor and the pressure drop, due to the considerable influence of concentration polarization. Accordingly, these conditions would enable a higher solute flux, which introduces a lower solute rejection.



Figure 13 shows that an increase in porosity causes a reduction in axial velocity, which leads to a reduction in the mass transfer coefficient. Therefore, it is important to reduce the porosity, in order to enhance the mass transfer coefficient and dimethylphenol rejection. Accordingly, Figure 14 depicts the negative influence of increasing the porosity on both dimethylphenol rejection and water recovery, as a result to reducing the axial velocity. Statistically, the porosity of 0.6 assumes the maximum dimethylphenol rejection of 99.5%, compared to the original dimethylphenol rejection of 98.81% at 0.763 porosity. Indeed, this is another proof of the necessity of conducting an adjustment of the original design of the UF−3 feed spacer, to hit the highest level of removal for dimethylphenol of 100% (especially with the aid given by optimising the operating conditions). In summary, it can be said that the optimal operation of the RO process, and specifically dimethylphenol rejection, is accomplished within the lowest porosity value.



Due to having lower rate of turbulence inside the feed channel due to increasing the porosity, a lower permeation of water (i.e., lower water recovery at fixed inlet feed flow rate) is introduced. Thus, a rise in specific energy consumption is expected, due to the increase in porosity, as illustrated in Figure 15. Statistically, the increase in porosity from 0.6 to 0.83 results in an upsurge of around 16% in specific energy consumption.





5. Conclusions


The RO process has been widely used for the removal of many toxic compounds from wastewater. As an essential part of the spiral wound modules used in the RO process, the present study demonstrated the key role of the feed spacer, as it plays a substantial role in determining the pressure drop and crossflow velocity of the feed channel. The crossflow velocity, pressure drop, mass transfer coefficient, friction factor, water recovery, and solute rejection are typically linked to the design parameters of the feed spacer, including the height of the feed spacer, the angle of the filaments, and the porosity.



Using a simulation-based model, the current study attempted to analyse the hydrodynamics and design parameters of the spiral wound membrane module, containing a UF−3 feed spacer for the elimination of dimethylphenol from wastewater. Thus, a thorough investigation was carried out to discuss and analyse the performance indicators of a single RO process for the treatment of dimethylphenol solution under variable design parameters of the feed spacer (the feed channel height, the angle of the filaments, and the porosity).



Referring to the simulation results, it is obvious that the design parameters of the UF−3 feed spacer have a considerable influence on the process’ outcomes, due to their direct influence on the pressure, mass transfer coefficient, water flux, and solute flux.



To accomplish the highest dimethylphenol rejection, highest water recovery, and lowest specific energy consumption, the following recommendations for the design parameters of the UF-3 feed spacer should be taken into consideration:




	
It is beneficial to maintain the usage of the actual feed channel height, as it has the highest mass transfer coefficient, with elevated water flux and reduced solute flux through the membrane pores.



	
Compared to the original angle of the filaments, the lowest value is commensurate with attaining the optimal operation. This specifically introduces the highest water recovery, highest dimethylphenol rejection, and lowest specific energy consumption.



	
Compared to the original porosity, it is recommended to utilize the lowest porosity to maintain the efficient operation of the RO process, especially for wastewater treatment with very low pollutant concentrations. This enables the achievement the highest dimethylphenol rejection and water recovery levels, in addition to reducing specific energy consumption.








Statistically, the utilization of optimal design parameters for the UF−3 feed spacer, with a filament angle of 25° and a porosity of 0.6, respectively, is feasible for achieving the maximum removal of dimethylphenol from wastewater (greater than 99.5%) and the lowest specific energy consumption of 3.37 kWh/m3. Specifically, this critically introduces improvements of 0.7% for dimethylphenol rejection and 6.4% for specific energy consumption, compared to the original values. Beyond the obtained results of the current study, it is still necessary to investigate the simultaneous optimal values of feed spacer design parameters, which enable the introduction of a novel design of a feed spacer, specifically for the elimination of pollutants from wastewater with a feed concentration lower than 1000 ppm.
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Nomenclature




	CFD
	Computational fluid dynamics



	NF
	Nanofiltration



	RO
	Reverse Osmosis



	UF
	Ultrafiltration



	UF−3
	Ultrafiltration feed spacer



	A
	Cross-sectional area of the membrane (m2)



	Aw
	Water transport parameter of the membrane (m/atm·s)



	Bs
	Dimethylphenol transport parameter of the membrane (m/s)



	Cb
	Bulk concentration of solute (kmol/m3)



	Cf
	Feed concentration of solute (kmol/m3)



	Cm
	Dimensionless concentration of solute (-)



	Cp
	Permeate concentration of solute (kmol/m3)



	Cr
	Retentate concentration of solute (kmol/m3)



	Cw
	Membrane wall concentration of solute (kmol/m3)



	Db
	Diffusivity parameter (m2/s)



	df1
	Filaments diameters (mm)



	df2
	Filaments diameters (mm)



	dh
	Hydraulic diameter (mm)



	f
	Friction factor (-)



	hsp
	Height of feed spacer (mm)



	Js
	Solute molar flux through the pores of the membrane (kmol/m2·s)



	Jw
	Water flux (m/s)



	k
	Mass transfer coefficient (m/s)



	L
	Membrane length (m)



	lm1
	Mesh size (mm)



	lm2
	Mesh size (mm)



	Pf(in)
	Feed pressure (atm)



	Pf(out)
	Retentate pressure (atm)



	Pp
	Permeate pressure (atm)



	Qb
	Bulk flow rate (m3/s)



	Qf
	Feed flow rate (m3/s)



	Qp
	Permeate flow rate (m3/s)



	Qr
	Retentate flow rate (m3/s)



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



	Reb
	Reynolds number in the feed channel (-)



	Rep
	Reynolds number in the permeate channel (-)



	Rec
	Water recovery (-)



	Rej
	Solute rejection (-)



	Svsp
	Specific surface of the spacer (-)



	T
	Operating temperature (°C)



	tp
	Permeate spacer thickness (m)



	Ux
	Axial flow velocity (m/s)



	W
	Membrane width (m)



	   ε   
	Porosity (-)



	   θ   
	Angle of filaments (°)



	  α   and n
	Feed spacer constants (-)



	     μ   b     
	Feed viscosity parameter (kg/m·s)



	     μ   p     
	Permeate viscosity parameter (kg/m·s)



	     ρ   b     
	Feed density parameter (kg/m3)



	     ρ   p     
	Permeate density parameter (kg/m3)



	     ρ   w     
	Molal density of water (55.56 kmol/m3)



	   ∆ P   
	Pressure drop along the feed channel (atm)








Appendix A


Table A1 signifies the comparison between the experimental data, removing dimethylphenol from wastewater, of Srinivasan et al. (2011) [30] against the model predictions of Al-Obaidi (2023) [22]. Insignificant and marginal errors are deduced, which identifies the significance of the model developed by Al-Obaidi (2023) [22].





 





Table A1. Validation of RO model by Al-Obaidi (2023) [22] compared to experimental data by Srinivasan et al. (2011) [30], based on the removal of dimethylphenol from wastewater.
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Retentate Flowrate

(Qr × 10⁴ (m3/s))

	
%Error

	
Dimethylphenol Rejection (Rej (-))

	
%Error




	
Experimental Value

	
Theoretical Value

	
Experimental Value

	
Theoretical Value






	
1.80

	
1.89

	
−5.1

	
0.90

	
0.93

	
−3.3




	
1.59

	
1.61

	
−1.2

	
0.92

	
0.95

	
−2.5




	
1.82

	
1.85

	
−1.2

	
0.95

	
0.96

	
−1.1




	
1.75

	
1.73

	
1.14

	
0.96

	
0.96

	
−0.7




	
1.57

	
1.49

	
5.14

	
0.97

	
0.97

	
−0.3




	
1.79

	
1.81

	
−1.0

	
0.94

	
0.95

	
−1.0




	
2.02

	
2.09

	
−3.5

	
0.91

	
0.94

	
−2.5




	
1.641

	
1.611

	
1.82

	
0.97

	
0.97

	
−0.3




	
1.90

	
1.96

	
−2.9

	
0.92

	
0.95

	
−2.6




	
1.575

	
1.494

	
5.14

	
0.97

	
0.97

	
−0.3




	
1.70

	
1.70

	
0.29

	
0.95

	
0.96

	
−1.3




	
2.11

	
2.14

	
−1.5

	
0.95

	
0.95

	
−0.1




	
2.09

	
2.02

	
2.96

	
0.96

	
0.97

	
−0.5




	
2.17

	
2.15

	
0.92

	
0.96

	
0.97

	
−0.8




	
2.33

	
2.39

	
−2.5

	
0.94

	
0.95

	
−0.6




	
2.070

	
2.027

	
2.07

	
0.95

	
0.95

	
−0.1
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Figure 1. A schematic diagram of feed spacer geometry parameters. 
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Figure 2. Pressure drop and friction factor against the Reynolds number for different heights of UF−3 feed spacer. 
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Figure 3. Dimethylphenol rejection and water recovery against the height of UF−3 feed spacer. 
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Figure 4. Specific energy consumption against the height of UF−3 feed spacer. 
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Figure 5. Influence of angle of flow diversion of UF−3 feed spacer on pressure drop. 
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Figure 6. Influence of angle of flow diversion of UF−3 feed spacer on axial velocity and mass transfer coefficient. 
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Figure 7. Axial velocity against mass transfer coefficient of UF−3 feed spacer. 
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Figure 8. Dimethylphenol rejection and friction factor variance against the angle of flow diversion of UF−3 feed spacer. 
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Figure 9. Water recovery and water flux variances against the angle of flow diversion of UF−3 feed spacer. 
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Figure 10. Specific energy consumption against the angle of flow diversion of UF−3 feed spacer. 
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Figure 11. Porosity against angle of flow diversion of UF−3 feed spacer. 
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Figure 12. Friction factor and pressure drop against porosity of UF−3 feed spacer. 
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Figure 13. Axial velocity and mass transfer coefficient against the porosity of UF−3 feed spacer. 
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Figure 14. Dimethylphenol rejection and total recovery variance against the porosity of UF−3 feed spacer. 
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Figure 15. Specific energy consumption against the porosity of UF−3 feed spacer. 
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Table 1. Mathematical model of a spiral wound module of RO process [22].






Table 1. Mathematical model of a spiral wound module of RO process [22].





	No.
	Studied Parameters
	Highlighted Results/Findings





	(1)
	     J   w   =   Q p   A   =   A   w               P f   i n   +   P f   o u t         2   −   P   p       −   R     T + 273.15         C   w   −   C   p             
	Water flux (m/s)



	(2)
	     J   s    =    B   s         C   w   −   C   p       
	Solute flux (kmol/m2 s)



	(3)
	         C   w   −   C   p             C   b   −   C   p       =   exp  ⁡        J   w     k         
	Solute concentration on the membrane wall (kmol/m3)



	(4)
	     k         d   h   =   246.9   D   b       R e   b   0.101       R e   p   0.803     C   m   0.129     
	Mass transfer coefficient (m/s)



	(5)
	     C   m   =     C   b       ρ   w       
	Dimensional solute concentration (    ρ   w   = 55.56   kmol/m3 (density of water))



	(6)
	    R e   b   =     2   ρ   b       Q   b       W     μ   b      ,                   R e   p   =     2   ρ   p       t   p       J   w       μ   p        
	Reynolds number in bulk and permeate channels (-)



	(7)
	     Q   f   =   Q   r   +   Q   p     
	Material balance



	(8)
	     Q   f       C   f   =   Q   r       C   r   +   Q   p       C   p     
	Mass balance



	(9)
	     Q   b   =     Q   f   +   Q   r     2     
	Bulk flow rate (m3/s)



	(10)
	     C   b   =     C   f   +   C   r     2     
	Bulk concentration (kmol/m3)



	(11)
	     C   p   =     C   f       B   s         J   w       exp  ⁡        J   w     k         +   B   s       
	Permeate concertation (kmol/m3)



	(12)
	   ∆ P = (   ρ     U   x   2     L   f   2   d   h     ) / 101325   
	Pressure drop throughout the feed channel (Pa)



	(13)
	     P f   o u t   =   P f   i n   − ∆ P   
	Outlet pressure (atm)



	(14)
	      ρ   b         = 498.4     m   f   +    248400     m   f   2   + 752.4     m   f       C   b     × 8.01     ,

      ρ   p         = 498.4     m   f   +    248400     m   f   2   + 752.4     m   f       C   p     × 18.01     ,

    m   f   = 1.0069 − 2.757 ×   10   − 4       T        
	Density in bulk and permeate channels (kg/m3)



	(15)
	       D   b         = 6.725 ×   10   − 6     e x p   0.1546 x   10   − 3       C   b   × 18.01 −   2513   T + 273.15       
	Diffusivity (m2/s)



	(16)
	       μ   b         = 1.234 ×   10   − 6     e x p   0.0212       C   b   × 18.01 +   1965     T       + 273.15       
	Viscosity (Pa/m·s)



	(17)
	   R e j =     C   f   −   C   p       C   f     × 100       
	Rejection% (-)



	(18)
	     R e c       =     Q   p       Q   f     × 100   
	Water recovery% (-)



	(19)
	     d   h   =   4 ε       2     h   s p       +   1 − ε       S   v s p       
	Hydraulic diameter (m)



	(20)
	     S   v s p   =   0.5     2 π     d   f 1       l   m 2     +   2 π     d   f 2       l   m 1           π   4         d   f 1   2       l   m 2     +     d   f 2   2       l   m 1           
	Surface area of feed spacer (m2)



	(21)
	   ε = 1 −   π       d   f 1   2       l   m 2     +     d   f 2     2     l   m 1         4   l   m 1       l   m 2       h   s p     s i n θ     
	Porosity or voidage (-)



	(22)
	   f = α       R e   b     − n     
	Friction factor (-)



	(23)
	     U   x   =     Q   b     W     h   s p     ε     
	Average axial flow velocity (m/s)



	(24)
	   P r o d u c t i v i t y =   Q   p   × 3600 × 24   
	Productivity (m3/day)



	(25)
	   S E C =       P f   i n   × 101325     Q   f       e f f   p u m p       Q   p       36 ×   10   5       
	Specific energy consumption (kWh/m3)










 





Table 2. Design parameters of feed spacer UF−3, characteristics of spiral wound module and membrane transport parameters [22].
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Spacer Type

	
     h   s p          × 103 (m)

	
     d   f 1      × 103 (m)

	
     d   f 2      × 103 (m)

	
     l   m 1      × 103 (m)

	
     l   m 2      × 103 (m)

	
   ε    (-)

	
   θ    (deg.)

	
     d   h      × 103 (m)

	
   α    (-)

	
   n    (-)




	
Parallelogram

	
1.68

	
0.76

	
1.07

	
4.06

	
5.3

	
0.763

	
135

	
1.375

	
2.89

	
0.22




	
Membrane type

	
Membrane module

	
Membrane length (m)

	
Membrane width (m)

	
Water transport parameter (    A   w    ) (m/s)

	
Dimethylphenol transport parameter (    B   s    )

	
Pump efficiency (%)




	
Dow/FilmTec BW30-400

	
Spiral wound

	
37.1

	
1

	
9.509 × 10−7

	
1.587 × 10−8

	
80
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