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Abstract 

Many industrial  wastewaters that contain heavy metals (HM) lead, cadmium, chromium, 

and cobalt ions can be produced as toxic pollutants that affect human and animal health. 

The industrial wastewater ions are treated efficiently with reverse osmosis (RO) 

membrane and nanofiltration (NF) system technologies so that water consumption can 

be minimized as well as environmental conservation. Industrial wastewater samples 

containing Cd+2 Pb+2 HMs ions at varying concentrations of 10 ppm to 500 ppm using 

distilled water at different pressures of (3-11) bar and a common room temperature of 25 

ºC and at different pHs of 4, 5, & 7. Many of the water purifiers in use today use RO and 

NF in the purification process as one of the efficient methods. According to the results, 

the RO method was one of the best methods to remove heavy metal ions from industrial 

water, as its efficiency (%R) reached more than 98%. The results revealed that the 

Rejection efficiency (%R) of the system in removing Pb+2 ions reached 98.548%, and 

Cd+2 97.974 under these operational conditions: pH = 6±0.2, the pressure of 11 bar, 

concentration=10 - 500 ppm, time= 90 min, and T=25 °C, so it is higher efficiency 

Removal (%R) of Pb+2, then Cd+2. In the nanofiltration NF system, the highest removal 

%R of the Pb+2 ion reached 93.17%, and the Cd+2 ion reached 92.594%. These results 

were under operational conditions: pH=6±0.2, pressure= 11, concentration= 10-500 ppm, 

time= 90 min, and T=25 °C. The CFSD model is good for representing the value of the 

experiment because it has a higher R2 = (97±2) %. A satisfactory experimental data fit is 

again achieved using the film theory/Spiegler-Kedem (CFSK) model. The Combined–

Film Theory / Finely Porous model (CFFP) model has higher coefficients of 

determination, as shown in Figures 5.13 and 5.14 for RO and NF, respectively, the CFFP 

model is suitable to represent the experimental results. The Peclet number is used to see 

the separation mechanism because of diffusion; diffusion in the boundary layer cannot 

control the convective flow through the membrane, and the concentration polarization will 

be high. When the Peclet number is small (J<<K), then the convective flow will easily be 

tamed by diffusion at the boundary layer. 

Keywords: Membrane technology; Reduce heavy metal HM ions; reverse osmosis 

RO—Nanofiltration NF system; the combined film theory. 

1. Introduction 

A potential scarcity of water on a worldwide scale is a pressing problem that people are working hard to address 

right now. Due to the worldwide population expansion, more enterprises will require water to produce 
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manufactured goods to meet the increasing demand. The water contamination endangers human health and 

technological advancement [1]. Conventional secondary treatment technologies cannot adequately treat many 

industrial effluents because of the stringent requirements to remove certain hazardous chemicals and resistant 

organic compounds. Consequently, cutting-edge methods for wastewater treatment are necessary [2]. Fif 

fundamental physical and chemical characteristics were used to establish the human consumption water quality 

index. Among these features are sodium ions, chloride, sulfate, total alkalinity, pH, dissolved oxygen, and 

electrochemical conductivity [3]. 

Heavy metals HMs pollution is one of the most hazardous inorganic pollutions [4] because of the tendency to 

accumulate in the environment and the inability of most organisms to degrade these metals [5]. It has been 

estimated that many dangerous chemicals and toxic heavy metals are being discharged into rivers globally, 

thanks to the increasing world population and the development of industries and agriculture [6]. Water quality in 

the rivers is also affected since raw industrial and domestic waste is chucked into these rivers, resulting in an 

increased concentration of heavy metals in the water [7]. 

HMs are those elements that have specific density characteristics and are frequently present in industrial 

settings. Lead, nickel, copper, cadmium, cobalt, and zinc are naturally occurring metals and are vital in the body 

when taken in small quantities. Nevertheless, when taken in higher concentrations, they result in acute or 

chronic toxicity. There are many ways employed to minimize the concentration of HMs ions, which include 

phytoextraction, ion exchange, eruptive flotation, electrochemical, biosorption, phytoremediation, bio-removal, 

adsorption, electrocoagulation, and membrane technologies like RO and NF. Membrane processes have gained 

popularity in industrial applications since the late 1960s and provide acceptable methods for conventional 

distillation, evaporation, and extraction practices. The advantages of the membrane technology over other 

methods are as follows: (a) energy effectiveness, (b) absence of phase transition, (c) high selectivity, (d) easy 

scalability and operation, and (e) eco-friendliness. Hollow fiber membranes are helpful for the recovery of metal 

ions from dilute aqueous solutions and have been found to meet WHO guidelines on chemicals used in drinking 

water from industrial and urban settings. [8,9]. 

Introducing dangerous compounds into our water system, such as medications and heavy metals, might have 

disastrous consequences. When heavy metals like cadmium (Cd(II)) infiltrate food supplies, they pose a threat 

not just to aquatic life but also to human health. Moxifloxacin (MFX) and other antibiotics are present in high 

concentrations in polluted water treatment effluent, which poses risks to humans and promotes the development 

of antibiotic-resistant bacteria [10]. 

The effectiveness of a membrane is determined mainly by the chemical composition and physical properties of 

the contaminants [11]. Both membrane technologies, RO and NF, have become essential in water and 

wastewater treatment, so modeling such processes appears necessary. Thus, if the modeling of these processes 

had not been properly applied, such success would not have been attained. The enhanced models should be 

tailored to the current requirements, and by gaining the advantages of modified models, they can achieve better 

information for the enhancement of membrane performance by designing the right equipment, defining the right 

inputs, such as pressures and temperatures to be applied, and minimizing the cost of desalination of different 

salts. It may give some strategies through which membrane manufacturers can enhance the management of 

membrane processes effectively. This work also shows a method of estimating the parameters of the SK model, 

merging the SK model with the film theory (SKCF), comparing the SKCF model with the SK model, and 

proving that the SK model yields better estimates [12]. 

Sustainability and environmental protection have become one of the main goals of the United Nations' plans for 

the year 2030 [12]. Also, for the Sustainable Development Goals (SDGs), a clean water environment cannot be 

protected because of water pollution with industrial waste that releases effluents with toxic HMs [13]. The cause 

of severe water pollution is the limited performance of appropriate water treatment techniques that reduce the 

pollution rate to environmentally acceptable limits for HMs. Accordingly, the treated water does not meet the 
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environmental specifications of drinking water, and about 2 billion people worldwide still don't have access to 

pure drinking water [14].  

The nanofiltration (NF) is a pressure-flowing nanomembrane with a molecular weight cut-off of 200 to 1000 

Daltons. NF mainly eliminates multivalent dissolved salts and low molecular weight organic substances 

dissolved in water. Nanofiltration is a membrane separation system that employs thin and nanoporous 

membranes. These NF systems work at pressures as low as 0.3 to 1.4 MPa. Therefore, NF is located between 

ultrafiltration UF and RO and can be described as "bulk reverse osmosis." The most used nanofiltration 

membranes are negatively charged; therefore, anions (negative ions) are rejected. The low energy-consuming 

nature of the nanofiltration membranes makes it a cheap method of desalination of salt water. The operating and 

maintenance costs of nanofiltration are relatively lower than those of reverse osmosis and electrolysis [15,16]. In 

the RO system, Zn concentration in the permeate increased with time from 0 to 70 min, and the water flux in the 

RO membrane also slowly declined with time. The Zn concentrations of HMs in the permeate were enhanced as 

the Zn concentration in the feed was raised to between 10 and 300 ppm, whereas the flux was reduced as the 

feed concentration was raised. As the pressure was raised from 1-4 bar, the Zn concentration was reduced, and 

the flux was increased. The highest recovery rate was 54 percent. Likewise, the highest removal efficiency %RE 

of RO elements was 56%, and the lowest rejection %R of Zn was 99.49%. The present experimental findings 

demonstrated that Zn ion concentrations in the permeate were under legal standards (i.e., < 10 ppm). One 

mathematical model was analyzed, and the MATLAB program found the solution. The theoretical results were 

about 90% accurate with the experimental results [17]. 

They are considered the water supply of M′rirt, a small Moroccan mountain town situated 1113 m above sea 

level and drawing water from the Oum Errabia River. Still, it would be essential to point out that the water 

source has a salinity value of 1.6 g. L−1 and sodium ion content are higher than Morrocan and WHO standards. 

It is also crucial to admit that sodium consumption in excess could also pose acute health risks in addition to 

chronic ones. Though diseases associated with sodium deficiency in men are rare, it is equally important to note 

that too much sodium is unhealthy. To lower the Na+ concentration and increase the overall salinity of M′rirt 

water supply, the present study aimed to present the technical and ecological assessment of NF and RO 

processes since they are two viable technologies [18]. 

This study seeks to generate environmentally sustainable water by employing a pilot-scale pressure-driven 

membrane system to filter two categories of pollutants, HMs, such as Pb and Cd, which are toxic pollutants 

from industrial wastewater effluents. The following specific objectives can achieve this: 

The following specific objectives can achieve this:  

1) Compare the efficiency of two types of membrane systems, reverse osmosis (RO) and 

nanofiltration (NF), in rejecting pollutants using synthetic wastewater under various operating 

factors such as feed concentration and time for Pb and Cd ions and heavy metals.  

2) We are determining the membrane transport parameters and mass transfer coefficient employing 

the film theory. And solution-diffusion models. 

2. Mathematical Modeling and Theoretical Analysis 

This section deals mainly with the theoretical analysis of the practical experiments with RO and NF membranes 

for removing HM ions (Pb and Cadmium) and other important considerations. These approaches are generally 

accompanied by various theoretical mathematical models for assessing the transmission coefficient, whereby 

basic diffusion-convection differential equations are solved further under specific prerequisites and assumptions. 

The models that predict removal (rejection) properties also limit the experiments that may be constructed to 

explain particular systems. CFSD, compact film theory/Spiegler-Kedem model (CFSK), compact film 

theory/micropore model (CFFP), and Peclet number (Pe) of the film were used for the evaluation of the 

theoretical and experimental data of the heavy metal removal processes by using both [19]. 
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 2.1 Film Theory  

The solute moves from convection through the boundary layer and back to the overall solution by diffusion 

traced with the concentration gradient mechanism. This is illustrated in Figure 1, which maps the solute 

transport across membranes through concentration polarization, which increases osmotic pressure and forms a 

thin gel layer at the membrane surface due to particles [19]. 

𝑱. 𝑪 −  𝑱. 𝑪𝒑 =  𝑫
𝒅𝒄

𝒅𝒙
                                                                                                                  (𝟏)                                                              

 
𝒅𝑪

𝑪−𝑪𝒑
=  

𝑱

𝑫
 𝒅𝒙                                                                                                                                 (𝟐) 

- D: coefficient for diffusion solute 

- C: concentration of solute in the boundary layer 

- x: distance from the film layer 

- Cp: concentration solute in the permeable side 

 

Figure 1: Concentration polarization diagram [19]. 

Equation (2) can be performed over the following conditions: 

C = Cm             at x = 0 

C = Cb             at x = 𝛿 

- Cm: concentration solute at the membrane surface or water, which is the solvent, interface 

- Cb: bulk solute  

- 𝛿: thickness of boundary layer  

Yields: 

𝒍𝒏(𝑪𝒎 −  𝑪𝒑) −  𝒍𝒏(𝑪𝒃 −  𝑪𝒑) =
𝑱

𝑫𝒂𝒃

(𝟎 − 𝜹)                                                                 (𝟑) 
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𝒍𝒏
𝑪𝒎 − 𝑪𝒑

𝑪𝒃 − 𝑪𝒑
=  

𝜹

𝑫𝒂𝒃
 𝑱                                                                                                                   (𝟒) 

- Dab = diffusivity of solute an in solvent b (cm2/sec)  

- Dab/𝛿= K = coefficient for mass transfer  

By rearranging equation (4): 

𝑱 = 𝑲𝒍𝒏 (
𝑪𝒎 − 𝑪𝒑

𝑪𝒃 − 𝑪𝒑
)                                                                                                                      (𝟓) 

The observed rejection %R of RO and the true solute R can be expressed below [20]: 

𝑹𝒐 =
𝑪𝒃 − 𝑪𝑷

𝑪𝒃
                                                                                                                                  (𝟔) 

𝑹 =
𝑪𝒎 − 𝑪𝑷

𝑪𝒎
                                                                                                                                   (𝟕) 

Using equations (6) and (7), equation (5) becomes [21]: 

𝑪𝒎

𝑪𝒃
= (𝟏 − 𝑹𝒐) + 𝑹𝒐 𝒆𝒙𝒑 (

𝑱

𝑲
)                                                                                                   (𝟖)  

𝑹𝒐

𝟏 − 𝑹𝒐
= [

𝑹

𝟏 − 𝑹
] 𝒆𝒙𝒑 

−𝑱

𝑲
                                                                                                            (𝟗) 

ln
𝑹𝒐

𝟏−𝑹𝒐
=

𝑱

𝑲
 𝒍𝒏 [

𝑹

𝟏−𝑹
]                                                                                                                      (𝟏𝟎) 

     Let  
𝑹

𝟏−𝑹
  = PS 

𝒍𝒏
𝑹𝒐

𝟏 − 𝑹𝒐
=  

𝑱

𝑲
 𝐥𝐧 𝑷𝑺                                                                                                                    (𝟏𝟏) 

When plotted 𝑙𝑛
𝑅𝑜

1−𝑅𝑜
 Against J from the experimental results (Equation 11). We can estimate the total 

permeability coefficient (Ps) and the coefficient for mass transfer (K) from the point of intersection and the 

slope of the straight line. 

2.2 Combined –Film /Solution-Diffusion model (CFSD) 

The discussed model uses a transport mechanism whereby the solute exits the intercellular fluid into the layer of 

the surface membrane, which is not a barrier to the transport of molecules. The fundamental mathematical 

equations for this model are [22]: 

𝑱 = 𝑳𝑾 (∆𝑷 − ∆𝝅)                                                                                                               (𝟏𝟐) 

𝑱𝑺 = (
𝑫𝒂𝒎 𝑲

𝜹
) (𝑪𝒎 − 𝑪𝑷)                                                                                                  (𝟏𝟑) 

Where: 



International Journal of Multiphysics 
Volume 18, No. 3, 2024 
ISSN: 1750-9548 
 

1277 

- Lw is the solvent permeability coefficient and is calculated from pure water permeability measurements 

(l/m2. s) 

- (Dam K/𝛿) is a single coefficient.  

Combining Equations (7), (12), and (13), as shown by (Chaudhari and Murthy, 2008) [23] yields: 

𝟏

𝑹
= (

𝑫𝒂𝒎 𝑲

𝜹
) (

𝟏

𝑱
)                                                                                                                    (𝟏𝟒) 

𝑹

𝟏−𝑹
=  

𝑱

𝑫𝒂𝒎 
 ×

𝜹

𝑲
                                                                                                                          (𝟏𝟓)  

𝑹𝒐

𝟏 − 𝑹𝒐
= [ 

𝑱

𝑫𝒂𝒎 
 ×

𝜹

𝑲
] [𝒆𝒙𝒑

−𝑱

𝑲
]                                                                                            (𝟏𝟔) 

By plotting the following: 

- RO results versus J 

- (Dam K /𝛿) parameter 

- coefficient mass transfer (K) 

all of the above can be evaluated numerically by slope-intersection of the straight line. 

2.3 Combined –film theory /Spiegler –Kedem model (CFSK) 

The ST description of a specific solute's movement can be accomplished using the IT model if the solute-

membrane electrostatic interaction is absent. It uses convective flux in which a pressure difference (ΔP) at the 

membrane surface and a second mechanical molecular transport known as the pure diffusive flux, a function of 

the concentration gradient. This model considers the parameters of the membrane's structural lattice and the 

solution medium's nature. The Spiegler-Kedem nonlinear model equation is shown below (Kedem and 

Spiegler, 1966 [24]): 

   𝑱 = 𝒉𝑷(∆𝑷 − 𝝈∆𝝅)                                                                                                                (𝟏𝟕) 

𝑱𝑺 = 𝑳𝑺 (
𝒅𝑪𝑺

𝒅𝒙
) + (𝟏 − 𝝈)𝑪𝑺𝑱                                                                                                 (𝟏𝟖)  

Js = Cs J                                                                                                                        (19) 

𝑳𝑺 (
𝒅𝑪𝑺

𝒅𝒙
) + [(𝟏 − 𝝈)𝑪𝑺 − 𝑪𝑷 ]𝑱 = 𝟎                                                                                   (𝟐𝟎) 

By integrating the equation numbered (3.20) with limits of boundary conditions:  

- x=0, 𝐶𝑆= 𝐶𝑃  and x=∆x, 𝐶𝑠 = 𝐶𝑚 

 

                  (21) 
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                                                       (22) 

 

                                              (23) 

 

(24) 

𝐹 = 𝑒𝑥𝑝 [−𝐽 𝑎2 ] (25) 

 

(26) 

- 𝜎: coefficient for reflection  

- Ps: coefficient for overall permeability  

- F: parameter of flow  

- Ls: permeability of local solute  

- ℎ𝑝: coefficient for hydraulic permeability of the membrane 

So, we can rearrange equation (24), which yields: 

𝑹

𝟏 − 𝑹
= 𝒂𝟏 (𝟏 − 𝑭)                                                                                                                     (𝟐𝟕) 

And: 

𝒂𝟏 =
𝝈

𝟏 − 𝝈
                                                                                                                                   (𝟐𝟖) 

Then, replace equation (27) with equation (9); this gives: 

 

    (29) 

Therefore, the CFSK model is depicted by equation (29), whose full name is the model complex film 

theory/Spiegler-Kedem. Thus, we can determine the following parameters 𝜎, Ps, and K by using a method called 

"the estimation of nonlinear parameter" (Murthy and Chaudhari [25] suggest using Excel 2021)). 

2.4 Combined –Film theory / Finely Porous model (CFFP) 

The following model considers the interaction between the membrane pore wall and solid particles: friction. To 

describe such a case, the b factor is included to take care of frictional forces. The working equation is provided 

below (Vaidya et al., 2001 [26]): 
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(30) 

- (𝑏𝑓): friction factor in a micropore model 

- (ε): void fraction (in membrane) 

- (τ): membrane tortuosity  

Substituting equation (30) into equation (3.9) gives the equation shown below: 

      (31) 

 

The CFFP model-based composite membrane/microporous is represented by the given equation (31). Membrane 

parameters and K can be approximated using the nonlinear parameter estimation method, and for this, (Excel 

2021 can be used). 

2.5 Determine Peclet number (Pe) 

Péclet number, or Pe, is essential for assessing transport processes in the flowing fluid. It outlines how a 

physical property is convectively transported through the flow by (J) to diffusive transport (K = Dab/𝛿) of the 

same property, driven by an appropriate gradient. This dimensionless ratio is referred to as the Péclet, in contrast 

with the Péclet temperature described previously in this article. Péclet number can be written as: 

 

𝑷𝒆 =
𝑱

𝑲
                                                                                                               (𝟑𝟒) 

K is the coefficient for mass transfer from the CFSK model (Murthy and Chaudhari, 2009 [25]). 

3. Materials, Equipment, and Apparatus 

3.1. Heavy Metals 

This work selected two types of HMs solutions, Cd(II) and Pb(II). These polluting ions exist as nitrate; when 

dissolved in water, they turn into water-polluting ions. Table. One shows the pollutants used in this work. 

Table 1: Heavy metals chemicals 

HMs ions Nitrates M.wt g/mol Company 

Pb+2 Pb(NO3)2 331.2 HIMEDIA 

Cd+2 Cd(NO3)2 236.42 CDH 
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3.2. Auxiliary Chemicals: 

Table 2 shows the chemicals used to modify clean membranes, the pH  

Table 2: The auxiliary chemicals 

Chemicals Purity % M.wt g/mol 

HCl 37% 36.46 

HNO₃ 68% 63.01 

NaOH 99.9 39.997 

3.3. Preparation of heavy metal solutions 

In deionized water, a lead ion solution can be prepared by dissolving lead nitrate, Pb (NO3)2. To get the desired 

concentration of lead ions, 1.6 g of lead nitrate is dissolved in tap water to make a 1000 ppm (mg/l) lead 

solution. This is done using chemical equations of stoichiometry, and the same method can be used to prepare 

another ion in solution.  

4. Experimental Work 

The industrial wastewater with the concentrations of Pb²⁺ and Cd²⁺ was simulated by dissolving the required 

amounts of Pb (NO3)2 and Cd (NO3)2 in tap water. The pH of the solution was then made to the required level 

by either adding 0.5 M nitric acid (HNO₃) or 1 M sodium hydroxide (NaOH). Figure 2 presents the flow 

diagram of the pilot plant for RO and NF systems utilized in these experiments. The feed solution was stored in 

a tank, with the operating pressure monitored using a pressure gauge varying from 0-25 bar along the feed line. 

The feed solution was taken from the feed vessel by a low-pressure pump, and the feed solution was further 

purified by filtering it through microfilters before it was pumped into the RO or NF membranes by a high-

pressure pump. In Figure 2 and Table 3, the feed flow rate was regulated with a flow meter ranging from 2-150 

L/min, and the treated water was channeled through a pipe. The concentrated waste stream was returned to the 

feed hopper and combined with the feed tank. Table 3 describes the specifications of the RO membrane 

(Vontron Membrane Technology Co., Ltd.) and the NF membrane (The Dow Chemical Company).  

The concentrations of heavy metal ions were determined by an atomic absorption spectrophotometer (Model: 

AA-7000, made by Shimadzu, Japan). After obtaining the results, the solution was released via a valve, and the 

system was rinsed with deionized water.  

The solute removal efficiency was calculated using equation 1, based on the solute concentrations in the feed 

solution (CF) and the permeate solution (CP). The removal efficiency (%) is defined as The removal efficiency 

(%) is expressed in equation 1:  

  

CF represents the solute concentration in the feed solution (in ppm), and CP represents the solute concentration 

in the permeate (in ppm). [27] 

𝑹% =
𝑪𝑭−𝑪𝑷

𝑪𝑭
× 𝟏𝟎𝟎                                                                                                                     (𝟑𝟓)                                                                                                      

A low-pH solution, usually an acidic solution like hydrochloric acid, is used to clean the metal scales on the 

membrane surface, and the pH is controlled. This cleaning solution is pumped through the RO membranes and 
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recirculated as it cleans them several times. In the end, the system is washed with tap water several times. The 

cleaning process is carried on till the electrical conductivity of the product stream becomes close to the value of 

feed water [28]. 

 

Figure 2: Schematic illustration of a RO and NF Pilot plant system 1-Feedtank, 2- Low-pressure pump, 3-

Microfilter, 4- High-pressure pumps, 5-RO or NF, 6-Pressure gauges, 7- Flow meters, 8- Get valve, 9- Glob 

valve. 

Table 3: The specifications of various equipment used in this system. 

Equipment Characteristics 

pump with Low-pressure  

(Feed pump) 

• pump category is Pentax / INOX 100/50 (Italy) 

• Q = (5 - 45) l/min 

• H(m) = 25 - 46 

• HP = 1 

• P = 0.74 kw 

• V = 230 volt 

• A = 4.6 Ampere 

• Ip =44 

• T max = 50 ºC 

• Hz = 50 

• One Phase continuous duty 

pump with high-pressure  

• pump category is Pentax US-200/7 (Italy) 

• Q = (30 - 140) l/min 

• H(m) = 12.5 - 73.6 

• HP = 2 

• V = 230 

• A = 9 

• T max = 50 ºC 

• Ip =44 
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• Hz =50 

• P= 1.65 kw 

• The continuous duty is one Phase  

Holding Tank the category is polyethylene with a 200L capacity 

Flow meters 2 - 150 l / min, Germany 

Pressure Gauges 0 - 25 bar, Germany 

 

Table 4: Specifications of the reverse osmosis (RO) and nanofiltration (NF) membranes. 

5. Results and Discussion  

5.1 RO System 

5.1.1. Effect of HMs Concentrations on Removal Percentage 

Different times and concentrations of Pb+2 and Cd+2 ions were taken and treated in the RO system, and the 

results are in Figures (3. a, b) and. This showed that the treatment time and the lead ion concentration affected 

the efficiency of the removal process. Consequently, with the increase in the concentration of lead ions, it was 

observed that % R increased. The removal and water purification rate increases when the lead ion concentration 

increases from 10 to 500 ppm. At a concentration of 500 ppm and 90 minutes, the removal rate is 98.55%, the 

best lead removal rate %R. With the same concentration and time, the best removal %R and purification for 

cadmium is 97.97%. Under conditions, feed flow rate QF=25 l/min, T=25 °C, P=11 bar, pH=6±0.2, (10-500 

ppm). The change was less after 80 to 90 minutes, meaning the effect of time began to decrease. Therefore, the 

optimal performance for removing ions occurs after 80 minutes; the most appropriate is 90 minutes. It was noted 

that the removal sequence depends on the size of the dissolved ions (the atom's mass) when an atom with a high 

mass, such as in Pb2 +, leads to a high %R, and the same applies to the rest of the ions. It was noted that 

increasing the feed concentration, CF, leads to increased removal, as the efficiency of R gives High removal. Cp 

decreases at high concentrations greater than 300 ppm, and accordingly, the percentage of removal increases, 

which is in agreement with [29], which are as follows:  Pb+2>Cd+2. After 80-90 minutes, it was observed after 80 

minutes that the change in rejection became less due to the increase in positive charge across the membrane in 

the RO, which constitutes an obstacle to blocking ions. Therefore, there is little increase in the passage of ions 

through the membrane. Therefore, the  change of removal rate decreases after 90 minutes and becomes 

uneconomical, and the appropriate time is 90 minutes, which agrees with [30, 31]. 

Type of membrane RO NF 

Model ESPA1-4040 NF-4040 

Material Composite polyamide Composite polyamide 

Module Spiral wound Spiral wound 

Size (ID, length) (inch) (4x40) inch (4x40) inch 

Effective area (m2) 7.9 7.6 

Max operating temp (oC) 45 45 

Max pressure (bar) 41.4 41 

 pH range of water 2-10 3-10 
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     (a)

 

       (b)

 

Figure 3. Effect of time with (a) Pb and (b) Cd ion concentration on the rejection rate of HMs for the reverse 

osmosis process (Operation conditions QF=25 l/min, T=25 °C, P=11 bar, pH=6±0.2) 

5.1.2. Effect of Pressure on Removal Percentage 

The effect of pressure on the efficiency of the RO system is significant because increasing the efficiency of RO 

requires increasing the pressure to the permissible limit. In this regard, it was pointed out that the impact of 

pressure is positive, as the increase in pressure from 3 to 11 bar results in an increase in the percentage removal 

(%R) for the best %R: 98.55% for Pb+2, 97.97 % for Cd+2, as shown in Figure 4, (Operation conditions QF=25 

l/min, T=25±2 °C, P=11 bar, pH=6±0.2, operation time=90 min, and 500ppm ion concentration), the best 

pressure is 11 bar. The noticeable increase in removing HMs ions began after the 9 to 11 bar pressure. The 

reason is that the effect of the pressure is positive. However, increasing the pressure excessively is impossible 

because the reverse osmosis membrane becomes saturated, and the effect becomes negative. Therefore, the 

optimal pressure performance was 11 bar. The removal percentage increases as pressure rises; this suggests that 

the dynamic force enhances with increased operational pressure, reducing the resistance through the RO 

membrane. Such a pressure increase also reduces the boundary layer thickness of the membrane, causing 

membrane compaction. The actual thickness of the film δ is calculated. From Fig. 4, it can be seen that the 

removal efficiency is over 98% at 11 bar. This result is similar to the findings of [32, 33]. 

 

Figure 4. This shows the rejection rate of heavy metals (Pb and Cd) increases with the increase in pressure 

during the reverse osmosis (RO) process. The operational conditions were as follows: Flow rate (QF) = 25 

L/min, temperature (T) = 25°C, pressure (P) = 3-11 bar, pH ≈ 6 ± 0.2, lead concentration = 500 ppm, and 

operation time = 90 minutes. 
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5.2 Nanofiltration NF System 

5.2.1. Effect of HMs Concentrations on Removal Percentage 

At a concentration of 500 and a time of 90 minutes, the removal rate is 94.172% Pb+2, which is the best lead 

ions removal rate %R. With the same concentration and time, the best removal %R and purification for HMs 

Cd+2 is 92.594. Under the conditions, feed flow rate QF=25 l/min, T=25 °C, P=11 bar, operation time=90 min, 

and pH=6±0.2, as shown in Figure 5, a, b. From these results, the change was less after 80 to 90 min, which 

means that the effect of time began to decrease; therefore, the optimal performance for removing ions is after the 

time of 80 min, and the most appropriate is 90 min. It was noted in Figure 5.3 that the removal sequence 

depends on the dissolved ions, which are as follows:  Pb+2>Cd+2, but less than RO. As illustrated in section 

5.1.1.  

5.2.2. Effect of Pressure on Removal Percentage 

Pressure has a profound impact on the efficiency of nanofiltration (NF) systems, where an increase in pressure 

to the permissible limit increases the system's efficiency. The analysis showed that with the pressure increase 

from 3 to 11 bar, the removal percentage of heavy metals increased, and the highest value of 94.75% for Pb²⁺ 

was achieved with the removal of Cd²⁺ reaching 94.476%, as illustrated in Figure 6 below. It was found that the 

best pressure that gave the best performance was 11 bars. The reason is that the pressure effect is positive, but 

the pressure cannot be increased excessively because the NF membrane saturates, and the effect becomes 

negative. Therefore, the optimal pressure performance was 11 bar. But less than RO. As illustrated in section 

5.1.2. 

Comparison table between RO and NF with some references with similar practical conditions to this work. It 

was found that the optimal performance of RO is the best for various pollutants and better than NF. 

(a)

 

(b)

 

Figure 5. illustrates the NF process's rejection rate with time and increasing concentrations of Pb²⁺ and Cd²⁺ 

ions. Conditions: Flow rate = 35 L/min, temperature = 25°C, pressure = 11 bar, pH ≈ 6, and concentrations 

range 10-500 ppm. 
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Figure 6. Effect of pressure on the rejection rate of HMs (Pb and Cd) for the NF process (Operation conditions 

QF=25 l/min, T=25 °C, P=3-11 bar, pH=6±0.2, 500ppm, operation time=90. 

5.3 Calculation Parameters for the Membrane and Mass Transfer Coefficient 

5.3.1 The Combined-Film solution-diffusion model (CFSD)  

The CFSD model is suitable for representing the value of the experiment because it has a higher R2, as shown in 

Figures (7 and 8) for RO and NF, respectively. 𝛿 can be calculated using the spread of Pb and Cd as HMs and 

was calculated using equation (36) (Al-Moussawi, 2012 [34]). 

Dm=2.74×10−9 (Mwt) −1/3                                                                   (36) 

- Dm: coefficient for diffusion (cm2/s) 

- Mwt: molecular weight of the (Pb and Cd) HMs (grams/mol) 

The value of 𝛿 increases with increasing concentration of HMs in the solution, while on the other hand, the 

value of K decreases with increasing concentration. 

(a)

 

(b)

 

Figure 7 illustrates the results of the CFSD model for the data set of RO membrane for (a) Pb and (b) Cd as 

HMs 
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(a)

 

(b)

 

Figure 8 illustrates the results of the CFSD model for the data set of NF membrane for (a) Pb and (b) Cd as 

HMs 

5.3.2 The combined film theory/Spiegler-Kedem (CFSK) model 

The experimental data shows good agreement and trends with the results obtained from Equation 29 for all 

initial concentrations and membrane types, as observed in Figures 9 and 10 for RO and NF, respectively. In the 

case of the present study, the parameters change with the difference in the initial concentration of heavy metals. 

In particular, Ps is inversely related to the initial concentration: as the latter increases, less solute passes through 

the membrane; at the same time, σ grows because the efficiency of solute removal rises. The same observation 

was made by (Al-Zoubi et al. (2007) [35]). 

(a)

 

(b)

 

Figure 9: Results of the CFSK model for the data set of RO membrane for (a) Pb and (b) Cd of HMs 

(a)

 

(b)

 

Figure 10: Results of the CFSK model for the data set of NF membrane for (a) Pb and (b) Cd of HMs 
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5.3.3 The Combined –Film Theory / Finely Porous model (CFFP) model 

Since it has higher coefficients of determination as shown in Figures 11 and 12 for RO and NF respectively, the 

CFFP model is suitable to represent the experimental results which match the results of Eq. 31. The adequate 

thickness of the film 𝛿 can be known from the coefficient for the average value of (b2), if we assume that the 

film vacuum friction (𝜀) and tortuosity (𝜏) are 0.165 and 3, respectively (Soltanieh, 1981 [36). Therefore, the 

average adequate thickness of the film δ for NF can be calculated as 0.86 and 0.82 𝑐𝑚 for Pb and Cd, 

respectively. On the other hand, RO, 0.85, and 0.836 for Pb and Cd as HMs. A study conducted by (Vaidya et 

al. (2001 [26]) also produced similar findings. 

(a)

 

(b)

 

Figure 11 illustrates the results of the CFFP model for the data set of RO membrane for Pb and Cd of HMs 

(a)

 

(b)

 

Figure 12 illustrates the results of the CFFP model for the data set of NF membrane for (a) Pb and (b) Cd of 

HMs 

5.3.4 Dimensionless Peclet Number (Pe) Determine  

As illustrated in Table 4, the Péclet number (Pe) of 20 ppm Pb and Cd as HMs has been computed using 

Equation 34, and this Pe increases with the increase of the flux (Murthy Chaudhari, 2009 [25]). At a high 

Péclet number (J >> K), the stabilizing effect of the solute diffusion through the boundary layer on convective 

flow through the membrane gets suppressed, and the concentration polarization is conspicuous. On the other 

hand, When the Péclet number is low (J << K), the convective flow is readily offset by diffusion within the 
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boundary layer, resulting in minimal concentration polarization (Baker, 2004 [37]). The Péclet number is a 

critical factor in determining the separation mechanism driven by diffusion. Similar findings have been reported 

in the literature (Chaudhari and Murthy, 2008 [23]). 

FTable 4. Determine Peclet number (Pe) for 500 ppm (Pb and Cd as HMs) 
 

NF RO 
 

J Pe J Pe 

Pb 21.71 1.115352 12.65823 0.648439 

41.25 2.119169 24.05063 1.232034 

55.39 2.845838 32.27848 1.65352 

67.30 3.457592 39.24051 2.010161 

Cd 20 1.027479 12.02532 0.617814 

38.94737 2.00088 23.41772 1.203111 

52.63158 2.703891 31.64557 1.625826 

64.21053 3.298747 38.60759 1.983508 

 

6. Conclusions 

a) The RO and NF membranes employed in this study have proven helpful in removing some of the HMs, 

including lead (Pb) and cadmium (Cd), in treated wastewater effluent. 

b) The maximum removal efficiency was 98.548% for the Pb²⁺ ions, and for Cd²⁺ ions, it was 97.974% using 

RO. In the NF system, the highest removal efficiency of Pb²⁺ ions was 93.17%. These results were 

achieved under the following operational conditions: pH ≈ 6, pressure ≈ 11 bar, concentration ≈ 500 ppm, 

time ≈ 90 min, and temperature = 25 ± 2 °C. Based on the specified conditions, the performance efficiency 

of the RO system was higher than that of the NF system. The treated water obtained was within the 

permissible limit on the mixture of heavy metals in industrial wastewater. However, the removal rate starts 

to decline after 90 minutes, so any further treatment is not economical, and therefore 90 minutes is the 

most appropriate time. 

c) The membranes were characterized using several models, such as film theory, combined-film 

theory/Spiegler-Kedem (CFSK), combined-film theory/solution diffusion model (CFSD), and combined-

film theory/finely porous model (CFFP). These methods were used in determining the boundary layer 

thicknesses, the membrane transport parameters, and the Péclet number [Pe]. It was observed that there is a 

strong alignment between the theoretical predictions and the experimental results for the membrane 

systems. 

d) Further, the operating conditions, such as the pressure of 6, 9, and 11 bar, the lead concentration of 500 

ppm, pH = 6, and the temperature of 25 °C, were identified to be the best. From the experimental results, it 

can be concluded that both membranes showed a very high optimal performance when the flux was altered 

with pressures of 6, 9, and 11 bar and rejection ratio, and they were both very efficient in lead removal. 

However, the reverse osmosis membrane has proved to perform the best in its optimal efficiency limit. 
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