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Highlights:

• Positive influence of the media through wastewater dilution to permeate quality.
• Reduction in COD removal efficiency with an increase in pressure due to interactions between

negative sites on the membrane and ions in solution.
• Optimal energy consumption attained an efficient process for high quality treated wastewater.
• Solution pH and composition changes ion and membrane charge and decreases selectivity.

Abstract: This study was conducted to eliminate the ions and molecules present in the industrial
wastewater received by the municipal wastewater treatment plant (WWTP) of Reghaia, which
is located east of Algiers, Algeria. The process was developed for two different study matrices:
(a) the wastewater from WWTP and (b) wastewater mixed with Brilliant Blue FCF (BBF) dye to
show the influence of the strength of the ionic solution on the treatment. The most effective
operating parameters were determined by assessing the residence time distribution applied to the
reactor flow regime. Energy analysis showed the viability of a nanofiltration membrane, improving
the permeate flux. The nanofiltration process consumed 1.94 kWh/m3 to reduce the chemical
oxygen demand (COD) of 63.58% and 48.35% for raw wastewater and doped BBF wastewater,
respectively. The results demonstrated that nanofiltration performance with a volume dilution
ratio of 1/2 showed the reduction of the COD of 87.2% after 15 min for undoped wastewater,
whereas the retention rate decreases to 64% with an increase of dilution ratio to 4/5 for the same
water matrix. The influence of a pH of 5 has a significant influence on the composition of the
wastewater matrix by the reduction of COD of 49.8% and 59.68% for doped wastewater and raw
wastewater, respectively. This could be explained by the isolated points of the membrane in the
order of 4.5.

Keywords: specific energy consumption; nanofiltration membrane processes; dilution ratio; Brilliant
Blue FCF; wastewater treatment

1. Introduction

The last decade can be defined by climate change, population growth, urbanization,
pollution, and the expansion of irrigated agriculture, which has caused problems and has
had a direct impact on the humid zone. Globally, freshwater scarcity is an important chal-
lenge affecting human activity and the sustainable development of arid zones and protected
marine areas [1]. For instance, Reghaia Lake, which is situated in the Mediterranean Region
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of Algeria, has been recognized as a wetland and a site of ecological importance. However,
the lake has been threatened by industrial pollution. Some of the polluted water was
purified in a municipal wastewater treatment plant (WWTP) in Reghaia and then returned
to the lake [2,3]. Considerable effort has been made in water management to minimize
contamination risk [4]. The WWTP station has a conventional wastewater purification
system with a capacity of 90,000 population-equivalents [5]. The possibility of organic
pollutants finding their way into the aquatic environments even after treatment exists. An
increase in the turbidity of the water, for example, can cause deterioration of the ecosystem.
Therefore, improving wastewater treatment processes are crucial [6–8].

Moreover, access to clean water is the main reason for the development of more
effective methods for the treatment and delivery of water and sanitation services, which are
important for society. Wastewater can contain different impurities, such as organic matter.
This typically needs multiple-step treatments, such as sedimentation [9], filtration [10], and
adsorption [9], which are able to reduce the concentration of contaminants but are energy-
consuming and may be costly [11]. The goals of reusing or disposing of wastewater will
determine levels of treatment required. Conventional methods include physical, chemical,
and biological treatments for wastewater treatment. The biological treatment of wastewater
is applied for organic/nutrient removal through an activated sludge process, followed by a
sand filtration process, to achieve high quality water. This process removes particles and
inactivates microorganisms in order to meet strict wastewater discharge standards [1,12].
However, there are drawbacks to water reuse, such as higher conductivity and chemical
oxygen demand (COD) [7].

Membrane technologies are increasingly employed as a long-term solution to
wastewater treatment and reuse [13]. These are very promising candidates because
of their many advantages, such as abilities that provide an excellent effluent quality
regarding their removal of different pollutants, their ease of operation, and their small
footprint [14]. Normally, a conventionally activated sludge process is applied to bio-
logically treated wastewater and then the effluent is further purified for the removal of
dissolved organic and ions by membrane processes, such as nanofiltration (NF) [15] or
reverse osmosis (RO) [7,16], towards sustainable wastewater reclamation [1].

On the other hand, rejected organic dyes from the coloring process are a serious
problem because of their resistance to treatment, reducing sunlight transmission and
affecting aquatic ecosystems [17,18]. Membrane separation is a possible remedy due to the
better control of hydraulic retention times and lower operating costs [19,20].

Combining membrane filtration and hybrid processes has attracted interest due to the
ability to overcome the disadvantages of traditional water treatment processes. Researchers
have shown that a combination of processes is better than the single one for performance.
However, the need to reduce energy consumption and fouling problems are still limitations
in membrane process treatments [21]. Studies have been conducted to combine processes to
enhance wastewater treatment [22]. Among them, Grzechulska-Damszel et al. investigated
the integration of photocatalysis with membrane processes for the removal of azo dyes. It
was found that the use of nanofiltration was very effective in decreasing the concentration
of the dye and its conductivity. This was accompanied by an increase in pH of the permeate.
The analysis of inorganic ions showed that over 95% of the sulfate ions and 80% of total
inorganic nitrogen were removed after nanofiltration [23]. Moreover, Ganzenko et al.
reported on the elimination of carbamazepine from wastewater using titanium oxides (TiOX)
with reactive electrochemical membranes (REM) as the anode. With a monodispersed pore
size distribution of 1.4 nm, this membrane was effective in removing a pharmaceutical
pollutant when the current density was 73 A.m−2. This study shows that more than 70% of
minerals and 98% of carbamazepine were eliminated [24]. On the other hand, according
to Sharjeel Waqas et al., the combination of biological and membrane processes could be
used to treat domestic wastewater. Indeed, the results showed that the hybridization of
the process doubled the permeability and was able to achieve the removal of 96% of the
turbidity and 84% of the COD [25].
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The feasibility of reducing the number of stages and obtaining acceptable water
quality plays a crucial role in minimizing energy consumption [13,24,25]. Direct membrane
filtration of wastewater, such as pressure-driven, osmosis-driven, thermal-driven, and
electrical-driven nanofiltration, have received a great deal of interest for their ability to
reduce and control membrane fouling from wastewater, thus leading to high efficiency, in
terms of permeate quality and commercial availability [1]. A previous work by Sharif et al.,
has developed a new theoretical model to estimate the specific energy consumption of
the particular reverse osmosis process for desalting a NaCl solution by considering the
membrane properties and operating parameters. It was found that the high-pressure
pump is directly proportional to the volumetric flow rate and inversely proportional to
the membrane flow rate factor [19]. On the other hand, Adda et al. have carried out work
on the optimization and modeling of specific energy ranging from 2.17 to 2.27 kWh/m3

for the reverse osmosis process with pressure exchangers type energy recovery to produce
desalinated water flux around 120,000 m3/j [20].

In the present paper, the Nanofiltration treatment was considered as a possible
solution due to its many advantages, such as its ability to remove different molecules
despite the variation in the composition of wastewater (with/or without Brilliant Blue
FCF), its ease of operation, and its part in reducing the number of stages to minimize
energy consumption. The novelty of this work is focused on the treatment of industrial
wastewater and the description of design specifications and evaluation of the specific
energy consumption, as well as to solve the problem related to the separation and the
retention of particles or solutes, leading to the accumulation of material on the surface
of the membrane, which leads to a decrease of the permeation flux depending on the
variation of the operation conditions and the specific energy consumption. The optimum
operating parameters were determined by assessing the residence time distribution
(RTD) applied to the reactor flow regime. The key factors affecting the reduction of
molecules and the variation of the permeate flow inside the reactor were assessed
numerically via residence time distribution (RTD) curves. A reduction in specific energy
consumption was also studied by varying the operating parameters, such as the pH of
the wastewater, operating pressure, and the ratio of matric dilution.

2. Materials and Methods
2.1. Effluent

A pilot reactor was fed with industrial wastewater sampled from a wastewater treat-
ment plant (WWTP) located to the north of Reghaia city, Algiers, Algeria. The WWTP
was equipped with a biological process “activated sludge” system. Wastewater effluents
arrived from different regions with 80,000 m3 of polluted water per day to be treated.
After treatment, the water was returned to Reghaia Lake [5]. The samples were collected
manually using a pole equipped with a bottle and taken between 8:30 a.m. and 11:00 a.m.
Bottles containing the wastewater samples were transported under isothermal conditions
at 4 ◦C. The experiments on wastewater treatment were conducted in the presence and
absence of food coloring to test the efficiency of the system. The main characteristics of the
effluents are presented in Table 1. The concentration of total dissolved solids (TDS) can
reach 1204 mg/L and total nitrogen NT-exceeding discharge standards.
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Table 1. Characteristics of industrial wastewater sampled in November 2020 and used for nanofiltra-
tion treatment.

Wastewater
Parameters Raw Wastewater Mixed Wastewater

with BBF
Discharge Standards

(WHO)
T (◦C) 22 22 <30 ◦C

Turbidity (FNU) 91.7 95.2 5 NTU
pH 7.27 7.06 6.5-8.5

Conductivity (mS/cm) 1.71 1.70 -
TDS (mg/L) 205 210 <20 mg/L

COD (mg O2/L) 620 660 <90 mg O2/L
BOD5 (mg O2/L) 218 209 <30 mg O2/L

COD/BOD5 2.84 3.16 <3
NO3

− (mg/L) 0.58 0.66 <1 mg/L
NO2

−(mg/L) 2.26 2.20 1 mg/L
SO4

− (mg/L) 0.31 0.30 -
PO4

− (mg/L) 12.29 12.19 -
Absorbance at 254 nm 1.092 1.106 -

T: Temperature, TDS: Total dissolved solids, COD: Chemical oxygen demand, BOD5: Biological oxygen
demand, NO3

− : Nitrate ion concentration, NO2
− : Nitrite ion concentration, SO4

− : Sulfate ion concentration,
PO4

− : Phosphate ion concentration, and UV254 : the absorbance of organic matters in wastewater.

2.2. Chemicals

All chemicals used in this work were purchased at commercial grade. The Bril-
liant Blue FCF (C37H34N2Na2O9S3) came from “Fuital”, an Algerian commercial indus-
trial company with a molecular weight of 792.85 g/mol. Antimony potassium tartrate
(K2Sb2C8H4O12, 3H2O, Sigma-Aldrich), Barium sulfate (BaSO4, Sigma-Aldrich), Para nitro
Salicylic acid (C7H6O3, Sigma-Aldrich), Phenol (C6H6O, Sigma-Aldrich), Potassium dichro-
mate (K2Cr2O7, Sigma-Aldrich, Algeria), Potassium molybdate (K2MoO4, Sigma-Aldrich,
Algeria), Mercury (II) sulfate (HgSO4, Sigma-Aldrich, Algeria), Silver sulfate (Ag2SO4,
Biochem Chemopharma, Algeria), and Sulfanic acid (C6H7NO3S, Sigma-Aldrich, Algeria)
were also purchased at commercial grade.

2.3. Nanofiltration Setup and Operations

Nanofiltration experiments (Figure 1) were carried out using a spiral wound polymeric
membrane (Nanomax 50, Millipore, Burlington, MA, USA) system with tangential filtration.
The organic membrane had an asymmetrical structure that was negatively charged and
assembled into an active layer (skin) made of polybenzamide with a thickness of 0.4 µm,
microporous polysulfone support of 40 µm thickness, and macroporous polyester support
of 120 µm thickness. The characteristics of the membrane were the surface area of 0.37 m2;
pure water permeability of 8.97 µm.s−1.Bar−1; a cut-off of 300 Dalton for uncharged solutes;
a pore diameter of 1 nm; a pH of 2–10; maximum temperature of 40 ◦C; and operating
pressureof 0–5 bar. All characteristics of the membrane were mentioned in Table 2. During
the filtration, the experiments were performed in a reactor by introducing the solution of 5 L
capacity under a studied flow rate by controlled pressure for 20 min and the recirculation of
both permeate and retentate to retain a constant concentration (Figure 1). The temperature
was maintained at 20 ± 0.5 ◦C [26,27].
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Figure 1. Schematic of the spiral wound polymeric membrane (Nanomax 50, Millipore USA) system
with tangential filtration.

Table 2. Characteristics of the membrane used in this study.

Membrane Name Nanomax-50

Membrane material polysulfon
Molecular weight cutoff 300 Da

pH operating range 2–10
Maximum temperature 40 ◦C

Maximum pressure 5 bar
Water permeability 8.97 µm/s bar

The simulated wastewater samples were obtained by dissolving the target or model
pollutant of Brilliant Blue FCF to an initial concentration of 40 mg/L and were taken at
different time intervals by following the efficacy of elimination by the nanofiltration system.
The reduction in COD, dye concentration, and variation in the flow rate of the permeate
was studied based on a driven drove pressure-driven membrane process (0–5 bar), pH
solution (3, 5, 7, and 10), and wastewater dilution ratio with drinking tap water (1/5, 2/5,
1/2, 3/5, and 4/5).

2.4. Analysis

The chemical oxygen demand (COD) was measured following the NF T 90-101 method,
using an ECO thermoreactor that provides simple and easy programming of time (from 1 to
199 min or continuously) and temperature (from ambient to 200 ◦C). This method is applied
for the digestion of the solution for a wide range of applications. The biological oxygen
demand (BOD5) was measured directly by the NFT 90-103 method using an electronic
manometer measured directly on the bottle containing the sample on scales of 90, 250,
600, 999, and 4000 ppm. The total dissolved solids (TDS) concentration was determined
through a cellulosic filter (0.45 µm), according to the method of NFT 90-105. The nitrate
concentration (NO3

−) was measured following the method of AFNOR (T90-012). The test in
the presence of sodium salicylate gave a yellowish color, which allowed the colorimetrical
measurement at a wavelength of 415 nm. The measurement of nitrite concentration (NO2

−)
was performed using the method of AFNOR (T90-013) in a hydrochloric medium, which
formed a yellow-colored complex that absorbs at the wavelength of 435 nm. The sulfate
concentration (SO4

2−) was determined by nephelometry, according to the AFNOR method
(T90-040). The technique was based on the reaction of sulfate ions in the presence of barium
chloride in hydrochloric acid that forms a barium sulfate precipitate, which was stabilized
with a steadying agent to be absorbed in a wavelength of 650 nm. The concentration of
orthophosphates (PO4

3−) was determined by a colorimetric process according to the ISO
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method (6878) by forming a complex with ammonium molybdate and tartrate of antimony
and potassium in an acid medium. Measurement with a spectrophotometer was performed
at a wavelength of 880 nm. All analysis was performed in duplicate and absorbance
was recorded using a UV-Shimadzu 1800 spectrophotometer (spectra ranged from 190
to 1100 nm). The HI88703-02 EPA Compliant Benchtop Turbidity Meter utilized 0.00 to
4000 NTU (Nephelometric Turbidity Units). The HI2300 conductivity meter with a built-in
temperature sensor operates over a wide range from 0.00 µS/cm to 500.0 mS/cm, and pH
was measured using Hanna Instruments™ HI2211-02.

3. Results and Discussion
3.1. The Study of the Residence Time Distribution

The residence time distribution (RTD) was carried out to assess the probability distri-
bution in a reactor regardless of its design specifications, such as the reactor type, design,
and flow characteristics. The hydrodynamic study was evaluated by following the temporal
concentration of the tracer impulse KCl (0.05 M) to identify the flow inside a continuous
reactor and to observe the response at the exit of the reactor. The probability density
function of the residence times E(t) for selected flow rate shown in Figure 2 was expressed
as follows (Equations (1) and (2)): ∫ ∞

0
E(t)dt = 1 (1)

E(t) =
ci∫ ∞

0 cidt
(2)

where Ci corresponds to a tracer concentration at the exit time and the denominator
∫ ∞

0 Cidt
represents the area under the C(t) curve.
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Figure 2. Residence time distribution (RTD) curve in nanofiltration process.

The measured RTD observed (Figure 2, Table 3) for operating conditions: Qa = 2.28 L/min
and Vr = 5 L suggested that it was an intermediate reactor type between a perfectly mixed
and a plug flow with two distinct parts, displayed in an initial sharp peak followed by a long
tail [23].
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Table 3. Results of residence time distribution of Nanofiltration reactor.

t (min) θ tm (min) τ (min−1) σ2 σ2
D

1 0.4658

211.16 2.13 1.35 × 10+16 4.12 × 10+275 2.3292
10 4.6564
15 6.9876

The mean residence time tm was the first moment of the distribution indicative of the
average transient time of processing material defined by Equation (3) [28]:

tm =
∫ ∞

0
tE(t)dt (3)

The residence time describes the average residence time in a reactor as the ratio of
reactor volume to the volumetric flow rate (Equation (4)) [29]:

τ =
Vr

Q
(4)

The variance of the residence time (σ2) and the dimensionless variance (σ2
D) are given

by Equations (5) and (6), and the results are summarized in Table 2:

σ2 =
∫ ∞

0
(t − tm)2E(t)dt (5)

σ2
D =

(
σ2

tm

)2

(6)

The integral of Equations (2), (3) and (5) were determined numerically by using the
Simpson method [30]. These equations were adopted to describe the flow of fluids within
the reactor. In addition, a normalized time θ was introduced according to (Equation (7)) in
terms of size and space time.

θ =
t

tm
(7)

It can be observed in Table 2 that an increase in treatment time resulted in an increase
of θ and a lower mean residence time tm. This outcome is explained by the higher mean
velocity in the reactor under such conditions. In addition, the values of the RTD dimen-
sionless variance (σ2

D) used to verify and a measure of the dispersion with a higher value
of residence time (σ2) and the dimensionless variance (σ2

D) indicated a higher dispersion
with the flow approaching a perfect mix [17]. Additionally, the comparison between the
average transient time tm and the residence time shown in Table 2 suggests the existence of
a short circuit.

3.2. Electrical Energy Consumption

The performance of nanofiltration (NF) membranes with different levels of water
permeability and rejection was determined by their potential to separate pollutants from
contaminated water. The required energy consumption needed to be optimized for low-
water production costs [31]. Several studies measured specific energy consumption defined
as the energy needed to produce one cubic meter to permeate with increasing membrane
water permeability and neither concentration polarization nor pressure loss [20,31–33]. In
NF membranes, the selection of the high-pressure pump is important for evaluating the
specific energy consumption. The work of the high-pressure pump occurs between 0–5 bar
and the expression is in the following forms (Equations (8) and (9)):

ENF =
W0

pump

36.6ηQp
=

PQA
36.6ηQp

(8)
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W0
pump = PQA (9)

Similarly, water permeate flux Jw and permeate rate of flow Qp through a membrane
can be expressed by Equations (10) and (11):

JW =
v

At
(10)

QP= 10−3LpA(∆p − ∆π) (11)

where Jw is the permeate flux (m/s), Lp is the permeability of the membrane solvent in
(m.Pa−1.s−1), V is the volume of permeated water (m3), A is the effective membrane area
(m2), and t is the permeate collection time (s).

Optimal conditions were found to remove a wide range of pollutants with high treat-
ment efficiency. The result demonstrates that the maximum water permeate flux led to a
higher power consumption caused by the compression of a higher feed flow rate [32]. As
shown in Figure 3, once the permeation flux reached between 3.35 × 10−6–2.55 × 10−5 m/s,
it was noticed that an increase in specific energy consumption and the optimal treatment
condition was found for a permeate flux of 4.07 × 10−5 m/s and specific energy consump-
tion of 1.94 kWh/m3. This could be explained by an inverse relationship between energy
consumption and the permeate flow to produce permeate. We found that after 15 min of
treatment, a reduction of COD was about 48.35% and 63.58% for raw wastewater and doped
wastewater, respectively.

Processes 2022, 10, x FOR PEER REVIEW 8 of 16 
 

 

where Jw is the permeate flux (m/s), Lp is the permeability of the membrane solvent in 
(m.Pa−1.s−1), V is the volume of permeated water (m3), A is the effective membrane area 
(m2), and t is the permeate collection time (s). 

Optimal conditions were found to remove a wide range of pollutants with high 
treatment efficiency. The result demonstrates that the maximum water permeate flux led 
to a higher power consumption caused by the compression of a higher feed flow rate [32]. 
As shown in Figure 3, once the permeation flux reached between 3.35 × 10−6–2.55 × 10−5 
m/s, it was noticed that an increase in specific energy consumption and the optimal 
treatment condition was found for a permeate flux of 4.07 × 10−5 m/s and specific energy 
consumption of 1.94 kWh/m3. This could be explained by an inverse relationship between 
energy consumption and the permeate flow to produce permeate. We found that after 15 
min of treatment, a reduction of COD was about 48.35% and 63.58% for raw wastewater 
and doped wastewater, respectively. 

 
Figure 3. Variation of specific energy consumption as a function of the permeate flux. 

3.3. Parametric Study 
3.3.1. Effect of pH 

Nanofiltration (NF) has been increasingly employed to remove colors, soluble mon-
ovalent, and divalent ions in wastewater [34,35]. For this purpose, the current investiga-
tion utilized two matrices or effluents: raw wastewater and raw wastewater doped with 
the BBF dye. The influence of the water composition on the efficiency of the treatment by 
the membrane processes NF is observed by following the reduction of both the COD and 
the color. 

The influence of pH on the surface charge had a direct effect on the performance of 
the membrane due to changes in poor structure, the rejection of uncharged organic, and 
the quality of the permeate [36]. Additionally, the difference between membrane chemical 
structures, separation targets, and membrane properties reported in the literature must 
be considered. The high retention of dye could be due to lower molecular weights than 
values of the molecular weight cut-off of the membrane [37]. 

The filtration was performed at pH values of 3, 5, 7, and 10 and the retention of pol-
lutants and BBF dye was assessed. Figures 4 and 5 represent the reductions in COD and 
color. Retention during the filtration of the permeate matrix for solutes dissolved in 
wastewater was greater than those obtained with the same dye-doped wastewater matrix. 

Figure 3. Variation of specific energy consumption as a function of the permeate flux.

3.3. Parametric Study
3.3.1. Effect of pH

Nanofiltration (NF) has been increasingly employed to remove colors, soluble
monovalent, and divalent ions in wastewater [34,35]. For this purpose, the current
investigation utilized two matrices or effluents: raw wastewater and raw wastewater
doped with the BBF dye. The influence of the water composition on the efficiency of the
treatment by the membrane processes NF is observed by following the reduction of both
the COD and the color.
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The influence of pH on the surface charge had a direct effect on the performance of
the membrane due to changes in poor structure, the rejection of uncharged organic, and
the quality of the permeate [36]. Additionally, the difference between membrane chemical
structures, separation targets, and membrane properties reported in the literature must be
considered. The high retention of dye could be due to lower molecular weights than values
of the molecular weight cut-off of the membrane [37].

The filtration was performed at pH values of 3, 5, 7, and 10 and the retention of
pollutants and BBF dye was assessed. Figures 4 and 5 represent the reductions in COD
and color. Retention during the filtration of the permeate matrix for solutes dissolved in
wastewater was greater than those obtained with the same dye-doped wastewater matrix.
Their elimination at a neutral pH would therefore allow for higher retention. Moreover, this
study highlighted the importance of quantifying retention in the presence of complex real
matrices. Electrostatic attractions between negatively charged organic matter at a neutral
pH and pollutants could then contribute to forming complexes that were better retained
by the membrane [38]. Furthermore, the difference observed between the two treatment
matrices can be explained by the complexity of the interactions between a solute and the
membrane surface and thus the difficulty in predicting the retention of a given compound,
which was due to the impact of the hydrophobicity and the molar mass of the solute [36,39].
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Figure 4. Evaluation of the effect of pH on the COD reduction rate of industrial discharges: ∆P = 4 bar;
[COD]wastewater = 180 mg of O2/L; [BBF] = 40 mg/L; [COD]doped wastewater = 220 mg of O2/L;
Turbiditywastewater = 20 FNU; TurbidityBBF doped wastewater = 28 FNU; and treatment time = 15 min.
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Figure 5. Evaluation of the effect of pH on dye removal in industrial discharge: ∆P = 4 bar;
[BBF] = 40 mg/L; [COD]doped wastewater = 220 mg O2/L; Turbiditydoped wastewater = 28 FNU; and
treatment time = 15 min.

The filtration results confirmed that the NF membrane showed better COD removal
at pH values of 10 and 5. Basic pH can lead to an increase in the absolute value of the
effective charge density of the membrane and the Donnan effect leads to the tilting of
the ions in retentate or to permeate according to their charge [40]. This increase leads to
an increase in the electro-viscosity coefficient and a decrease in the permeability of the
solution. As a result, the permeate flux decreased with increasing pH and thus displayed
better removal. While at pH 5, which was close to the isoelectric pH of the membrane, it
affects the retention of molecules because the formed anions repulse and dielectrically
exclude the hydrophilic character of the particles, which are additionally rejected by
size and the structure of the membrane [41,42]. Additionally, we noticed that, according
to the results found in Figure 5, the removal of the dye decreases at a low value of pH
and basic media, which is due to the reduction in repulsive force and the elimination
was optimum at pH equal to 7, because the exclusion mechanism and space prevention
became more significant due to concentration polarization [40].

3.3.2. Effect of Pressure

The main driving force in a membrane based on liquid-phase separations is operat-
ing pressure, which is directly proportional to the wastewater treatment cost and higher
flux rates [43–45]. For that reason, we focused on the effect of pressure was investigated
by varying from 1 to 5 bars. The COD and color removal rates in industrial waters are
shown in the Figures 6 and 7. The results were similar to those obtained in the case
of doped wastewater, showing that the retention increased with the transmembrane
pressure. The COD reduction was 48.35% and 63.58% for domestic wastewater and
doped wastewater, respectively.
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Figure 6. Evaluation of the effect of pressure on COD reduction in industrial discharges: pHwastewater =
5; pHBBF doped wastewater = 7; [COD]wastewater = 205 mg O2/L; [BBF] = 40 mg/L; [COD]doped wastewater

= 245 mg O2/L; Turbiditywastewater = 28 FNU; TurbidityBBF doped wastewater = 33 FNU; treatment time
= 15 min.
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Figure 7. Evaluation of the effect of pressure on dye removal in industrial wastewater: pHwastewater = 5;
pHBBF doped wastewater = 7; [COD]wastewater = 205 mg O2/L; [BBF] = 40 mg/L; [COD]doped wastewater =
245 mg O2/L; Turbiditywastewater = 28 FNU; TurbidityBBF doped wastewater = 33 FNU; treatment time =
15 min.

Moreover, it was noticed that the removal of color increased with an increase of
transmembrane pressure of 5 bar to 84.05% but take into consideration the increase of the
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specific energy with the increase of the pressure. The treatment of industrial wastewater
could be done by optimizing the specific energy consumption and to apply the pressure
of 4 bar and permeate flux of 407.03 × 10−7 m/s. These results confirm that transmem-
brane flux is a function of the effective pressure results from the combination of different
mechanisms, such as size exclusion, diffusion, and Donnan exclusion, and is in agreement
with the hypothesis that the transport of components through the membrane is achieved
through three mechanisms: diffusion, electrical migration, and convection [43]. At low
pressures, transport is strongly affected by the diffusion mechanism, at least for weakly
and moderately retained pollutants due to a reduced driving force rather than an increase
in the resistance to mass transfer leading to concentration polarization, gel formation, and
internal pores fouling [27,46]. Therefore, pollutants will be weakly or moderately retained
at low transmembrane pressure. Once the applied pressure increases, the contribution
of electromigration and convection to transport becomes dominant over diffusion and,
therefore, retention will improve [47]. This is corresponding to the greater initial permeate
fluxes observed under higher concentrate flow rates, attributable to lower concentration
polarization and internal pores fouling resistance at higher tangential flow velocities [48].

3.3.3. Effect of Matric Dilution

The quantity of water produced for the reused neither domestic nor agricultural
purposes by NF membranes treatment combined and used after pretreatment, primary,
and secondary treatment is high, but when NF membranes are used alone for recovering
industrial wastewater the fouling, it poses a serious problem, thereby decreasing the
quality of the product compared with other processes [43,49]. For that, we are interested
to test the influence of water matric dilution on nanofiltration performance with various
dilution factors (i.e., 1/5, 2/5, 1/2, 3/5, and 4/5) to reduce the number of stages, the
time of treatment, and thus the cost. The tests were conducted at an operating pressure
of 5 bar with a variable pH, depending on the composition of the wastewater (pH raw
wastewater = 5, pH BBF doped wastewater = 7). Figures 8 and 9 show the influence of
dilution on the retention rate of COD and color reduction. It was noted that the retention
increased with time and with a decrease in the dilution ratio of the wastewater and an
increase in the added volume of tap water. This behavior was due to the presence of
solutes and the increase of concentration of the ions and dye at high dilution ratios and
the accumulation of the solute at the membrane surface led to a decrease in the water flux
and rejections. Indeed, according to studies, the presence of solutes made the membrane
surface more compact due to pore contraction by the increase of the solution viscosity,
along with the rise in the concentration polarization onto the membrane surface, which
led to an increase in the membrane resistance for a decrease in permeability and thus a
decrease in permeate flux [50,51].
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Figure 8. Evaluation of the effect of wastewater dilution on dye removal: wastewater pH = 5; doped
wastewater pH = 7; ∆P = 5 bar; treatment time = 15 min.

Processes 2022, 10, x FOR PEER REVIEW 12 of 16 
 

 

pore contraction by the increase of the solution viscosity, along with the rise in the con-
centration polarization onto the membrane surface, which led to an increase in the mem-
brane resistance for a decrease in permeability and thus a decrease in permeate flux 
[50,51]. 

 
Figure 8. Evaluation of the effect of wastewater dilution on dye removal: wastewater pH = 5; doped 
wastewater pH = 7; ΔP = 5 bar; treatment time = 15 min. 

 
Figure 9. Evaluation of the effect of wastewater matric dilution on COD reduction: wastewater pH 
= 5; doped wastewater pH = 7; ΔP = 5 bars; treatment time = 15 min. 

Similarly, when the dilution ratio was 1/2, the retention rate was 87.2% after 15 min 
of filtration of the non-doped wastewater, whereas for lower dilutions of about 4/5, the 
retention rate decreased slightly to 64% for the same water matric. With doped 
wastewater, it can be seen that the COD reduction followed the same kinetics but with a 
lower yield. This result was attributed to the retention of suspended matter in terms of 
turbidity. The progressive decrease of the reduction rate over time may have been due to 
the clogging of the membrane pores [34]. 

1/5 2/5 1/2 3/5 4/5

55

60

65

70

75

80

85

90

BB
F 

El
im

in
at

io
n 

(%
)

Dilution 

1/5 2/5 1/2 3/5 4/5

30

40

50

60

70

80

90

 BBF Doped Wastewater
 Raw Wastewater

C
O

D
 R

ed
uc

tio
n 

(%
)

Dilution (v/v)
Figure 9. Evaluation of the effect of wastewater matric dilution on COD reduction: wastewater
pH = 5; doped wastewater pH = 7; ∆P = 5 bars; treatment time = 15 min.

Similarly, when the dilution ratio was 1/2, the retention rate was 87.2% after 15 min
of filtration of the non-doped wastewater, whereas for lower dilutions of about 4/5, the
retention rate decreased slightly to 64% for the same water matric. With doped wastewater,
it can be seen that the COD reduction followed the same kinetics but with a lower yield.
This result was attributed to the retention of suspended matter in terms of turbidity. The
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progressive decrease of the reduction rate over time may have been due to the clogging of
the membrane pores [34].

4. Conclusions

The nanofiltration treatment was used as a single process to demonstrate the impor-
tance of optimizing operating conditions and to emphasize the importance of the properties
of the membrane, which are in a polyamide polysulfone of negative surface charge, making
the study more significant in a real situation.

The use of nanofiltration could be effectively employed to treat wastewater based
on the parameters, such as the pH, the effect of pressure and the dilution ratio, which
has an influence on the size of the particles, their charge, the pH of the medium, and the
concentration. The results show that both the pH of the solution and the composition of the
water could change both the charges of the ions and affect the charge on the membrane and
consequently decrease the selectivity. Additionally, there was a reduction in COD removal
efficiency to 57.92% and 65.25% with an increase in pressure to 5 bar in raw wastewater and
doped wastewater, respectively. On the other hand, the increase in operating pressure posi-
tively influenced the membrane treatment performance through increasing the permeate
flow but the specific energy consumption was increased.

The results show that the optimum conditions to have good quality treated water
with a reduced amount of energy consumption were a permeate flux of 4.07 × 10−5 m/s
and specific energy consumption of 1.94 kWh/m3. Moreover, decreasing the wastewater
dilution ratio and adjusting the pH of the solution to the basic medium can enhance COD
reduction to 60.93% in raw wastewater, optimize BBF elimination of 75% at pH equal to 7,
and solve the problem of the complex composition of the industrial rejects received by the
WWTP of Reghaia, which have become very harmful to the environment.

The residence time distribution (RTD) can lead to enhanced energy consumption in
terms of dispersion, flow approaches, and velocities in the reactor. This information can be
utilized numerically in a model to better describe the relationship between the product at
various operating conditions and the characteristics of the RTD.

This study demonstrated the use of nanofiltration for industrial wastewater treatment
provides the maximum reduction of the COD of 87.2% for undoped wastewater at a vol-
ume dilution ratio of 1/2 after 15 min. The evolution in this study is more comprehensive
through the consideration of the modeling of specific energy consumption with the varia-
tion of permeate flux in the membrane process. For that, the researchers must provide the
maximum amount of information on the evolution and the optimization of the processes
for acceptable water security and the minimum electrical energy.
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Nomenclature

A Effective membrane area
Ci Tracer concentration
ENF Specific energy consumption
E(t) Probability density function of the residence times
Jw Water permeate flux
Lp Permeability of the membrane
P Pump power
QA Alimentation flow
Qp Permeate flow
t Permeate collection time
tm Mean residence time
V Volume of permeated water
Vr Reactor volume
W0

pump Work of the hight pressure pump
∆p Transmembrane pressure
∆π Osmotic pressure
η Pump efficiency
θ Normalized time
σ2 Variance of the residence time
σ2

D Dimensions variance
τ Residence time
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