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Abstract 

The purpose of this study is to use oxidation, adsorption, and nanofiltration in combination 

to separate and remove hydrocarbon compounds from industrial effluent. Initially, 

anthracite adsorption was used to remove hydrocarbon compounds from a refinery's 

wastewater. The refinery's wastewater was then subjected to advanced Fenton oxidation 

in order to eliminate hydrocarbon compounds. The oxidation process had a better removal 

percentage and a greater optimal hydrocarbon content than the adsorption method, 

according to a comparison of the results of the two processes (Fenton and adsorption). As 

a result, the oxidation process was started from the beginning of this series chain. 

However, in this round, the optimal parameters were determined as there was not any 

variation in the hydrocarbon concentration and the feed was the refinery's effluent, which 

had 40.2 mg/L of hydrocarbon compounds. 5.1 mg/L of hydrocarbon compounds existed 

in the Fenton process output, which was kept in the reservoir and used as feed for the 

adsorption process series. The feed from the Fenton stage's output was used to adjust the 

adsorption process's parameters. 2.16 mg/L of hydrocarbon compounds existed in the 

adsorption stage's output, which served as feedstock for the nanofiltration process. When 

all three of these steps were combined, the nanofiltration step produced water that could 

be used in the refinery's internal networks at a concentration of 0.4 mg/L of hydrocarbon 

compounds. 

Keywords: Adsorption, Advanced Fenton Oxidation, Hydrocarbon Compounds, 

Nanofiltration, Wastewater Treatment.

Introduction 

The growth of petrochemical and oil and gas refineries for producing a wide range of products has resulted in the 

production of wastewater and other dangerous pollutants. According to its operations, every industry generates a 

different type of effluent. Without considering environmental concerns seriously, lots of refining companies 

release their effluents, including fine particles, into the environment. A major global environmental concern today 

is an increase in wastewater generation from cities, industries, and farms brought on by population growth and 

economic expansion. The design of wastewater treatment plants and effluent management, with an emphasis on 

lowering output and improving water reuse, are essential for minimizing the environmental effects that emerge 

from it. In each production situation, protecting the environment and the land is a fundamental principle. For 

wastewater to be effectively treated, including caustic and other hazardous effluents, management and separation 

are essential [1]. 

Water is the most essential substance for living things [2]. Safe drinking water is critical for human health and 

well-being. Unfortunately, approximately two billion people do not have access to safe, clean drinking water [3]. 
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Water contamination appears to be mostly caused by human activity, such as urban, industrial, and agricultural 

operations [4]. 

One of the most important challenges facing humanity in the twenty-first century is the preservation of the 

environment and natural resources, while raising the standard of living in every nation remains crucial [5]. A 

massive amount of wastewater is produced in urban, industrial, and environmental regions as a result of the recent 

changes in lifestyle and consumption patterns, particularly in emerging nations, as well as the growth of 

urbanization and industrialization [6]. The development and enhancement of wastewater's functional quality, as 

well as waste management, deal with things like production control, collection, transfer, and disposal [7]. A group 

can be useful and effective in raising the standard of health in the community when it takes the form of a set of 

comprehensive, well-coordinated guidelines and regulations and is founded on adequate knowledge and 

information about the circumstances that now exist in the target region [8]. Communities have expressed serious 

concerns about the potential negative impacts on their health and the environment that may result from pollutants 

released from nearby oil and gas facilities [9]. It is envisaged that senior industry managers will locate the 

components needed to build an industrial wastewater management collection system for wastewater evaluation 

and use it as a new management tool to maintain a clean environment [10]. 

Water quality degradation as a result of continuous discharge of contaminated water caused by global population 

increase, urbanization, and rapid industrialization has become a global concern [11-12]. More specifically, the 

frequent and continuous discharge of produced water from the oil and gas industry has become one of the world's 

most serious problems, with significant consequences for ecological balance, the environment, and the economy 

[13-15]. Produced water is mostly composed of dissolved oil, hydrocarbon gases, organic acids, phenols, metals, 

and different chemical additions. The dissolved oil pollutants include recalcitrant organic compounds like 

benzene, toluene, xylene, waxes, and surfactants [16]. Oil is one of several contaminants that can have major 

consequences for the ecosystem. Municipal and industrial institutions are frequently the primary sources of 

pollution [17]. Inorganic pollutants (such as nitrogen and nitrogen oxides, ammonia, heavy metals, phosphates) 

and organic pollutants (such as petroleum substances, hydrocarbons, pharmaceuticals, herbicides, pesticides) are 

the primary types of pollutants that end up in the soil and water environment [18-21]. 

Produced water remediation is an important task because improper disposal of produced water can interfere with 

the sustainability of the environment [22-23]. Various treatment technologies have been used for the removal of 

oil contaminants. For example, membranes and advanced oxidation are used for oily water treatment; however, 

their use is limited due to high capital and maintenance costs. Chemical flocculation achieves high removal 

efficiency and requires small floor space, but it consumes huge amounts of energy. Biological treatment is also 

used despite producing secondary pollution that requires further treatment and takes time [24-25]. 

Due to refineries have various processes units which operate together to produce different products, the result of 

these operations is the production of hazardous industrial effluents in addition to petroleum products. Depending 

on the type of effluent, the release of these pollutants into the atmosphere and environment will cause different 

pollutants to be released [26]. If adequate precautions and care are not taken while disposing of the waste generated 

by these industries, millions of cubic meters of polluted water will be released each year into receiving sources 

[27]. It is very difficult to remediate industrial effluent for reuse of water in industry without using membrane 

filtration techniques. As a membrane filtering technique that offers a high water flux rate, NF has generated more 

interest. By replacing nanofiltration membranes with RO membranes, you may increase flow rate while saving 

about 20% on electricity [28]. Compared to RO, the NF process requires a less initial investment since pumps, 

pipes, and tanks operate at lower pressures, which results in lower expenses. The NF process may easily replace 

the UF, RO, and electrodialysis processes in many of their applications because of their similarities [29]. The 

history of NF begins in the 1970s, and after that time, the method of filtering water of impurities has advanced 

significantly [30]. NF membrane technology is a well-liked technique for eliminating organic materials, residual 

disinfectant levels, color, odor, taste, and pesticide residues from water [31]. At suitable product flow rates and 

comparatively low pressures, reverse osmosis (RO) membranes were developed [32]. Among the many uses for 

the NF process, it's possible to note the softening process. They are sometimes referred to as "hardening 

membranes" even now [33]. It is now feasible to replace a membrane unit at various stages of the water 
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purification process due to the simultaneous removal of inorganic and organic pollutants as well as hardness in a 

single step [34]. 

Chang and Chen extracted copper ions from aqueous solutions by attaching magnetite nanoparticles to chitosan. 

The outcomes demonstrated that Langmuir's adsorption isotherm is followed by copper adsorption onto 

nanoparticles. The Langmuir adsorption equilibrium constant was 0.0165 L/mg, and the highest adsorption 

capacity was 21.5 mg/g. In the pH range of 2 to 5, the adsorption capacity improved significantly with an increase 

in pH [35]. The effectiveness of the RO system in eliminating the heavy metal arsenic from drinking water was 

investigated by Vatanpour et al. The outcomes of the tests and measurements demonstrated that the RO membrane 

TE 2521's performance was influenced by variables such concentration, pH, solution temperature, and pressure. 

Performance and efficiency changed when any of these characteristics was increased or decreased [36]. Research 

on the production of NF membranes with excellent heavy metal ion removal efficiency over a broad acidic pH 

range was carried out by Jia et al. With a molecular weight cut-off of 300 Da, the NF membrane exhibited a 

comparatively high pure water permeability of 81.0 ± 7.0 LMH.bar-1. In a broad range of acidic pH, this membrane 

effectively rejected the cations of heavy metals as Pb2+, Cd2+, and Ni2+ by over 93% [37]. Zhang et al. employed 

spectrum analysis to find structural alterations and electrocatalytic oxidation technology to break down DOM in 

NCLL. The results demonstrated that the removal rates of COD (chemical oxygen demand), TOC, and UV254 

were 99.0%, 57.4%, and 99.3%, respectively, under optimal experimental factors (pH = 2.0, NaCl concentration 

= 0.7%, Fe2(SO4)3 concentration = 0.8%, retention time = 6 hours). Analysis using UV-Vis spectroscopy showed 

that aromatic C=C bonds could be efficiently broken by electrocatalytic oxidation, which reduced the amount of 

aromatics and molecular weight in NCLL [38]. 

For the effective removal of PAH, Chen et al. suggested modifying the surface of a PES-PAA-ZrO2 NF membrane 

to make it extremely wettable and durable. Chemical bonding created a ZrO2 coating on the PES membrane 

surface, which led to the PES-PAA-ZrO2 membrane's remarkable hydrophilicity, underwater oil repellency, and 

stability. The modified membrane's contact angle with water dropped dramatically from approximately 50 degrees 

to less than 10 degrees and quickly to 0 degrees in less than a second when compared to the original PES 

membrane. This resulted from the remarkably strong affinity for water, which required a lot less energy to 

permeate. Following adjustment, the efficacy of wastewater treatment rose by more than 90%, resulting in a 

removal rate of PAHs that was over four times higher. Under a variety of conditions, the PES-PAA-ZrO2 

membrane's exceptional strength was verified, demonstrating the membrane's usefulness for long-term operations 

[39]. Li et al. suggested a unique 3DET for treating wastewater that uses waste aluminum as the electrode particles. 

The findings show that coagulation by Al species and indirect oxidation by oxidative species (H2O2, OH•, and 

RCS), in addition to direct anodic oxidation, are essential for the elimination of pollutants. Experiments with 

continuous flow demonstrate that adding EC Fe as a post-treatment after 3DET Al treatment can successfully 

neutralize 3DET effluent and increase the effectiveness of pollutant removal. The combined process had an overall 

operational cost of USD/m3 of 1.307. The 3DET-Fe EC technique is a promising approach for treating 

concentrated NF permeate, as this study shows [40]. 

It appears essential to use an ideal method of water purification due to the growing population, the depletion of 

drinking water supplies, the enforcement of stringent legislation, and the rise in operating expenses, such as energy 

[41]. To reach a given purity or to meet industry process goals, a single separation method is insufficient. As a 

result, hybrid procedures that combine several separation techniques ought to be employed [42]. In general, a 

hybrid process combines multiple devices and processes to best utilize each of their abilities. These components 

are then integrated to create an integrated system that boosts process productivity overall and can be employed as 

a tool in processes that involve various stages of separation [43]. Because these membranes are susceptible to high 

pollutant concentrations, most synthetic aqueous solutions and process fluids have clogging qualities that 

necessitate filtering the input feed to the nanofiltration process. Moreover, the quantity of organic chemicals in 

this kind of water can quickly clog the membrane, reducing both the membrane's lifespan and the amount of time 

it takes to purify. Consequently, it will be economical to remove organic matter clogs and solid particles prior to 

nanofiltration [44]. Since individual procedures may have disadvantages, a lot of recently completed research in 

this field focuses on the use of combined processes [45]. 
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Several methods to treating industrial and municipal wastewater have been thoroughly investigated in the past, 

taking into account both the advantages and disadvantages of each technique. For this research, an adsorption, 

oxidation, and NF technique combination has been chosen. 

Adsorption seems to be a successful approach because of its straightforward design [46]. Petroleum compounds 

have been absorbed using a variety of adsorbents. Some examples of these include the Fe3O4/Bentonite adsorbent 

for diesel [47], the Bentonite and Org-bentonite adsorbents for diesel [48], and the Fe3O4/Bent/rGO and 

Fe3O4/Bent/MWCNTs adsorbents for diesel [49]. Total petroleum hydrocarbon concentration, or TPH, is the 

environmental quality metric that is most frequently used to evaluate the degree of oil contamination. TPH 

contaminants are hydrophobic, refractory molecules that are a component of complex combinations of 

asphaltenes, resins, and aliphatic, aromatic hydrocarbons, according to Tran et al. Due to the operations of oil 

exploration, extraction, and refining as well as oil spills, underground oil storage tank leaks, and runoff, petroleum-

contaminated places are prevalent around the world [50]. Sanches-Filho et al. [51] and Pinto et al. [52] in Brazil, 

Li et al. [53] and Zhou et al. [54] in China, Vane et al. [55] in the United States, and Ashok et al. [56] in various 

locations in the Persian Gulf in the Middle East have shown that Heavy metals and petroleum hydrocarbons 

readily settle in the estuary vegetation's silt, which keeps hydrocarbon films in place and prevents them from 

flowing through the water systems under study. 

 The present study aims to enhance the achieved efficiency by optimizing the adsorption process's process 

variables (pH, contact time, hydrocarbon concentration, and reactor flow rate) and by placing the adsorption 

process in a series arrangement. The placement of the oxidation process in this three-stage series process was 

determined after the optimization of process variables (pH, hydrocarbon concentration, reaction time, and 

hydrogen peroxide amount) for the advanced oxidation process. Now, depending on whether the adsorption or 

oxidation process comes first in this arrangement, the output of the first process is chosen as the input for the 

second process, and the variables of the second process have been adjusted to decrease the hydrocarbon 

concentration. The output of the second step is then used as input to the NF stage. Depending on whether the 

adsorption or oxidation process occurs first in this arrangement, the output of the first process is selected as the 

input for the second process, and the parameters of the second process have been modified to reduce the 

hydrocarbon concentration. The second stage's result is subsequently used as input for the NF stage. 

Materials and Methods  

There are several methods available for treating industrial wastewater, and this paper studies three of them: 

adsorption, nanofiltration, and advanced fenton oxidation. 

Shaaban et al. determined the quantity of oil removed from wastewater using the following equation [57]: 

Removal Efficiency  (%) =  [(𝐶𝑖 −  𝐶𝑓 ) ∕ 𝐶𝑖] ×  100 

where Ci is the initial oil concentration before treatment and Cf is the final oil concentration after treatment. 

One technique for experimental design is the response surface method, which is used to find the best parameters 

among various data in a process or processes. Within these various data, the factors we can control are referred to 

as independent variables, while the variables we are powerless to affect are referred to as dependent variables 

[58]. The response surface methodology (RSM) is a useful statistical technique that facilitates the economical and 

effective evaluation of the interactive impacts of several factors. The system can identify the optimal experimental 

parameters by observing the impact of changing parameters that are entered into it on the response [59]. In order 

to fit quadratic polynomials, the CCD (central composite design) design which is frequently used for quadratic 

model fitting combines a two-level factorial design with axial points, also known as star points, and at least one 

point in the center of the experimental region [60-61]. According to several studies, this design possesses certain 

features [62-65]. 

1. Adsorption 

Due to its ease of use, simplicity, and high removal capability, adsorption is seen to be a promising technology 

when compared to the present state of produced water treatment technologies [66-67]. One method that has shown 
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promise for dealing with many pollution issues, including oil pollution, is biosorption. In recent decades, sorbents 

have garnered significant interest for their demonstrated affordable and effective application in rectifying oil 

contamination. Over the years, a variety of sorbents have been developed with varying degrees of success, 

including vegetable and fruit waste [68], straw [69], tree bark [70], almond shells [71], coconut shells [72], 

sugarcane bagasse, soya beans [73], algae [74], tea waste [75], sawdust [76], and more [77]. Moi et al. employed 

corn cob carbon to remove emulsified oil from wastewater, with an effectiveness of 17.1 mg/g [78]. Anifah et al. 

found that using sewage sludge to manufacture activated carbon effectively removed oil and grease from 

restaurant wastewater, with an effectiveness of 63.75 mg/g [79]. Alatabe et al. employed sedge cane grass to 

remove oil from wastewater, with a maximum effectiveness of 137.40 mg/g [80]. 

These experiments focused on the adsorption of hydrocarbon compounds on a continuous column. Important 

design parameters such as fluid flow rate, duration, pH, and oil concentration in the feed were investigated. A 

glass column with a diameter of 4 cm and height of 90 cm was developed. This column had a 75 cm-long bed 

filled with anthracite. The wastewater solution was pumped onto the fixed bed, and the feed flow temperature was 

set at 25 degrees Celsius. 

The variables and levels for optimization are computed using CCD principles and laboratory data. The reactor 

flow rate, sampling time, pH, and concentration of oil compounds in the feed are denoted by A, B, C, and D, 

respectively. Each variable was investigated at 5 distinct levels ( α- , -1, 0, 1, α). The response is expressed as the 

percentage of hydrocarbons removed. α equals (2k)1/4, where k is the number of factors (Table 1). 

2. Advanced Fenton Oxidation Process 

In the presence of iron ions in aqueous solutions, hydrogen peroxide breaks down in water and oxygen to create 

OH• stoichiometrically, which oxidizes Fe(II) to Fe(III) [81]. 

In this research all studies utilized the same volume of 250 milliliters of wastewater solution and 5 grams of iron 

salt, with all other variables remaining within the experimental ranges. The variables and levels for optimization 

are computed using CCD principles and laboratory data. The amount of hydrogen peroxide, reaction time, pH, 

and concentration of oil compounds in the feed are designated as A, B, C, and D, respectively. Table (1) shows 

the levels of the defined parameters in the Fenton process. Each variable is explored on five levels (Table 1). The 

percentage of hydrocarbon elimination is used as the response variable. 

3. Fenton Process Experiments with Feed from Refinery Wastewater with Constant Oil Concentration 

The variables and levels for optimization are computed using CCD principles and laboratory data. The values for 

hydrogen peroxide quantity, reaction duration, and pH are denoted by A, B, and C. Each variable is explored on 

five levels (Table 1). The percentage of hydrocarbon elimination is used as the response. 

4. Adsorption Process Experiments Using Feed from the Fenton Process Output 

In this situation, the Fenton process output is used to feed the adsorption process. The variables and levels for 

optimization are computed using CCD principles and laboratory data. The reactor flow rate, sample duration, and 

pH are denoted as A, B, and C, respectively. Each variable is explored on five levels (Table 1). The percentage of 

hydrocarbon elimination is used as the response. 

5. Nanofiltration Process 

The membrane used in the NF process is made of polyamide material, as shown in Figure 1. The specifications 

of this membrane are firm. Sepro model NF-1 has a thickness of 0.165 mm and a pore size of 0.003 μm. Process 

pH ranges from 3 to 10, with a P max of 8.4 MPa and a T max of 50 degrees Celsius. 
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Fig. 1 The laboratory-scale NF process apparatus is shown schematically as follows: a- Feed tank with heater, b- 

Thermometer, c- Industrial valve, d- Pump, e- Pressure gauge, f- Membrane housing, g- Flow meter, h- Treated 

permeate flow, and i- Concentrated reject flow 

The variables and levels for optimization are computed using CCD principles and laboratory data. Pressure, 

temperature, and pH are denoted as A, B, and C, respectively. Each variable is explored on five levels (Table 1). 

Table 1 Variables and their levels for the CCD in processes 

Surface 

α 1 0 -1 -  α  Sign Unit Variable  

20 16.25 12.5 8.75 5 A Lit/min Reactor flow rate 

adsorption 

process 

72 55.25 38.5 21.75 5 B min Sampling time 

8 7 6 5 4 C - pH 

60 50 40 30 20 D ppm 
Concentration of Oil 

Substances 

105 92.5 80 67.5 55 A mlit 
hydrogen peroxide 

amount 

fenton process 
40 32.5 25 17.5 10 B min Reaction Time 

6 5.25 4.5 3.75 3 C - pH 

60 50 40 30 20 D ppm 
Concentration of Oil 

Substances 

105 95 80 65 55 A mlit 
hydrogen peroxide 

amount 
fenton process 

in series chain 

 

40 34 25 16 10 B min Reaction Time 

6 5.4 4.5 3.6 3 C - pH 

20 16.95 12.5 8.04 5 A Lit/min Reactor flow rate adsorption 

process 

in series chain 

360 292.1 192.5 92.9 25 B min Sampling time 

8 7.19 6 4.81 4 C - pH 

11 9.6 7.5 5.4 4 A barg Pressure NF process 
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30 27 22.5 18 15 B C Temperature 

7 6.4 5.5 4.6 4 C - pH 

 

The findings show that the Design Expert program, based on RSM and CCD principles, was used for data analysis, 

mathematical modeling, and optimization. 

Results and Discussion 

In this study, Design Expert software is employed in RSM based on CCD principles for data design, mathematical 

modelling, and optimization. A quadratic polynomial equation (Equation 1) is used to predict response behavior. 

Y = a0 + ∑ aixi
k
i=1 + ∑ aiixi

2k
i=1 + ∑ ∑ aijxixj +k

j
k
   i  ,    i<j ε (1) 

In this equation: 

a0: Constant 

ai:The i-th linear coefficient 

aii : The i-th quadratic factor 

aij : represents the i-th coefficient of interaction 

xi : represents the i-th independent variable 

K : refers to the Number of variables 

Ɛ : Companion error 

 

1. Deriving the adsorption process's objective equation (when the refinery's effluent output serves as the 

process's input) 

The relationship between the response and the variables has been obtained in coded forms. 

%Re = +49.96 − 2.15 ∗  A − 2.81 ∗  B + 0.87 ∗  C + 1.64 ∗  D − 0.12 ∗  A ∗  B + 0.046 ∗  A ∗  C −

9.375E − 003 ∗ A ∗  D − 0.29 ∗  B ∗  C + 0.10 ∗  B ∗  D + 0.56 ∗  C ∗  D − 2.67 ∗  A2 − 3.25 ∗  B2 −

2.52 ∗  C2 − 1.01 ∗  D2    (2) 

The coefficients of each variable in equation 2 show that the influence of variables A and B is negative, D is 

positive, and the effect of variable C is slightly positive, with the following order of effects: 

C<D<A<B                                                                                              

The three-dimensional response surface graphs show the interaction effect of two parameters on the removal 

percentage during the adsorption process (Figures 2a–2f). 

 



International Journal of Multiphysics 

Volume 18, No. 4, 2024 

ISSN: 1750-9548 

 

365 

 

Fig. 2a Interaction effect of flow rate and time on removal percentage in the adsorption process 

 

Fig. 2b Interaction effect of flow rate and pH on removal percentage in the adsorption process 

 

Fig. 2c Interaction effect of flow rate and concentration on removal percentage in the adsorption process 
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Fig. 2d Interaction effect of time and pH on removal percentage in the adsorption process 

 

Fig. 2e Interaction effect of time and concentration on removal percentage in the adsorption process 

 

Fig. 2f Interaction effect of concentration and pH on removal percentage in the adsorption process 
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Figures (2a–2f) show the simultaneous effect of two variables on the removal percentage. The removal percentage 

decreases as the adsorbent's service period and the flow rate of the fluid passing through the bed rise. The more 

time passes, the more particles adsorb on the surface of the adsorbent. This process reduces the adsorbent's active 

surface over time, which decreases its adsorption capacity. The fluid in the adsorbent bed will move faster and 

spend less time there when its flow rate is increased through the bed. As a result, in this case, there is little 

opportunity for particles to be adsorbed on the adsorbent, which decreases the removal percentage [82]. The pH 

variable has a slight effect on the removal percentage within the experimental range. Because pH fluctuations 

create differences in ionization degree and adsorbent surface properties, pH influences adsorption effectiveness 

[83]. This is obvious in the shift in water clearance, which resulted in the detection of less oil in the solvent and 

reduced oil removal on the adsorbent. Destabilization of organic sorbent materials in neutral pH media has been 

associated to lower oil removal effectiveness than in acidic or alkaline solutions [84-85]. 

The initial adsorbate concentration has a substantial influence on the adsorption process, which is critical for the 

development of water treatment technology [86]. 

There are fewer adsorption sites available for rising pollutant concentrations when the adsorbate concentration 

rises because the adsorption sites, which are fixed on the adsorbent surface, gradually diminish over time. 

Consequently, the adsorption effectiveness falls [87]. When concentration is low, there is less material bound to 

the adsorption center, which means that more material is retained by the unit adsorbent. Adsorption reduces when 

concentration rises because of an increase in repulsive forces [88]. 

For the same amount of adsorbent, it is first noted that the oil removal increases as the starting oil concentration 

increases. This is because there are many more vacant active sites available than there is oil introduced. However, 

because there are fewer sites available for the oil to adsorb, the removal of oil reduces at increasing starting oil 

concentrations [89]. 

The Design Expert software estimates the best parameter values to maximize the removal percentage (Reactor 

flow rate: 11.03 Lit/min, sampling time: 31.39 min, pH: 6.29, Oil Substance Concentration: 48.73 ppm, Removal 

percentage: 51.82).  

2. Obtaining the Objective Equation for the Advanced Fenton Oxidation Process (When the Input is the 

Output of Refinery Wastewater) 

The relationship between the response value and the variables has been developed in coded forms. 

% Re = +85.04 + 0.52 ∗  A + 0.72 ∗  B − 0.48 ∗ C + 0.80 ∗  D − 0.15 ∗ A ∗  B + 0.20 ∗  A ∗  C − 0.038 ∗

 A ∗  D − 0.20 ∗ B ∗  C + 0.21 ∗  B ∗  D + 0.062 ∗ C ∗  D − 0.60 ∗ A2 − 0.27 ∗ B2 − 0.32 ∗  C2 − 0.18 ∗

 D2   (3) 

The coefficients of each variable in equation 3 show that the influence of variable A is slightly positive, B and D 

are totally positive, and the effect of variable C is negative, with the following order of effects:  

C<A<B<D 

The three-dimensional response surface graphs (Figures 3a-3f) show the interaction effect of the two factors on 

the removal percentage in the Fenton process. 
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Fig. 3a Interaction effect of hydrogen peroxide amount and reaction time on removal percentage in the Fenton 

process 

 

Fig. 3b Interaction effect of pH and hydrogen peroxide amount on removal percentage in the Fenton process 

 

Fig. 3c Interaction effect of hydrogen peroxide amount and concentration on removal percentage in the Fenton 

process 
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Fig. 3d Interaction effect of pH and reaction time on removal percentage in the Fenton process 

 

Fig. 3e Interaction effect of reaction time and concentration on removal percentage in the Fenton process 

 

Fig. 3f Interaction effect of pH and concentration on removal percentage in the Fenton process 
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Figures 3a–3f show the simultaneous effect of two factors on the Fenton process's removal percentage. The 

percentage removal increases as reaction time increases because the reaction has more time to occur. However, 

for extremely long reaction durations within the experimental range, no substantial effect on the removal 

percentage is seen since the initial substance concentration has reduced and the reaction is virtually complete. 

Increasing the quantity of hydrogen peroxide while keeping the other factors constant results in a higher removal 

percentage. This is because an increase in hydrogen peroxide concentration accelerates the reaction rateHowever, 

at higher concentrations of hydrogen peroxide, no significant influence on the removal percentage is noticed since 

hydrogen peroxide up to a specific level is adequate. Reducing the pH raises the reaction rate, which improves 

the removal percentage. 

The Design Expert program determines the best parameter values to maximize the presented removal percentage 

(hydrogen peroxide amount: 81.51mlit, reaction time: 32.5 min, pH: 3.8, concentration of oil substances: 50ppm, 

removal percentage: 86.6). 

3. Obtaining the objective equation for the advanced Fenton oxidation process (where the input is the effluent 

output from the refinery with a constant hydrocarbon content) 

The relationship between the response value and the variables has been developed in coded forms. 

 % 𝑅𝑒 =  +85.21 + 0.18 ∗  𝐴 + 1.01 ∗  𝐵 − 0.79 ∗  𝐶 + 0.094 ∗  𝐴 ∗  𝐵 − 0.044 ∗  𝐴 ∗  𝐶 − 0.14 ∗  𝐵 ∗

 𝐶 − 0.97 ∗  𝐴2 − 0.36 ∗  𝐵2 − 0.42 ∗  𝐶2       (4)                           

The coefficients of each variable in equation 4 show the influence of variable A is somewhat positive, B is totally 

positive, and the effect of variable C is negative, with the order of these effects being as follows: 

A<C<B 

The three-dimensional response surface graphs (Figures 4a-4c) show the interaction effect of the two factors on 

the removal percentage in the Fenton process. 

 

Fig. 4a Interaction effect of hydrogen peroxide amount and reaction time on removal percentage in the series 

Fenton process 
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Fig. 4b Interaction effect of hydrogen peroxide amount and pH on removal percentage in the series Fenton 

process 

 

Fig. 4c Interaction effect of time and pH on removal percentage in the series Fenton process 

Figures (4a–4c) show the simultaneous influence of two factors on the removal percentage in the Fenton process. 

As the response time grows, increases the removal percentage since the reaction has more time to occur. However, 

for extremely long durations within the experimental range, no substantial influence on the removal percentage is 

detected since the starting concentration of compounds has reduced and the reaction is almost complete. Increasing 

the hydrogen peroxide concentration while keeping the other variables constant results in a modest rise in removal 

percentage. This is because increasing the quantity of hydrogen peroxide increases the reaction rate, though a 

detectable effect is not found at higher hydrogen peroxide amounts, since hydrogen peroxide is required up to a 

specific level [90]. 

The Design Expert program estimates the best parameter values to optimize the removal percentage (hydrogen 

peroxide quantity: 78 mlit, reaction time: 33 minutes, pH: 3.61, removal percentage: 87.33). 

4. Obtaining the objective equation of the adsorption process in a series arrangement (where the input is the 

output of the oxidation process) 
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The relationship between the response value and the variables has been developed in coded forms. 

%Re = +50.06 − 3.87 ∗  A − 7.58 ∗  B + 1.57 ∗  C − 0.30 ∗  A ∗  B + 0.72 ∗  A ∗  C − 0.40 ∗  B ∗  C −

1.86 ∗  A2 − 1.93 ∗  B2 − 2.16 ∗  C2   (5) 

The coefficients of each variable in equation 5 show that the influence of variables A and B is negative while 

the effect of variable C is virtually positive, with the following sequence of effects: C<A<B 

 

Graphs of three-dimensional response surfaces show the interaction effect of two factors on the removal 

percentage in the series adsorption process (Figures 5a-5c). 

 

Fig. 5a Interaction effect of flow rate and time on removal percentage in the series adsorption process 

. 

Fig. 5b Interaction effect of flow rate and pH on removal percentage in the series adsorption process 
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Fig. 5c Interaction effect of time and pH on removal percentage in the series adsorption process 

Figures 5a–5c show the simultaneous influence of two variables on the removal percentage in the series adsorption 

process. The removal percentage falls as the adsorbent's service duration and fluid flow rate through the bed rise. 

As time passes, particles adsorb on the adsorbent's surface, resulting in a reduction in the adsorbent's active surface 

and a drop in adsorption capacity. When the fluid flow rate through the bed increases, the velocity increases while 

the fluid's residence time in the adsorbent bed decreases. As a result, in this case, particles do not have enough 

chance for adsorption on the adsorbent, resulting to a decrease in the removal percentage as the flow rate increases 

[91]. 

Due to de-emulsification and enhanced oil molecular interaction with the adsorbent surface, which facilitated oil 

penetration into its pores, the oil removal percentage first rose with time. This was only seen up to a certain point, 

after which it was discovered that the amount of oil removed decreased. The oil molecules that had previously 

been adsorbed leave the adsorbent's pores when equilibrium is reached because the rate of desorption outpaces 

the rate of sorption [92]. 

Solution pH is important in the adsorption process because it affects the ionization level of the pollutants and the 

surface charge of the adsorbent [93]. 

The amount of oil removed was found to be very high at the neutral pH value, however the amount of oil removed 

increased as the pH decreased. This is explained by the formation of a layer of positive charge on the anthracite's 

surface, which attracted the negatively charged ends of the oil molecules and caused the solution to de-emulsify, 

speeding up the sorption process. However, deliberate acidification of the emulsion was not required, and even a 

high pH drop did not significantly enhance the amount of oil removed [94-95]. 

The Design Expert program suggests the best parameter settings to optimize the predicted removal percentage 

(Reactor flow rate: 8.48 Lit/min, sampling time: 92.9 minutes, pH: 6.36, removal percentage: 57.62).  

5. Obtaining the objective equation for the filtering process in a series arrangement (where the input into 

this process is the output of the adsorption process) 

The relationship between the response value and the variables has been developed in coded forms: 

%Re = +79.33 + 2.91 ∗  A − 0.063 ∗  B − 0.020 ∗  C + 3.750E − 003 ∗  A ∗  B − 1.250E − 003 ∗  A ∗

 C − 6.250E − 003 ∗  B ∗  C − 1.07 ∗  A2 + 0.077 ∗  B2 + 0.033 ∗  C2  (6) 

The coefficients of each variable in equation 6 show that variable A has a very strong and positive influence on 

the nanofiltration process, but variables B and C have essentially little effect. This is explicitly defined in the 

response equation. 
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The three-dimensional response surface graphs show the interaction effect of two factors on the removal 

percentage in the NF process (Figures 6a-6c). 

 

Fig. 6a Interaction effect of pressure and temperature on removal percentage in the NF process 

 

Fig. 6b Interaction effect of pressure and pH on removal percentage in the NF process 

 

Fig. 6c Interaction effect of pH and temperature on removal percentage in the NF process 
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Figures 6a–6c show the simultaneous influence of two factors on the removal percentage. The factors pH and 

temperature have no significant influence on the removal percentage within the experimental range, and the 

removal percentage's dependency on these two variables is minimal. The pressure variable has a significant 

influence on the removal percentage, an increase in pressure results in a larger removal percentage. Increasing 

pressure while keeping other variables constant improves both the permeate flow and the removal efficiency. As 

pressure rises, particles inside membrane holes become stuck; nevertheless, at lower pressures, same particles can 

more readily flow through the membrane. The effect of membrane surface pressure on the removal percentage is 

positive [96]. 

The Design Expert software provides the best parameter settings to maximize the anticipated removal percentage 

(pressure: 9.58 barg, temperature: 18.04 C, pH: 4.62, removal percentage: 81.35). 

Conclusion 

This study focused on industrial wastewater treatment in order to reuse the water in industrial systems. The 

majority of previous research in the field of industrial wastewater treatment has focused on rectifying the 

properties of these wastewaters before discharging them into the environment. There has also been research done 

on how to utilize these wastes. Membrane clogging has been a major concern in studies on treating wastewater 

for reuse in industrial systems. This study evaluated the purification of industrial wastewater from the Abadan 

refinery, which included 40.2 mg/L of hydrocarbon compounds, utilizing a combination of three processes: fixed-

bed adsorption, advanced Fenton oxidation, and NF. 

Because the water entering the nanofiltration stage must contain less than 3 mg/liter of hydrocarbon compounds, 

the removal power of hydrocarbon compounds in the refinery's production effluent was first determined 

independently by two methods of surface absorption and Fenton, and then in combination with each other, and 

the addition of the nanofiltration step in this series chain, which was the main goal of the current project, was 

investigated. The goals of this research were defined in two levels: the first level was wastewater treatment to 

reduce hydrocarbon compounds to the permissible limit for discharge into the environment, and the second level 

was the reduction of hydrocarbon compounds to reuse the wastewater in the refinery's internal systems. This 

procedure successfully converted wastewater containing 40.2 hydrocarbon compounds into water containing 0.4 

hydrocarbon compounds. 
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