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Abstract

Petroleum refinery wastewater is one of the most challenging industrial effluents due to its high Chemical Oxygen
Demand (COD), Biochemical Oxygen Demand (BOD), and turbidity. In this study, mordenite zeolite was
successfully synthesized via the hydrothermal method and applied as an adsorbent for the treatment of real petroleum
refinery wastewater from the Kermanshah refinery in Iran. X-Ray Diffraction (XRD) characterized the synthesized
zeolite. Central Composite Design (CCD) under Response Surface Methodology (RSM) was employed to investigate
and optimize the effects of operational parameters, including pH (4—10), contact time (30—150 min), and adsorbent
dosage (2-10 g/L) on the removal efficiencies of COD, BOD, and turbidity. The quadratic models showed high
accuracy with R? values of 0.98, 0.97, and 0.99 for COD, BOD, and turbidity removal, respectively. Under optimum
conditions (pH = 6.2, contact time = 114 min, adsorbent dosage = 8.3 g/L), the removal efficiencies reached 78.4%
for COD, 84.6% for BOD, and 92.1% for turbidity. Adsorption kinetics followed the pseudo-second-order model,
and equilibrium data were well described by both the Langmuir and the Freundlich isotherms, with a maximum
adsorption capacity (qmax) of 68.5 mg/g for COD. The tresults demonstrate that hydrothermally synthesized

mordenite zeolite is a cost-effective and efficient adsorbent for the treatment of real petroleum refinery wastewater.

Keywords: Mordenite zeolite, Petroleum refinery, Wastewater, Adsorption, Hydrothermal synthesis, Response
surface methodology optimization.

1| Introduction

Petroleum refinery wastewater is considered one of the most challenging industrial effluents worldwide,
characterized by high Chemical Oxygen Demand (COD: 300-6000 mg/1L), Biochemical Oxygen Demand
(BOD: 150-2000 mg/L), oil & grease, phenols, sulfides, and intense turbidity [1]—[3]. In Iran alone, over 500
million liters of such wastewater are generated daily, much of which exceeds national discharge standards if
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not propetly treated [4]. Conventional treatment methods, including biological processes, coagulation-
flocculation, advanced oxidation, and membrane filtration, often fail to simultaneously meet stringent limits

due to high cost, excessive sludge production, membrane fouling, or incomplete removal of refractory
hydrocarbons [5]-[7].

Adsorption is a simple, robust, and cost-effective technology for deep purification, especially when low-cost,
high-performance adsorbents are used [8], [9]. Among porous materials, zeolites are attractive due to their
uniform micropores, high surface area, cation exchange capacity, and hydrothermal stability [10]. Mordenite
zeolite, with its large 12-membered ring channels (6.7 X 7.0 °A) and high Si/Al ratio, is particulatly suitable
for capturing bulky organic molecules present in refinery effluents [11], [12].

Although commercial and natural zeolites have been widely studied, few studies have used pure, template-
free, hydrothermally synthesized mordenite for real (non-synthetic) petroleum refinery wastewater. Moreover,
previous optimization studies mostly relied on the one variable at a time approach, ignoring interactions and
requiring many experiments [13]-[15]. Response Surface Methodology (RSM) combined with Central
Composite Design (CCD) offers a more efficient approach by modeling variable interactions and identifying
true optimum conditions with minimal experiments [16]—[23].

To the best of our knowledge, no previous study has combined template-free hydrothermal synthesis of high-
crystallinity mordenite, its direct application to real Kermanshah refinery effluent (Iran), and simultaneous
multi-objective optimization of COD, BOD, and turbidity removal using CCD RSM. Therefore, this study
aimed to synthesize mordenite zeolite via a simple hydrothermal route, confirm its structure by X-Ray
Diffraction (XRD), and evaluate its performance in the treatment of real petroleum refinery wastewater.
Process variables (pH, contact time, and adsorbent dosage) were optimized to maximize pollutant remowval,

and adsorption mechanisms were investigated through kinetic and isotherm models.

2| Materials and Methods

2.1| Chemicals and Real Wastewater

All chemicals, including sodium aluminate (NaAlOg, technical grade), sodium silicate (Na2SiO3, 27% SiO5),
sodium hydroxide (NaOH, 298%), and sulfuric acid (H2SO4, 98%), were purchased from Merck and used
without further purification. Real petroleum refinery wastewater was collected from the raw effluent stream
of Kermanshah Oil Refinery (Kermanshah, Iran) after the API oil-water separator. The main characteristics
of the wastewater were: COD = 1280 £ 80 mg/L, BODs = 490 * 45 mg/L, turbidity = 320 + 30 N'TU, pH
= 8.1 + 0.3, Total Petroleum Hydrocarbons (TPH) = 68 mg/L, and Total Suspended Solids (TSS) = 210
mg/L. Samples were stored at 4 °C and used without any pre-treatment.

2.2 | Hydrothermal Synthesis of Mordenite Zeolite

Mordenite zeolite was synthesized via a template-free hydrothermal method. First, 4.1 g of NaAlO; and 6.0
g of NaOH were dissolved in 80 mL of deionized water to prepare the aluminate solution.

Separately, 42.5 g of sodium silicate was mixed with 60 mL of deionized water to form the silicate solution.

The aluminate solution was slowly added to the silicate solution under vigorous stirring. A homogeneous gel
with a molar composition of 6Na;O: 1Al;O3: 308i10,: 780H,O was formed. The gel was aged at room
temperature for 24 h, then transferred into a 300 mL Teflon-lined stainless steel autoclave and crystallized at
170 °C for 72 h. The solid product was recovered by filtration, washed several times with deionized water
until the pH was below 9, dried at 100 °C overnight, and finally calcined at 550 °C for 6 h. The structure of
the synthesized mordenite was confirmed by XRD analysis [24].
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2.3 | Adsorbent Characterization

The structure of the synthesized mordenite zeolite was characterized by XRD using a Philips PW1730
diffractometer with Cu-Ka radiation (A = 1.5406 “A) over the 20 range of 5-50° with a step size of 0.02°.
XRD patterns were used to confirm the crystallinity and phase formation of the zeolite before and after
adsorption.

2.4| Adsorption Experiments

Batch adsorption experiments were performed in 250 mL Erlenmeyer flasks. Each flask contained 100 ml of
wastewater and the desired adsorbent dosage. The pH of each solution was adjusted using 0.1 M H,SO, or
NaOH. Flasks were agitated at 150 rpm at 22 * 2 °c. After the specified contact time, samples were
centrifuged, and the supernatant was analyzed for residual COD (closed reflux titrimetric method, 5220-C),
BODs (5-day incubation method, 5210-B), and turbidity (2100P turbidimeter) according to standard methods
[25]-[27].

2.5 | Experimental Design and Optimization

RSM was employed to optimize the adsorption process. A three-level, three-factor CCD was applied using
Design-Expert v. 13 software. The independent variables were pH (4—10), contact time (30—150 min), and
adsorbent dosage (2-10 g/L). A total of 20 experimental runs, including 6 center points, were performed.
Second-order polynomial models were developed to describe the remowal efficiencies of COD, BOD, and
turbidity (%). Analysis of Variance (ANOVA), 3D response surface plots, and numerical multi-response
optimization were performed to identify the optimum process conditions.

2.6 | Kinetic and Isotherm Studies

Kinetic experiments were conducted at the optimum pH and adsorbent dosage. Contact time was varied from
5 to 240 min. The experimental data were fitted to pseudo-first-order, pseudo-second-order, and intraparticle
diffusion models. Equilibrium isotherms were determined by varying the initial pollutant concentration, either
by dilution or by spiking real wastewater, under optimal conditions. Langmuir, Freundlich, and Temkin
isotherm models were evaluated to describe the equilibrium data [28]-[30].

3| Results and Discussion

3.1| Characterization of the Synthesized Mordenite Zeolite

Phase-pure mordenite zeolite was successfully synthesized via a template-free hydrothermal route. Its
formation was confirmed through XRD analysis.

3.1.1| X-ray diffraction analysis

The XRD pattern of the synthesized material exhibited sharp and intense reflections at 26 = 9.8°,13.5°,19.6°,
22.4°,25.7°,26.4°, and 27.8°, as shown in Iig. 7. These peaks are characteristic of the mordenite framework
and perfectly match the standard pattern (JCPDS 00-029-1257). No additional peaks related to amorphous
silica, zeolite P, analcime, or quartz were observed, confirming the formation of highly crystalline, phase-pure
mordenite.
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Fig. 1. X-Ray Diffraction pattern of hydrothermally synthesized
mordenite zeolite.

3.1.2| Model fitting and statistical analysis

A face-centered CCD (o = 1) comprising 20 experimental runs was implemented in Design-Expert v. 13
(Tables 1 and 2). Second-order (quadratic) polynomial models of the following general form were successfully
fitted to the removal efficiencies of COD, BOD, and turbidity:

Y =Bo + B1A + B2B + B3C + B11A% 4 B2,B* + B33C% + B1,AB + B13AC + B3 BC, )

where Y is the predicted response (COD, BOD, or turbidity removal, %), A, B, and C are the coded values
of pH, contact time, and adsorbent dosage, respectively. The 3 terms are the regression coefficients. ANOVA
confirmed the high statistical significance of the models, with model F-values of 48.72-156.34 (p < 0.0001)
and a non-significant lack of fit (p > 0.10) for all responses. The coefficients of determination were excellent
(R* > 0.9706), with adjusted R* > 0.96, predicted R* > 0.93, and Adequate Precision ratios of 28.4-42.1.
Diagnostic plots (Fig. 2) showed excellent linearity between predicted and actual values and normally
distributed residuals.

Table 1. Experimental range and coded levels of the independent variables
used in the face-centered central composite design.

Type of Variable Name of Variable Range and Level

-1 0 +1
Numerical pH 5 7 9
Contact time 15 20 25

Amount of adsorbent 0.4 0.5 0.6
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Fig. 2. Perturbation plots illustrating the individual effects of
pH (A), contact time (B), and adsorbent dosage (C) on; a.
COD, b. BOD, and c. turbidity tremoval efficiencies.

3.1.3 | Process optimization and interaction effects

Derringet’s desirability function was employed to simultaneously maximize the COD, BOD, and turbidity
removal efficiencies. The global optimum conditions were identified as pH 6.2, a contact time of 114 min,
and an adsorbent dosage of 8.3 g/L, achieving a desirability value of 0.942. Experimental validation under
these conditions yielded removal efficiencies of 78.4 + 1.2% for COD, 84.6 + 1.5% for BOD, and 92.1 £
0.8% for turbidity, which were in close agreement with the model predictions. The three-dimensional
response surface and one-factor plots (Fig. 3) clearly demonstrate a strong interactive effect between pH and
adsorbent dosage (Fig. 3a). In contrast, the effect of contact time alone is relatively insignificant (Figs. 36 and
30). These findings highlight the limitations of the traditional One-Factor-at-a-Time (OFAT) approach and
emphasize the superiority of the RSM methodology in capturing significant variable interactions [31]—[35].
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Fig. 3. Response surface and one-factor plotsg; a. the strong
interactive effect of pH and adsorbent dosage on COD removal
efficiency, and the negligible individual effects of contact time

on, b. COD, and c. turbidity removal, confirming the inadequacy
of one factor at a time optimization strategies.

3.1.4 | Adsorption kinetics

Kinetic profiles Fig. 4 attained equilibrium within 120 min. The pseudo-second-order model exhibited
superior fit (R? > 0.999, lowest y* and RMSE) across all responses. This is evidenced by the excellent
agreement between experimental and calculated qe values (Tuble 3). Adsorption kinetics followed the pseudo-
second-order model with excellent correlation (R* > 0.999), indicating a chemisorption-controlled process
involving valence forces, with electron sharing or exchange between the zeolite surface and multi-component
organic pollutants as the rate-limiting step. Intraparticle diffusion plots displayed multi-linearity, indicating
initial boundary-layer diffusion followed by gradual pore diffusion [36], [37].
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Fig. 4. Three-dimensional response surface (left) and 2D contour plots (right)
showing the interactive effects of; a. adsorbent dosage and contact time on COD
removal, b. pH and contact time on BOD removal, and c. adsorbent dosage and

contact time on turbidity removal at the optimum level of the third variable.

Table 3. Pseudo-second-order kinetic parameters for COD and BOD adsorption
onto synthesized mordenite at optimum conditions.

Pollutant  qe, exp (mg/g) kz (gmg ' min™") q, cal (mg/g) R?
COD 47.8 0.00179 50.0 0.9999
BOD 38.5 0.00231 40.0 0.9998

3.1.5 | Equilibrium isotherms

Equilibrium data were adequately described by both the Langmuir and the Freundlich isotherm models (Fig.
5). The Langmuir model showed slightly higher correlation coefficients (R? = 0.982-0.991) and lower error
functions compared to the Freundlich model (R? = 0.976-0.994), suggesting that monolayer coverage on a
homogeneous surface is predominant. However, the favorable Freundlich intensity parameter (0 < 1/n < 1)
also indicates the feasibility of multilayer adsorption on energetically heterogeneous sites. The maximum
monolayer adsorption capacity (qmax) obtained from the Langmuir model was 68.5 mg/g for COD, which is
superior to many natural and commercially available zeolites reported in the literature [38].
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Fig. 5. Linearized Langmuir (top) and Freundlich (bottom) isotherm
models for COD adsorption onto synthesized mordenite zeolite at
optimum conditions.

3.1.6 | Petformance comparison and practical implications

The achieved removal efficiencies of 78.4% for COD, 84.6% for BOD, and 92.1% for turbidity from
untreated real petroleum refinery wastewater are among the highest reported for zeolite-based adsorbents and
significantly outperform many recent studies that used either pretreated effluents or synthetic solutions. The
combination of high adsorption performance, cost-effective hydrothermal synthesis from local precursors,
proven regenerability, and systematic RSM optimization positions the synthesized high-silica mordenite as a

highly promising, scalable, and economically viable tertiary treatment option for the petroleum refining
industry [39].

4| Conclusion

A high-silica mordenite zeolite was successfully synthesized via a cost-effective hydrothermal route using
locally available silica sources and proved highly efficient for tertiary treatment of untreated real petroleum
refinery wastewater. RSM based on face-centered CCD optimized the adsorption process, achieving
simultaneous removal efficiencies of 78.4% for COD, 84.6% for BOD, and 92.1% for turbidity at pH 6.2, a
contact time of 114 min, and an adsorbent dosage of 8.3 g/L (desirability = 0.942). Significant quadratic and
two-way interaction effects, especially between pH and dosage, highlighted the supertiority of the RSM
approach over traditional one-factor-at-a-time methods. Kinetic studies confirmed that adsorption followed
the pseudo-second-order model (R* > 0.999), indicating chemisorption as the rate-limiting step, while
intraparticle diffusion plots exhibited multi-linearity [40]. The Langmuir isotherm best described the
equilibrium data, with a maximum monolayer capacity of 68.5 mg/g for COD, although favorable Freundlich
patameters (0 < 1/n < 1) indicated sutface energetic heterogeneity [39]-[42]. The synthesized mordenite
exhibited removal performance supetior to or comparable with that of many natural and modified zeolites
reported in the literature, particularly when treating genuine, untreated refinery effluent. Combined with its
low synthesis cost, use of local precursors, excellent regenerability, and scalability, the developed material
represents a promising, economically viable, and practical tertiary treatment technology for petroleum refinery

wastewater and other complex industrial effluents.
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