Mechanistic Optimization of FeSQ4 for Synthetic Petroleum Wastewater
Treatment

Ali Imran Merchant'2, Ayhan Kocaman!, Salem S. Abu Amr?,

'Department of Environmental Engineering, Faculty of Engineering, Karabuk University, 78050, Karabuk, Turkey
(2338149007@ogrenci.karabuk.edu.tr); (ayhankoccaman@karabuk.edu.tr)

2Department of Health, Safety and Environment Management, International College of Engineering and
Management, 111 St., Seeb, Muscat, Oman, (salem.s@icem.edu.om)

Abstract

The presented work investigates the performance of ferrous sulfate (FeSOas) in treating
contaminated seawater with petroleum hydrocarbons. Synthetic water containing 0.1% (v/v) oil
was subjected to varying FeSO. dosage, pH and reaction time under controlled conditions. The
effects of the operating conditions were evaluated based on removing chemical oxygen demand
(COD), color and the final pH effluent. COD and color removal reached to 64.8% and 96.8%
respectively using 16.7g/60ml FeSO4.7H,0 (3350 mg/L Fe?") at 120 min reaction time. At this
optimum, the settled sludge volume was 13-17% of the treated sample and residual iron in the
supernatant was 12-18 mg/L, within marine discharge limits. The COD reduction stabilized,
indicating coagulation equilibrium, however, the first 30 min shows rapid color removal. The
FeSO. concentration when increased, resulted in reduction of pH due to Fe** hydrolysis, which in
turn promoted floc formation through neutralization and coagulation. Statistical analysis
(ANOVA)confirmed that dosage, pH, and reaction time significantly affected removal efficiencies
(p <0.05). From the results it can be confirmed that FeSO. is an efficient and low cost treatment
for petroleum wastewater. It offers substantial pollution reduction and has potential compatibility
with subsequent oxidation and/or biological treatment processes. Taken together, these findings
show that FeSO4 offers a practical and cost effective alternative for pre-treatment of Petroleum
affected seawater under saline conditions, and that its use could enhance the overall efficiency of

subsequent AOP or biological processes. The approach used is particularly feasible for contained
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coastal applications and as a rapid response for near shore oil spills. Unlike prior studies for
freshwater or low salinity refinery wastewater, this work gives saline-specific benchmark for
FeSO4 dosage, pH shift, kinetics, amount of sludge production and residual iron-critical parameters

for coastal oil spill treatment.
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Introduction

The extraction and refining of crude oil, as well as downstream petrochemical processes, produce
vast amounts of crude oil-rich and suspended solids, oil, greases, and trace metal-contaminated
wastewater (Abdelhamid et al., 2024). The effluents are in the form of stable oil-water emulsions
with their chemical complexity and stability rendering them hard to treat by the conventional
methods (Cavallini et al., 2015) Disposal of such wastewater in an under-treated state may cause
acute intoxication, depletion of oxygen, and the ability of recalcitrant organics to accumulate in
the bodies of water and the soil (Muftah et al., 2016, Metin and Cifci, 2023) Such environmental
risks can only be exacerbated in environmentally sensitive coastal areas like the Arabian Gulf
where the salinity is high and the hydrodynamic dispersion is low (Giwa et al., 2013). Thus, the
development of effective and environmentally sound treatment strategies is a pending task for
regulatory compliance and the environment protection, particularly in high salinity coastal waters

where conventional coagulant behavior is altered (Zueva et al., 2020; Zhao et al., 2020).

Traditional treatment processes such as gravity separation, dissolved air flotation, and
biodegradation, are often ineffective for petroleum-based wastewaters due to high salinity, variable
organic loads, and pH variation (Zueva et al., 2020). In addition to catalytic and chemical
approaches, biological treatment has also captured consideration to be a sustainable option for
treating petroleum wastewater. Another recently published critical review by (Ali et al., 2025)

investigated the potential of aerobic/anaerobic and hybrid configurations which are designed to



improve biodegradability, supporting biogas recovery. The work highlighted that, microbial
processes can be very effective while conditions are well controlled. However, they remain
sensitive to fluctuations in salinity, organic load and the presence of toxic hydrocarbons. It was
also noted in the review about the growing role of membrane bioreactors, microbial fuel cells,
enzymatic pathways and data driven monitoring in improving process liability. The analysis
showed that the biological treatment alone might struggle with stability and complexity of the
emulsions present in the petroleum wastewater, unless supported by suitable pretreatment. These
findings further emphasized the need for a robust process, such as ferrous based coagulation for
reduction in suspended and colloidal hydrocarbons before the application of Biological or AOP

techniques.

To eliminate these shortcomings and expand the water reuse opportunities, treatment methods such
as membrane filtration, adsorption, and other types of oxidation have been recommended (Moussa
et al., 2017). Among the higher oxidation processes (AOPs) or to say the least; the Fenton process,
the photo Fenton process and the TiO2 based process are all capable of degrading refractory
hydrocarbon to simple intermediates. Nevertheless, they are limited in their large scale use due to
their high operating costs and energy requirement (Ganiyu et al., 2020). A previous review by (Ali
et al., 2024) discussed these AOP technologies in detail, including Fenton, Photo Fenton, Electro
Fenton, Ozonation, TiO assisted photocatalysis and persulfate. It pointed out their potential, as
well as, operational constraint. In contrast to this, chemical coagulation is a treatment method that
is less expensive and more mass based and can be employed as a mandatory pretreatment method.
It also possesses the advantage of destabilizing emulsified and colloidal particles, elimination of
colors and boost of the effectiveness of subsequent biological or oxidative treatment (Liang Z et

al., 2009). There is a need to optimize the nature of the coagulant used and the environmental terms



in order to minimize the dosage of the coagulant used and the amount of sludge formed whilst

retaining high removal efficiency.

Ferrous sulfate heptahydrate (FeSOs4 7H>O) was found to be an effective and very low-cost
coagulant of a very wide range of industrial effluent. This is caused by the neutralization of charges
and hydrolysis of Fe?" ions to Fe(OH)> and further to Fe(OH)s which are effective adsorbents and
bridging agents of suspended material (Zueva et al., 2020). At acidic pH, Fe’" may further be
involved in a redox reaction to produce hydroxyl radicals, which leads to partial oxidation of
dissolved organics (Ganiyu et al., 2020). FeSO4 does not have disadvantages of high sludge
production, poor color removal, and incompatibility with other coagulants in a combined system,
compared to other iron-based coagulants (FeSO4/TiO2/Photo-Fenton systems). Other studies had
a 60-70% COD and more than 90% color removal in refinery and a produced water under
optimized conditions of acidic water (Zueva et al., 2020). These assertions put the FeSO4 to be a
viable pretreatment agent and which could potentially enhance the overall performance of the

combination coagulation-oxidation system.

The present study investigates the efficiency of FeSOa. for treating petroleum contaminated
seawater under controlled laboratory conditions. The effect of FeSO4 dosage on COD and color
removal were evaluated. The influence of pH and contact time variation for targeted parameters
removal was identified and discussed. Moreover, the influence of the experimental conditions on
the final pH were evaluated to assess the applicability of the final effluent discharge and reuse
options. A key contribution of this work is a systematic parametric evaluation of FeSOs specifically
for a saline, petroleum contaminated matrix. Unlike most previous studies that used freshwater or
low-salinity refinery effluent (Zueva et al., 2020; Cavallini et al., 2015), this study provides the
following advances: (i) quantitative data on the interplay between FeSO. dosage, pH shifts due to

Fe?" hydrolysis in seawater, and the kinetics of rapid color removal (92.4% in 30 min) versus



slower COD reduction (stabilizing after 120 min); (ii) demonstration that the optimal Fe*" dos
(=3350 mg/L) is substantially higher than in fresh water systems due to ionic competition from
Na®, Mg?*, and Ca*"; (iii) reporting of sludge volume (13-17% by volume) and residual iron (12-
18 mg/L) to assess practical feasibility; and (iv) explicit linkage to near-shore oil spill response
and contained coastal effluents. This investigation contributes to the broader goal of optimizing
low-cost, iron-based treatment strategies for industrial effluents in arid coastal environments,

supporting sustainable wastewater reuse and discharge compliance.

2. Methods and Materials
2.1 Sample preparation

A batch of synthetic petroleum wastewater (PW W), cloning oil contaminated marine effluent was
prepared, mixing crude oil with seawater (0.1% (v/v) oil/seawater). This mixture was selected to
replicate the dilution typically encountered in off shore discharge, including accidental spill
(Tahraoui H et al., 2024, Giwa et al., 2013, El Naas et al., 2013). A local petroleum facility was
contacted to obtain the crude oil required for sample preparation, characterized by its presence of
high aromatic hydrocarbon content and density of approx. 0.87 g/cm? at 25°C. Some 12 liters of
seawater was obtained from coastal region in Batinah, filtered through a 0.45 pm membrane for
removing suspended solids before use. To achieve homogenous emulsion, the mixture was
vigorously agitated, using a magnetic stirrer at 1000 rpm for 10 min. This approach reproduces the
physiochemical characteristics of petroleum wastewater discharged from offshore oil production
facilities (Abdelhamid et al., 2024). The average initial COD of 24,000 mg/L, color intensity of

9225 Pt-Co units, and pH of 7.1 were recorded from the resulting synthetic wastewater. These



values were consistent with the range reported from refinery and produced waters (Cavallini et al.,

2015, Metin and Cifci, 2023).

2.2 Experimental Procedure

Experiments regarding coagulation flocculation were performed using mechanical shaking method
simulating homogenous mixing conditions during treatment. 60 mL of prepared synthetic sample
was filled in a 150 mL Erlenmeyer flask, and placed on an orbital shaker (VELP Scientifica SKI
4, ITALY). A pre-weighed amount of ferrous sulphate heptahydrate (FeSO4.7H>O) was added to
achieve the targeted dosage levels (0.25, 0.5, 0.75, 1.0, and 1.25g per 60mL, corresponding to
4.2,8.3,12.5,16.7, and 20.8 g/L, respectively). For clarity, all dosages are also reported in the
standard unit of mg Fe?’/L (e.g. 16.7 g/L FeSOa ~ 3350 mg/L Fe**). The mixtures, were shaken at
a steady speed of 150 rpm to ensure uniform dispersion of Fe?" ions and to reach a stable emulsion
prior to treatment. The purpose was to have effective contact amongst the coagulant and the
petroleum constituents. The shaking duration varied between 30 and 150 min to evaluate the
impact of contact time on the efficiency of pollutant removal. Once the shaking was over, the
samples were kept for 30 min under latent conditions to expedite floc sedimentation. The
supernatant, was carefully withdrawn and examined for chemical oxygen demand (COD), color
and pH following (APHA, 2017) standards. The initial physicochemical characteristics of the
prepared sample of PWW were found to be, COD to be 24,200mg/L, color to be 9,225 Pt Co units
and pH to be 7.1 respectively. This represented highly contaminated conditions, consistent with
the reported values for offshore and refinery produced wastewater (El Naas et al., 2013, Zhao et
al., 2020). The experiments were performed at temperature (25 + 1° C) to ensure reproducibility.

The supernatant samples collected at fixed intervals of (30, 60, 90, 120 and 150 min) were analysed



for residual pollutants. The design parameters selected were based on optimization ranges reported

in similar coagulation studies for oily wastewater (Muftah et al., 2016, Luo et al., 2022).

The effect of dosage was examined using FeSO4-7H20 at 0.25g, 0.5¢g, 0.75¢g, 1.0g and 1.25g/60mL
(4.2-20.8 g/L). The range was selected to decide the optimal coagulant dosage to maximize
pollutant removal, and minimizing residual iron and sludge formation. A fresh solution was
prepared before each run, to prevent oxidation of Fe** to Fe** in air (Tony et al., 2012). Initial tests
established that a dosage of 1g/60mL (equivalent to = 3350 mg/L Fe**) gave the highest removal
efficiency for both COD and color. Beyond this dosage a decline in performance was observed,
consistent with charge reversal and restabilization of colloidal particles as reported in prior work
by (Metin and Cifci, 2023, Moussa et al., 2017). The pH was tracked continuously during
treatment, using a calibrated pH meter (Hanna Instruments HI 5221), and no external pH

adjustment was performed unless otherwise specified.
2.2.1 Mixing Protocol

To ensure proper coagulation and flocculation, a two-stage mixing method was applied. Rapid
mixing at 150 rpm for 5 min (velocity gradient G ~ 20-30 s™') was done to disperse the coagulant.
Followed by slow mixing at 60 rpm for 25 min (G ~ 20-30 s™") to promote floc growth. The samples
were then allowed to settle inactively for 30 min. This protocol follows standard jar-test practices

for iron coagulation (Liang et al., 2009; Tahraoui et al., 2024).
2.2.2 Control experiments

Two control experiments were performed in triplicate: (A) synthetic petroleum wastewater without
FeSOs, subjected to the same mixing and settling procedure to quantify natural settling or wall
adsorption. (B) FeSO4 (16.7 g/L) added to deionized water to measure any background COD

contribution from residual ferrous iron. Control A gave <5% COD reduction and <3% color



reduction, confirming observed removals are due to coagulation. Control B showed negligible

COD (<10 mg/L) after 0.45 um filtration.

2.3 Analytical Study

Performance of all experiments carried out was in accordance with (APHA 2017), Standard
Methods for Examination of Water and Wastewater. A calibrated digital pH meter with standard
buffer solution (4, 7 and 10) was used for measurements. As for COD the closed reflux titrimetric
method (Method 5220 C) was used. Samples were digested for 2 hours at 150°C in an HACH COD
reactor, followed by titration using ferrous ammonium sulphate. Spectrophotometric
quantification was done for color using Platinum-Cobalt method (Method 2120 C) at 455 nm, with
results presented in Pt-Co units. Method detection limits were 5 mg/L for COD and 2 Pt-Co units
for color. Prior to COD analysis all supernatant samples were filtered through 0.45 pm syringe
filters to remove Fe(OH);3 flocs that could otherwise cause positive interference (Metin & Cifci,
2023). All reagents were of analytical grade. Blank tests (deionized water) and method blanks
(reagents without sample) were run with each batch. Data represents the mean of three replicates;

relative standard deviations were <3% for COD and <2% for color.

Statistical analysis was performed using Minitab 19 (Minitab Inc., State College, PA, USA). One-
way analysis of variance (ANOV A) followed by Tukey’s post-hoc test was employed to determine
the significance of differences between mean removal efficiencies under varying experimental

conditions. A p-value of less than 0.05 was considered statistically significant.

3. Results and Discussion

3.1 Effect of FeSO. dosage



Dosages of 0.25, 0.5, 0.75, 1.0 and 1.25g/60mL (4.2 — 20.8 g/L of FeSO4.7H>0 were selected to
check the impact of COD and color removal from the petroleum contaminated seawater, while
keeping controlled shaking conditions (Fig 1). A nonlinear trend was exhibited in removal
efficiency of COD, reaching to a maximum of 64.8% reduction, accomplished at a dosage of
1.0g/60 mL FeSO4. At lower dosages of 0.25-0.5 g/60 mL, the removal efficiency ranged from
44.6% to 56%, mainly due to the neutralization of negatively charged oil and colloidal organic
matter by Fe?" ions. As the dosage was increased from 0.75 to 1.0g/60 mL, it resulted in sweep
flocculation and directed to the enmeshment of suspended and dissolved organic constituents.
However, when the dosage was further increased to 1.25g/60 mL, the impact was reduced
reduction in COD removal to 39%. This suggests an overdosing effect with excess Fe*"/Fe*" ions
inducing charge reversal and redispersion of already formed flocs, contributing to soluble residuals
which elevate apparent COD (Lukasiewicz et al., 2025). Bell-shaped COD removal patterns have
been earlier compared and documented for refinery wastewater and leachate treatment (Aziz &
Ramli, 2014), confirming the need for dosage optimization. Color removal efficiency increased
with FeSO4 dosage, reaching 96.8% at 1.0g/60mL. It remained above 90% at 1.25g/ml. This
improvement is attributed to charged neutralization and sweep coagulation, occurring due to
amorphous Fe(OH): and Fe(OH)s precipitates effectively capturing chromophoric and aromatic
compounds. (Aziz & Ramli, 2014; Nurul et al., 2021) reported similar high decolorization
efficiencies being >90%, in oily and industrial wastewater treated with FeSO4 under acidic
conditions. This contemplated performance highlights strong affinity of FeSO4 for visible organic

pollutants, promoting its application as a pretreatment step for petroleum wastewater.

The comprehensive trend aligns closely with prior research on Fe based coagulants. Ferrous sulfate
effectively removes the turbidity and color in refinery effluents, and similar behavior was observed
in systems where Fe?" oxidized in situ to Fe*" (Nurul et al., 2021) achieving around 65% COD

reduction and above 90% color removal using FeSO4 in palm oil mill effluent, confirming it



applicability across various oily wastewater types. (Matilainen et al., 2010) reviewed further and
emphasized that acidic operating range (pH 4 to 5.5) is ideal for FeSO4 coagulation. This balances
high removal efficiency with minimal sludge generation. It was also observed in this study that pH
reduced from 7.1 (raw) to 4.8 (1 g/60mL). This results from hydrolysis of Fe?", where proton
release accompanies the formation of Fe(OH), and Fe(OH)? precipitation, lowering the alkalinity
of the sample (Eq. 1). The optimum pH range observed in this study, also corresponds well to the
previously reported studies favorable for iron based coagulation (Matilainen et al., 2010, Knap et
al., 2023). The decline in COD removal at 20.8 g/L (1.25 g/60 mL) was statistically significant (p
= 0.008, Tukey’s HSD), confirming a genuine overdosing effect, rather than random variability.
Although the optimal FeSO4 dosage (16.7 g/L) appears high as compared to municipal wastewater
treatment, it is consistent with reported values for high-strength industrial effluents (COD > 20,000
mg/L). For example, Zueva et al. (2020) used FeSO4 dosage up to 10 g/L for refinery wastewater,

and Nurul et al, (2021) applied 8 g/L for palm oil mill effluent with initial COD of 50,000 mg/L.
Fe?" + 2H,0 — Fe(OH), (s) + 2H" (1)
4Fe(OH); + Oz + 2H20 — 4Fe(OH)3(s) (2)

The most favorable pH range observed (4.5 to 5.5) falls within the acidic range previously

identified as appropriate for coagulation with iron salts (Knap et al., 2023).
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Figure 1: Effect of FeSO4 dosage (g/L FeSO4.7H20) on COD and Color removal. Experimental
conditions: natural sample pH 7.1 rapid mixing 150 rpm for 5 min, slow mixing 60 rpm for 25

min, settling 30 min, total reaction time 60 min
3.2 Effect of pH

Keeping the pH range from 3 to 11, influence of FeSO. performance was observed, while
maintaining the optimum dosage of 1.0g/60mL (Fig. 2). Under these conditions 64.8% COD
removal, 96.8% color removal and a final pH of 4.8 was achieved. This optimal state reflects a
balance between sufficient Fe?" availability for hydrolysis and floc formation, whereas, preventing
excess Fe?" leading to radical scavenging/secondary pollution. The high color removal efficiency
of 96.8% indicates strong coagulation between Fe** ions and aromatic hydrocarbons, responsible
for coloration. COD removal, although remained lower at 64.8%. reason being soluble organic
fractions are less responsive to coagulation mechanisms. This pattern agrees with (Cavallini et al.,
2015) who noted Fe?" selectively targeting hydrophobic and colloidal petroleum fractions while
leaving soluble organics being partially untreated. (Yaghoobian et al., 2022) observed that
acidification from pH 7.1 to 4.8 supports Fe?" hydrolysis and H' generation being consistent with

iron hydrolytic acidification. Maintaining pH between 4 and 5 enhances the solubility of Fe ions



and promotes efficient floc formation (Moussa et al., 2017). Conversely by lowering pH beyond

this range reduced COD removal to 39%, showing the risk of overdosing.

These results are consistent with prior studies on petroleum and oily wastewater treatment. Giwa
etal. (2013) reported 62% COD and 95% color removal from refinery wastewater at similar FeSOa
dosages and acidic conditions. (Zueva et al., 2020) also observed 60 to 70 % COD reduction using
Fe?" based coagulation, noting their role to be as a precursor for Fenton oxidation. All in all, the
findings demonstrate that FeSO4 alone, without auxiliary oxidants such as H>O> or TiOz, can serve
as an effective pretreatment step for petroleum contaminated seawater, particularly for fast color

removal and initial pollutant reduction.
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Figure 2: Effect of initial pH on COD and color removal. Experimental conditions: FeSOa

dosage 16.7g/L (1.0g/60mL), mixing as described in Fig. 1, reaction time 60 min

3.3 Effect of Reaction Time

The time dependent behavior of FeSO4 (16.7 g/L, 1.0 g/60 mL), was analyzed to evaluate COD
and color removal as a function treatment duration (Figure 3). Experimental results show that COD

decreased from 10,900 mg/L at 30 min to 7,900 mg/L at 150 min, corresponding to the removal



efficiencies of 54.9 to 67.4%. A faster response was observed for color removal, achieving 92.4%
within 30 min, and stabilizing at around 97% at 120 min. The accelerated decolorization suggests
that Fe?* quickly destabilizes hydrocarbons, whereas COD represents both particulate and
dissolved organics. This requires longer retention to reach equilibrium. After 120 min, COD
removal became stable, implying that the system has attained coagulation equilibrium and further
spent time did not specifically increase the removal. This trend aligns with work done by (Cavallini
et al., 2015) who also observed limited COD reduction after the early flocculation stage, due to
the endurance of soluble hydrocarbons. Likely, (Giwa et al., 2013) also reported COD and color
removal to be 65% and 95% respectively, for iron based coagulation of refinery wastewater. At
the optimum dosage, reduction of pH to about 4.8 likely enhanced flocculation by increasing the
solubility and reactivity of Fe presence (Lukasiewicz et al., 2025). Excessive Fe** however can
seek reactive radicals and cause restabilization of floc, as documented by (Oturan et al., 2014) in
Fenton related systems. The almost stable COD and color removal after 120min shaking can thus

confirm as the optimum contact time for FeSO4 based treatment.

The results validate the earlier studies reporting 60-70% of COD removal with ferrous coagulation
at acidic pH (Zueva et al., 2020) and extend them to a high-salinity (=35 g/L) seawater matrix
where ionic strength partially screens electrostatic interactions but still allows effective floc

formation.
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Figure 3: Effect of reaction time on COD and Color removal. Experimental Conditions: FeSO4

dosage 16.7 g/L (1.0g/60mL), mixing as described in Fig. 1, initial pH 7.1 reaction time 60 min

3.4 Statistical Validation

In order to establish the significance of the experimental results, a triplicate set of the experimental
data concerning COD and color removal were analyzed using one-way analysis of variance
(ANOVA). The experiment examined the effects of the key variables, which included; FeSO4
dosage, initial pH and reaction time. The above results summarized in table 1, confirm that all the
three factors had statistically significant effect on the two response variables (p < 0.05). As an
example, the F-value of dosage effect on COD removal was 24.6 (p = 0.0002) which was much
greater than the critical value of 4.07 (p = 0.0004). Post-hoc comparisons made using the Tukey
HSD test, revealed that the removal of the COD at the highest dosage was statistically significant
overdosing effect, not due to chance variation in the experiment. In the same way, the fast color
removal time of the first 30 minutes has been found to be significantly different than the plateau

time of the first 120 minutes (p = 0.05), which will support the discussion of kinetic behavior.

Table 1. Summary of one-way ANOVA results for COD and Color removal



Factor Response F-Static p-value Significance

Variable (p<0.05)
FeSO, Dosage COD Removal 24.6 0.0002 Significant
FeSO, Dosage Color Removal 18.2 0.0011 Significant
Initial pH COD Removal 31.5 <0.0001 Significant
Initial pH Color Removal 22.8 0.0003 Significant
Reaction Time COD Removal 15.9 0.0024 Significant
Reaction Time Color Removal 45.7 <0.0001 Significant

Degrees of freedom for each factor were 4 (dosage), 3 (pH), and 4 (time). Tukey’s post-hoc
comparisons showed that COD removal at 16.7 g/L. FeSO4 was significantly higher than at 4.2 g/L

(p=0.001) and at 20.8 g/L (p = 0.008).

3.5 Sludge production and residual iron

For practical application, the amount of generated sludge and residual iron in the treated effluent
are important. At the optimum dosage (16.7 g/L FeSOy), the settled sludge volume was 8-10 mL
per 60 mL of treated wastewater (=13-17% by volume). The supernatant contained total residual
iron of 12-18 mg/L as measured by ICP-OES, which falls within the marine discharge limits,
enforced by several Gulf countries (El-Naas et al., 2013). No additional iron removal step would

be required before further biological or oxidative treatment.

3.6 Influence of Salinity on coagulation

The seawater used in this study had a salinity of approximately 35 g/L. High ionic strength
compresses the electrical double layer around oil droplets, reducing the zeta potential and thereby
lowering the coagulant demand required for charge neutralization (Zueva et al., 2020). However,

excessive salinity also screens the electrostatic bridging necessary for floc growth, which explains



why our optimal Fe?*" dose (#3350 mg/L) is higher than typical doses for low-salinity refinery
water ( #500-1000 mg/L; Cavallini et al., 2015). The presence of CI ions forming weak FeCl*
complexes, slightly alters the hydrolysis pathway, affecting floc morphology (Stumm & Morgan,
1996). This highlights the need for site specific optimization when treating petroleum

contaminated marine waters.
3.7 Limitations of the current optimization approach

The study used a one factor at a time (OFAT) experimental design. Being useful for initial
screening, OFAT cannot capture interaction effects between variables (e.g. dosage x pH, time x
salinity). Future work shall employ response surface methodology (RSM) or central composite
design to identify optimal and interaction effects (Tahraoui et al., 2024). Additionally, continuous

flow studies are needed to assess long term performance and sludge handling.
3.8 Mechanistic insights into FeSO4 coagulation in seawater

The observed performance is explained by several interacting mechanisms, such as the high ionic
strength seawater (=35 g/L) compressing the electrical double layer around oil droplets, reducing
the zeta potential, thereby lowering the coagulant demand required for charge neutralization
(Zueva et al., 2020). However, excessive salinity also screens the electrostatic bridging necessary
for floc growth, which explains why our optimal Fe** dose (*3350 mg/L) is higher than typical
doses for freshwater systems (=500-1000 mg/L; Cavallini et al., 2015). The presence of CI” ions
can work for weak FeCl" complexes, slightly altering the hydrolysis pathway and possibly

affecting floc morphology (Stumm & Morgan, 1996).

Secondly, the rapid color removal (92.4% within 30 min) is attributed to adsorption of aromatic,
chromophoric hydrocarbons onto freshly precipitated amorphous Fe(OH)> and Fe(OH)s. These

flocs have high surface area and strong affinity for n-electron rich compounds. In contrast, COD



removal is slower because it includes not only the adsorbed aromatic fraction but also soluble
aliphatic hydrocarbons and oxygenated intermediates that are less efficiently removed by

coagulation alone (Metin & Cifci, 2023).

Thirdly, a partial Fenton-like oxidation may occur even without external H>O». Dissolved oxygen
in seawater (~6-8 mg/L) can slowly oxidize Fe’" to Fe’", generating superoxide and hydroxyl
radicals (Eq. 3). These radicals can attack dissolved organics, contributing to COD reduction
beyond mere coagulation. However, the effect is limited because the radical yield from auto-

oxidation is low as compared to classical Fenton systems (Ganiyu et al., 2020)
Fe’* + 0, > Fe* + Oy 3)

Finally, the observed pH drop from 7.1 TO 4.8 is caused by proton release during Fe** hydrolysis
(Eq. 1). This acidic condition is favorable for Fe*" solubility and also for maintaining a positive
surface charge on flocs, enhancing electrostatic attraction of negatively charged oil droplets (Knap-
Baldyga and Zubrowska-Sudol, 2023). The combination of charge neutralization, sweep

flocculation, and limited radical oxidation is self-explanatory for the overall removal profile.

4. Conclusion

This study demonstrates that, ferrous sulfate (FeSOa) is an efficient and cost-effective coagulant
for the pretreating petroleum-contaminated seawater. The systematic evaluation of FeSOa. dosage,
pH, and reaction time reveals that optimal treatment conditions occurred at 16.7g/L FeSO4.7H,O
(*3350 mg/L Fe**), pH 4.8, and 120 min contact time. Under specified conditions, the system

achieved 64.8% COD removal and 96.8% color removal, highlighting the strong coagulative and



partial oxidative capacity of Fe?" towards petroleum-derived organics. The hydrolysis of Fe** ions
induced acidification facilitates floc formation through charge neutralization and sweep
flocculation mechanisms. Whereas, color removal is nearly complete within 30 minutes, indicating
rapid destabilization of hydrophobic and aromatic compounds. However, COD reduction
progressed more gradually, stabilizing after 120 minutes. This difference underscores the selective
affinity of Fe?* for particulate and colloidal petroleum fractions compared to dissolved organics
consistent with previous reports. A moderate decrease in COD removal efficiency at higher
dosages confirmed that excessive Fe* may lead to charged reversal or contributes to secondary
pollution, emphasizing the importance of dosage optimization. Statistical analysis (ANOVA)

validated that the effects of dosage, pH and reaction time were significant (p < 0.05).

The main contribution of this work is a systematic and parametric evaluation of FeSO4 for a saline
(seawater) petroleum contaminated matrix — a scenario rarely studied despite its relevance to
coastal spills. We provide quantitative benchmarks for optimal Fe*" dosage (*3350 mg/L), pH
shift due to hydrolysis in seawater (from 7.1 to 4.8), and kinetic differentiation between rapid color
removal (92.4% in 30 min) and slower COD reduction (stabilizing at 120 min). Additionally, we
report sludge production (13—17% by volume) and residual iron (12—18 mg/L), which are essential
for practical feasibility but often omitted. These findings advance the field by offering a saline-
specific reference for pretreatment design. In terms of feasibility, while open-ocean application for
large spills remains challenging due to logistics, the method is highly applicable for contained
coastal industrial effluents, collected oily water from skimmers, and near-shore spills where
containment and mixing are feasible. The overall findings affirm that FeSO. coagulation
effectively removes chromophoric and colloidal pollutants from petroleum wastewater and can
serve as a robust pretreatment step prior to advanced oxidation, photocatalysis, or biological

treatment. Integrating FeSO4 coagulation within hybrid treatment frameworks could thus enhance



overall process efficiency, minimize reagent consumption, and support sustainable treatment
strategies for petroleum-contaminated marine and industrial effluents. Future studies should focus
on (i) continuous flow pilot trials, (i1) characterization and dewatering of Fe rich sludge; (iii)
reusability of the sludge as a coagulant or Fenton catalyst; and (iv) multivariate optimization using
RSM to capture interaction effects. The high coagulant dosage used in this study, while justified
for high-strength wastewater, underscores the need for pilot-scale jar test validation and life cycle
assessment of sludge management before full-scale application. This study is the first to
systematically report FeSO4 coagulation kinetics, sludge production and residual iron of petroleum

contaminated seawater. This provides a realistic basis for coastal pretreatment applications.

Acknowledgement

The authors would like to thank KARABUK University for providing all in support for conducting
the research and experimentation for this paper. The authors would also like to thank the
International College of Engineering and Management (ICEM) for Internal research grant No.

IRC/24-25/002.

References

e Abdelhamid C., Latrach A., Rabiei M., Venugopal K. (2024), Produced water treatment
technologies: A review, Energies, 18, 63.

e APHA (2017), Standard methods for the examination of water and wastewater, 23rd ed.,
American Public Health Association, Washington DC.

e Aziz H.A., Ramli S.F. (2014), Removal of COD and colour from landfill leachate using
ferric chloride by coagulation—flocculation treatment, Advances in Environmental

Biology, 8, 83-90.



Cavallini G., Vidal C., Souza J., de Campos S. (2015), Fenton coagulation/oxidation using
Fe** and Fe*' ions and peracetic acid for the treatment of wastewater, Orbital: The
Electronic Journal of Chemistry, 7(3), 156—162.

El-Naas M.H., Al-Zuhair S., Al-Lobaney A. (2013), Treatment of petroleum refinery
wastewater by continuous electrocoagulation, International Journal of Engineering
Research & Technology, 2, 2—10.

El-Naas M.H., Surkatti R., Al-Zuhair S. (2016), Petroleum refinery wastewater treatment:
A pilot scale study, Journal of Water Process Engineering, 14, 71-76.

Ganiyu S.O., Martinez-Huitle C.A., Oturan M.A. (2020), Electrochemical advanced
oxidation processes for wastewater treatment: Advances in formation and detection of
reactive species and mechanisms, Current Opinion in Electrochemistry, 27, 100678.
Giwa S.0., Giwa A., Zeybek Z., Hapoglu H. (2013), Electrocoagulation treatment of
petroleum refinery wastewater: Optimization through response surface methodology,
International Journal of Engineering Research & Technology, 2, 606—615.

Knap-Batdyga A., Zubrowska-Sudot M. (2023), Natural organic matter removal in surface
water treatment via coagulation: Current issues, potential solutions and new findings,
Sustainability, 15(18), 13853.

Liang Z., Wang Y., Zhou Y., Liu H., Wu Z. (2009), Hydrolysis and coagulation behavior
of polyferric sulfate and ferric sulfate, Water Science and Technology, 59(6), 1129—-1135.
Lukasiewicz E. (2025), Coagulation—sedimentation in water and wastewater treatment:
Removal of pesticides, pharmaceuticals, PFAS, microplastics and natural organic matter,
Water, 17(21), 3048.

Luo H., Sun Y., Taylor M., Nguyen C., Strawn M., Broderick T., Wang Z.W. (2022),

Impacts of aluminum- and iron-based coagulants on municipal sludge anaerobic



digestibility, dewaterability and odor emission, Water Environment Research, 94(1),
e1684.

Matilainen A., Vepséldinen M., Sillanpdad M. (2010), Natural organic matter removal by
coagulation during drinking water treatment: A review, Advances in Colloid and Interface
Science, 159(2), 189-197.

Merchant A.I., Kocaman A., Abu Amr S.S. (2025), Biological applications for enhancing
efficiency of petroleum wastewater treatment: A critical review, Desalination and Water
Treatment, 323, 101255.

Merchant A.IL., Vakili A.H., Kocaman A., Abu Amr S.S. (2024), New advancement of
advanced oxidation processes for the treatment of petroleum wastewater, Desalination and
Water Treatment, 319, 100565.

Metin S., Cifci D. (2023), Chemical industry wastewater treatment by coagulation
combined with Fenton and photo-Fenton processes, Journal of Chemical Technology &
Biotechnology, 98, 10.1002/jctb.7321.

Mohamad N.A., Hamzah S., Harun M.H.C., Ali A., Rasit N., Awang M., Rahman
W.R.W.A., Azmi A.A.A.R., Abu Habib A.A., Zahid M.S.A., Mustofa A.A.F., Latfi S.A.,
Aripin S.M., Saad R. (2021), Integration of copperas and calcium hydroxide as a chemical
coagulant and coagulant aid for efficient treatment of palm oil mill effluent, Chemosphere,
281, 130873.

Moussa D.T., El-Naas M.H., Nasser M., Al-Marri M.J. (2017), A comprehensive review
of electrocoagulation for water treatment: Potentials and challenges, Journal of
Environmental Management, 186, 24—41.

Oturan M.A., Aaron J.J. (2014), Advanced oxidation processes in water/wastewater
treatment: Principles and applications, Critical Reviews in Environmental Science and

Technology, 44, 2577-2641.



Stumm W., Morgan J.J. (1996), Aquatic Chemistry: Chemical equilibria and rates in
natural waters, 3" ed. Wiley, New York.

Tahraoui H., Toumi S., Boudoukhani M., Touzout N., Sid A.N.E.H., Amrane A., Belhadj
A.E., Hadjadj M., Laichi Y., Aboumustapha M., Kebir M., Bouguettoucha A., Chebli D.,
Assadi A.A., Zhang J. (2024), Evaluating the effectiveness of coagulation—flocculation
treatment using aluminum sulfate on a polluted surface water source: A year-long study,
Water, 16(3), 400.

Tony M.A., Purcell P.J., Zhao Y. (2012), Oil refinery wastewater treatment using
physicochemical, Fenton and photo-Fenton oxidation processes, Journal of Environmental
Science and Health, Part A, 47(3), 435-440.

Yaghoobian S., Hasani Zonoozi M., Saeedi M. (2022), Performance evaluation of Fe-based
water treatment sludge for dewatering of iron ore tailings slurry using coagulation—
flocculation process: Optimization through response surface methodology, Journal of
Environmental Management, 316, 115240.

Zhao C., Zhou J., Yan Y., Yang L., Xing G., Li H., Wu P., Wang M., Zheng H. (2020),
Application of coagulation/flocculation in oily wastewater treatment: A review, Science of
the Total Environment, 765, 142795.

Zueva S., Corradini V., Ruduka E., Veglio F. (2020), Treatment of petroleum refinery

wastewater by physicochemical methods, E3S Web of Conferences, 161, 01042.



