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Abstract

Global water scarcity and the increasing demand from industrial sectors have
made wastewater recycling an essential strategy for sustainable resource
management. Among various industrial effluents, spent caustic wastewater from
petrochemical units is considered one of the most challenging and hazardous
streams due to its high alkalinity, hié;h sulfide content, unpleasant odor, and
toxicity. Inadequate treatment or disposal of this effluent can severely
contaminate water bodies and threaten both human health and aquatic
ecosystems. Therefore, the development of efficient, economical, and
environmentally friendly methods for sulfide removal has become a critical
priority. This study investigated the potential of hydrodynamic cavitation as a
treatment technology for sulfide removal from spent caustic wastewater. A semi-
industrial pilot reactor equipped with an orifice-plate cavitation device was
designed and operated using synthetic wastewater simulating real effluent. The
influence of key operating parameters - including inlet pressure (3 to 5 bar),
initial temperature (20 to 40°C), residence time (0 to 120 minutes), sulfide
concentration (5 to 20 mg/L), and the addition of oxidants (1000 mg/L H,O, and
45 L/min of air) - was systematically investigated using a single-factor approach.
The results indicated that at the optimal pressure of 4 bar and a temperature of
30°C, more than 90% of sulfide removal was achieved in less than 60 minutes,
with complete removal achieved within 90 minutes. Increasing the retention time
led to a }_g?her number of recirculation cycles (over 70 cycles) and improved
removal efficiency. At an initial concentration of 5 mg/L, complete sulfide
removal occurred in less than 60 minutes, whereas at 20 mg/L, approximately
50% removal was achieved within the first 30 minutes, with complete removal
after 90 minutes. The addition of air or H,O, alone did not yield significant
improvement; the high peroxide dose converted J)art of the OH’ radicals into
weaker HO," species, and excessive aeration reduced the intensity of bubble
collapse, thus reducing the system’s oxidative capa%ity compared to pure HC.
The data shoyed good agreement with zero-order (R® = 0.89-0.99) and pseudo-
first-order §R2 = 0.85-0.98) kinetic models. The cavitation yield was calculated as
0.0025 mg/J, and the treatment cost under optimal conditions was estimated at
approximately 44060 Rials per cubic meter of wastewater. The results show that
the hydrodynamic cavitation, without the need for chemical additives, is an
efficient, cost-effective, and sustainable method for removing sulfide from high-
salinity spent caustic wastewater.
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1. Introduction

The oil, gas, petrochemical, and chemical
industries are major sources of hazardous
wastewater. Spent caustic, the wastewater

generated from washing streams containing sulfur
compounds with NaOH, is rich in sulfides and
phenolic compounds. Its entry into biological
treatment systems can cause strong odors, pH
fluctuations, excessive foaming, and incomplete
sludge settling (EImi et al., 2021; Roudsari et al.,
2017). Due to the toxicity of sulfides, the
persistence of phenol, and high salinity (1000-
150,000 mg/L) with COD ranging from 5000 to
240,000 mg/L, biological treatment without
pretreatment is challenging (Alipour and Azari,
2020; EImi et al., 2021; Seyedin and
Hassanzadeganroudsari, 2018).

Various treatment methods for spent caustic
have been explored, including wet and advanced
oxidation (Chen, 2013; Crespo et al., 2015),
Fenton processes and photocatalysis (Elmi et al.
2021; Zhang et al., 2023), membrane distillation
(Niknejad et al., 2021), biochar (Fazli et al.
2019), electrocoagulation (Shokri and
Nasernejad, 2024), and biological processes
(Zhao et al., 2014). Initial dilution is often
necessary in many of these methods to reduce
pollutant concentration (Rita et al., 2022).

Advanced oxidation and cavitation, especially
hydrodynamic cavitation®, are efficient methods
due to the production of highly reactive hydroxyl
radicals (OH®), high energy efficiency, and the
ability to operate at natural pH (Merdoud et al.
2024). Numerous studies have shown that HC,
alone or combined with H,0, (Baradaran and
Sadeghi, 2024), ozone (Wang et al., 2022),
Fenton reagents (Kanthale et al., 2023), air, TiO,,
or photocatalysts (Arbab et al., 2020), is effective
in removing a wide range of pollutants including
dyes (Ji_et al, 2022), persistent organic
compounds (Liu et al., 2025), cyanide (Andia et
al., 2021), surfactants (Da Cunha et al., 2024),
pharmaceuticals (Devia-Orjuela et al., 2024), and
microorganisms (Xue et al., 2025).

Considering the high salinity of spent caustic
and the limitations of conventional methods, this
study focuses on HC for sulfide removal without
a dilution step. The aim is to identify optimal
operational conditions, including inlet pressure,
temperature, initial pollutant concentration, and
downstream pressure, to achieve maximum
sulfide removal efficiency. Provided that effective
sulfide reduction is achieved, future studies can
investigate the implementation of advanced units,

! Hydrodynamic Cavitation (HC)
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such as reverse osmosis, as a complementary
treatment stage.

2. Methodology

A semi-industrial pilot unit was designed to
evaluate hydrodynamic cavitation for sulfide
removal from spent caustic wastewater from a
petrochemical facility in Asaluyeh, Iran.
Synthetic wastewater was used during controlled
experiments to ensure reproducibility and stable
conditions.

The pilot included an 80 L polyethylene tank,
a centrifugal pump (50 L/min, 2.2 kW),
suction/discharge pipes, an orifice plate as the
cavitation generator, a check valve, and
upstream/downstream pressure gauges to monitor
the process.

Synthetic wastewater (COD=1000mg/L) was
prepared using C¢H1,0g, CO(NH,),, NH;H,POy,
NaCl, Na,SO,, Na,S, and phenol, with pH
adjusted by NaOH and HCI. Experiments were
single-factorial, with samples collected every
15-30 minutes, and sulfide removal calculated as

the  percentage  reduction  from initial
concentration using the following formula
(C' _Ct)
%) = 2 %100
n(%) c ~ (1)

In this context, C; and C; are the sulfide
concentrations at the initial and any desired time
points, respectively.

Optimal operating conditions (residence time,
inlet pressure, temperature) were determined,
followed by testing various initial sulfide
concentrations.  Energy  consumption  and
operational costs were compared for HC alone
and in combination with H,O, or air to rank
process performance.

Key properties of the spent caustic wastewater
included COD = 1000 mg/L, BOD = 200 mg/L,
TDS = 25,000 mg/L, sulfide 0-20 mg/L, phenol
0-20 mg/L, pH 6-8, and temperature 40°C.

3. Discussion and results

The effect of inlet pressure on sulfide removal
efficiency was studied at 3, 4 and 5 bar for 2
hours under controlled conditions (T=30°C,
pH=7.5, initial sulfide = 20 mg/L). Maximum
efficiency was observed at 4 bar, achieving
complete sulfide removal within 90 minutes.
Lower pressure (3 bar) resulted in slower removal
(~70% after 120 min), while higher pressure (5

bar) caused super cavitation, reducing
performance despite faster initial removal.
Increased residence time enhanced removal

efficiency due to more fluid recirculation through
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Fig. 1. Effect of inlet pressure on the efficiency of
sulfide removal

the cavitation zone, with optimal residence time
between 60-90 minutes (Fig. 1). Cavitation
number (Cv) evaluation confirmed that excessive
Cv reduces cavitation efficiency and sulfide
removal.

The effect of initial temperature was tested at
20, 30, and 40°C under fixed conditions (P = 4
bar, pH = 7.5, sulfide = 20 mg/L). Maximum
removal (100%) occurred at 30°C due to optimal
vapor pressure balance, producing stable and
energetic bubble collapses (Fig. 2). Lower
temperature (20°C) slowed removal (~70% in 120
min), while higher temperature (40°C) reduced
efficiency (~56%) because of unstable bubbles
and weaker radical formation.

Temp=40°C
== Temp=20°C

=@ Temp=30°C

0 30 60 90 120 150
Time (min)
Fig. 2. Effect of initial temperature on the efficiency of
sulfide removal

The initial sulfide concentration effect was
investigated  from  5-20 mg/L.  Lower
concentrations achieved faster and higher
removal: 5 mg/L sulfide was fully removed
within 60 min (>90% in 30 min), while higher
concentrations required longer residence times
due to increased competition for radicals and
mass transfer limitations (Fig. 3).
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Fig. 3. Effect of initial concentration on the efficiency
of sulfide removal

The impact of H,O, and aeration was also
examined at optimized doses (1000 mg/L H,0,,
45 L/min air). HC alone outperformed combined
systems, achieving >90% removal in 60 minutes
and near-complete removal in 90-100 minutes
(Fig. 4). Addition of air slightly reduced
efficiency due to bubble collapse attenuation,
while excess H,O, consumed some OH’ radicals,
reducing the overall oxidizing capacity. The
process order of effectiveness was: HC > HC +
Air > HC + H,0,.

—+—HC
TOA— HC+H202 (1000ppm)

== HC+Air (45lit/min)

Sulfide reduction (%)

0 T T T T ]
0 30 60 90 120 150
Time (min)

Fig. 4. Effect of oxidations (Aeration & H,0,) on the

efficiency of sulfide removal

Kinetic analysis showed that sulfide removal
follows mainly zero-order and pseudo-first-order
Kinetics.

Finally, energy consumption and operational
cost were evaluated. HC achieved >95% sulfide
removal with an energy efficiency of 0.0025
mg/J. The estimated treatment cost per cubic
meter of wastewater was 0.28$, confirming that

HC is a high-efficiency, cost-effective, and
environmentally  friendly —method  without
requiring additional chemicals.
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Table 1. Summary of kinetic model coefficients in sulfide removal in spent caustic wastewater treatment
L. Pseudo-first-order L.
Sulfide;, Zero-order kinetics . . Second-order Kkinetics
Scheme (ppm) kinetics
PP K R K, R K, R
5 0.1128 0.95 0.0764 0.98 0.1320 0.73
HC 10 0.1546 0.99 0.0473 0.85 0.0299 0.59
15 0.2017 0.95 0.0542 0.93 0.0379 0.76
20 0.2690 0.89 0.0556 0.94 0.0343 0.70
4. Conclusions pubble collapse. Adding H,0, or air provided no
This study examined hydrodynamic cavitation |mprtgvemer1thand, r']” the c;se IOf H20;, slowed '_[Qe
and its hybrids with H,0, and air for sulfide ~ feaction - througnh - radical-consuming sidé
removal using an orifice-plate reactor. HC alone reactlons_. Experlmgnta[ datazflt zero-order and
achieved nearly 100% sulfide degradation at pseudo-ﬂrst-prd(«jar klnetlcsh_(RhIz l}.f_O_verall, HC
optimal conditions (4 bar, 30 °C), while higher W;S _recognlze als b? 1ghly ef'C'enta Co?ti
pressures and excessive temperatures reduced € eftlvet, "’E{n tsca? e process for iIndusria
efficiency due to super cavitation and unstable wastewater treatment.
Water and Wastewater Mol 5 ol
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Table 1. Structural specifications of the pilot

Components Specifications
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Check valve Installed valve on the pump outlet line to prevent backflow
Pressure measuring Two pressure gauges installed upstream and downstream of
instruments the orifice plate
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Table 3. Values and ranges of parameters investigated
in the experiments

Parameter Value
Inlet pressure 3, 4,5 bar
Inlet temperature 20, 30, 40°C

Initial sulfide concentration 5, 10, 15, 20 mg/L

Retention time 0, 30, 60, 90, 120

min
H,0, concentration 1000 mg/L
Air flow rate 45 lit/min
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