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ABSTRACT

This study aims to evaluate the performance of a fixed-bed process for treating oily wastewater from
oil fields in southern Algeria using autoclaved cellular concrete (ACC) as a novel bacterial support.
The experimental setup consists of a column filled with ACC, forming a fixed bed. The bioreactor is
inoculated with mixed sludge and operates continuously with upward flow. The inhibitory effect of iron
on COD removal was evaluated using iron concentrations of 5, 15, and 85 mg/L. Removal efficiencies
of key parameters were measured to assess bioreactor performance. Chemical oxygen demand (COD)
removal rates reached 90%, 91%, and 92% at Fe?' concentrations of 5, 15, and 85 mg/L, respectively.
Corresponding Fe** elimination rates were 98%, 95%, and 97%. A high Fe*" concentration of 85 mg/L
did not inhibit hydrocarbon biodegradation. Autoclaved cellular concrete was characterized using
scanning electron microscopy (SEM), which revealed a porous structure and a rough surface conducive
to bacterial adhesion and growth. Energy-dispersive X-ray spectroscopy (EDX) analysis showed that
the support is primarily composed of silica (Si), oxygen (O), and calcium (Ca), with minor amounts of
iron (Fe), magnesium (Mg), and potassium (K). The absence of toxic materials in the support confirms
its suitability as a bacterial support.

Keywords: fixed-bed process, autoclaved cellular concrete, oil well effluents, biological support.

INTRODUCTION

As the oil industry relentlessly expands, it has
become a significant source of pollution, attracting
intense scrutiny worldwide. This industry encoun-
ters major challenges in managing and treating oil
drilling wastewater. Petroleum industry operations
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use large amounts of water and generate signifi-
cant effluent containing salts, carbon compounds
(dispersed and dissolved), heavy metals, drilling
muds, oil, additives, acids, and solvents (Perez et
al., 2016; Sanghamitra et al., 2021). All these tox-
ic compounds disrupt the equilibrium of both ter-
restrial and marine ecosystems (Vieira dos Santos


https://orcid.org/0000-0002-6802-0513
https://orcid.org/0000-0003-1810-5225

Journal of Ecological Engineering 2026, 27(11), 420-432

et al.,, 2014; Adetunji and Olaniran, 2021). The
infiltration of oil effluents contaminates ground-
water resources essential to sustaining life in arid
regions (Alvarez et al., 2017; Mokif et al., 2022),
depletes soil fertility, and causes significant harm
to local flora and fauna (Mansour et al., 2024; Tu-
murbaatar et al., 2024). Beyond their environmen-
tal impact, these pollutants take a serious toll on
human health. Organic pollutants, such as poly-
cyclic aromatic hydrocarbons, can disrupt the en-
docrine system, damage the nervous system, and
increase the risk of cancer (Turner et al., 2017).
Their presence is also linked to lung diseases and
persistent skin inflammation (Kadri et al., 2017;
Lawan et al., 2023).

Each application of water necessitates com-
pliance with specific water quality standards. Re-
move dispersed phases before reinjecting water,
and eliminate dissolved substances before dis-
charge or reuse for irrigation. In the oil industry,
discharge standards govern liquid effluents, at-
mospheric emissions, and solid waste. Drilling
muds, particularly oil-based muds, must be con-
tained and treated. Their direct discharge into the
environment is strictly prohibited.

Numerous treatment techniques have been
developed for petroleum industry wastewater and
are classified into distinct methodological cat-
egories. Ozonation (Christodoulis et al., (2024),
membrane bioreactors (Di Fabio et al., 2013), co-
agulation, adsorption, flocculation (Varjani et al.,
2019), and hybrid methods that combine adsorp-
tion processes with advanced oxidation (Alomar
et al., 2022). Recent studies have applied electro-
chemical oxidation (Mirshafiee et al., 2024), and
photocatalysis (Zhang et al., 2024). However,
these processes are not fully effective in remov-
ing dissolved organic matter and produce harmful
byproducts (Islam, 2021; Ferreira et al., 2024).

In contrast, biological treatment is evalu-
ated as an environmentally sustainable and cost-
effective solution. This method offers significant
advantages, including reduced operational costs,
elimination of chemical usage, and enhanced re-
moval efficiencies for a broad range of dissolved
compounds compared with physicochemical
treatments (Alaidaroos et al., 2023).

Aerobic processes employ either free-living
bacterial cultures suspended in the water to be
treated, known as activated sludge treatment, or
bacterial cultures fixed on a support, referred to as
fixed-bed treatment (Lusinier et al., 2021). Fixed-
bed biological processes have demonstrated

effectiveness in removing organic matter and
are applicable across a broad spectrum of or-
ganic load concentrations, ranging from low to
very high. Aerobic biodegradation rates are sig-
nificantly influenced by factors such as nutrient
availability, oxygen concentration, pH, humidity,
temperature, and the specific nature of the pollut-
ant (Kulkarni, 2016; Zhao et al., 2019).

Heterotrophic bacteria play a crucial role in
the final decomposition of organic matter dur-
ing these processes. Their catabolic activity con-
verts complex organic compounds into simpler
substances during decomposition (Marchand
et al., 2017; Eregie et al., 2023). Hydrocarbon
biodegradation involves oxidation reactions that
yield lower-molecular-weight hydrocarbons,
carbon dioxide, water, and bacterial biomass
upon completion (Atlas and Raymond, 2008;
Liu et al., 2023).

The chemical reactions of hydrocarbon bio-
degradation, catalyzed by bacterial enzymes, are
complex and depend on environmental physi-
cochemical conditions, the nature of the hydro-
carbon substrate, and the bacterial strain used
(Kuyukina et al., 2020). Aerobic biological pro-
cesses are widely used in oilfield wastewater
treatment due to their faster reaction kinetics and
higher purification efficiency compared to anaer-
obic processes. Several aerobic bacterial species,
such as Pseudomonas, Acinetobacter, Flavobac-
terium, Mycobacterium, Brevibacterium, and Ar-
throbacter, can degrade hydrocarbons (Atlas and
Raymond, 2008; Zhao et al., 2025).

During the growth phase, most microorgan-
isms can colonize support surfaces. Attachment
is facilitated by exopolymers produced by bacte-
ria. Initial colonization of solid surfaces occurs at
specific preferred sites, from which biofilm for-
mation progresses until the substrate is fully cov-
ered. Concurrently, cell generation contributes to
increased biofilm thickness (Lusinier et al., 2021;
Walker et al., 2025). Biofilms formed by micro-
organisms are subject to diverse hydrodynamic
conditions. Fluctuations in nutrient and oxygen
availability, along with applied shear stress, sig-
nificantly influence cell adhesion to support sur-
faces and may impact treatment efficiency (Bhat-
tacharyya et al., 2022; Afify et al., 2025).

The selection of appropriate support materi-
als is critical for achieving effective treatment in
fixed-bed bioreactors (Zhao et al., 2019; Nabat-
erega et al., 2025). Previous studies have dem-
onstrated that supports in fixed-bed bioreactors
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promote biofilm formation on their surfaces,
thereby increasing resistance to environmental
stresses and improving nutrient transfer (Zhou et
al., 2020; Lago et al., 2024).

Numerous types of supports have been in-
vestigated in biological processes to address oil
wastewater, such as ceramic carriers (Dong et al.
2011), bamboo and coconut husk chips (Antwi-
Akomea et al., 2018), biochar (Chen et al., 2019),
Luffa cylindrica-polystyrene hybrid (Okan et
al., 2022), modified biochar (Geng et al., 2024),
Anox Kaldnes K5 media (Ferreira et al., 2024).
These media are costly and require significant
time to synthesize.

So far, no research has explored the poten-
tial of fixed biological beds with autoclaved cel-
lular concrete as a bacterial support for treating
oily wastewater. This work aims to examine the
treatment of oily wastewater from oil fields in
southern Algeria in a fixed-bed system using au-
toclaved cellular concrete (ACC) as an innovative
inert bacterial support. ACC is a water-resistant
material characterized by an 80% air structure,
which confers natural hydrophobicity. It resists
moisture and retains structural integrity when ex-
posed to water. The selection of materials is based
on properties that facilitate bacterial biofilm ad-
hesion and growth.

MATERIALS AND METHODS

Analytical method

COD measures the optimal amount of oxygen
required to oxidize organic and inorganic sub-
stances in an effluent. COD was measured at high
temperature using Hanna Instruments equipment.
Ammoniacal nitrogen (NH,"), Phosphate (PO,*),
and ferrous ion (Fe?") concentrations were deter-
mined with a Carl Zeiss Jena Spekol 11 spectro-
photometer, based on a previously established
calibration curve. pH was measured using a pH
539 meter. An analysis of the ACC material was
carried out using scanning electron microscopy,
supplemented by energy-dispersive spectroscopy
using a Thermo Scientific Axiom ChemSEM.

Wastewater composition

Wastewater is collected from several dis-
charge points. The characteristics of wastewater
are presented in Table 1.
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Bioreactor characteristics

The laboratory-scale experimental setup (Fig-
ure 1) comprises a tank (a) containing wastewater,
a peristaltic pump (b), and a column (c) measur-
ing 155 cm in height and 3.1 cm in diameter. The
column is packed with a support material (d) that
provides a solid substrate for microbial growth.
The effective height of the bioreactor is 125 cm.
Treated water is collected in a separate tank (e).
An air pump (f) supplies oxygen to the bioreactor.
Samples for analysis are collected at the outlet of
the column’s effective bed. The bioreactor oper-
ates in dynamic mode with a flow rate of 0.3m/h.
However, operating a control column devoid of
biomass would serve as a complementary study
to quantify the abiotic phenomena involved in
pollutant removal.

Experimental procedure

Autoclaved cellular concrete (ACC) was se-
lected as the support for the fixed-bed study. ACC
is a silico-calcareous material produced by auto-
claving a mixture of silica sand, lime, ferrosul-
phate, alumina powder, and water. The material
has a density of 500 kg/m* and a tensile strength
of 3.3 MPa.

The ACC was crushed into small spherical
pebbles, each measuring 2 cm in diameter, and
placed in the column. The support was submerged
in activated sludge containing a diverse microbial
community. Before treatment, water was perco-
lated through the bed to remove excess activated
sludge, ensuring only the sludge adhered to the
material remained. Wastewater was pumped from
tank 1 and introduced into the column in an up-
ward flow. The system operated continuously. Air
supplied by a compressor provided oxygen to the

Table 1. The characteristics of effluent from oil
drilling operations

Parameter Concentration range (mg/L)
COD 540-710
Fe?+ 5-85
NH,* 25-35
PO* 17.5-22
Na* 5.9-11
HCO, 20-27
pH 6.8-8.30
Cr 9.10-15




Journal of Ecological Engineering 2026, 27(11), 420-432

Fixed bed
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Raw water

Treated water
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Figure 1. Experimental setup

microorganisms. Samples collected during the
column’s operation represent successive measure-
ments from a single, continuously operating exper-
imental system and therefore cannot be considered
independent replicates. Daily sampling at consis-
tent times was performed to monitor operating pa-
rameters and removal performance by analyzing
both influent and effluent over time. The inlet and
outlet water of the bioreactor were monitored.

RESULTS AND DISCUSSION

The feasibility of the recommended biologi-
cal treatment in a fixed-bed column was assessed
by collecting daily samples at the column inlet
and outlet. Analyses included characteristic pol-
lution parameters such as COD, pH, ammonia-
cal nitrogen, and phosphates. Iron (Fe*") removal
was also monitored. This protocol was repeated at
iron concentrations of 5, 15, and 85 mg/L.

Study of the inhibitory effect of iron on
COD removal

Chemical oxygen demand is a primary indi-
cator of pollution in industrial effluents, measur-
ing the oxygen required to oxidize organic and in-
organic matter in a water sample. Elevated COD
values indicate higher concentrations of organic
material or pollutants in water, which can reduce
dissolved oxygen levels and adversely affect
aquatic ecosystems.

The results (Figure 2) indicate the presence of
organic matter at the column inlet, as measured
by COD, with values ranging from 550 to 590 mg
O,/L. In this biodegradation test, the evolution
of COD was assessed in the presence of a high
concentration of Fe*". To evaluate the inhibitory
effect of iron on hydrocarbon biodegradation, the
iron concentration in the bioreactor was varied.
Chemical oxygen demand was monitored for iron
loads of 5, 15, and 85 mg/L.

Figure 2a reveals the decrease in COD over
time for an initial Fe*" concentration of 5 mg/L. A
decline in effluent COD concentration observed
during the initial days of bioreactor operation
indicates that a portion of the organic matter is
used to synthesize microbial biomass, while the
remainder meets the energy requirements for
microbial growth and maintenance. Following a
brief adaptation phase, the COD concentration
at the bioreactor outlet increased to 80 mg/L and
subsequently stabilized at 40 mg/L by the 25th
day of operation. Bearing in mind that the aver-
age COD concentration was around 550 mg/L.
The presence of iron at this concentration did not
impede hydrocarbon biodegradation. The COD
removal efficiency reached 90% after 25 days of
system operation.

Figure 2b shows the decrease in COD over
time for an initial Fe?" concentration of 15 mg/L.
This test was conducted under previously de-
scribed conditions, with an iron concentration
of 15 mg/L. From the 4th day onward, COD at
the bioreactor outlet decreased significantly and
stabilized at 40 mg O2/L by the 15th day. After a
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biomass acclimation phase to the new iron load,
COD removal efficiency reached high levels,
which can be attributed to sufficient contact time
between the biomass and the effluent. Indeed,
after a few days, COD removal efficiencies sta-
bilized at 91%. It is important to note that stabi-
lization did not require additional time with each
increase in iron concentration. The microorgan-
isms successfully adapted to the altered condi-
tions resulting from the increased Fe*' load. In
comparison, Zueva et al. (2020) report that the
COD removal efficiency in oil industry wastewa-
ter treatment is limited to 70%.

The evolution of chemical oxygen demand
was monitored over time at an iron concentra-
tion of 85 mg/L (Figure 2c). The results indicate
a substantial reduction during the initial 10 days
of operation, with a 92% decrease and a final con-
centration below 50 mg/L at the bioreactor outlet.

In the fixed culture technique, microorgan-
isms within biofilms secrete an extracellular ma-
trix that facilitates their attachment to the bedding
material. This extracellular matrix increases the
diffusion barrier and slows the transfer of toxic
compounds within the biofilm. A high concentra-
tion of Fe?* did not inhibit hydrocarbon biodegra-
dation. Instead, it promoted the development of
a selective microbial community capable of de-
grading organic matter. Similarly, Lusinier et al.
(2021) report that at the lowest hydraulic reten-
tion time (HRT) of 12 hours and an organic load-
ing rate of 3.2 kg COD m~ d !, only the fixed-bed
hybrid bioreactor (FBHBR) maintained higher
COD removal efficiency than the conventional
system. The FBHBR’s ability to operate effec-
tively under such low HRT conditions is critical
to the compactness of treatment processes, par-
ticularly for offshore applications.

Variation of ferrous ion Fe?* concentration
versus time

At low concentrations, metals such as magne-
sium, zinc, iron, and copper serve as components
of biological catalytic systems and are required
as trace elements by most microorganisms. Sev-
eral factors influence the toxicity of heavy metals,
including their concentration, environmental pH,
and temperature.

Figures 3a, 3b, and 3¢ show iron removal rates
0f 98%, 95%, and 97% at concentrations of 5, 15,
and 85 mg/L, respectively. Elevated iron concen-
trations promote the proliferation of resistant iron
bacteria, including stalked species such as Gal-
lionella ferruginea and filamentous species such
as Sphaerotilus (Mansour et al., 2024; Miiller et
al., 2024). These bacteria oxidize iron and utilize
it in anabolic and catabolic reactions essential for
their maintenance and growth. Oxidized iron may
also be deposited on various components of the
bacterial cytoplasmic membrane. Similarly, Zhao
et al. (2025) developed an Fe*" enriched biore-
actor to improve pollutant removal and enhance
the activity of associated microbial communities.
The Fe*'-rich system enabled efficient removal of
hydrocarbons, chemical oxygen demand (COD),
and polymers. High-throughput sequencing dem-
onstrated that Fe*" supplementation strengthened
interactions between iron-reducing bacteria and
methanogenic archaea, thereby facilitating the
biodegradation of long-chain hydrocarbons.

The literature indicates that biological iron
removal offers several advantages over conven-
tional processes. 1) After fixation on bacterial ex-
udates, oxidized iron forms sludge that is more
compact than the amorphous floc produced by
physicochemical processes. ii) Rapid oxidation
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of Fe?* enables flow rates of 10 to 15 m/h, con-
tingent on the iron concentration in the raw wa-
ter. iii) pH adjustment is typically not required,
except when correcting the calcium-carbonate
balance in treated water. Biological iron treat-
ment resolves common challenges, including
iron sequestration by silica and the floccula-
tion of precipitated iron. iv) In contrast to the
conventional process, which required decanting
when iron concentrations exceeded 50 mg/L, bi-
ological iron removal enables direct feeding of
high-iron-content water into the system (Miiller
et al., 2024; Bahuguna et al., 2025).

Evolution of ammoniacal nitrogen (NH,*)
concentration versus time

High rates of ammonia nitrogen consumption
50, 72, and 75% were observed from the 10th day
of bioreactor operation at concentrations of 5, 15,
and 85 mg/L, respectively (Figure 4).

The assimilation of ammoniacal nitrogen into
living matter results in the synthesis of proteins
through the polymerization of amino acids, as
well as nucleic acids and coenzymes (Wang et
al., 2016). Nitrogen, in its various oxidized and
reduced forms, plays an important role in the cel-
lular development of purifying bacteria. It repre-
sents the most reduced form of nitrogen and is
therefore incorporated at a negligible energy cost.
As a result, ammonium ions are the preferred
nitrogen source for microorganisms. Biological
nitrogen treatment generally involves nitrifica-
tion and denitrification steps. In the nitrification
process, ammonia is oxidized by Nitrosomonas
bacteria to produce nitrites, which are then, in a
second step, oxidized by Nitrobacter bacteria to
produce nitrates. Denitrification requires ideal
conditions, such as temperature, pH range, respi-
ration mode (aerobic or anaerobic), and nutrition
mode (autotrophic or heterotrophic), to stimulate
the appropriate bacteria in biological treatment.
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Evolution of phosphate concentration Evolution of pH versus time
(PO,*) versus time

pH is a critical parameter in industrial waste-

Effective biodegradation requires water to  Wwater treatment, as it directly affects the efficiency

contain sufficient concentrations of mineral ele-  of biological processes. The optimal pH for poly-
ments in bioavailable forms, which are essential ~ saccharide secretion varies among species, but
for microbial activity. These elements include ni-  for most bacterial strains, it is approximately pH
trogen, sulfur, calcium, potassium, and phospho- 7. Microorganisms responsible for degrading or-
rus. Phosphorus is an essential element for micro- ganic matter, such as Pseudomonas, exhibit opti-

bial biomass, as it is crucial in the synthesis of =~ mal activity within specific pH ranges. The pro-
adenosine triphosphate (ATP), nucleic acids, and ~ duction of exopolysaccharides within biofilms
cell membrane components (Bhattacharyya etal.,  confers protection against adverse environmental
2022). Figures Sa, 5b, and 5c¢ present the evolu- conditions, particularly pH fluctuations. If pH

tion of PO43~ concentration over time. levels are inadequate, microbial metabolic activ-

At an Fe*" concentration of 5 mg/L, removal ity decreases, reducing the efficiency of organic
efficiency increased from 50% to 72% after the ad- contaminant degradation. Maintaining pH within
aptation phase. The significant reduction in PO~  appropriate ranges is essential for achieving op-

concentration, from 26 mg/L to less than 10 mg/L,  timal biological treatment efficiency and comply-
is attributed to the progressive development of  ing with discharge standards. Therefore, precise
bacterial flora that utilize phosphate as a nutrient ~ pH adjustments to influent water are implemented

for growth and cellular maintenance. Orthophos-  throughout the wastewater treatment process to
phate consumption rates of 84% and 93% were meet these objectives (Bhattacharyya et al., 2022).
observed at iron concentrations of 15 mg/L and 85 Figures 6a, 6b, and 6¢ present the variation
mg/L, respectively. Higher Fe** concentrations in ~ of pH over time. The pH values range from 7.3
the same fixed bed promoted substantial develop-  to 8.3. These results indicate that the pH remains
ment of the bacterial flora. The formation of cal- neutral or slightly basic throughout the treatment

cium precipitates with PO,*~ ions was ruled out, as ~ process, consistently falling within the range rec-

the release of calcium into the water would occur ~ ommended for biological treatment.

only in an acidic medium, following the leaching

Qf llme. However, throughout all the expepments Scanning electron microscopy analysis
in this study, the pH of the raw water remglned be- of autoclaved cellular concrete

tween 7.2 and 7.3. Complexation of Fe with PO,’-

was also considered negligible, as the formation of An effective bacterial support medium is
such precipitates would have fouled the column, characterized by a large specific surface area to
obstructed water and nutrient flow to the biofilm, facilitate high biomass attachment, high porosity
and caused biofilm detachment, resulting in highly to minimize biofilm fouling, and a microcavity

turbid effluent. In contrast, the column effluent re- structure that enables the circulation of water, nu-
mained clear throughout the experiments. trients, and oxygen into the core of the support.
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Figure 5. Evolution of phosphate concentration versus time: (a) Fe* = 5 mg/L,
(b) Fe** =15 mg/L, (c) Fe* = 85 mg/L
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Scanning electron microscopy (SEM) anal-
ysis of the ACC sample (Figure 7) reveals the
alveolar structure, characterized by closed cells,
which imparts lightness and insulating proper-
ties to autoclaved cellular concrete. SEM is used
to assess the chemical and physical bonding be-
tween silica grains (ground sand) and the hard-
ened binder paste (cement and lime). During
autoclaving or high-pressure curing, SEM re-
veals the formation of specific hydrated calcium
silicate crystals that confer mechanical strength
to the material (Figure 7a, b). Additionally,
SEM enables visualization of micro-cracking or

50 ¢
LPEN/ U

heterogeneities within the raw material mixture.
The structure of the ACC material enables effec-
tive circulation of water and air, both of which
are essential for microbial growth. Additionally,
the material’s relatively granular surface pro-
motes bacterial attachment and supports sub-
sequent growth (Figure 7c¢, d). SEM indicates
that the material possesses a porous matrix, with
micropores situated between the macropores.
Additionally, the ACC exhibits a high porosity
(80%), in contrast to conventional ceramic or
plastic supports, which typically have porosity
values below 50%.

Figure 7. Support ACC analysis by scanning electron microscopy
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Energy dispersive X-ray spectroscopy
of ACC sample

Energy-dispersive X-rayspectroscopy (EDX)
analysis of autoclaved cellular concrete (Figure
8) shows that the material primarily consists of
silica (Si) and oxygen (O), forming silicon diox-
ide (Si02). The presence of calcium ions (Ca)
is attributed to the use of lime in ACC produc-
tion. Aluminum (Al) is detected in minor quan-
tities due to the addition of aluminum powder
as an expansive agent, which facilitates pore
formation by causing the mixture to rise. Trace
amounts of magnesium (Mg), iron (Fe), sulfur
(S), and potassium (K) are also present. These
elements are widely available in nature. Further-
more, ACC does not contain toxic elements and
can function as an effective support material.

Effect of the effective bed height on iron
removal efficiency

The variation in iron removal efficiency along
the column was investigated using four different
biological filter heights. The operating conditions
included an ambient temperature of 28 =2 °C, a
flow velocity of 0.35 m/h, and an initial Fe*" con-
centration of 85 mg/L. The results are presented

in Table 2. The results demonstrate that Fe*" con-
centration at the column outlet decreases as bed
height increases. These findings indicate that a
substantial biological filter height is necessary for
effective treatment.

However, excessive bed height may increase
sludge production and reduce water flow through
the column. Therefore, optimizing bed height is
critical. A bed height of 1 to 2 meters is recom-
mended for biological treatment to minimize
pressure drop.

Microbial population

Ongoing research focuses on bacteria-sup-
port-substrate mechanisms that enable signifi-
cant bacterial attachment and optimal removal
of organic pollutants. Among the active bacterial
species, those that develop most prominently are
those capable of degrading the greatest amount
of organic matter within the shortest time frame.
The composition of the microflora depends on
various complex factors that are difficult to de-
fine precisely; while estimating bacterial density
is relatively straightforward, it is impossible to
specify the exact role played by bacterial inter-
actions, particularly competition, in population
growth. However, microorganisms utilizing the
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Figure 8. Support AAC analysis by energy dispersive X-ray spectroscopy

Table 2. Variation of iron concentration versus column height

Bed height (m) 0.4

0.75 1 1.36

Fe?* concentration (mg/L) 0.95

0.67 0.63 0.23
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Table 3. Microbial population in the seed sludge and in the bioreactor

Microbial Total microbial Total microbial Coliforms Pseudomonas Iron bacteria
Communit count (Cells/ml) count (Cells/ml) Escherichia coli aerugenosa (Celis/ml)
y At 22 °C At 37 °C (Cells/100 ml) (Cells/ml)
Seed sludge 1.5 104 310° 11.10° 310* 70
Bioreactor 5.10% 8.10% 3.108 510% 10°

same nutrients are not necessarily in competi-
tion; in some instances, certain substrates can
only be utilized through the complementary
action of multiple species (Atlas et al., 2008;
Marchand et al., 2017).

Preliminary Microbiological analyses have
identified the bacterial strains collected in the
bioreactor. However, the overall stability of the
microbial community does not necessarily reflect
the stability of its individual populations. When
examined separately, each species, subject to the
dynamics of growth, dominance, inhibition, and
symbiosis, plays a role strictly limited by intense,
complex competition for survival within the mi-
crobial ecosystem. The results (Table 3) high-
light the presence of diverse bacterial species,
with Pseudomonas aeruginosa predominating.
The configuration of the fixed-bed bioreactor
significantly influenced the composition of bac-
terial populations. Notably, bacterial population
density differed between the seeding sludge and
the biofilm formed within the bioreactor. Sub-
stantial shifts in population structure occurred
during the biodegradation process. Analyses
identified two dominant species within the bio-
reactor: Pseudomonas aeruginosa and iron bacte-
ria. Species richness was greater in the bioreactor
compared to the seeding sludge, resulting in in-
creased microbial diversity within the fixed-bed
system. The biofilm was predominantly colo-
nized by Pseudomonas, which is recognized for
its hydrocarbon-degrading capabilities (Wang
et al., 2016). These results suggest that the bio-
mass adapted effectively to influent containing
hydrocarbons and iron. The bioreactor exhibits
high bacterial growth. During the biodegrada-
tion process, the removal of chemical oxygen de-
mand (COD) in the fixed-bed bioreactor consis-
tently exceeded 90%, a rate significantly higher
than that observed by Lusinier et al. (2021) in
a conventional activated sludge bioreactor. This
result demonstrates the feasibility of achieving
high removal rates in an industrial-scale process
and highlights the potential for on-site applica-
tion. Microbial analysis further revealed a highly

diverse community within the fixed-bed bioreac-
tor, conferring robustness and a strong capacity
for degrading complex pollutants. According to
a study on the qualitative distribution of sapro-
phytic heterotrophic bacteria in watercourses,
Margesin et al. (2003) estimated that 93% of
these bacteria are Gram-negative bacilli, with the
Pseudomonas group comprising more than one
third. This group is regarded as a key component
of the bacterial community. The predominance
of Pseudomonas is likely attributable to its high
resistance to a broad spectrum of toxins; this mi-
croorganism can degrade carbon and utilize it as
a carbon source (Varjani et al., 2020).

CONCLUSIONS

This study assessed the performance of a
fixed-bed biological process for treating oil-in-
dustry wastewater using an innovative bacterial
support. COD removal efficiencies reached 90%,
91%, and 92% for Fe*" concentrations of 5, 15,
and 85 mg/L, respectively. The proliferation of
iron-oxidizing bacteria resulted in iron elimina-
tion rates of 98%, 95%, and 97% at Fe*" concen-
trations of 5, 15, and 85 mg/L, respectively. An
Fe*" concentration of 85 mg/L did not inhibit the
biodegradation process, demonstrating the effec-
tiveness of biological treatment for oil industry
wastewater. Ammonia nitrogen and phosphate
removal rates of 50, 72, and 75% and 72%, 82%,
and 93% were achieved in the bioreactor at Fe?"
concentrations of 5, 15, and 85 mg/L, respec-
tively. The pH values ranged from 7.3 to 8.3.
scanning electron microscopy characterization
revealed that ACC has a porous structure and
exhibits a rough surface that promotes bacterial
adhesion. Energy-dispersive X-ray Spectroscopy
analysis indicated that ACC does not contain
toxic components that inhibit bacterial growth.
It acts as an excellent biological filter. The pro-
posed process applies to the present case due to
its cost-effectiveness and environmentally sus-
tainable characteristics
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