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Abstract

Produced formation water (PFW) is subsurface water brought to the surface during oil and gas production, and
its improper disposal poses environmental risks, including water contamination and harm to biological
indicators. This study investigated the biodegradation potential of indigenous bacteria in PFW samples from
five oil sites in Delta State, Nigeria. Physicochemical analysis revealed a pH of 7.63+0.06, electrical conductivity
of 940.33+0.33 uS/cm, turbidity of 1.26+£0.60 NTU, total dissolved solids of 4706.66+6.66 mg/L, and total
petroleum hydrocarbon (TPH) content of 0.06£0.00 mg/L. Bacterial counts ranged from 1.86+1.20x10° to
2.37+2.02x10° CFU/mL in nutrient agar, and from 3.66+0.66x10* to 6.66+1.66x10* CFU/mL in mineral salt
agar. Isolated bacteria included Acinetobacter baumannii, Acetobacterium sp., Enterococcus faecalis, Bacillus
arbutinivorans, and Pseudomonas stutzeri. Among them, P. stutzeri showed the highest degradation efficiency,
reducing TPH to 0.048 mg/L over five weeks, followed by E. faecalis, Acetobacterium sp., and B. arbutinivorans
(each to 0.05 mg/L). The findings demonstrate that indigenous bacteria present in PFW possess notable
hydrocarbon-degrading capabilities and could be harnessed for bioremediation applications.
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Introduction

The growth of the petroleum industries in
Nigeria and the marketing of petroleum
products have made oil pollution a serious
environmental concern. Also, produced
formation water and oil spill from
industries, filling stations, loading and
pumping stations, petroleum product
depots, during transportation and at auto
mechanic workshops all contribute to soil
contamination, and since soil is the home of
many biological activities, its pollution has
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great negative effect on the biological entity
present.

Produced formation water is defined as the
water that exists in subsurface formations
and is brought to the surface during oil and
gas production. Large volumes of water
produced during oil and gas extraction are
generated in drought prone locations that are
also experiencing an increase in population
(Gazali et al., 2017). The environmental
concerns associated with produced formation
water are degradation of soils, ground water,
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surface water, and ecosystems they support
(Abdul et al.,, 2017). Due to the fact that
produced formation water contains
elevated levels of dissolved ions (salts),
hydrocarbons, and trace elements,
untreated produced formation water
discharges may be harmful to the
surrounding environment. The most
common practices for produced formation
water disposal include land application or
discharge, subsurface injection, and offsite
trucking (Katie et al., 2011).

Biotreatability of produced formation water
is the use of biological entities such as
microorganisms in the treatment or
degradation of formation water. The ability
to degrade produced formation water is
exhibited by a wide variety of bacterial
genera (Al-Ghouti et al., 2019). In oil fields,
almost all produced water contains oil and
suspended solids (Klemz et al., 2021). The
discharge of these toxic constituents and
contaminants to the aquatic environment
pose threat to aquatic life and agricultural
resources by altering the natural state of
the aquatic environment. Bakke et al
(2013) opined that discharge of the wastes
to fresh water environment affects
agricultural resources and causes massive
destruction to the aquatic life. Worldwide
research has proven that produced
formation water effluents are associated
with high level of biological oxygen demand
(BOD) and chemical oxygen demand (COD)
which are generated from compounds of
fatty acids. Since environmental pollution
with petroleum products such as crude oil
and produced water has been recognized as
one of the most serious current problems
especially when associated with accidental
spills on large-scale (Kardena et al., 2017),
it is pertinent to implement cost effective
and appropriate management measures in
order to reduce or eradication such

pollutions. Therefore, the current study was
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designed to using indigenous bacterial
isolates from produced water for its
treatment, so that when it is discharged into
the environment after treatment, there will be
no pollution

Materials and Methods

Sample Collection

Produced formation water was collected from
oil well sites in Otorogu, Delta State of Nigeria.
Five (5) PFW samples were obtained from
various sites at the oil well and designated as:
OWS1= PFW sample from oil well site 1,
OWS2= PFW sample from oil well site 2,
OWS3= PFW sample from oil well site 3,
OWS4= PFW sample from oil well site 4,
OWS5= PFW sample from oil well site. Abiotic
control test tubes were prepared in the study
which remained uninoculated and were used
as baseline for comparison.

Bacteriological Analysis of Produced
Formation Water

The quantification of total heterotrophic
bacterial counts within the produced
formation water was conducted according to
by Pelczar et al. (1988). The resulting colony
counts were used to calculate the total
heterotrophic bacterial counts in the
produced formation water samples, allowing
for a quantitative assessment of the bacterial
load present in the analyzed samples.
Isolation and Identification of Produced
Formation Water Utilizing Bacteria
Produced formation water utilizing bacteria
was enumerated by plating out 0.1mL of PFW
on modified mineral salt medium. Mineral
salt medium is composed of distilled water
(1000 mL), K,HPO, (1.73g), KH,PO, (0.68g),
MgSO,.7H,0 (0.1g), FeSO,.7H,O (0.03g),
NH,NO, (1g), CaCl,.2H,0 (0.02g) (Mills et al.,
1978), to which 1% of PFW sample was added,
using the spread plate technique.
Enumeration was done after incubation of
plates for 7days using the protocols of Holt et
al. (1994).
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Screening Test for PFW Utilizing Bacteria
The assessment of the purified bacterial
isolates' capability to utilize Produced
Formation Water (PFW) as their exclusive
carbon and energy source was performed by
adapting the methodologies of Okpokwasili
and Okorie (1988) and Coleman et al.
(2002).

Biodegradation of Components of
Produced Formation Water using Shake
Flask Method

The bacterial isolate with the highest optical
density, indicating its potential for utilizing
components of Produced Formation Water
(PFW), was chosen for the biodegradation
study. Biodegradation study was done
using shake flask culture according to
(Okpokwasili and Okorie, 1988).

Results

The physicochemical analysis of produced
formation water as present in Table 1,
revealed a pH, electrical conductivity,
turbidity, total dissolved solid, chloride,
nitrate, dissolved oxygen and biological
oxygen demand concentration to be
7.63x0.06, 940.33+0.33 uS/cm, 1.26+0.60
NTU, 4706.66+ 6.66 mg/L, 443.16+0.05
mg/L, 0.74+0.00 mg/L, 3.24+0.01lmg/L
and 0.73+0.02 mg/L respectively. Some
heavy metals were also reported to be in
produced formation water in different
concentrations and they included zinc,
chromium, cadmium, nickel and lead with
concentrations of 0.33+0.00 mg/L,
0.07+0.00 mg/L, 0.04+0.00 mg/L,
0.03+0.01 mg/L and 0.06+0.00 mg/L
respectively. The concentration of total
petroleum hydrocarbons was found to be
0.06%£.0.00 mg/L in produced formation
water.

Total Bacterial counts in produced
formation water are shown in Table 2.
Results of the total bacterial counts ranged
from 1.86+1.20 x10° CFU/mL to

2.36%2.02x10° CFU/mL on nutrient agar
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while on mineral salt medium, counts ranged
0.3610.66 x10° CFU/mL to 6.60+1.66x10°
CFU/mL. Highest and lowest total bacterial
count of PFW on nutrient agar was obtained
in samples OWS2. There was no significant
difference in bacterial counts in the different
samples in both nutrient agar and mineral
salt agar.

Result of bacteria isolated from PFW is
presented in Table 3. The bacterial isolates
recovered from produced formation water
were Acinetobacter baumannii,
Acetobacterium sp., Enterococcus faecalis,
Bacillus arbutinivorans and Pseudomonas
stutzeri. All bacterial isolates were identified
molecularly and all had percentage similarity
of above 98 %.

The result of bacterial count during
biodegradation of produced formation water
for a period of six weeks is as shown in figure
1. For Acetobacterium sp., bacterial growth
increased from 10.66+2.33x10° CFU/mL at
week O to 124.00+1.00x10° CFU/mL at week
5. Bacterial counts of P. stutzeri ranged from
15.00+2.88 to 185.00+0.57x10° CFU/mL.
Bacterial counts of B arbutinivorans ranged
from 8.00+0.57x10° CFU/mL in week O to
123.6610.88x10° CFU/mL in week five while
for E. faecalis, bacterial counts ranged from
10.33+0.33 to 126.00+0.05x10° CFU/mL. In
the control group, bacterial counts were very
scanty and ranged from 0.80%x1.0 to
10.63+0.33x10° CFU/mL. In all bacterial
group, highest count was observed at the fifth
week with Pseudomonas stutzeri having the
highest count. There were significant
differences in bacterial counts during
biodegradation with p-value less than 0.05.
The analysis of changes in physicochemical
parameters over the biodegradation study is
detailed in Tables 5a to Sb, with distinct
variations noted across experimental groups
compared to controls.

In Week O, initial measurements indicated
minor variations in parameters. The pH
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ranged from 7.63 in the E. faecalis group to
7.74 in the P. stutzeri group (Table 5a). Total
Petroleum Hydrocarbon (TPH)
concentrations varied slightly, with values
ranging from 0.063 mg/L in the P. stutzeri
setup to 0.66 mg/L in the B. arbutinivorans
group (Table 5Sb).

By Week 1, significant changes were
observed between the experimental and
control groups. The control group's pH
remained at 7.70, whereas the P. stutzeri
group showed a decrease to 7.20 (Table
4.6a). In TPH measurements, the control
group recorded 0.065 mg/L, compared to

ISSN: 2714-3716

0.061 mg/Lin the P. stutzerigroup (Table 5b).
Over the six-week biodegradation period, TPH
concentrations decreased across
experimental setups, with the most
substantial reductions observed in P. stutzeri
and E. faecalis. The P. stutzeri group achieved
the lowest TPH level at 0.04 mg/L, followed by
E. faecalis at 0.05 mg/L, while
Acetobacterium sp. and B. arbutinivorans
reached 0.05 mg/L. In contrast, the control
group's TPH concentration was 0.06 mg/L at
the end of six weeks (Table 5b). 8.70 mg/kg
respectively in seepage soil.

Table 1: Physicochemical parameters of produced formation water

Parameters Concentrations
pH 7.63+0.06

EC (uS/cm) 940.33+0.33
Turbidity (NTU) 1.26%0.60
TSS (mg/L) 3.16x£0.56
TDS (mg/L) 4706.66% 6.66
COD (mg/L) 15.26%0.34
HCO; (mg/L) 856.66+0.33
TPH (mg/L) 0.06+.0.00
DO (mg/L) 3.24+0.01
BOD (mg/L) 0.73+0.02

Table 2: Total bacterial counts in produced formation water (PFW)

Media

THBC PFWUB
Site (x105CFU /mL) (x103CFU /mL)
OwWsS1 2.23+1.76 6.6611.66
OWS2 2.36%x2.02 0.60+1.52
OWS3 1.86+1.20 0.40£1.00
OoOwWs4 1.93+£2.18 0.50+1.15
OWS5 2.20+£3.05 0.36+0.66
p-value 0.45 0.43

Key: OWS1=PFW sample from oil well site 1, OWS2= PFW sample from oil well site 2, OWS3=PFW sample
from oil well site 3, OWS4= PFW sample from oil well site 4, OWS5= PFW sample from oil well site 5, NA =

Nutrient agar, MSM = Mineral Salt medium
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Table 3: Bacterial isolates from produced formation water using mineral salt medium

Isolates Codes Identity (%) Bacterial isolates Accession

B1 99.84 Acinetobacter baumannii OR282470

B2 99.51 Acetobacterium sp. OR282471

B3 99.68 Enterococcus faecalis YZ66 OR282472

B4 99.82 Bacillus arbutinivorans MGB4011 OR282473

B5 98.50 Pseudomonas stutzeri ATCC OR282474
MK F1 F2 F3 F4 FS CONT BUFFER

1500 Bp

Plate 1: PCR product of 16SrRNA on 1% Agarose Gel

Table 4: Optical density (540nm) of bacterial isolates for biodegradation potential
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Bacterial Isolates

Optical density

Acetobacteriwgp.

Pseudomonas stutzeri

Bacillus arbutinivorans
Enterococcus faecalis
Acinetobacter baumani

Control
p-value

0]

.27+0.00

0.33+x0.00
0.32+0.06
0.
0O
0]
0

28+0.000

.19+0.00
.14+0.006
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Figure 1: Bacterial enumeration (x10°) during biodegradation of produced formation water by
indigenous bacterial isolates

Table S5a: pH changes of produced formation water during biodegradation studies

Bacteria

Weeks Acetobacterium  sp. P, stutzeri B arbutinivorans E faecalis  Control p-value
J 7.630.06 7.7410.02 7.70£0.00 7631007  7.66:0.03 0.45

1 7.430.03 e 720015 &  7.66:0.03 o 7168006 2 7.70:000 ¢ 0

2 7204020 ©® 7.00£0.05 &  7.46:0.03 © 6.86£0.15 2 7.60:0.10 < O

3 6.96£0.05 b 6.9040.10 7.2310.08 ¢ 6.5310.14 2 7.70:0.56 ¢ O

4 6.80+0.05 P 6.73t0.03 © 6.93t0.06 6.33t0.14 2 7.63t008 ¢ 0

5 6.33:0.21 & 6.56t0.17 6.5710.12 6.03t0.03 2 7.63t0.11 ¢ 0

50.05+0.00"°0.04+0.00°0.05+0.00"’0.05+0.00°0.06+0.00°0.02Key: p values <0.05 = significant difference, p values
>0.05 = no significant difference, Duncan multiple range (DMR) test: superscript along a row with similar superscript =
not significant difference, superscript along a row with different superscript = significant difference

Table S5b: Changes in Total Petroleum Hydrocarbon (TPH) content (mg/L) of produced formation
water during biodegradation studies

Bacteria  (mg/ L)
xks  Acefobacterium  sp. P stutzen B arbutinivorans E faecdlis Control p-value
0.06£0.00 0.06£0.001 0.06£0.00 0.06£0.00 0.06£0.00 0.05
0.06:0.00 2 0.06:0.00 2 0.06:0.00 2 006000 = 006000 » 0
0.0 6£0.00 ® 0.0540.00 2 0.06:0.01 2 005000 » 006001 » 0
0.05t0.00 ¢ 0.05t0.00 2 0.050.00 ¢ 005000 » 003000 ¢ O
0.05t0.00 e 0.0410.00 2 0.050.00 ¢ 005000 » 003000 ¢ O
0.05t0.00 @ 0.040.00 2 0.050.00 @ 005000 2 006000 > 002

50.05+0.00*°0.04+0.00°0.05+0.00*°0.05+0.000.06+0.00°0.02Key: p values <0.05 = significant difference, p values
>0.05 = no significant difference, Duncan multiple range (DMR) test: superscript along a row with similar superscript =
not significant difference, superscript along a row with different superscript = significant difference
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Discussion

The physicochemical parameters of the
produced formation water samples were
compared with the EGASPIN
(Environmental Guidelines and Standards
for Petroleum Industries in Nigeria)
standard. EGASPIN is an arm of DPR
(Department of Petroleum Resources)
(EGASPIN, 2000). The pH of the produced
formation water sample was 7.63+0.06
which is within EGASPIN pH limit of 6.5-
8.5. The pH value observed was neither
acidic nor alkaline. This is attributable to
the presence of natural buffers in the
produced formation water, which neutralize
excess acidity or alkalinity through ionic
equilibrium reactions (Felf6ldi et al., 2010).
The pH was also within the pH limit of 5.6 to
6.6 reported by Chikwe and Okwa (2016).
Produced formation water pH is important
because it affects other pollutants, in that,
when it is very acidic, metals such as zinc,
aluminum and copper are released causing
them to accumulate in the food chain.
Likewise, when it is more basic it causes the
accumulation of the unionized ammonia
ions (NH,) which are known to be very toxic
to plants and animals (Felfoldi et al., 2010).
Long-term exposure to pH beyond the
permissible limit affects the mucous
membrane of cells (Josiah et al., 2014).

The result of electric conductivity of the
produced formation water samples showed
that it was within the permissible limit as
recommended by EGASPIN (1000 uS/cm).
Electrical conductivity is a useful indicator
of mineralization and salinity or total salt in
water sample. Electrical conductivity is
directly related to the concentration of ions
in water and the higher the concentration of
ions, the higher the conductivity. These
conductive ions come from dissolved salts
and inorganic materials (Oladipo and
Adeboye, 2015). In this study the high

electrical conductivity levels recorded are
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due to the elevated concentration of
conducting ions originating from dissolved
salts and inorganic constituents in
hydrocarbon formations under high
temperature and low pH conditions (Gambo et
al.,2015).

The turbidity is one of the important physical
parameters for produced formation water,
defining the presence of suspended solids in
the water and causes the muddy or turbid
appearance in produced formation water
(Dauda et al.,, 2016). The present study
showed that the turbidity of the produced
formation water was within the limits
prescribed by EGASPIN standards (1-5 NTU).
The turbidity values reflect the presence of
inorganic particulate matter and non-soluble
metal oxides, which contribute to the cloudy
appearance of produced formation water.
Total suspended solid is the turbidity caused
due to silt and organic matter. In the study
area, the total suspended solid
concentrations in the produced formation
water were within EGASPIN recommended
limit (<10mg/L). One component of water
quality, total suspended solids (TSS), is both a
significant part of physical and aesthetic
degradation. The observed TSS reflects the
presence of other pollutants, particularly
nutrients and metals that are adsorbed onto
suspended sediment particles. The presence
of total suspended solids (TSS) confirms the
inclusion of silt, decaying organic matter,
industrial particles, and sewage-borne
materials, which adsorb and carry nutrients
and metals in suspension. High
concentrations of suspended solids can cause
many problems for stream health and aquatic
life.

Total dissolved solids indicate the salinity
behavior of the produced formation water. In
the study, total dissolved solids value was
4706.66t 6.66 mg/L which was above
EGASPIN standard permissible limit (500
mg/L). The high level of TDS reflects the
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significant concentration of soluble solids in
PFW, necessitating appropriate treatment
before discharge into receiving water bodies
or reuse. Discharge of such high TDS water
without treatment causes undesirable taste
and gastrointestinal irritation (Suthar,
2011).

Chemical oxygen demand (COD) is an
important parameter for characterizing
produced formation water (Atuanya et al.,
2018). It is an evaluation used to measure
the level of water contamination by organic
matter (Sulaiman et al.,, 2016). The COD
value is usually higher than the biological
oxygen demand (BOD) because some
organic materials in the water that are
resistant to microbial oxidation and hence
not involved in BOD, could be easily
chemically oxidized. The COD values
obtained in this study is higher than that
obtained by Ibrahim et al. (2021) who
recorded a lower value of COD in produced
formation water. High levels of BOD and
COD are indicative of organic contaminants
in the sampled PFW. High BOD level will
increase the oxygen consuming ability of
biodegraders in the receiving water body
and thus renders the environment oxygen
deficient. This will negatively affect living
forms in the environment, thereby affecting
environmental sustainability. this is why it
is important to appropriately treat PFW
before disposal.

The results of the bacterial properties of
produced formation water revealed that
produced formation water harbour specific
indigenous microorganisms (Sun et al.,
2014). Bacterial counts were very high and
agrees with earlier study by Chuma (2010)
who reported bacterial count ranging from
4.50 - 14 x 10° CFU/mL. According to
Turkayeva et al. (2017), population
densities of microorganisms in produced
formation water is usually not very high, but

can reach up to 10° - 10° CFU/mL,
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suggesting that oil field waters constitute a
nutrient-limited environment. The presence
of high bacterial load in PFW demonstrates
the abundance of macro- and micro-
nutrients that sustain microbial growth and
proliferation.

The bacterial species isolated from the
produced formation water samples were
Acetobacterium sp., Pseudomonas stutzersi,
Bacillus arbutinivorans and Enterococcus
faecalis. This is similar to the study of Mahdi
et al. (2017) who isolated Bacillus cereus,
Acetobacterium sp., Pseudomonas stutzersi,
Micrococcus sp., Staphylococcus aureus,
Bacillus subtilis and Enterococcus faecalis
from produced formation water. Produced
formation water contains many constituents
such as heavy metals that are toxic to many
microorganisms. Isolation of these bacteria
confirms that these species withstand the
harsh chemical and physical conditions of
PFW and utilize hydrocarbons and other
organic compounds present in PFW as their
sole carbon and energy sources, through
enzymatic oxidation and assimilation
processes (Das & Chandran, 2011). Daehyun
et al. (2018) reported that produced
formation water contains bacterial
populations including Bacillus species,
Enterococcus faecalis and Pseudomonas
species.

However, the results of this study were
contrary to the results obtained by Sun et al.
(2014) who detected Rhodobacter,
Trichococcus, Micrococcus, Enterococcus, and
Bavariicoccus strains in microtherm oil-
production water from the Karamay Oilfield,
Xinjiang, China. The results obtained in this
study was found to be similar to the report by
Kardena et al. (2017) who reported that
Pseudomonas sp., Enterococcus sp. and
Bacillus sp. were isolated from Oilfield-
Produced formation water in Indonesia. The
isolation and identification of Bacillus and
Pseudomonas species from produced
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formation water is also a common
phenomenon as it has been reported by
Lipus et al. (2018) as bacteria that are
amongst the main microbial communities in
Bakken region produced formation water.
The optical density of receiving soil samples
measured at 540 nm revealed that
Pseudomonas stutzeri had the highest
optical density. This is consistent with the
findings of Sebiomo et al. (2010) who
reported that optical density increases with
exposure to hydrocarbon or lubricating oil.
The fact that the highest optical density
value was observed in Pseudomonas stutzeri
culture indicates its superior ability to
metabolize hydrocarbons and withstand
toxic heavy metals, supported by its
enzymatic machinery for hydrocarbon
catabolism.

Conclusion

The results of this study clearly demonstrate
that microbial treatment is an effective
approach for the biodegradation of
pollutants present in produced formation
water (PFW), particularly Total Petroleum
Hydrocarbons (TPH). Among the bacterial
isolates used, Pseudomonas stutzeri and
Enterococcus faecalis exhibited the highest
efficiency in reducing TPH levels, achieving
concentrations as low as 0.048 mg/L and
0.050 mg/L respectively over a six-week
period. This significant reduction is a direct
result of microbial metabolism, which also
correlated with a decrease in pH—an
indicator of active microbial degradation.
Furthermore, the increase in bacterial
population, especially in P. stutzeri, revealed
strong adaptation and growth in the
hydrocarbon-rich environment, reinforcing
its potential for bioaugmentation strategies.
In contrast, the control group showed
minimal changes in both bacterial
population and TPH concentration,
highlighting the insufficiency of natural

attenuation without microbial intervention.
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Physicochemical analysis revealed that PFW
initially contained high levels of dissolved
solids, chloride, and trace heavy metals like
zinc, chromium, cadmium, and lead,
underscoring its potential environmental
toxicity. However, the biodegradation process
moderated these impacts, as seen in the
improved quality of water parameters across
the experimental groups.

Recommendations

1. Industries, especially in oil and gas
sectors, should incorporate
bioaugmentation techniques using
indigenous hydrocarbon-degrading
bacteria such as P. stutzeri and E.
faecalis to treat produced formation
water before discharge. This will
enhance pollutant removal and
reduce environmental impact.

2. Isolating and using native microbial
species that have adapted to the local
environment offers a cost-effective
and sustainable method for
bioremediation. These bacteria are
not only effective but also pose
minimal ecological risk.

3. Environmental regulatory agencies
should support research and
implementation of microbial
bioremediation through policies,
funding, and standardization of
microbial treatment protocols for oil-
contaminated effluents.

4. Stakeholders, including industry
workers, policymakers, and local
communities, should be educated on
the environmental and health benefits
of microbial bioremediation to
promote its wider adoption and
integration into sustainable
environmental management
strategies.
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