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Abstract 

The increasing rate of soil contamination poses a major challenge to the sustainability of the ecosystem. Acid mine 
drainage (AMD) and crude oil are among the major soil contaminants contributing to the degradation of soil organic 
matter. This study aims to evaluate the application of Pseudomonas aeruginosa ATCC 15442 (PA-15442) and waste-
water for the treatment of AMD- and crude oil-contaminated soils. A microcosm containing 1 kg each of AMD- 
and crude oil-contaminated soils was inoculated with PA-15442, and brewery and domestic wastewater were added 
for the bioaugmentation study. The result of the 28-day study conducted under mesophilic conditions showed 
an average TPH and metal removal efficiency of 58.84% and 52.75%, corresponding to 51.07, 47.29, 59.32, 58.98, 
and 47.1% for the individual metals (Fe, Al, Cu, Zn, and Mn), respectively, and 49% for the average sulfate removal 
after the treatment period. This study has shown that bioaugmentation of contaminated soils with the strain of PA-
15442, and the addition of wastewater could be an environmentally friendly and sustainable approach for the reme-
diation of AMD- and petroleum-contaminated soils.

Keywords Acid mine drainage (AMD), Brewery wastewater, Crude oil, Contaminated soil, Domestic wastewater, 
Pseudomonas aeruginosa

Introduction
Environmental pollution is a global issue that threatens 
the existence of the ecosystem. This problem has con-
tributed immensely to water, soil, and air contamination, 
climate change, poor standard of living, and reduction 
in economic activities. The high rate of soil pollution 
has created a serious issue of urgent concern to prevent 
both the aquatic and terrestrial habitats from total anni-
hilation. Among these contaminants, acid mine drainage 
(AMD) and crude oil (also known as petroleum) are the 

major forms of land/soil and water pollutants that deteri-
orate and degrade soil structure, reduce soil fertility, and 
pollute proximate water bodies, thereby decreasing the 
availability of arable land for agricultural purposes and 
accessibility of potable water. Oil spillage from petroleum 
and petrochemical industries attributed to exploration 
activities, instrument malfunction, and recklessness are 
the major source of this form of soil pollution which has 
degraded the environment and negatively impacted the 
lives of host communities [33, 56]. AMD is a mine waste 
that emerges from old, abandoned, or active mine sites 
containing sulfate and heavy metals that contaminate the 
soil and proximate water bodies. AMD is generated when 
sulfide-bearing minerals, pyrites (iron disulfide,  FeS2), are 
exposed to oxygen and water. Pyrite oxidation is triggered 
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Graphical Abstract

which facilitates the formation of AMD (ferric hydrox-
ide) and sulfuric acid as shown in Eq. 1. AMD formation 
is characterized by pyrite oxidation, low pH (< 3.0), high 
sulfate contents, heavy metals such as Fe, Cu, Al, Mg, Zn, 
Cd, Pb, Ni, and Co, and the presence of radioactive ele-
ments (Ra, Ur) depending on the type of mine site [12].

Bioremediation is a biological method that utilizes 
microorganisms to degrade biodegradable contami-
nants [36, 37]. This can be achieved through biostimu-
lation, bioaugmentation, or bioventing, which involves 
the application of organic nutrients, genetically modified 
microbes, or air injection, respectively, for the degrada-
tion of contaminants [36]. The bacteria strain, Pseu-
domonas aeruginosa, is classified as a gram-negative 
bacterium, gammaproteobacterial, aerobic, rod, and 
belonging to the family Pseudomonadaceae, which can 
utilize hydrocarbon as an energy source [11, 70] and can 
tolerate a variety of heavy metals like copper, cadmium, 
chromium, nickel, among other metals [12, 17, 69].

The biodegradation of pollutants involves various 
microbial processes that utilize pollutants as energy 

(1)
4FeS2 + 15O2 + 14H20→4Fe(OH)3 + 8H2SO4 − (Pyrite Oxidation)

sources or convert them into less harmful substances. 
These processes can occur under different environmental 
conditions and utilize different mechanisms to convert 
harmful pollutants into benign substances [6, 50, 67]. 
One of the primary methods is aerobic biodegradation, 
in which microorganisms break down complex hydro-

carbons, such as those found in petroleum products, in 
the presence of oxygen. This process leads to the conver-
sion of these hydrocarbons into simpler compounds such 
as carbon dioxide and water. Anaerobic biodegradation, 
on the other hand, takes place in an environment where 
oxygen is not present. Under such conditions, micro-
organisms use alternative electron acceptors, such as 
nitrate, to break down organic compounds. This enables 
the degradation of pollutants in environments where 
oxygen is not available [66]. Reductive dechlorination is 
another important process in bioremediation, especially 
in the treatment of chlorinated organic compounds. 
Certain bacteria can remove chlorine atoms from these 
toxic substances under anaerobic conditions and convert 
them into less harmful forms [71]. In methanogenesis, 
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organic material is broken down by methanogenic bacte-
ria, producing methane and carbon dioxide. This is often 
utilized in anaerobic digestion for waste treatment [42]. 
In addition, cometabolism occurs when microorgan-
isms incidentally degrade pollutants during their regular 
metabolic activities, even if the pollutants are not their 
primary energy source [67]. These diverse biological 
processes emphasize the versatility and effectiveness of 
bioremediation in treating a wide range of environmen-
tal pollutants. To this end, the objective of this study is 
to evaluate the application of Pseudomonas aeruginosa 
ATCC 15442 strain and wastewater amendment as a 
carbon source for the treatment of crude oil- and AMD-
contaminated soils.

Materials and method
Materials
The soil samples for this study were collected in Durban, 
South Africa. The crude oil was sourced from a local oil 
refinery in South Africa, while the wastewaters (WW): 
brewery wastewater (BWW) and domestic wastewater 
(DWW) were obtained from the South African Brewery 
(SAB) and a wastewater treatment plant, respectively. A 
pure culture of Pseudomonas aeruginosa ATCC 15442 
(PA-15442) used in this study was provided by Anatech 
Microbial Laboratories, South Africa. The soil samples 
were air dried for 24  h and then sieved using a 2-mm 
standard sieve. The soil composition was 79.32% sand 
(2–0.02  mm), 14.71% silt (0.02–0.002  mm), and 5.97% 
clay (< 0.002 mm).

Methodological approach
Preparation of crude oil‑contaminated soil
The soil sample (1 kg) was spiked with 50 g of crude oil 
and stirred to achieve a homogeneous mixture of the 
two components in a mechanical shaker, according to 
our previous studies [14]. To obtain extreme soil sample 
contamination, the concentration of 5% w/w was adopted 
as a concentration > 3% has been reported to affect soil 
structure [59]. The bioremediation methods were applied 
after 4  days of aging to simulate a real polluted soil 
scenario.

Simulation of mine water and preparation 
of AMD‑contaminated soil
Acid mine drainage (AMD) was simulated with a metal 
composition similar to that in the central Witwatersrand 
[45], as described in previous studies [10, 13]. The com-
position comprised 25.70 mg/kg  ZnSO4·H2O, 10.70 mg/
kg  CuSO4·5H2O, 200.01  mg/kg  FeSO4·7H2O, 20.00  mg/
kg  MnSO4·H2O, and 50.50  mg/kg  Al2(SO4)3-18H2O, 

with a sulfate concentration of 798  mg/kg. These com-
ponents were dissolved in deionized water, and the pH 
was adjusted to 2.7 with  H2SO4 to obtain an acidic AMD 
medium. The solution was stirred at 200 rpm for 60 min 
to ensure homogeneity. To prepare AMD-contaminated 
soil, the simulated mine water was mixed with the soil 
sample and stirred at 180  rpm. The contaminated sam-
ples were then dried and left undisturbed for 48 h before 
undergoing bioremediation treatment.

Microbial culture and inoculum preparation
The strain of PA-15442 used in the present study was 
stored at 2–8 °C prior to cultivation and application in 
the bioremediation process. The starter culture was first 
grown in a solid medium prepared by dissolving 10  g 
of McConkey agar medium in 200  mL deionized water 
using a 300-mL flask. PA-15442 was gently transferred to 
the slant media and incubated for 48 h at 37 °C. For the 
crude oil (BAUc) treatment, bacteria cells were activated 
according to Varjani and Upasani [83] by transferring cul-
ture from the nutrient agar slant to Bushnell-Hass (BH) 
broth  (MgSO4, 0.200  g/L;  CaCl2, 0.020  g/L;  KH2PO4, 
1.000 g/L;  K2HPO4, 1.000 g/L;  NH4NO3, 1.000 g/L;  FeCl2, 
0.050 g/L; pH at 25 °C, 7.1) amended with 1% v/v crude 
oil and incubated at 37 ± 1 °C, in continuous agitation at 
180 rpm for 24 h. The inoculum was prepared in 200 ml 
BH medium by inoculating activated culture broth at 
4% v/v of optical density (OD) of 1.0 at  AU600, and incu-
bated at 37 ± 1 °C, 180 rpm for 24 h. For the AMD (BAUa) 
treatment, the culture was transferred to Luria–Bertani 
(LB) broth in an Erlenmeyer flask prepared by dissolving 
peptone (10 g/L), NaCl (5 g/L), and yeast (2 g/L) in dis-
tilled water. The LB solution was autoclaved at 120 °C for 
90 min and cooled for 30 min.

The medium was incubated at 37 ± 1 °C, with constant 
shaking at 180 rpm for 48 h. Bacteria cells used for this 
study were immobilized according to Philip et  al. [63] 
after 48 h of incubation (optical density 1.0 at 600 nm), 
and cells were harvested and separated from media using 
centrifugation at 4000 rpm for 30 min at 4 °C. The super-
natants were decanted, and immobilized cells recovered 
as sediment. The isolated biomass was rinsed with dis-
tilled water. The inoculum was prepared in a 200-mL LB 
medium using the immobilized cells.

Bioaugmentation study of crude oil‑ and AMD‑contaminated 
soils
The bioaugmentation treatment of crude oil and AMD 
was carried out in four bioreactors, each designated as 
BAUc and BAUa, containing 1 kg of crude oil- and AMD-
contaminated soils, respectively. One hundred milliliters 
of BH and LB inoculum each was added to three BAUc or 
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BAUa bioreactors, respectively, followed by inoculation 
of enriched culture (OD: 1.0 at  AU600) at 5% (w/w), while 
some bioreactors were amended with WW effluents as 
shown in Table 1.

Sample preparation and instrumentation
The total nitrogen (TN) was obtained by the semi-micro 
Kjeldahl technique [54], and the available phosphorus 
(P) was determined by Brays No. 1 procedure [58], while 
the total degrading bacteria (TDB) were obtained by 
the vapor phase transfer technique according to Aman-
chukwu et  al. [8]. Soil pH was determined according to 
the following [60]: 20 g of homogenized soil sample was 
mixed with 20 ml of distilled water (1:1 w/v) in a 50-ml 
beaker, and the suspension was agitated for 60 min. Bac-
teria media were autoclaved using a vertical-type steam 
sterilizer HL-341. Optical cell density was determined 
with Thermo Scientific GENESYS™ 150 UV–visible spec-
trophotometer, and Eppendorf 5810R refrigerated cen-
trifuge w/A-4–81 rotor was used for cell immobilization. 
The soil samples from the BAUc and BAUa treatments 
were dried in an oven at low temperature (35 °C), pulver-
ized using mortar and pestle and sieved using a standard 
sieve size of 63 µm to ensure grain size homogeneity.

For the mechanical extraction of the remaining crude 
oil from the sample, 5 g of homogenized soil was mixed 
with dichloromethane (DCM) and acetone in a ratio of 
2:1 in a 250-mL glass vessel. The jar was covered with alu-
minum foil and shaken vigorously for 90 min at 200 rpm 
on a mechanical shaker to ensure effective extraction of 
total petroleum hydrocarbons (TPH). The resulting solu-
tion was filtered through Whatman filter paper followed 
by a syringe filter. The filtrate (extract) was transferred 
to a 50-ml volumetric flask and diluted to a known vol-
ume. TPH was determined by gas chromatography-mass 
spectrometry (GCMS-QP2010 SE). The carbon–oxygen 
demand (COD) was measured according to Standard 
Methods 5220D (APHA 1995) [16] using a Hach COD 
reactor (DRB200, Hach, USA) and a spectrophotometer 
(DR3900, Hach, Germany) [78].

Samples from AMD treatments were analyzed using 
scanning electron microscopy (SEM) (Tescan Mira3, Tes-
can, Czech Republic), energy dispersive X-ray spectros-
copy (EDS) (Thermo Fisher Nova NanoSEM, FEI, USA), 
and X-ray fluorescence analysis using Wirsam XRF-500. 
For the sulfate analysis, aqueous extraction was used, and 
color was detected at 420  nm using a Gallery plus dis-
crete analyzer.

Results and discussion
Results
Characterization results
Table  2 shows that brewery wastewater has a higher 
nitrogen content, a higher bacterial count, and a higher 
COD content compared to domestic wastewater 
(DWW), indicating that DWW has a nutrient deficiency 
compared to brewery wastewater. These results suggest 
that brewery wastewater can increase microbial den-
sity and activity, making it an effective stimulant for the 
biodegradation of hydrocarbon-contaminated soils. Fur-
thermore, the organic matter in brewery wastewater, rep-
resented by COD, is generally readily biodegradable and 
consists mainly of sugars, soluble starch, ethanol, and 
volatile fatty acids [19].

Bioaugmentation of crude oil (BAUc)—results
Bioaugmentation treatment of crude oil-contaminated 
soil with Pseudomonas aeruginosa ATCC 15442 showed 
significant changes in crude oil accumulation and deg-
radation. In all treatments inoculated with PA-15442, an 
accumulation of crude oil was observed within the first 
2  weeks (Fig.  1a), which then appeared to decrease by 
week 4 (Fig.  1b). This contrasts with the control treat-
ment where no visible changes were observed (Fig.  1c). 
Figure 2 shows a visible reduction in TPH from week 1, 
with BAUc-2 showing the highest weekly removal effi-
ciency throughout the treatment period, except at week 2 
where it showed a decrease compared to the other treat-
ments. BAUc-2 reduced the initial TPH concentration 
from 50,000 to 15,260  mg/kg by week 4, corresponding 
to a removal efficiency of 69.48% at an average removal 
rate of 1318.75  mg/day. BAUc-3 showed the highest 
removal efficiency at week 2 with an increase in efficiency 
of 20.14 compared to 10.88% and 9.43% for BAUc-1 
and BAUc-2, respectively. Overall, BAUc-3 removed 
32,315 mg/kg of hydrocarbons at an average removal rate 
of 1161.25 mg/day, corresponding to a TPH removal effi-
ciency of 65.03%. In comparison, BAUc-1 had a removal 
efficiency of 42.02% at an average rate of 750  mg/day 
during the 28-day remediation period. The control treat-
ment (BATc) had the lowest and slowest TPH reduction, 
removing 17,250 mg/kg at an average rate of 616 mg/day. 
These results indicate that the application of PA-15442 in 

Table 1 Bioaugmentation treatment of contaminated soil

Bioreactors BWW (mg/
kg−1 soil)

MWW (mg/
kg−1 soil)

PA‑15442 
(5% w/w)

Loading ratio 
(BWW:MWW)

BAUc-1 0 0 √ 4:0

BAUc-2 100 0 √ 3:1

BAUc-3 0 100 √ 2:2

BATc (control) 0 0 - 0:0

BAUa-1 0 0 √ 0:0

BAUa-2 100 0 √ 4:0

BAUa-3 0 100 √ 0:4

BATa (control) 0 0 - 0:0
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combination with wastewater increases the efficiency of 
TPH removal, suggesting that the TPH reduction in the 
supplemented treatments is due to the microbial activi-
ties stimulated by these biostimulants.

Bioaugmentation of AMD (BAUa)—results
The treatment started in the first week with a remarkable 
metal reduction in the different bioreactors, especially in 
those inoculated with PA and enriched with wastewater. 
A black precipitate was only observed on the surface of 
the PA-15442 + WW-enriched treatments. The BAUa-1 

treatment inoculated with PA-15442 showed an average 
metal removal efficiency of over 50 for Fe, Cu, Zn, and 
Mn, while Al was removed at less than 40% in week 4 
(Fig.  3a). The average sulfate removal efficiency for this 
treatment was 40.22%. BAUa-2 (PA-15442 + BWW) 
showed the highest weekly removal efficiency in week 
1 with over 80% for Fe, Al, Cu, and Zn, except for Mn, 
with a subsequent decrease from week 2 to week 4, 
reaching an average metal removal efficiency of 62.40% 
after 28 days (Fig. 3b). BAUa-3 treatment amended with 
PA-15442 + DWW showed more than 40% removal 
for all metals except Al (< 40%) in week 1. The removal 
effects improved in week 2, but then decreased by more 
than 15% in the following 2 weeks (Fig.  3c). This treat-
ment finally reduced all metals (Fe, Al, Cu, Zn, and Mn) 
by more than 50% on average and achieved an overall 
removal efficiency of 54.04%.

The control treatment (BATa) had a lower metal 
removal efficiency compared to the other treatments, 
with an average metal reduction of less than 30% and an 
average sulfate removal efficiency of 31.55% (Fig.  3d). 
For sulfate removal, a reduction of 4.52 and 2.13 at 
week 3 and week 2 was observed in treatments BAUa-2 
and BAUa-3, where PA-15442 was supplemented with 
BWW and DWW, respectively, resulting in a cumula-
tive sulfate removal of 447 mg/kg and 410 mg/kg, cor-
responding to an average removal efficiency of 56.01% 
and 51.37% with average removal efficiency of 15.96 
mg/day and 14.64 mg/day, respectively (Fig.  4). An 
increase in pH from 6.9 to 7.3 was observed in all BAUa 
treatments. The metal removal efficiency ranged from 
24–84% for Fe, 21–81% for Al, 43–88% for Cu, 36–89% 

Table 2 Physicochemical and microbiological characterization of soil, brewery, and domestic wastewaters

Wastewater/ 
composition

pH COD (mg/L) Total nitrogen Available phosphorus Microbial count

BWW 8.2 750 52.7 ± 0.07 mg/L 9.6 ± 0.04 mg/L 1.7 ×  106 CFU/mL

DWW 7.9 704 45.5 ± 8.7 mg/L 15.5 ± 0.5 mg/L 1.1 ×  106 CFU/mL

Soil 7.2 - 2.8 ± 0.1 g kg  soil−1 2.1 ± 0.01 g kg  soil−1 3.0 ×  106 CFU/g

Fig. 1 a The accumulation and immobilization of crude oil in treatment amended with PA-15442 and BWW due to the effect of biosurfactant 
which reduced in week 4 (b) as a result of biodegradation, while no visible changes or effect was observed in c, the control treatment

Fig. 2 TPH removal efficiency from BAUa treatment for a 28-day 
treatment with and without microbial and wastewater amendment, 
including PA-15442 only (BAUa-1), PA-15442 + BWW (BAUa-2), 
PA-15442 + DWW (BAUa-3), and no amendment–control (BATa)
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for Zn, and 31–64% for Mn. These results show that the 
combined application of PA-15442 and WW effectively 
removes metals and sulfates. Figure  5 shows the aver-
age metal and sulfate removal efficiency of the differ-
ent treatments, which emphasizes the feasibility of the 
wastewater-enhanced PA-15442 treatment method for 
the remediation of AMD-contaminated soils.

Scanning electron microscopy (SEM)–energy dispersive X‑ray 
spectroscopy (EDS)
SEM analysis of the samples of BAUa-1 and BAUa-2 treat-
ment systems revealed that their surfaces were covered 
with extensive layers (Fig.  6a and b). These layers con-
sisted of Fe, Al, Zn, and O, together with trace elements 
and small amounts of other metals, as shown by the peaks 
in the EDS spectrum (Fig. 7a and b). These peaks corre-
sponded to the main components of the metals present in 

the AMD treatment system and suggest that Fe, Al, and 
other metals were precipitated as metal sulfides, result-
ing in some metals being undetectable in the EDS spec-
trum of the samples after treatment. The degree of metal 
reduction or removal was determined by XRF analysis as 
described above. However, the sample from the waste-
water-enriched treatment (BAUa-2) showed that more 
microelements were added by the addition of wastewater.

Discussion
Bioaugmentation of crude oil‑contaminated soils (BAUc)
The bioaugmentation treatment of crude oil-contami-
nated soil using PA-15442 observed the accumulation of 
crude oil evident in all treatments inoculated with PA-
15442 as shown in Fig. 1a within the first 2 weeks of the 
treatment and seems to have reduced in week 4 (Fig. 1b) 
which is contrary to the control treatment (BATc) with 

Fig. 3 Heavy metal removal efficiency for different BAUa methods for 28-day treatment period a PA only (BAUa-1), b PA + BWW (BAUa-2), c 
PA + DWW (BAUa-3), d no amendment–control (BATa)
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no visible changes in treatment (Fig. 1c). The accumula-
tion of crude oil as shown in Fig. 1 evident in treatments 
amended with PA-15442 after the first week of treat-
ment can be attributed to the result of solubilization and 
immobilization of crude oil to the degrading bacteria by 
the produced rhamnolipids [68], and the subsequent deg-
radation of the accumulated crude oil [43] results in the 
decrease in the concentration of the accumulated crude 
oil (Fig. 2) in week 4. Figure 2 shows that the reduction in 
TPH was visible from week 1, with BAUc-2 recording the 
highest weekly removal efficiency throughout the treat-
ment except in week 2, which observed a decline when 

compared with other treatments and reduced the initial 
concentration of 50,000  mg/kg to 15,260  mg/kg which 
represents 69.48% TPH removal efficiency in week 4 at 
1318.75 mg/day average removal rate. However, BAUc-3 
was able to remove 32,315  mg/kg of hydrocarbon at 
1161.25 mg/day average removal rate from the treatment, 
corresponding to 65.03% TPH removal efficiency, while 
BAUc-1 recorded 42.02% after the remediation period 
at 750  mg/day average removal rate (28  days). Biodeg-
radation of crude by PA-15442 was feasible through the 
production of rhamnolipid biosurfactant, which is a low 
molecular weight glycolipid [81] that explains the reason 
for no visible changes in the control treatment (Fig.  3). 
Rhamnolipids by Pseudomonas aeruginosa is a well-
known biosurfactant, which allows the biological absorp-
tion of crude oil by accumulated biomass [20] which can 
have an impact on the actual removal of crude oil [20, 43] 
as evident in treatments inoculated with PA-15442 [25].

The amendment of the organic substrates like BWW 
and DWW as additional carbon sources introduced alka-
linity that triggered increases in pH of the system, which 
facilitates dehydrogenase to enhance biodegradation of 
hydrocarbons evident in treatment BAUc-2 and BAUc-
3, amended with BWW and DWW respectively which 
recorded 25% average increase TPH removal efficiency 
more than the treatment without wastewater amendment 
(BAUc-1). This agrees with the results of several stud-
ies [3, 9, 15]. The control treatment (BATc) recorded the 
lowest and slowest TPH reduction from week 1 till the 
end of the treatment removing 17,250 mg/kg at 616 mg/
day. It is evident from the BAUc treatment that the 
application of PA-15442 + WW enhances TPH removal 

Fig. 4 Sulfate removal efficiency from different BAUa treatment 
methods

Fig. 5 Average metal and sulfate removal efficiency from different BAUa treatments
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Fig. 6 SEM images from a BAUa-1 and b BAUa-2 treatment systems showing the cryptocrystalline coating layer of spherulitic aggregates

Fig. 7 EDS micrographs of samples from a BAUa-1 and b BAUa-2 treatment systems, consisting of Fe, Al, O, microelements, and minor amounts 
of other metals
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efficiency. This showed that TPH reduction from treat-
ments supplemented wastewaters is due to the microbial 
activities induced by these biostimulants. The results of 
this study, which recorded 67.47% average TPH removal 
efficiency with PA + WW after 28 days, are in agreement 
with studies by Abdulsalam et al. [2], Qiao et al. [65], and 
Benyahia and Embaby [21] which reported removal effi-
ciencies of 66%, 46–64%, and 56–77% after 10 week-, and 
90- and 156-day treatment period, respectively. Moreo-
ver, Mohajeri et al. [53] observed that the amendment of 
organic nutrient to the microbial population increases 
the biodegradation efficiency with removal efficien-
cies of 73.89, 73.76, and 58.31% reported for initial oil 
concentrations of 3, 30, and 60  g/kg soil, respectively, 
after 90-day study period which corresponds to the pre-
sent study which recorded average removal efficiency 
of 67.47% for 50  g/kg soil with P. aeruginosa and WW 
amendment after 28-day study period.

The accumulation of crude oil, as shown in Fig. 1, evi-
dent in treatments amended with PA after the first week 
of treatment, can be attributed to the result of solubili-
zation and immobilization of crude oil to the degrading 
bacteria by the produced rhamnolipids [68], and the sub-
sequent degradation of the accumulated crude oil [43] 
results to the decrease in the concentration of the accu-
mulated crude oil (Fig.  2) in week 4. Biodegradation of 
crude by Pseudomonas aeruginosa was feasible through 
the production of rhamnolipid biosurfactant which is 
a low molecular weight glycolipid [81] that explains the 
reason for no visible changes in the control treatment 
(Fig.  3). Rhamnolipids by Pseudomonas aeruginosa is 
a well-known biosurfactant, which allows the biologi-
cal absorption of crude oil by accumulated biomass [20] 
which can have an impact on the actual removal of crude 
oil [20, 43] as evident in treatments inoculated with Pseu-
domonas aeruginosa [25]. Rhamnolipid biosurfactants 
are characterised by special properties, including non-
toxicity, biodegradability, biocompatibility and high effi-
ciency at low concentrations. Their ability to be produced 
from natural substrates under mild environmental condi-
tions makes them particularly suitable for bioremediation 
applications. Guo-liang et al. [43] and Uzoigwe et al. [81] 
reported that crude oil adsorption to dead Pseudomonas 
aeruginosa may be negligible in hydrocarbon degrada-
tion since P. aeruginosa utilize crude oil as a sole energy 
source for biological activities through the synthesis of 
rhamnolipids. The amphiphilic nature of the rhamnolip-
ids enables them to dissolve and immobilize hydropho-
bic solvents like crude oil to enhance bioavailability and 
degradation [62, 72, 76]. This process is accomplished 
by reducing the surface and interface stress between the 
relatively high liquid–liquid phase and the formation of 
stable emulsion in order to enhance degradation.

In agreement with the present BAUc study which 
recorded 42–69% with an average of 58.84% TPH 
removal efficiency after 28  days, the study by Kumari 
et al. [48] reported 67.1% hydrocarbon removal efficiency 
with Pseudomonas aeruginosa after 45  days of treat-
ment, while Tavassoli et  al. [79] recorded 46% removal 
efficiency with an appreciable growth of Pseudomonas 
spp. observed during the treatment. Bezza and Chirwa 
[22] recorded 62% after 8 days of treatment using biosur-
factant produced by P. aeruginosa for the treatment of 
PAH-polluted soil as the substantial reduction in hydro-
carbon was due to a combined solubilization and biodeg-
radation process as reported by Shin et al. [73]. The study 
by Das and Mukherjee [32] showed that Pseudomonas 
aeruginosa M and MN strains were more effective than 
B. subtilis strain in the TPH degradation process which 
accounts for an average removal efficiency of 75% as 
against 46% recorded by the latter after 120 days of treat-
ment attributed to the possession of energy-dependent 
system by P. aeruginosa strain which mediates the rapid 
absorption (in the presence of rhamnolipid) of hydropho-
bic components as reported by Noordman and Janssen 
[55], while the microbial biodegradation of resins frac-
tionated from Arabian light crude oil using Pseudomonas 
aeruginosa isolated from emulsified mixed population 
recorded 50% removal efficiency from 5000  ppm TPH 
concentration of crude oil after 7  days of treatment as 
reported by Venkateswaran et al. [84].

However, the study by Song et  al. [77] showed varia-
tion in TPH removal efficiencies of P. aeruginosa S and 
P. aeruginosa Y strains with 69% and 52% biodegradation 
efficiencies respectively which can be attributed to cell 
surface hydrophobicity (CSH) as reported by Bouchez 
Naïtali et al. [26] where P. aeruginosa S showed low cell 
hydrophobicity and decrease in broth’s surface tension as 
the strain was able to grow on alkanes, while P. aerugi-
nosa Y, on the contrary, observed significant cell surface 
hydrophobicity with no substantial variation visible in the 
surface tension. This showed that P. aeruginosa Y relates 
directly to oil droplets, while P. aeruginosa S engaged 
hydrocarbon droplets by means of biosurfactant-medium 
mode which correlates to a higher removal efficiency. 
However, the results noted that the biosurfactant-pro-
ducing mode is still effective to the direct mode degra-
dation which suggests that biosurfactant could achieve 
an optimal reduction of hydrocarbon concentration [40]. 
This may explain and contribute to the variation in bio-
degradation efficiencies with Pseudomonas aeruginosa 
strains as the synthesized biosurfactant plays a vital role 
in petroleum biodegradation.

The amendment of the organic substrates like BWW 
and DWW as additional carbon sources introduced 
alkalinity that triggered increases in the pH of the 
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system, which facilitates dehydrogenase to enhance 
biodegradation of hydrocarbons [3, 9, 15] evident in 
treatment BAUc-2 and BAUc-3, amended with BWW 
and DWW respectively which recorded 25% average 
increase TPH removal efficiency more than the treat-
ment without wastewater amendment (BAUc-1). Also, 
the synergy between the microbial load present in 
wastewater and P. aeruginosa attributes to the increase 
in removal efficiencies as reported by Agarry and Lat-
inwo [4]. In accordance with the present study which 
increased the TPH removal efficiency from 40 to 65% 
and 69% with BWW and DWW amendment respec-
tively after 28  days, the investigation by Al-Hadhrami 
et al. [7] observed an increase in TPH removal efficiency 
from 20 to 50% using the organic substrate as an energy 
source for Pseudomonas aeruginosa, while mineral fer-
tilizer recorded from 14 to 20% after the 24-h treatment 
period. According to the findings by Al-Hadhrami et al. 
[7], the appreciable removal efficiency recorded with 
the organic substrate (cane sugar molasses) more than 
mineral fertilizer can be attributed to the increased res-
piration, which enhanced the oxidation rate associated 
with significant hydrocarbon breakdown. This showed 
the effect and selectivity of energy source by bacteria 
(PA) [7].

Similar to the result of this investigation which 
recorded 67.47% average TPH removal efficiency with 
Pseudomonas aeruginosa and wastewater after 28  days, 
Abdulsalam et  al. [2], Qiao et  al. [65], and Benyahia 
and Embaby [21] reported removal efficiencies of 66%, 
46–64%, and 56–77% after 10  week- and 90- and 156-
day treatment period respectively, while Mohajeri et al. 
[53] observed that amendment of organic nutrient to 
the microbial population increases the biodegradation 
efficiency with removal efficiencies of 73.89, 73.76, and 
58.31% reported for initial oil concentrations of 3, 30, 
and 60  g/kg soil respectively after 90-day study period 
which corresponds to present study which recorded 
average removal efficiency of 67.47% for 50 g/kg soil with 
P. aeruginosa and wastewater amendment after 28-day 
study period. The findings of Mohajeri et al. [53] noted 
that a high concentration of crude oil affects the rate 
of microbial biodegradation. The high degradation effi-
ciency with combined BAU and BST can be attributed 
to a low concentration of initial TPH (3 g/kg or 700 mg/
kg soil) when compared to the present study as reported 
by Mohajeri et al. [53]. This validates the efficacy of bio-
augmentation and biostimulation (Pseudomonas aerugi-
nosa inoculation and WW amendment) in the treatment 
of crude oil-contaminated sites, which recorded appre-
ciable removal efficiency when compared with control 
treatment which received neither inoculation nor waste-
water amendment.

Mechanism of metal removal by P. aeruginosa ATCC 15442
The treatment started on the first week with appreci-
able metal reduction observed in different bioreactors, 
especially treatments inoculated and amended with 
PA-15442 + WW, respectively, with black precipitate 
observed on the surface of treatments amended with 
P.A + wastewater only. BAUa-1 treatment inoculated with 
PA-15442 recorded an average metal removal efficiency 
of > 50% for Fe, Cu, Zn, and Mn, except for Al with < 40% 
in week 4 (Fig.  3a) with an average sulfate removal effi-
ciency of 40.22%. BAUa-2 (PA-15442 + BWW) recorded 
the highest weekly removal efficiency in week 1 (> 80% 
for Fe, Al, Cu, Zn except for Mn) and a decline from week 
2 to week 4 with an average metal removal efficiency 
of 62.40% after 28 days (Fig.  3b). However, the BAUa-3 
inoculated and amended with PA-15442 + DWW 
showed > 40% removal for all metals except for Al (< 40%) 
in week 1 and the removal efficiencies for the treat-
ment appreciated in week 2 with a decline of > 15% in 
the remaining 14 days (Fig.  3c). The BAUa-3 treatment 
reduced all metals (Fe, Al, Cu, Zn, and Mn) by > 50% 
(average) to attain an average removal efficiency of 
54.04%. The control treatment (BATa) observed a slow 
metal removal efficiency when compared to other treat-
ments with the average metal reduction below 30% effi-
ciency with 31.55% average sulfate removal efficiency 
(Fig.  3d). However, for sulfate removal, BAUa-2 and 
BAUa-3 treatment where PA-15442 was amended with 
BWW and DWW respectively observed a 4.52% and 
2.13 decline in week 3 and week 2 respectively which 
attribute to a cumulative sulfate removal of 447  mg/kg 
and 410 mg/kg to represent 56.01% and 51.37% average 
removal efficiency at 15.96  mg/day and 14.64  mg/day 
average removal rate, respectively (Fig.  4). An increase 
in pH was observed in all BAUa treatment to 7.3 from 
6.9. Metal removal efficiencies were 24–84%, 21–81%, 
43–88%, 36–89%, and 31–64% for Fe, Al, Cu, Zn, and Mn, 
respectively. Hence, it can be deduced that the combined 
application of bacteria strain, PA-15442, and wastewaters 
was effective for metal and sulfate removal.

The reduction of metal concentration in treatment 
amended with PA showed the bacteria’s potential to 
remove varying metals from contaminated soils [1, 85]. 
According to the findings by Fomina and Gadd [39], 
through surface complexation on cells and other exter-
nal layers, biosorption can be performed as a passive 
absorption by cell and tissue fragments or through dead 
biomass or live cells [41]. Also, as a metal removal mech-
anism, P. aeruginosa synthesizes siderophore known as 
pyoverdine (iron carriers)—a high-affinity iron-chelating 
compound as reported by Peek et al. [61] which can bind 
metal during bioremediation treatment. Peek et  al. [61] 
noted that siderophores are essential for the acquisition 
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of iron by certain pathogenic bacteria like P. aeruginosa 
sp. The unavailability of Fe which is a significant nutrient 
for the P. aeruginosa bacteria prompted the secretion of 
siderophore which mobilize and transport Fe across cell 
membranes. These siderophores are released by P. aerug-
inosa to scavenge available Fe from the mineral phase in 
the treatment system by the gradual formation of soluble 
 Fe3+ complexes (under acidic condition) for active trans-
port and uptake mechanism [44, 52] which contributes 
to the effective reduction of Fe and other metals. Sidero-
phore can chelate and detoxify other metal ions (aside 
Fe), such as Cu, Al, Pb, Mn, Zn, Cd, Cr, and Ur among 
others [28, 34] to enhance metal reduction as evident in 
the current study.

However, the black precipitate visible on the surface 
of the treatment suggests sulfidogenic process is feasi-
ble due to the introduction of wastewater into the sys-
tem which also contributes to metal reduction through 
metal precipitation as sulfides, hydroxides, or carbon-
ates, and sorption into organic materials [18, 35, 38, 49, 
51], van den [82]. Silva et  al. [74] reported that metal 
removal mechanism using P. aeruginosa can be facilitated 
by the introduction of organic energy source for the bac-
teria for the maintenance of active, stable, and sensitive 
microbial community needed for effective bioaccumula-
tion or biosorption process for enhanced metal removal 
[27, 74]. This vividly elucidates the increase in average 
metal removal efficiencies in treatments amended with 
P. aeruginosa and wastewater (BAUa-3 and BAUa-4) 
where the presence of an organic substrate in the form 
of wastewater (BWW and DWW) increased the average 
metal removal efficiency by 20.59% and 12.23% respec-
tively when compared to the treatment without nutrient 
amendment (BAUa-1) which recorded 41.81% average 
removal efficiency. According to Sinha and Mukherjee 
[75], the increase in P. aeruginosa KUCd1 survival rate 
can be linked to the amendment and availability of extra 
energy source during the treatment for rapid metabolism 
which facilitated metal removal efficiency to 89%, while 
media treatment recorded 75% and nutrient-deficient 
media removes less than 20% Cd from the wastewater 
after 96-h treatment period which corresponds to 41.81% 
(media nutrient only) as against 58.22% (avg. removal 
with wastewater nutrient amendment) recorded in the 
present study which corresponds to 16.41% increase in 
removal efficiency.

The metal removal efficiencies of 24–84%, 21–81%, 
43–88%, 36–89%, and 31–64% were recorded for Fe, 
Al, Cu, Zn, and Mn (with 51.07, 47.29, 59.32, 58.98, and 
47.10% average) respectively after 28 days which corre-
spond to the study by Juwarkar et al. [47] which reported 
heavy metal removal efficiencies of 86–96% with P. aer-
uginosa BS2 isolated from oil sludge after 96  h, while 

Awasthi et al. [17] reported 79.5, 52.4%, and 61% removal 
efficiencies for Cu, Zn, and Fe after a 24–72-h treat-
ment period. Also, Chen et  al. [31] reported 87.2% and 
99.8% removal efficiencies for Cu and Zn, respectively, 
with Pseudomonas putida (CZ1) strain during the active 
growth cycle. The appreciable metal removal efficiency 
of these metals, also evident in the present study, can be 
due to their (Fe, Cu, Zn) indispensable nature as essential 
nutrients required for bacterial growth and cell survival, 
which enhance their tolerance in metal concentration 
[17] where excess of these metals may be detrimental to 
microbial growth [57, 80]. However, in accordance with 
this investigation, with average Al removal efficiency of 
47%, Purwanti et al. [64] and Boeris et al. [23] recorded 
46% and 44% using P. aeruginosa and P. putida, respec-
tively, as Al exposure is detrimental to the growth of the 
bacteria [64].

Silva et  al. [74] reported that Zn removal was effec-
tive at pH 7.0 with 87.7% removal efficiency after 72 h of 
treatment, while Mn removal was low (21.69%), which 
is also consistent with the present study where Mn had 
the lowest average removal efficiency of <50% compared 
to the other metals. This could be due to the possession 
of high  atomic mass, which interferes with the adsorp-
tion process [29]. Also, the findings from Silva et al. [74] 
showed that P. aeruginosa’s adsorption from metals from 
individual solutions is higher than in a multi-metal mix-
ture as the growth of P. aeruginosa was more visible in 
Zn, followed by Cu and Mn, which buttresses Mn’s low 
removal efficiency. Hence, the discrepancy and fluctua-
tions in metal removal efficiencies observed during the 
treatment may be due to the complexation of metal in the 
multi-metal treatment systems, which lowered the bio-
availability of metals and hence increased toxicity [75], 
depletion of organic substrates and/or lack of bioavail-
ability of metals in the soil to degrading microbes. Also, 
the low metal removal recorded in the control treatment 
(BATa) in the present study is due to a lack of inoculum 
or organic substrate amendment [24]. The study showed 
that the application of PA-15442 with wastewater as an 
extra carbon source was effective for the reduction of 
multi-metal concentration in the soil and can serve as 
a potential remediation alternative. Figure  8 shows the 
overall performance of different methods for the remedi-
ation of TPH- and AMD-contaminated soils. It is evident 
that the addition of wastewater to PA microbes (BAU-2 
and BAU-3) improved the remediation efficiency.

Sulfate removal
The BAUa treatment with the bacteria strain PA-15442 
showed sulfate reduction as evident in BAUa-1 because 
the bacteria species has been found to grow in organic 
or inorganic sulfur sources [46] while utilizing the same 
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as the sole sulfur source in the presence of glucose as 
an energy source. However, Pseudomonas sp. produced 
varying amounts of biosurfactants depending on the 
available sulfur sources. In agreement with the present 
BAUa study which recorded 40–56% average sulfate 
removal efficiency after 28 days, Ajao et al. [5] reported 
62.8% removal efficiency for sulfate with P. aeruginosa 
and B. subtilis after 15-day treatment period. The intro-
duction of wastewater (BWW and DWW) into the sys-
tem as an extra energy source for PA-15442 facilitated 
the sulfate removal efficiency as evident in BAUa-2 and 
BAUa-3 treatment which increased the average removal 
efficiencies by 15.80% and 11.16% respectively (when 
compared to BAUa-1 inoculated with the bacteria 
strain only—40.22%) which is attributed to the possi-
ble synergy between P. aeruginosa and other microbial 
community present in wastewater [4]. This was fur-
ther buttressed in the study by Chen et  al. [30] which 
reported the ability of P. aeruginosa, (heterotrophic 
denitrifiers) to effectively reduce sulfate as a result of 
positive interaction with SRB present in wastewater to 
attain > 70% sulfate removal efficiency after 10  days of 
treatment.

Conclusion
Bioaugmentation treatment of contaminated soils 
with PA-15442 adopts the biosorption process for 
hydrocarbon, metal, and sulfate reduction with 42.02, 
41.81, and 40.23% average removal efficiencies, respec-
tively. However, the amendment of organic nutrients 
(wastewaters) introduced alkalinity, which triggers pH 
increase and facilitates microbial activities to account 
for an increase in the removal efficiencies of these pol-
lutants by 25.24 and 16.23 and 13.47% for TPH, met-
als, and sulfate, respectively, as brewery wastewater 

amendment recorded slightly appreciable efficiency 
than domestic wastewater. By using the wastewater as 
an extra carbon source, the bacteria can enhance their 
metabolic activity and potentially increase their effi-
ciency in degrading or immobilizing metals in the soil. 
This method leverages biological processes to trans-
form or sequester metals and offers a sustainable and 
potentially cost-effective solution compared to tradi-
tional remediation methods such as chemical treat-
ments or physical removal. This study showed that the 
wastewater-enhanced PA-15442 method can serve as a 
potential bioremediation tool for the treatment of acid 
mine drainage- and crude oil-contaminated soils.
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