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Abstract

Metallic pollution in aquatic ecosystems has expanded dramatically due to the astonishing growth in industrial activity,
posing a threat to the safety and health of the environment. Bacterial bioremediation offers promising solutions for decon-
taminating a polluted environment in a variety of situations. As a result, the tolerance and toxicity levels of the quaternary
metal in bacteria isolated from the electroplating effluent were evaluated. The best tolerable strains were Bacillus megate-
rium, Sphingobacterium ginsenosidimutans, and Kocuria rhizophila, chosen for potential biosorption and bioaccumulation
at high concentrations and maximum sorption rate and time. The mechanisms of bioremediation were verified by Scanning
electron microscopy energy-dispersive x-ray analysis and Fourier transform infrared spectroscopy. The results showed that
the maximum biosorption was 83.73% Ni and 75.49% quaternary during 6 h, while the Cu and Ni accumulation levels were
0.291 mg/g at 24 h and 0.159 mg/g at 12 h in B. megaterium,, respectively. The consortium achieved high biosorption with
individual metals and quaternary ranging from 75.68 to 90.79%, and the highest accumulating amount of Cu was 0.399 mg/g
during 12 h and 0.374 mg/g Ni during 6 h. During the exponential phase and using the bacterial consortium, the best metal
bioremediation outcomes were found. It was observed that metal binding changes cell morphology and FTIR spectra identi-
fied the dominant groups involved in the biosorption of metals on the surfaces of bacteria. The study shed some light and
offered more knowledge of the interactions of metal-tolerant bacteria during bioremediation processes and their practical
applicability to mineral processing.
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Introduction

The complexity of wastewater has grown as a result of rapid
industrial development. Industrial water discharged into bod-
ies of water is regarded as one of the primary sources of
environmental contamination that causes water quality alter-
ations (Aniyikaiye et al. 2019). The degree of environmental
deterioration caused by diverse human activities in aquatic
ecosystems is typically reflected in their quality (Bhat et al.
2018). Surface water has been severely damaged by efflu-
ents from industrial processes such as the electroplating
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sector (Aniyikaiye et al. 2019). This is because they may be
included in significant amounts of copper, nickel, chromium,
and zinc (Xiao et al. 2019).

Heavy metals are elements having a density greater than 5
g/cm?® and metals or metalloids with an atomic mass greater
than 4000 kg m>, or five times that of water (Paschoalini and
Bazzoli 2021). Metallic ions from diverse industrial opera-
tions are a serious concern due to their toxicity to all living
organisms, accelerated rates of movement or transportability
in the environment, and influence on ecosystem balance (Ali
et al. 2019). Furthermore, the problem is that these pollut-
ants are persistent elements with accumulating properties
and non-biodegradability, which causes significant environ-
mental concern and has a high water dispersal capability.
As a result, under the appropriate conditions, it may be bio-
available for uptake by other aquatic species (Elbasiouny
et al. 2021; Aniyikaiye et al. 2019). Therefore, remediation
measures must be implemented to prevent heavy metals from
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entering terrestrial and aquatic environments and to reduce
metallic pollution (Yan et al. 2020; Hasan et al. 2019).

Today, numerous conventional approaches are employed
to reduce pollution and remove heavy metals from indus-
trial effluent. The methods include layer detachment, particle
trade, ultrafiltration, filtration, sedimentation, electrodialy-
sis, photocatalysis, flocculation/coagulation, and adsorption
(Meepho et al. 2018). Most of these traditional techniques
require complex operations, are expensive and consume
more energy. It was confirmed that despite their use and
prevalence, they may face certain defects such as low effi-
ciency at low metal concentration, high cost, and toxic by-
products (Nugroho et al. 2021; Zhang 2014).

Biosorption is a simple, economical and environmentally
friendly process that removes pollutants by binding them
to a material of biological origin or biomass. Advances in
this field have reinforced the interest in this technique to
solve environmental pollution problems (Torres 2020). Fur-
thermore, biosorption has advantages over traditional metal
removal methods, such as lower biomass production costs,
efficient heavy metal removal, multiple uptake, large waste-
water treatment, no chemical additions, function under vary-
ing conditions, easy metal desorption, and reduced waste
volume or toxic material production (Shamim 2018). There-
fore, adsorption turns out to be the best strategy with great
potential (Rajendran et al. 2022). Various methods based on
biosorption have currently been evaluated (Qin et al. 2020).
It is the removal of heavy metals or other pollutants from
solutions, either by surface adsorption or infiltration into
the middle of the cell. In the first process, metals are linked
with extracellular polymers, while in the second process,
intracellular accumulation occurs. Surface adsorption occurs
quickly in the first phase and can be followed by high metal
accumulation in the middle of the cell (Tarekegn et al. 2020).

Bacteria are one of the microbes that possess excellent
adsorption capacity due to their high surface-to-volume ratio

and the good number of active chemical adsorption sites
in their cells (Kushwaha and Kashyap 2021). According to
Tarekegn et al. (2020), various bacteria isolated from metal-
contaminated environments and their efficacy compared to
isolated species in this study are shown in Table 1. The
microbial species B. megaterium, S. ginsenosidimutans and
K. rhizophila have been reported to have a potential role in
bioremediation. The biosorption capacity of several bacte-
rial species, including B. megaterium was found to remove
several heavy metal ions (Tarekegn et al. 2020). As well,
heavy metals tested on K. rhizophila showed multi-metal
resistance ability, genetic analysis of K. rhizophila revealed
that it contains genes associated with tolerance to different
concentrations of heavy metals (50-500 mg/L) (Afridi et al.
2021).

However, in one of the studies it was shown that Sphin-
gobacterium spp can thrive in high concentrations of metals,
including Cu and Cr (Mgbodile et al. 2022). More evidence
is needed on the ability of S. ginsensidmutans to grow and
resist multiple metals. There is still room for S. ginsensidmu-
tans to be discovered with greater capabilities and trapping
traits. Moreover, there is a need to investigate and compare
the multiple uptake capacities of various indigenous biosorb-
ents isolated from contaminated sites, as well as which stage
of bacterial growth can achieve the best sorption.

Since the two previous species are Gram positive and
more metals are uptaken by Gram positive bacteria due to
the presence of glycoproteins, this supported their selection
to study metal remediation. While it was reported that less
metal uptake by Gram negative bacteria is observed due to
phospholipids and lipopolysaccharides (LPS). Therefore,
there is a need to verify the capabilities of these isolates
(Shamim 2018). The complete comparison of the biore-
mediation efficacy of three isolates with different forms in
multi-metal solutions compared with single metals is the
basis and uniqueness of the study. In general, the effects

Table 1 Comparison the

N . Bacteria Metal Metal concentration Sorption effi- References

efﬁc%ency of several bacteria (mg/L) ciency %

obtained from metal-

contaminated environments B. cereus Cr 1500 80 Tarekegn et al. (2020)
B. circulans MN1 Cr 1500 96 Tarekegn et al. (2020)
B. subtilus Cr 0.57 99.6 Tarekegn et al. (2020)
Staphylococcus sp Cr 4.105 45 Tarekegn et al. (2020)
Streptomyces sp Cu+Ni 0.161 25 Tarekegn et al. (2020)
Micrococcus sp Cu+Ni 50 55 Tarekegn et al. (2020)
Pseudomonas sp Cu+Ni 1 53 Tarekegn et al. (2020)
B. firmus Zn - 61.8 Tarekegn et al. (2020)
Pseudomonas sp Zn - 49.8 Tarekegn et al. (2020)
B. megaterium Cr 402.52 47.70 Rosca et al. (2023)

Ni 200.2 98 Gheethi et al. (2017)

K.rhizophila Cr 100 35 Hagq et al. (2016)

]
* @ Springer



International Journal of Environmental Science and Technology (2024) 21:4817-4836 4819

of the simultaneous presence of multiple chemicals have
not received as much attention as the effects of single met-
als. The effects of multiple chemicals are more important
than single effects and should not be neglected (Adnan
et al. 2021). Although these conditions are representative
of the real-life environment, there is not enough data for
combined toxicological interactions for heavy metals, and
there is not much literature indicating the interactions of
heavy metals with the biosorbent in the composite mixtures.
It was reported that the sorption of metal ions by biological
materials is limited to single-metal solutions; multi-metal
solutions such as binary, ternary, and quaternary solutions
are extremely rare; and evaluation methodologies make it
difficult to draw meaningful conclusions (Costa and Tavares
2018).

One of the first experiments was to evaluate the combined
toxicity of a quaternary mixture comprising the metals Cu,
Zn, Ni and Cr at the highest concentrations of this mixture.
Based on their highest tolerance levels and lowest toxicity,
three bacterial isolates (B. megaterium, S. ginsenosidimu-
tans, and K. rhizophila) were selected for a comprehensive
comparison of the efficiency of the isolates in removing
individual metals and quaternary from aqueous solutions.
In addition, to determine the living biomass capacity of three
isolates as singles and consortiums in metal sorption, as well
as the maximum time and rate of sorption. The biosorbents
were investigated using FTIR and SEM-EDX spectroscopy
to elucidate the diverse reaction mechanisms. Potential
bioremediation mechanisms, including those for biosorption
and bioaccumulation mechanisms of bacterial species, can
be disclosed by measuring their sorption capacities during
periods of metallic stress to which they were particularly
exposed throughout the growth phases.

Materials and methods
Bacteria and culture media

The bacterial isolates employed in the present study were
isolated from electroplating industrial effluents. Bacterial
isolates were initially obtained from nutrient agar plates
(Oxoid, Lab-Lemco Powder) incorporated with 10, 50,
and 100 mg/L concentrations of Cu, Zn, Ni, and Cr as
individual metals and as a quaternary solution at 37 °C
for 24 h. The isolates that were able to tolerate and grow
at high concentrations were chosen for further study.
They were maintained on nutrient agar slants at 4 °C for
further use. Based on the 16S rDNA data, bacterial iso-
lates were identified and confirmed to belong to the fol-
lowing genera and species: Microbacterium paraoxydans
(NR_025548.1), Streptomyces werraensis (NR_112390),
Microbacterium arabinogalactanolyticum (NR_0449321),

Staphylococcus haemolyticus (NR_036956.1), Bacil-
lus paramycoides (NR_1577341), Bacillus megaterium
(NR_117473.1), Sphingobacterium ginsenosidimutans
(NR_108689.1), Kocuria rhizophila (NR_026452.1), and
Sphingobacterium detergens (NR_118238). Bacillus meg-
aterium, Sphingobacterium ginsenosidimutans, and Kocu-
ria rhizophila were selected based on the tolerance levels
and toxicity limits achieved by the isolates. To evaluate the
bioremediation potential of Cu, Zn, Ni and Cr individu-
ally and in quaternary over intervals of 1-48 h. As well as
examining the maximum sorption rate and required time
in multi-metal resistant bacteria.

Preparation of standardized cultures from bacterial
isolates

The suspensions of nine isolates were grown to exponen-
tial phase in nutrient broth on a rotary incubator (PRO-
TECH, Model CSI 100) at 150 rpm and 37 °C, while
pH and temperature were at 7.0 and 37 °C, respectively.
Thereafter, the cultures were harvested by centrifuga-
tion (Hettich Zentrifuge, Universal 320) at 4000 rpm for
10 min. The supernatant was discarded, and the harvested
cells or pellets were washed twice using sterilized saline
water to avoid any residual nutrients (Hoseini et al. 2020).
The washed cells were resuspended in sterilized saline
water, and turbidity was adjusted to give an optical density
of 0.6 at 600 nm using a spectrophotometer (Genesys 20,
Thermo Spectronic). Bacterial suspensions have been used
as inoculum in measurements of biosorption and bioaccu-
mulation. All experiments were performed using standard-
ized cultures (OD =0.6) in order to equalize the enzyme
activity. They were carried out twice, and the mean values
for each experiment were recorded (Marzan et al. 2017;
Sharma and Dwivedi 2017).

Inoculum preparation for consortium

Adopting a modified method from Nwanyanwu et al. (2017),
approximately 1% of the isolated bacteria were cultured
overnight in nutrient broth on a rotating shaker (150 rpm)
at 37 °C. The cells were then extracted by centrifugation
at 4000 rpm for 10 min. Cells were harvested, and washed
twice in sterile double-distilled water before being sus-
pended in it. In a sterile Erlenmeyer flask, equal quantities
(1 mL) of each standardized cell suspension were combined
together to form a bacterial consortium of three isolates. To
obtain the bacterial consortium employed in this study, the
optical density for all cell suspensions was adjusted to 0.6 at
600 nm by dilution of the bacterial suspension with sterile
double-distilled water.
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Preparation of heavy metal solutions

Stock solutions of 1000 mg/L concentrations of Zn,Cu, Cr,
and Ni were prepared by dissolving zinc sulfate (ZnSO,), cop-
per sulfate (CuSO,), potassium chromate (K,Cr,0,) (R&M
Chemical), and nickel chloride (NiCl,) (HmbG Chemical) in
double-distilled water. Thereafter, the solutions were shaken
for 15 min and then left to stand for 24 h to obtain complete
dissolution. Metal solutions were sterilized by a membrane
filter and stored at 4 °C (Abd El Hameed et al. 2015).

Heavy metals tolerance and growth of bacterial
isolates

Overnight isolates with an O.D=0.6 were inoculated in a
nutrient broth containing sterile heavy metals of Zn, Cu, Cer,
and Ni (10, 50, and 100 mg/L). In each culture medium flask,
the metals were added separately and quaternary in a 250-mL
Erlenmeyer flask and incubated at 37 °C for 24 h. The degree
of tolerance of bacterial isolates was determined by measuring
the optical density at 600 nm with metal-free bacterial culture.

Estimation of metals toxicity and maximum
tolerance

The degree of bacterial resistance and toxicity of metals
were also determined at high concentrations (100, 300, and
500 mg/L) of quaternary mixed metals by measuring the OD
at 600 nm with metal-free bacterial cultures. The most toler-
ant and least toxic isolates were selected for quantifying the
metal sorption rate during their growth intervals under metallic
stress. The following equation was used as described by San-
nasi et al. (2010):
1, Y

B= Eln; €))]
where Y is the bacterial growth rate at metal concentrations
(mg/L); C and a are the growth rates without metal in the
control; the B variable factor (inverse concentration; L/mg)
is an indicator of metal toxicity to bacteria at metal concen-
trations. An analysis of variance (ANOVA) and the Tukey
test (p <0.05) (SPSS version 25) were used to determine
the significance of the difference for selected heavy met-
als on tolerance levels and toxicity within isolates at high
concentrations.

Assays of biosorption, bioaccumulation
and the maximum time and sorption rate

Standard cultures were prepared from three bacterial isolates

(OD=0.6), including B. megaterium, S. ginsenosidimutans,
and K. rhizophila, individually and in consortium. Aliquots
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of a 1 mL overnight suspension of the isolate bacterial cul-
ture were inoculated in 100 mL of nutrient broth medium
containing 100 mg/L concentrations of Zn>*, Cu**, Cr**,
and Ni** as a primary and quaternary solution in a 250 mL
Erlenmeyer flask (Jaafar et al. 2015; Fadel et al. 2015; Mur-
thy et al. 2014). The Erlenmeyer flasks were incubated at
37 °C at 150 rpm for 24 h. Aliquots of 5 mL were extracted
from the same flask each time and at the established inter-
vals T, T4, T},, T»4, and T,g h. After that, each extracted
sample was centrifuged at 5000 rpm for 15 min to separate
the suspensions into supernatant and pellets. Each compo-
nent was treated independently in order to determine the
maximum time as well as the biosorption and bioaccumula-
tion rates of the tested bacteria.

Determination of biosorption

The metal-amended cultures were centrifuged to separate the
supernatant and precipitate, and the residual metal concen-
tration in the supernatant liquids was estimated based on the
difference between the initial and final metal concentrations
which was considered as a metal bound biosorption mate-
rial. The procedure was as follows: The supernatants were
collected and digested using a double volume of 67% HNO;
and 30% H,0, v/v. The mixtures were heated to 100 °C on
a hotplate stirrer to accomplish acid digestion until the final
volume decreased to the initial supernatant volume. Then,
the extracts were filtered through filter paper (Whatman, 42)
to remove any insoluble substances and gathered into a volu-
metric flask, where they were diluted (Jaafar et al. 2015).
The residual metal concentrations in the extracts were ana-
lyzed by ICP-MS, and the observations of supernatants were
conducted within the time periods 1, 6, 12, 24, and 48 h. To
distinguish the maximum sorption rates achieved between
these time periods with each isolate, all experiments were
conducted in triplicate. The amount of metal bound by the
biosorbent was determined as follows:

%Biosorption = <1_TF) x 100 2)

where: I =initial metal concentration, F = final metal con-
centration (Olukanni et al. 2014).

Determination of bioaccumulation

The pellets were washed twice with sterile acidified water
(100 mL of 0.1 M HCl in double distilled water) to remove
any metal precipitated or adsorbed and residues of growth
medium on the cell surface. Thus, any trace of metal on the
surface may be removed, leaving just the metal accumulat-
ing in the cells that can be quantified. Thereafter, the pellets
were resuspended in 1 mL of distilled water and dried in an
oven (memmert) at 65 °C for 20 h before being weighted.
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The dried cells were placed into a 100-mL beaker, and 5 mL
of concentrated nitric acid was added for 5 min on medium
heat. The heat was raised until the vapors appeared for a
short time and a white residue was formed. The beaker was
allowed to cool for 2 min before restarting digestion with
2 mL of concentrated nitric acid. After the brown fumes
stopped appearing, the beaker was cooled again for 2 min
before adding 2 mL of 1:1 hydrochloric acid (37%) (acid
mixture concentrated HCI /H,0). The mixture was heated
at a medium rate for 3 min. After that, it was cooled to room
temperature and made up to 10 mL with distilled water.
According to Jaafar et al. (2015), the metal content of the
bacterial cells was determined after acid dissolution of the
cells. Metal concentrations were measured by ICP-MS. The
metal accumulation was then calculated using this equation:

E.Con. = AXB

3

where E. Con =the concentration of heavy metals in sample
(mg/g), A initial concentration of heavy metals, B final con-
centration of sample (mg/L), D dry weight of sample (gm).

Lyophilization (freeze-drying) of bacterial isolates

Aliquots of 10 g of dry skim milk (Himedia™) were mixed
with 100 mL of distilled water and sterilized by autoclav-
ing. The bacterial isolates from the exponential phase were
centrifuged at 10,000 rpm for 5 min and washed three times
with sterile double distilled water. Then the supernatants
were discarded, whereas the bacterial pellets were resus-
pended with 0.5 mL of double -distilled water and an equal
volume of 10% skim milk solution. Resuspended bacteria
combined with skim milk were separated into clear Amber
glass bottles, then the tubes were transferred to a freezer at
—80 °C (ESCO LEXICON ULT. Model: UUS-552A-1-SS),
thereafter lyophilized in a Labconco freeze dryer (Model:
Flourtop type) then stored at—20 °C until further use (Xu
et al. 2021).

Fourier transform infrared (FTIR) spectroscopy observation

Overnight bacterial cultures modified with individual and
quaternary metals at 100 mg/L plus the unmodified cultures
were centrifuged at 10,000 rpm for 5 min, and pellets were
lyophilized (Sodhi et al. 2020). Sample disks were made
from 2 mg of the bacterial pellets in 200 mg of KBr powder
and analyzed using FTIR (Li et al. 2018). Fourier Transform
Infrared Spectroscopy (FTIR spectra) was used to provide a
qualitative and preliminary characterization of the primary
functional chemical groups found in living biomass and
responsible for heavy metal biosorption. Functional groups
that were responsible for metal absorption in the metal-laden
and unladen bacteria (B. megaterium, S. ginsenosidimutans,

and K. rhizophila) were analyzed on a Perkin Elmer (FT-IR)
spectrometer in the region of 400-4000 cm™! (Perkin Elmer
Spectrum 100 FTIR, Watham, MA, USA).

Scanning electron microscopy energy-dispersive X-ray
spectroscopy (SEM—EDX)

The bacterial species B. megaterium, S. ginsenosidimutans,
and K. rhizophila were cultured in 100 mg/L of Cu**, Cr’*,
Ni**, and Zn*" individually and quaternary with a control
to examine the change in morphology on the surface after
metallic stress. After 24 h, the cultures were centrifuged at
10,000 rpm for 5 min, and the supernatants were discarded,
whereas the formed pellet was washed with phosphate buffer
saline (PBS, 0.1 M) to remove the heavy metal from the
suspension. The pellet was fixed overnight with 2.5% glu-
taraldehyde (25%; Q R C®) QREC, (ASIA) SDM BHD,
then washed three times with PBS (pH 7.2), centrifuged,
and collected. Pellet dehydration by serial dilution with 30%,
50%, 70%, 90%, and 100% ethyl alcohol, with each ethyl
alcohol concentration incubated for 10 min while the last
two concentrations were incubated for 20 min. The super-
natant was decanted and left in the sample microfuge tube
with the cells overnight in a desiccator to air-dry at room
temperature. The dried cells were then mounted on a SEM
sample stub with double-sided sticky tape. To detect changes
in cell morphology caused by metal ion binding, the sample
was sputtered with a gold sputter coater (Ion sputter coater,
Hitachi E-1010) and examined in a SEM (SEM HITACHI
SU-1510). The elemental analysis and ion distribution map-
ping of the investigated samples were carried out using EDX
(EDX Oxford Xplore 30) (Sodhi et al. 2020).

Statistical analysis

The data obtained on the bioaccumulation and biosorption of
single and quaternary metals at 100 mg/L concentration and
with different time intervals, by single bacterial isolates and
consortium were subjected to statistical analysis using the
SPSS program (SPSS Version 25). The data were analyzed
through an analysis of variance (ANOVA) and a post hoc
Tukey test to analyze the differences in the biosorption and
bioaccumulation rates within isolates. To detect the statisti-
cal significance of differences (P < 0.05) between means.
Potential sources of error in the experiments included
measurement error, sampling error, and systematic error. To
ensure the accuracy of the results and the validation of the
assumptions, the first steps were careful experiment plan-
ning, the use of more accurate instruments, and the care-
ful calibration of instruments before making measurements
to avoid a problem in the experimental setup or procedure,
which represents one of the systematic errors, and careful
control of external variables such as temperature changes
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or vibrations. Taking many measurements, averaging them,
using larger sample sizes, and repeating sampling to ensure
that the sample is representative of the bacterial culture.

Quality control (QC) and quality assurance (QA)

Standard quality control (QC) and quality assurance (QA)
procedures were followed throughout the laboratory experi-
ments to ensure the reliability and accuracy of the laboratory
tests and the results obtained. As a result, certified refer-
ence materials, blanks, laboratory reagent blanks, calibra-
tion standards, and analysis replications were employed as
needed. The following is a detailed description of the QC/
QA techniques used. The initial step was to soak all labora-
tory glassware and centrifuge tubes in a 10% v/v HNOj; bath
overnight, followed by three rinses with double-distilled
water. Furthermore, all chemical solutions and dilutions
were prepared using analytical grade quality chemicals and
double-distilled water. Each heavy metal analysis measure-
ment was performed in triplicate, and the mean values were
approved if the error was less than 10%. Instrument accuracy
was confirmed using standard reference materials to avoid/
minimize instrumental error.

Results and discussion

In this study, bacteria were isolated from the electroplating
wastewater of electroplating factories in Serdang City, Sel-
angor State, Malaysia. The isolates were tested in terms of
their ability to grow, tolerate to multiple metals, including
Cu, Zn, Ni, and Cr as quaternary metals, and the degree of
toxicity that occurs after exposure to high concentrations of
metals, which affects the activity and survival of bacteria.
Bacterial growth potential and metal sorption are critical
tests for the successful deployment of these living bacteria
as effective bioremediation tools for the removal of metal

contamination. The earliest investigations to choose the most
tolerant isolates involved evaluating the growth, tolerance
limits and toxicity levels of bacterial isolates.

Bacterial growth rate at different concentrations
of heavy metals

Measuring the optical density per mL (OD =600) was used
to measure the viability of isolates under the action of single
and quaternary metals. That is because it is fast, inexpensive,
and does not cause any harm to the tested bacteria (Sutton
2011). The bacterial growth was compared with a blank,
free-metal nutrient growth medium at different concentra-
tions during the 24 h of incubation or the end of the expo-
nential phase. The results of the effect of metal concentra-
tions of 10, 50, and 100 mg/L individually and quaternary
on viability are presented in Table 2. The isolates exhibited
higher densities at 10 mg/L, but there were relatively low
optical density values for all metals with increased metal
concentrations compared to the state where no metal is pre-
sent, which showed that the growth of bacteria was reduced
as a result of that.

The growth was performed in triplicate, and the findings
were expressed as the mean + standard deviation (SD). The
results showed a low standard deviation in the data sets, indi-
cating that the data points are generally close to the mean
or median value. Where there was less variance in the data
points and dispersion below the mean.

Toxicity level and tolerance limits of metal
quaternary

The results for tolerance and toxicity at high concentrations
of quaternary metals are shown in Fig. 1a, b. Heavy metal
toxicity levels (B) and tolerance limits (1/B) were investi-
gated in nine isolates; the highest B values indicated the
highest toxicity. Toxicity values B are inversed to reflect the

Table 2 Bacterial density of

T . Isolates Control Cu Zn Ni Cr MIX Mean + SD
bacterial isolates at different
concentrations of individual 10 mg/L
metals and quaternary (MIX) B. megaterium 0660 0372 0451 0471 0452 0479  0.481+0.096
S. ginsenosidimutans 0.659 0.361 0.469 0.445 0.378 0.375 0.448+0.112
K rhizophila 0.628 0.36 0.470 0.454 0.385 0.432 0.454 +0.094
50 mg/L
B. megaterium 0.662 0.366 0.430 0.469 0.440 0.474 0.473+0.100
S. ginsenosidimutans 0.657 0.353 0.463 0.408 0.374 0.366 0.437+0.114
K rhizophila 0.635 0.355 0.466 0.443 0.377 0.422 0.449+0.099
100 mg/L
B. megaterium 0.658 0.360 0.396 0.442 0.413 0.371 0.440+0.110
S. ginsenosidimutans 0.659 0.342 0.417 0.389 0.361 0.347 0.419+0.120
K rhizophila 0.635 0.352 0.46 0.391 0.367 0.339 0.424+0.111

<
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highest theoretical concentration of metal ions that bacteria
can withstand (Sannasi et al. 2010). All isolates showed the
ability to tolerate quaternary metals, especially at 100 mg/L
compared to the other concentrations. The highest toler-
ance and lowest toxic effect at 100 mg/L quaternary were,
respectively, 1.919 mg/L in B. megaterium, 1.499 mg/L in K.
rhizophila and 1.451 mg/L in S. ginsenosidimutans. While
tolerance levels were reduced at 300 mg/L concentrations
with the isolates, respectively, to 0.732 mg/L, 0.726 mg/L,
and 0.746 mg/L. At the highest meal concentration of
500 mg/L, these isolates were also more tolerant than oth-
ers (0.732 mg/L, 0.683 mg/L, and 0.746 mg/L), as illustrated
in Fig. 1a. While the toxicity values presented in Fig. 1b
showed that quaternary toxicity increased significantly when
metal concentrations exceeded 100 mg/L, all isolates were
able to grow in all tested concentrations of quaternary, dem-
onstrating their ability to resist multiple metals. Relatively,
the isolates of B. megaterium, S. ginsenosidimutans, and K.
rhizophila were the most tolerant and had the least toxicity.
Figure 2a—c depicted microscopic images of these isolates
using Gram Stain, 1000 X magnification and a light micro-
scope (Omax-Microscope).

The important factor affecting the toxicity and toler-
ance in bacterial cells is the concentration of the metal. The
growth rate of bacteria is strongly influenced by the con-
centration of metal ions, and the growth is often inversely
proportional to the toxicity of heavy metals. It was con-
firmed that different types of microbic cells respond differ-
ently to metallic stresses (Zhang et al. 2022). Furthermore,
bacterial tolerance to heavy metals varies depending on the
type of bacteria and metals. Thus, the efficacy of microbial
remediation varies depending on the type of microbe, resist-
ance, nature, level, and synergistic toxicity of heavy metals
(Kapahi and Sachdeva 2019; De Sliva et al. 2012).

The results of the statistical analysis of tolerance and
toxicity levels at 100 mg/L quaternary were significantly
different (p <0.05) from 300 and 500 mg/L. The concentra-
tions of 300 mg/L were also significantly different (p <0.05)
from those of 500 mg /L. There were significant differences
in tolerance limits and toxicity levels in the isolates when
exposed to all the high concentrations of the quaternary. All
bacterial isolates were able to grow and tolerate high quater-
nary concentrations at different levels. The results obtained
support the fact that microbes exposed to a diverse mixture
may have synergistic, antagonistic, or collective effects on
cell existence and activity (Nweke et al. 2017).

Biosorption assay of single bacteria and consortium

Live cellular biomass is actively used to remove heavy met-
als through biosorption (Priyadarshanee and Das 2020).
Regardless of whether the biomass is dead or alive, biosorp-
tion is a surface phenomenon that allows heavy metals to be

absorbed at the cellular surface. Mechanisms of biosorption
include surface adsorption as a result of a physical reaction
(electrostatic reaction or van der Waals reaction), a chemi-
cal reaction (ion exchange displacement of attached metal
cations), complexation, diffusion, or precipitation (Mustapha
and Halimoon 2015). In the biosorption process, heavy met-
als are passively adsorbed on the surface without needing
energy expenditure until equilibrium is attained (Velasquez
and Dussan 2019; Jeyakumar et al. 2023).

The isolates that achieved the highest tolerance and low-
est toxicity were selected to measure the biosorption of cop-
per, zinc, nickel and chromium individually and quaternary
during the time periods 1, 6, 12, 24 and 48 h. The bacterial
capacity of three isolates: B. megaterium, S. ginsenosidi-
mutans and K. rhizophila was assessed at the highest initial
concentration of 100 mg/L, because it has been reported that
it is always necessary to determine the maximum saturation
of the biosorbent to be tried with the highest possible ini-
tial metal concentration (Zango et al. 2020). The maximum
biosorption time and rate at different growth stages were
also studied.

The results revealed that the isolates had a good abil-
ity to absorb heavy metals. As a result, the cellular surface
normally has a negative charge that attracts heavy metals
aggressively, whereas in certain situations, the cellular sur-
face may consist of a mucus or polysaccharide layer that
significantly adsorbs heavy metals through physical interac-
tions. Figure 3a—e shows the biosorption of a single bacteria
and a consortium.

Furthermore, bacterial cell surfaces contain functional
groups such as phosphates, sulfates, amides, hydroxyls, or
negatively charged proteins that exchange ions with metal
ions, resulting in strong ionic interaction and allowing heavy
metal reduction (Kanamarlapudi et al. 2018; Jeyakumar
et al. 2023). In addition, the results showed that biosorp-
tion depends on the type of metal and also on time. The
complexation mechanism has been reported to occur due
to the aggregation of two or more metal species and func-
tional groups on the cell surface. Monodentate and poly-
dentate complexes are two types of complexes most com-
monly involved in biosorption (Kanamarlapudi et al. 2018).
In monodentate complexes, the metal ion makes covalent
bonds in the center with the ligands, whereas multiple metal
ions bind to the ligands of polydentate complexes at several
places (Jeyakumar et al. 2023).

Metal biosorption differences were minor between indi-
vidual isolates, with increased biosorption of particular met-
als occurring after 6 h in all single isolates. In general, B.
megaterium achieved higher biosorption rates, which were
83.73% Ni, 72.69% Zn, 72.27% Cr, 75.49% quaternary, and
67.25% Cu. Cells in the logarithmic phase were absorbed
at a faster rate (6—12 h) than cells in the stationary phase
(24-48 h). The exponential (log) phase was reported to be
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Fig.2 a-—c strains of multi-
metal tolerant bacteria under
the light microscope at 1000X
magnification

the most active part of the cell growth curve, in which cells
multiply rapidly. This is the ideal stage of growth since
all components of the cell are growing at the same rate,
enzymes are available, and they are at their peak of activity
(Sakthiselvan et al. 2019). In contrast, depletion of nutrients
and accumulation of toxic metabolic products are the most
characteristic features of the stationary phase which leads to
decreased bacterial growth compared to the previous loga-
rithmic phase (Shaifali 2021).

Isolates achieved the highest biosorption with Ni, Zn,
and quaternary compared to Cu and Cr. Although the syn-
ergistic effect of multi-metal, which could be due to the
increases in the total metal ion concentration compared
to the single metal ion systems, leads to a significant dif-
ference in concentration between the cell surface and the
metal solution, the latter could be a strong driving force
for further metal uptake in multi-metal systems (Mishra
and Malik 2013). Furthermore, isolates in the exponen-
tial phase outperformed cells in the stationary phase in
terms of biosorption. A consortium of isolates also showed
higher biosorption in the exponential phase than single
isolates. These results can be attributed to the other fact
that microbial cells at different stages of growth can have
different membrane lipid structures, cell metabolisms, and
cell wall structures, which may directly affect their suscep-
tibility to toxic chemicals. Thus, these changes may be one
of the contributing factors influencing the biosorption rate
of toxic pollutants (Fan et al. 2014). The results showed
that the rate of biosorption was faster in the early phases

a B, megateriwn

b 8. ginscnosidirnutans

¢ K. rhizophila

of growth, which might be attributed to the abundance of
metal ions and unsaturated or vacant metal binding sites
on the biosorbent. Then the other phase is slower, which
may be due to saturation of the metal binding sites. Metal
absorption increases with time and reaches a maximum
at equilibrium. At this time, the absorption value remains
constant (Jaafar et al. 2015).

The biosorption capacity varies according to the type
of metal, single or quaternary, as well as the form of the
bacteria. The duration of maximum biosorption for the
individual metals and quaternary by the consortium was
6 h, while for the quaternary it was 12 h for all the sin-
gle isolates. It was reported that the microbial consortium
has become an important technology because it degrades
pollutants more effectively than a single strain (Liu et al.
2021). Moreover, it was reported that in the natural envi-
ronment, bioremediation is often carried out by a micro-
bial consortium rather than by individual species, and
various species perform distinct functional roles. Co-
cultivation of the microbial consortium is more effective
than single microbes, destroys contaminants quicker, and
can greatly improve metal remediation (Zhang et al. 2021;
Varjani et al. 2021).

As shown in Fig. 3a—e, statistical analysis revealed a
significant difference in metal biosorption (p <0.05); the
Tukey test determined that the biosorption of consortium
was significantly different from that of single bacteria, while
there was no significant difference (p <0.05) between single
bacteria.
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Bioaccumulation assay of single bacteria in living biomass. The process is more complicated since it
and consortium involves energy-dependent respiration in the cytoplasm via

the cell metabolic cycle. Bioaccumulation occurs when the
Bioaccumulation is a natural and active metabolic process  rate of contaminant intake exceeds the rate of loss (Pham
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et al. 2022). The metabolic activity in this process allows for
the active transport of contaminants over the membrane into
the cell interior, where they can be sequestered by proteins.
Pollutants can collect inside the cell in this manner (bioac-
cumulation). That is because enzyme activity is conserved
in live biomass, differing enzymatic activities may affect
the condition of the pollutant (biodegradation and biotrans-
formation). Using living biomass as a biosorbent will allow
for greater removal of contaminants, which is a significant
advantage when using this type of biomass (Torres 2020).

Since concentrations of 100 mg/L were used to determine
the biosorption rate, the same concentrations were used to
determine the total amounts of metals transported into the
cell. Thus, bound amounts to the cell surface in the first
biosorption phase can be compared to accumulated amounts
in the second phase (bioaccumulation phase), where the bio-
accumulation process includes two stages.

The results of metal accumulation revealed that bacte-
rial isolates accumulated quantities of single and quaternary
metals over time. Isolates accumulated the most during the
logarithmic phase and then declined during the stationary
period. Single isolates accumulated the greatest metals in
time intervals (24—48 h), while a consortium took 12-24 h.
Metal accumulation in single isolates rose in parallel with
increasing the time to 12 h for Ni, 24 h for Cr, and 48 h
for quaternary. Cu and Zn accumulation occurred in sin-
gle isolates between 24 and 48 h. In contrast, accumulation
with the consortium took the shortest period of 12 h for Cu,
Ni, and Cr and 24 h for Zn and the quaternary. The rate of
accumulation differed slightly between isolates; for exam-
ple, B. megaterium was able to accumulate the most Cu and
Ni, which were, respectively 0.291 mg/g and 0.159 mg/g at
12 h in comparison to 0.105 mg/g and 0.222 mg/g for Cu
and 0.137 mg/g and 0.148 mg/g at 12 h for Ni with both S.
ginsenosidimutans and K. rhizophila. Figure 4a—e shows the
results in more detail.

At 24 h, the single isolates were able to accumulate high
amounts of Cr in K.rhizophila and B. megaterium, respec-
tively, 0.155mg/g and 0.149mg/g. Zn accumulated the least
among metals, with the maximum concentrations in B. meg-
aterium reaching 0.131 mg/g after 48 h. The single isolates
were likewise able to acquire equal amounts of quaternary,
with B. megaterium accumulating the most at 0.119 mg/g.
The varied rates of accumulation in isolates could be attrib-
uted to different types of metals and their toxicity to bacte-
rial isolates, or to chemical metal characteristics that cause
uneven metal tolerance and accumulation among isolates.

Metal accumulation by bacterial isolates was the high-
est in the consortium and decreased with increasing time.
This is due to reaching a saturation point, and hence the
accumulation reduces. During 12 h, the consortium achieved
the maximum Cu accumulation of 0.399 mg/g and the
highest Ni accumulation of 0.374 mg/g. Furthermore, the

consortium displayed good accumulation capability with Cr
and quaternary, with 0.287 mg/g at 12 h and 0.266 mg/g
at 24 h, respectively. Metal ion binding and transport into
living cells are two phases in the bioaccumulation process,
making it more time-consuming and complex than biosorp-
tion. A consortium of bacterial species is more effective than
a single species for performing complex bioaccumulation
processes. Combining microorganisms to produce microbial
consortiums with varying removal capabilities allows the
benefits of each strain to be combined to achieve high effi-
cacy in pollution remediation. When compared to a single
microbial strain, the consortium exhibits good contamina-
tion tolerance and synergistic activity to reduce the accumu-
lation of intermediate products, which boost the metabolic
activity of the consortium and hence generate better con-
taminant uptake (Zhang et al. 2022).

The analysis of variance of bioaccumulation of metals
between single isolates and consortium, Fig. 4a—e, using
one way Anova and Tukey HSD tests showed that there
were significant differences (p < 0.05) in bioaccumulation
of individual metals and quaternary by single isolates (B.
megaterium, S. ginsenosidimutans, and K. rhizophila) and
consortium.

Fourier transform infrared (FTIR) spectroscopy
observation

The (FTIR) spectra of metal laden and metal free isolates
were obtained in the range of 400-4000 cm™'. FTIR spectra
can be used to identify functional groups on the bacterial
cell surface and assess their interactions with single metals
and quaternary compounds. FTIR spectra of metal laden
biomass B. megaterium, S. ginsenosidimutans, and K. rhiz-
ophila resulted in prominent peaks, the large peaks was 3426
cm~! and the lowest was 544 cm™. Figures 5a—c depict the
results of infrared (IR) spectra obtained from FTIR for the
three isolates, which show a number of absorption peaks.

The results in three isolates showed that the peaks cor-
responded to absorption caused by N-H, C-H, and O-H
single bonds in the range of (4000-2500 cm™), which are
able to interact with cations of metals. There were distinct
peaks in the range of 2000—1500 cm™! which correspond
to absorption caused by double bonds such as C=0, C=N
and C=C. Add to the large number of absorption peaks that
account for a large variety of single bonds, C—C, C-N and
C-0, these peaks were in the range (1500400 cm™!). Fig-
ure 5a-c shows a number of absorption peaks for bacterial
isolates. The FTIR absorption wavelengths of each peak and
corresponding functional groups are presented in Table 3 for
B. megaterium, S. ginsenosidimutans, and K. rhizophila,,
respectively.

The results of the spectra showed that there were
clear shifts in the bands and a decrease in intensity in

a
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the bands. FTIR peaks were identified in all isolates with
single metals and quaternary, and they displayed data on
functional groups, chemical bonds, and the structure of
substances responsible for the interaction. (Nandiyanto
et al. 2019). Through figures of FTIR spectra, the changes
in the absorption peak frequencies can be seen due to the
fact that metal binding causes a change in the biosorption

¥ @ Springer

frequencies. These transformations in the biosorption
observed indicate metallic bond processes that take place
at the active sites on the cell surface. FTIR spectra analysis
showed the presence of ionized functional groups capable
of reacting with metal ions. This means that these func-
tional groups can be an effective tool for removing metal
ions.
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Fig.5 a FT-IR spectra the absorbance of Bacillus megaterium in
the absence of metal and in metals laden cells (100 mg /L). b FT-IR
spectra the absorbance of S. ginsenosidimutans in the absence of

The FTIR spectra of three isolates, B. megaterium, S. gin-
senosidimutans, and K. rhizophila, were recorded with and
without metals. Broad spectra bands were observed with
three isolates in the range between 3300 and 3500 cm™!,
indicating the presence of a bonded hydroxyl group and
the stretching bond of the -NH from an amino group (Li
et al. 2018; Fan et al. 2014). The spectra had the tendency
to shift to higher frequencies after contact with individual
metals and quaternary at the range 2800-2900 cm™' which
corresponded to asymmetrical CH stretching vibration in
lipids (CH,, CHj;) (Suriya et al. 2013; Li et al. 2018). The
band between 1500 and 1800 cm™! showed shifts for three

metal and in metals laden cells (100 mg/ L). ¢ FT-IR spectra the
absorbance of K rhizophila in the absence of metal and in metals
laden cells (100 mg/ L)

isolates, which were considered to be due to the existence
of amide II (NH) and carboxylic groups (Nandiyanto et al.
2019) and carboxylic groups (Chowdhury et al. 2012). The
peaks between 1640 and 1540 cm™! could be assigned to
amide groups in proteins (Masoumi et al. 2016). The band
between 1500 and 1000 cm™! were showed both minor and
higher shifts in isolates, which represent C—O stretching of
bacteria under different metals (Xu et al. 2021). In addition,
in the band that ranged between 1400 and 500 cm™' there
were significant shifts that might be caused by the organic
phosphates (P=0 stretch). It was reported that carbohydrates
are responsible for a board stretch of 1000 and 1125 cm™!
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Fig.5 (continued)

Table 3 FTIR peaks and corresponding functional groups

Functional group ~ FTIR peak (cm™")

assigned

3400-3300 Alcohol(C-0-C™) and hydroxyl compound-
OH™ Stretch. NH stretching of the protein

2935-2915 Methylene C-H

1670- 1640 Carboxylic groups

1680- 1630 Carbonyl compound, amide

1500-1600 Carboxylic groups and N-H

1300-1450 C-O stretch

1150-950 PO, stretching

1090-1020 Primary amino, CN stretch primary amine

900-670 Aromatic C-H

800-700 Aliphatic chloro compound C—Cl (Alkyl halides)

500-700 Phosphate or sulfate functional groups

(C-0-C, C-0). The presence of uronic acid and o-acetyl
ester linkage bonds, in particular, is determined by the peaks
between 1000 and 1125 cm™! (Ramya et al. 2022). In addi-
tion, The peaks at 1000—500 cm™" appear to be changes at
this band that might be caused by aliphatic organohalogen
compounds, aliphatic chloro compounds, C—Cl stretch, or
aromatic C—H stretch.

In summary, after metal adsorption occurred, the overall
FTIR spectra analysis indicated the involvement of func-
tional groups such as hydroxyl and carboxyl groups of sac-
charides, amino and amide groups of proteins, phosphate
groups, and sulfate groups in the interaction of metals

"
n @ Springer

with bacteria. Moreover, the FTIR spectra for metal-free
and metal-loaded cells clearly showed the difference, pos-
sible interactions between individual metals, quaternary
and functional groups on the cell wall, and the potential for
adsorption. The FTIR spectra of non-metal and metal-laden
bacteria revealed that metallic stress induction in the micro-
bial sample caused functional groups and chemical altera-
tion. The spectral data thus confirms the presence of amine,
hydroxyl, carbonyl, carboxyl, phosphate, sulfate, and com-
pounds of aromatic C-H and aliphatic groups (CH, and CHj)
in the bacterial isolates that were responsible for biosorption
and the binding of metals to cells.

Scanning electron microscopy (SEM-EDX) analysis

Scanning electron microscopy was utilized to examine
the surface features and morphological changes of three
bacterial isolates: B. megaterium, S. ginsenosidimutans,
and K. rhizophila, all of which were subjected to metallic
stress. The isolates were exposed to high concentrations of
100 mg/L of single metals and quaternary, in comparison
with the same isolates when they were far from metallic
stress conditions. SEM images of the biomasses with and
without metal sorption at 10,000 X magnification and a ten-
sion of 15 kV are shown in Figs. 6, 7 and 8. The most promi-
nent morphological changes seen after metal contact were
aggregations and tight interconnection between cells, which
were substantially more frequent in all heavy metal-laden
isolates compared to metal-unladen isolates.
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This is due to the fact that increasing the surface area
creates more sites for metal absorption, which is considered
an influencing factor of metal biosorption by bacteria and is
proportional to metabolic and growth rates (Campbell 2002;
Shamim 2018).

The metal stress caused changes in the appearance or
shape of the cells, and the cells became swollen or thicker,
which was more evident in B. megaterium. The surface
became rougher, and the deposition of metal ions occurred
on the cell surface, which was largely the case in S. ginse-
nosidimutans and K. rhizophila, especially when they were
under the influence of quaternary stress. The deposited ions

d Crladen

€ Quaternary

were associated with chemical functional groups on cell
walls as a result of the ion exchange process. The changes
in cell shape that occurred are a consequence of the bacterial
response to metal stress and a protective mechanism against
metal toxicity. The aggregation and precipitation on the cells
were caused by metal ions binding to extracellular polysac-
charides. Thus, these stressed cells can survive and tolerate
the metal stress in addition to carrying out their usual meta-
bolic activities (Ramya and Thatheyus 2018).

The determination of the elemental composition of bio-
mass was performed using EDX. The presence of exopoly-
saccharides and proteins in biomass can be determined by

f Metal unladen

Fig.6 a—f: Scanning electron micrographs of B.megaterium (a, b, ¢, d and e) at 100 mg/ L in the following treatments: Cu, Zn, Ni, Cr and qua-

ternary and f- metal unladen cells

2 B
d Crladen

e Quaternary

Fig. 7 a—f Scanning electron micrographs of S.ginsenosidimutans (a, b, ¢, d and e) at 100 mg/ L in the following treatments: Cu, Zn, Ni, Cr and

quaternary and f- metal unladen cells
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Fig.8 a—f Scanning electron micrographs of K.rhizophila (a, b, ¢, d and e) at 100 mg/ L in the following treatments: Cu, Zn, Ni, Cr and quater-

nary and f- metal unladen cells

the signals of carbon, nitrogen, and oxygen in EDX spec-
tra. Unladen biomass showed no single metal or quaternary
signals, while these could be detected in metal-laden bio-
masses through the EDX spectra. However, EDX spectra
could only determine the presence or absence of metals in
the biomass qualitatively, not quantitatively (Li et al. 2018).
The nickel ions have more affinity and have achieved higher
biosorption compared to other metals. It was reported that
Ni has a high metabolic effect on living cells because it is
a significant component in many enzymes. As well, vari-
ous microbial cells can bind Ni by using different uptake
mechanisms, including intracellular accumulation, straight
biosorption on cell surfaces (through physical adsorption,
complexation, or ion-exchange), and extracellular precipita-
tion (Lusa et al. 2021). Bacillus megaterium has the highest
affinity for nickel, which is supported by its high metal sorp-
tion capacity and resistance to multiple metals. Due to Ni-
specific response genes like nccA and smtAB, Ni removal
has been correlated with these genes (Fierros-Romero et al.
2016, 2019).

Nickel ions had a closer affinity with the functional
groups on the cell surface of the bacterial isolates. There-
fore, only the reaction results for nickel and biomass were
shown during the SEM-EDX analysis instead of the other
metals, as shown in Fig. 9a—f. At elevated concentrations
of 100 mg/L, the percentage of absorbed metals was not
high. When metal concentrations are high, free binding sites
diminish, resulting in a drop in biosorption rate. Because of
the presence of metal ions, all active sites on the cell sur-
face are occupied as the metal concentration increases. As
a result, there are no extra binding sites to attract additional
metal ions, and these sites are not available for additional
metal ion biosorption. Add to that the fact that functional
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groups capable of binding to heavy metals differ in their
affinity and specificity for metal binding and that ionic size
is a factor leading to differences in biosorption among met-
als (Khan et al. 2016; Abbas et al. 2014; Diaz et al. 2022).

Moreover, it was found that some elements were initially
available in metal-unladen biomass but were not observed
in metal-laden biomass, and some of them decreased their
percentage compared to the control. This could be explained
by certain ions replacing others that were previously present
on the biomass surface. In addition, it was also clarified that
some elements decreased in the metal-laden biomass, which
indicates that the mechanism of ion exchange plays a role in
the sorption of metal ions.

Practical implications, challenges
and recommendations

This research focuses on biological approaches to heavy
metal removal. It additionally offers an extensive examina-
tion of the role of naturally occurring bacteria as a strategy
that requires little effort, is less labor-intensive, inexpensive,
environmentally beneficial, economical, and relatively sim-
ple to execute. To tackle the serious and rising industrial
contamination of aquatic habitats and to treat and restore
polluted environments. In this study, it was remarkable that
a consortium of indigenous bacteria was able to improve and
accelerate the bioremediation process. However, heavy met-
als might exert hazardous effects on living bacterial cells,
as the high metal concentration used and the potential suc-
cess of bioremediation are the most critical difficulties of the
present research. Despite the importance of bacterial biore-
mediation, there are a number of future challenges that may
be faced, the majority of which are related to its slow and
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Fig.9 a—f EDX spectra and elemental composition of nickel laden and unladen biomasses

time-consuming nature, the difficulty of treating some inor-
ganic pollutants and thus determining whether the pollutants
have been eliminated or not, and the toxicity of metals to
bioprocessors when they are in their live forms. As well,
bioremediation performance evaluation might also be dif-
ficult because there is no accepted end point. New research
is needed to improve bioremediation methods and identify
new biological solutions for bioremediation of heavy metal
contamination in various ecosystems. Improving or optimiz-
ing an environment for growth in order to boost the efficacy
of bacterial bioremediation. Thus, the volume of biomass
increases, overcoming the slowness and death of bioreme-
diators and allowing the treatment to be completed in the
least amount of time with the least amount of damage to the
activity and existence of living cells.

Conclusion

The purpose of this study was to assess the metal treat-
ment capabilities of multi-metal-resistant bacterial species
isolated from electroplating effluents based on their high-
est tolerance and lowest toxicity to the metal mixture. To
assess the rate of metal sorption in single isolates and con-
sortiums at high concentrations of individual metals and
quaternary metals during their growth phases, biosorption
and bioaccumulation mechanisms were examined. Fou-
rier Transform Infrared (FTIR) spectroscopy and scanning
electron microscopy (SEM) were used to further evalu-
ate the biosorbents. The results showed that isolates as
living biomasses could tolerate, absorb, and accumulate

both single and quaternary metals. Maximum time and
sorption rate were influencing factors in the efficiency and
speed of the metal sorption. The best bioremediation out-
comes were obtained during the exponential period and
with the bacterial consortium. The findings supported the
potential benefits of employing the living biomasses of
three isolates, B. megaterium, S. ginsenosidimutans, and
K. rhizophila, for heavy metal uptake and efficient pollut-
ant removal from effluent. SEM and FTIR revealed that
metal stress causes morphological alterations in bacterial
isolates, including aggregations, interconnections, and cell
shape changes. EDX probes revealed that bacterial isolates
had a high affinity for nickel and attained higher biosorp-
tion than other metals, while FTIR spectra revealed func-
tional group and biosorption frequencies. The presence
of at least amide, sulfate, phosphate, hydroxyl, carboxylic
acid, amine, aliphatic compounds, methylene, carbonyl,
and others on the surface of multimetal-tolerant bacteria
was discovered. The findings of this study demonstrated
that isolated bacterial species can be used as an effec-
tive and low-cost biosorbent for eliminating multimetal
pollution.
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