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Abstract

Heavy metal pollution is a global environmental issue, and microorganisms play a crucial role in the bioremedia-
tion of heavy metal-contaminated wastewater. The study isolated heavy metal-resistant bacterium and observed
their absorption ability toward Pb?*, Cd** and Zn*". We isolated Agrobacterium tumefaciens S12 from acid mine
drainage. The various factors influencing its adsorption performance, including pH, biomass dosage, initial metal
ion concentration, and adsorption temperature, were investigated in detail. Chemisorption controls the adsorption
rate due to the results better fitted by pseudo-second order kinetics. The maximum adsorption capacities of Pb?*,
Cd?* and Zn?* on A. tumefaciens S12 were 234, 58 and 51 mg g~ at 30 °C from Langmuir isotherm, respectively.
The adsorption processes for the three heavy metal ions were spontaneous and exothermic in nature. In bimetallic
systems, biosorption of Pb?* ions was preferential to that of Cd** and Zn**. Furthermore, scanning electron micros-
copy coupled to energy dispersive spectroscopy, Fourier-transform infrared spectra and X-ray photoelectron spec-
troscopy analysis demonstrated that the adsorption mechanisms include ion-exchange, complexation interaction
between the heavy metal ions and the functional groups on the surface of biomass. The obtained results indicated
that A. tumefaciens S12 can be applied as an efficient biosorbent in bioremediation technology to sequestrate heavy

metal ions from aqueous solution.
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1 Introduction

The metal productions are main processes from the
industries of mining, mineral processing and extractive
metallurgy, and these industrial activities may cause envi-
ronmental pollution [1, 2]. Acid mine drainage (AMD)
comes from non-valuable sulfide minerals reacting with
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water and oxygen [3]. ADM possesses the features of low
pH containing large amount of hazardous heavy metals
and metalloids [4—6]. Heavy metals tend to accumulate
in living organisms as they are not biodegradable that can
cause ecological pollution and pose a threat to human
health. Various traditional physicochemical methods
including chemical precipitation, ion exchange resins,
membrane filtration, electrodialysis, coagulation and
flocculation have already been exploited to treat waste-
water containing heavy metal [7, 8]. Each method has its
own merits and drawbacks for removal of heavy metals
from wastewater [9-11]. For example, chemical precipi-
tation is easy to operate and cost-effective for treatment
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of heavy metals. Nevertheless, it has the following dis-
advantages, such as producing a large amount of sludge,
increasing cost for sludge disposal, and having low effi-
ciency for low heavy metal concentration [12]. Whilst
ion exchange resins own the advantages of high removal
efficiency and short processing periods, it is high cost
for the synthesis of resin and can cause secondary pol-
lution due to regeneration of the resins. For membrane
filtration, it possesses the merits of high selectivity, small
area occupancy and low-pressure requirement with these
drawbacks containing high operational cost, compli-
cated operation and low flux limiting its application [13].
Electrodialysis with high selectivity requires high cost
because of energy consumption and membrane fouling.
Although the process of coagulation and flocculation has
the ability of removing multiple pollutants, it can gen-
erate sludge and is ineffective for heavy metals removal
without combination with other treatment techniques.

Biosorption is one method of bioremediation, and
it can be defined as the passive uptake of pollutants by
using bio-derived products or waste materials as biosor-
bents to separate heavy metals from aqueous solutions
[7]. Bioadsorption has gained enormous attention for its
superiority in many aspects. Compared with traditional
methods, bioadsorption is easy to conduct, environ-
ment-friendly, low cost and low energy-consumption.
Additionally, bioadsorption can effectively remove solu-
ble and insoluble pollutants without generating hazard-
ous by-products [14]. Bioadsorption is effective when
treating low metal concentration drinking water and
can be regenerated for circle reuse [15]. Biosorption is
dependent on active substances owing to the ability of
metal- binding on surface of biomass [16]. The surface of
microbes containing bacteria, fungi and algae has many
functional groups, for instance, carboxyl, phosphate,
hydroxyl or amine provided by polysaccharide, protein
and lipid with the adsorption capability for the removal
of heavy metal ions [17-19]. Living and dead microbial
cells as biological adsorbent have been extensively stud-
ied [20]. Living microorganisms can be used to investi-
gate tolerance to heavy metals and adsorption specificity
to different heavy metals [21]. Resistance mechanisms of
microorganisms to some harmful heavy metals have been
developed and therefore these special microorganisms
are potential biological materials to remediate wastewa-
ter containing heavy metals [22-24].

Therefore, finding microorganisms with heavy metal
resistance for environmental remediation is a key pro-
cess for biosorption technology. In addition, for biosorp-
tion use in the remediation of heavy metals, the source,
safety, cost, and adsorption capacity should be consid-
ered for the selection of any suitable biomaterial. Agro-
bacterium tumefaciens are Gram-negative bacterium,
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generally exists on the root surface of plants and lives
on nutrients infiltrated from root tissues [25]. It shows
better biosecurity based on its wide application in plant
genetic engineering [26, 27]. Easy and cheap preparation
of A. tumefaciens lowers its application cost and makes it
competitive among various bio-sorbents. Besides, simul-
taneous removal of multiple metal ions from complex
environments using bioadsorption remains a challenge.
Herein, we studied the A. tumefaciens with heavy metal
resistant isolated from AMD, then explored in detail its
adsorption performance in single and bimetallic systems,
isothermal behavior and adsorption kinetics for Pb%*,
Cd** and Zn>". Subsequently, the scanning electron
microscopy coupled to energy dispersive spectroscopy
(SEM), Fourier-transform infrared spectra (FTIR) and
X-ray photoelectron spectroscopy (XPS) characterization
were carried out to clarify adsorption mechanisms of A.
tumefaciens S12.

2 Materials and methods

2.1 Materials

This study used analytic grade chemical reagents to
conduct all experiments. These chemicals included
beef extract, peptone (Beijing Aoboxing Biotechnol-
ogy Co., China), yeast extract (Shanghai Swan Beer Co.,
China), glucose (Tianjin Shengao Chemical Reagent Co.,
China), NaCl, Pb(NO;), (Tianjin Fengchuan Chemi-
cal Reagent Technology Co., China), Cd(NOs;), (Tianjin
Damao Chemical Reagent Factory, China) and Zn(NO,),
(Chengdu Kelong Chemical Reagent factory, China). All
reagents were prepared with ultrapure water (GWB-
1E/2E water purification system, Beijing General Instru-
ment Co., China).

2.2 Sampling sites and isolation of bacterial strains

The used bacteria in this study were isolated from AMD
with pH value of 6.12 in the Yunnan province, China in
2015. In this study, five AMD samples were collected,
with the average levels of Pb, Cd, and Zn in these sam-
ples being 0.43, 0.015, and 1.12 mg L7}, respectively.
An atomic absorption spectrophotometer (AAS, TAS-
990AFG, China) was used to analyze the concentration
of metal ions in the sample. Water sample was collected
and stored in sterile glass bottle. Dilution technique was
applied to isolate microorganisms from obtained water
samples [21]. Fully mix with vortex 10 mL water sample
and sterilized 90 mL water to attain 107" dilute solution.
We applied 100 pL of 10™*~10~° dilute solution spread-
ing on Nutrient Agar (NA) and incubated at a constant
temperature incubator (MJPS-150, China) for 3-5 d at
30 °C. After incubation periods, strains were purified
through repeated plate streaking. The purified isolates
were observed under light microscopy.
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2.3 Minimum inhibitory concentrations (MIC) of Pb2*,
Cd** and Zn**

MIC represents the minimum heavy metal concentra-
tions at which the strains cannot grow normally. We
used Pb(NO,),, Cd(NOs), and Zn(NO;), as source of
metal ions to conduct our experiments. The heavy metal
ions solutions were added to sterilized and cooled NA
(about 50 C). The number of microbial cells in each cul-
ture flask is approximate 1.5x10° CFU mL™! and cul-
ture temperature is 30 ‘C. After 2 d, aliquots of 100 pL
bacterial suspension was spread onto NA and observed
visually the growth of strains regularly. The concentration
of Pb**, Cd** and Zn*" in the nutrient broth was gradu-
ally increased while keeping other conditions unchanged
until no bacteria grew on the NA. Tolerance of isolates
to heavy metal was determined by comparing MIC values
of isolates obtained from this study and Bacillus subtilis
NRRL-B-209 strain [28]. Among the isolated bacteria,
three strains, designated as S1, S5, and S12, demonstrated
superior resistance to Pb**, Cd**, and Zn?* at a concen-
tration of 250 mg L™ compared to other strains. There-
fore, they were selected for further confirmation through
morphological and molecular characterization.

2.4 Identification of bacteria

Gram stain was used for determining G(+) or G(-) of
the three strains. 16S rDNA sequencing was utilized to
analyze molecular characterization of isolated bacte-
ria. Extracting total DNA with Ezup column bacterial
genomic DNA extraction kit (Sangon Biotech, China.)
was the first step, and then 16S rDNA was amplified
using bacterial universal primers. The amplification was
performed in a specific mixture involving 0.5 pL tem-
plate, 2.5 pL 10 X PCR buffer, 1 uL ANTP (2.5 mM), 0.2
puL Tap polymerase, 0.5 uL F(10 uM), 0.5 puL R(10 uM)
and then added distilled water to 25 pL. The procedure
of PCR reaction was conducted following these steps:
the first step is denaturation for 4 min under 94 °C, then
performing 30 times denaturation (94 ‘C, 45 s) followed
by annealing (55 ‘C, 45 s) and extension (72 “C, 1 min).
After finishing above steps, it needs to repair extension
for 10 min and control the temperature at 72 C. Finally,
the reaction was terminated at 4 ‘C. The electrophore-
sis was used to extract the amplified fragments through
1.0% agarose gels, which was treated for 20 min under
150 V. Molecular weight marker can be completed by
using specific DNA ladder ranging from100 bp to 10 kb.
Sequencing of obtained gel purified amplicon was com-
pleted by Sangon Biotech (Shanghai), China. Obtaining
DNA sequences were imported onto the web of National
Center for Biotechnology Information to compare with
reference strains. The phylogenetic tree of isolated strains
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was made by Clustal X 1.83 software and MEGA version
7.0.

2.5 Bacterial preparation as a biosorbent

The strain S12 was identified as A. tumefaciens, exhibit-
ing a higher adsorption capacity than the other strains.
Therefore, it was selected as biosorbent for removing
heavy metals in wastewater. This strain S12 was cul-
tivated in 250 mL volumetric flasks including 100 mL
nutrient broth. Biosorbent used subsequently was pre-
pared through the following steps: collecting bacterial
cells through centrifugation (10,000 rpm, 4 ‘C) by a cen-
trifuge (GL-21 M, China) at late-exponential stage culti-
vating (28 +2 °C, 150 rpm) in an incubator (SPH-1112D,
China), and then washing these cells 3 times using deion-
ized water that had been sterilized. Harvested cells from
the last step were stored in refrigerator with 4 °C after
centrifuging [29].

2.6 Batch biosorption studies

In single systems, various influencing factors were con-
sidered, including pH, S12 dosage, concentrations of
heavy metal ions added to the reactor, adsorption time
and temperatures. A certain amount of heavy metal solu-
tion with different concentrations and A. tumefaciens S12
(dry weight) were placed in conical flasks to measure the
pH, which were cultivated in a rotary shaker with setting
specified time, temperature and rotate speed. The mix-
tures were obtained by centrifuging about 10 min under
the conditions of 10,000 rpm, 4 °C after the absorption
process reached equilibrium. Then the supernatant was
used to analyze residual concentration of studied metal
ions through AAS. For this study, each experiment was
repeated 3 times, and experimental results were analyzed
using the average values.

R (%) and g, (mg g~!) were used to display the removal
efficiency and adsorption capacity of S12 for heavy metal
ions, respectively. They were obtained through Egs. (1)
and (2), respectively.

CO_Ce
R= x 100% (1)
0
Co—Ce) xV
62(07‘3 )
m

where C, and C, are the initial and equilibrium concen-
trations of heavy metal ions (mg L), respectively. V (L)
and m (g) are reaction volume and amount of biosorbent,
respectively.

For bimetallic systems (Cd /Pb, Zn/ Pb and Cd/Zn),
initial Pb**, Cd*" and Zn** concentrations were regu-
lated from O to 100 mg L™'. Changing another metal



Liu et al. Sustainable Environment Research (2024) 34:27

ion concentration in above bimetallic systems was
done when the concentration of the first metal ion was
fixed.

2.7 Characterization analysis

The dried S12 biosorbent (free and metal treated) was
obtained about 48 h through vacuum freeze drying oven
at -50 °C. The SEM—-EDS (JSM-7500F, Japan) showed the
morphology characteristics and elemental distribution
of the tested samples at 20 kV acceleration voltage. The
FTIR was conducted by a Perkin Elmer spectrometer
(Nicolet iS5N, USA), using KBr as one of the materials
and controlling the mass ratio of KBr to tested sample as
700/1. XPS was also used to further illustrate the surface
element situation of the samples by Kratos Axis Ultra
DLD (Escalab 250Xi, USA) and room temperature could
meet temperature requirements of this test. Al Ka X-rays
(hv=1486.6 eV) could provide monochromatic beam to
obtain ejected photoelectrons, and the binding energy
of the elemental peaks obtained from tested samples is
based on the Cls peak.

3 Results and discussion
3.1 Isolation and heavy metal resistances
of microorganisms

Forty-five bacterial strains were isolated from AMD, and
their resistance to Pb**, Cd*" and Zn?>" was studied. The
results indicated that eight strains exhibited stronger
resistance to these heavy metal ions compared to the oth-
ers (Fig. 1). The MIC of three isolates (designated as S1,
S5, and S12) for Pb**, Cd*" and Zn>" exceeded 250 mg
L™, demonstrating higher resistance than other strains.
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Consequently, these strains were selected for further
identification through morphological and molecular
characterization.

3.2 Phenotypic and genotypic characterizations
Three heavy-metal-resistant S1, S5 and S12 were identi-
fied as Klebsiella sp., Bacillus megaterium and A. tume-
faciens. The isolated A. tumefaciens exhibited a higher
adsorption capacity than strains S1 and S5, making it
the primary focus of this study. Gram staining (Fig. 2)
revealed that strain S12 is a Gram-negative, rod-shaped
bacterium.

The identity of S12 was further confirmed through
16S rDNA sequencing. A comparison of the 16S rDNA

Fig. 2 Gram staining of S12 strain
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B. subtilis S1 S5 S6 S8
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S12 S13 S24 S37

The isolated trains

Fig. 1 The resistance of isolated strains towards Pb?*, Cd?* and Zn**
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sequence between S12 and known sequences indicated
that it belongs to the Agrobacterium or Rhizobium gen-
era, with 100% similarity to A. tumefaciens. Additionally,
Fig. 3 presents a phylogenetic tree illustrating the evo-
lutionary relationships between S12 and its closest bac-
terial relatives. These findings confirm that S12 can be
identified as A. tumefaciens. This strain was subsequently
used as a biosorbent to remove Pb**, Cd**, and Zn®*
from wastewater.

3.3 Batch biosorption studies

3.3.1 Effect of pH

Adsorption properties influenced by pH were assessed
through experiments conducted at various pH levels.
Within the pH range of 2.0 to 5.5, the adsorption capacity
of A. tumefaciens S12 for Pb**, Cd**, and Zn®* increased
correspondingly, likely due to the deprotonation of func-
tional groups [30]. The experimental results indicated
that the maximum adsorption capacities for Pb**, Cd*",
and Zn>* were 182, 53, and 31 mg g/, respectively, at an
optimal pH of 5.5 (Fig. 4a). A slight decrease in adsorp-
tion capacities was observed when the pH exceeded
5.5, possibly due to the formation of hydroxide precipi-
tates, which could interfere with the adsorption process
[31, 32]. Zeta potential measurements were performed
to determine the optimal pH range for metal sorption.
The Zeta potential represents the point where the sorb-
ent surface charge is neutralized, known as the point
of zero charge (pHzpc). When the pH is below the
pHzpc, the adsorbent carries a positive charge, leading
to electrostatic repulsion with metal ions and inhibiting
adsorption. Conversely, at pH levels above the pHzpc,
the adsorbent acquires a negative charge, enhancing
its adsorption ability. The pHzpc value for A. tume-
faciens S12 was estimated to be 3.25, indicating that
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metal sorption is favored at pH levels higher than 3.25.
Consequently, a pH of 5.5 was selected for subsequent
experiments, as this value promotes the dissociation of
functional groups, enhancing metal ion adsorption while
minimizing hydroxide precipitation.

3.3.2 Effect of biomass dosage

Figure 5 shows that the concentration of A. tumefaciens
$12 had a significant impact on the adsorption of heavy
metal ions. Increasing the concentration of A. tume-
faciens S12 enhanced the removal of Pb**, Cd*!, and
Zn?*, likely due to the increased availability of functional
groups for metal ion binding as the adsorbent dosage
increased. The removal efficiency (R value) of Pb** nota-
bly increased from 34 to 73% as the biomass dosage was
raised from 0.01 g to 0.02 g (dry weight). Similarly, the
removal efficiencies of Cd*>" and Zn?*" improved from 9%
and 1.0% to 51% and 40%, respectively, when the biomass
dosage was increased from 0.01 g to 0.05 g. However,
when the concentration of A. tumefaciens S12 exceeded
certain thresholds (Pb**, 0.02 g; Cd** and Zn*", 0.05 g),
no significant further improvement in the removal rate
was observed. Consequently, dosages of 0.02 g, 0.05 g,
and 0.05 g of A. tumefaciens S12 were selected for fol-
low-up research on the removal of Pb**, Cd**, and Zn?,
respectively.

3.3.3 Adsorption kinetics

Figure 6 illustrates the impact of reaction time on the
adsorption capacity of A. tumefaciens S12 for Pb**,
Cd?*, and Zn?*. According to the experimental results
shown in Fig. 6, the adsorption process can be roughly
divided into three stages, reaching equilibrium within
60 min. The rapid uptake phase, designated as the first
stage, occurs within the first 30 min, during which the
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Fig. 4 Effect of pH on the adsorption of Pb?* (@), Cd** and Zn?* by A. tumefaciens S12 and Zeta potential of A. tumefaciens S12 (b)
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adsorption capacity increases significantly with time.
In this initial stage, the adsorbent provides numerous
available active sites, and mass transfer resistance is
minimal [28]. Additionally, this adsorption process may
be spontaneous and does not require energy consump-
tion. The subsequent stage is characterized by slower
adsorption. In the later period of adsorption, adsorp-
tion capacity appeared slight drop caused by insuf-
ficient active sites and difficulty in occupying empty
sites. This is caused by repulsive forces between heavy
metal ions in the solid and liquid phases [33]. Finally,
the active sites become saturated with adsorbed heavy
metal ions, and the adsorption process reaches equi-
librium at 60 min. To further analyze the adsorption
kinetics, two typical models, the pseudo-first-order
(Eq- (3)) and pseudo-second-order (Eq. (4)), were
applied to the experimental data.

a=a.(1- ) 3)
kaqzt

= e 4

4 1+ koget @

where qt represents the adsorption amount at time ¢
(min) in mg g~!, and k, (min™!) and k, (g mg ™" min™?) are
the rate constants for the respective models. Figure 6 and
Table 1 show the fitting results.

The correlation coefficients (r?) in Table 1 fitting from
Eq. (4) are better than Eq. (3). Moreover, the g, values
obtained from Eq. (4) at various heavy metal ions con-
centrations align more closely with the experimental
values compared to those from Eq. (3). Luo et al. [34]
proposed that the pseudo-second-order model effec-
tively explains dynamic data. This classic model sug-
gests that chemisorption controls the adsorption rate
and predicts the entire adsorption process based on the
sorption capacity of the sorbent.
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3.3.4 Isothermal study

Figure 7a illustrates how the initial concentrations of
Pb**, Cd**, and Zn*" affect the adsorption capacity of A.
tumefaciens S12. The change of adsorption capacity was
consistent with the change of initial Pb**, Cd*" and Zn**
concentration. This can be attributed to the increased
collision frequency between A. tumefaciens S12 and
the heavy metal ions as the concentration of metal ions
increases in the solution. Higher Pb**, Cd** and Zn*"
concentration leads to a corresponding increase in
adsorption capacity, as the higher concentration gradi-
ent effectively reduces mass transfer resistance, allowing
more ions to reach the surface of A. tumefaciens S12 [35].
The g, remained nearly unchanged when the initial heavy
metal ions concentrations exceeded certain value (the
initial Pb%>*, Cd%>T and Zn?* concentration were 100, 50
and 50 mg L7 respectively, in this work) because of the
saturation of active sites on A. tumefaciens S12.

Two representative isotherm models, the Langmuir
(Eq. (5)) and Freundlich (Eq. (6)) isotherm models, were
applied to further fit the experimental data, as shown in
Fig. 7b.

_ qm KrCe
%= T1K.C, ()
ge = KrC}/" (6)

where g,, (mg g1) and K; (L mg~!) from Eq. (5) repre-
sent the fitted maximum adsorption capacity and the
Langmuir model constant, respectively, for the adsorp-
tion process of A. tumefaciens S12 for heavy metal ions.
Ky [(mg g™ (L mg™)"] and 1/n from Eq. (6) describe
Freundlich model constant and the empirical parameter.
The reaction intensity between heavy metal ions and A.
tumefaciens S12 affects Ky and 1/n can vary according to
the adsorption intensity.

Table 1 Adsorption kinetic parameters of A. tumefaciens 512 for Pb?*, Cd?* and Zn?*

Metal ions C, (mg L Ge.exp (mgg™) Pseudo-first-order Pseudo-second-order
ky g.(mgg™) r k, ge(mgg™) r
Pb** 25 108 0.14 106 09778 0.0019 114 0.9982
50 182 0.15 175 0.9561 0.0012 188 0.9916
100 222 0.15 213 0.9622 0.0009 230 0.9911
Ca* 10 17 0.18 17 0.9671 0.0166 18 0.9910
50 50 0.16 49 0.9675 0.0047 52 0.9932
75 53 0.14 52 0.9676 0.0039 56 0.9948
Zn’* 10 13 0.11 13 0.9549 0.0106 15 09911
50 40 0.16 38 0.9389 0.0059 41 0.9833
75 46 0.17 44 0.9479 0.0054 47 0.9859
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Table 2 Fitting results of experimental data through two isotherms models
Metal ions Ge,exp (MY g Langmuir model Freundlich model
Gmax (Mg g™ K, r? K; n P
Pb’* 222 234 0.31 0.9504 99 53 0.7547
Ca? 55 58 0.26 0.9940 25 5.1 0.8426
Zn’* 47 51 0.14 0.9805 17 4.2 0.8570

The results fitted by these two models and displayed in
Fig. 7b and Table 2 illustrate the Eq. (5) provides a bet-
ter fit than Eq. (6), based on the correlation coefficient
(")) and g, values. This suggests that the surface of A.
tumefaciens S12 is homogenous, and the adsorption pro-
cess follows monolayer adsorption. The K values for the
adsorption of Pb**, Cd*" and Zn*" were 0.31, 0.26 and
0.14 L mg™', respectively, indicating that the affinity
between heavy metals ions and A. tumefaciens S12 fol-
lows the order: Pb*" >Cd** >Zn*". Additionally, the n
values between 1 and 10 suggest that A. tumefaciens S12
is a favorable adsorbent for the removal of Pb**, Cd*"
and Zn**,

The g, values for Pb**, Cd** and Zn?*" determined by
Langmuir isotherm are compared with those reported in
the literature, as shown in Table 3. This comparison indi-
cates that A. tumefaciens S12 has significant potential for
adsorbing heavy metal ions, particularly Pb*".

3.3.5 Thermodynamic study

Temperature is an important influencing factor for
adsorption process and was investigated. Figure 8a pre-
sents the results. As the temperature increased, the ¢,
values for Pb*" initially rose, reaching a maximum at
30 °C, before subsequently decreasing. The increase
in temperature enhances the kinetic energy of metal

Table 3 Comparison of biosorption capacities of A. tumefaciens
S12 for Pb?*, Cd** and Zn?* with other biosorbents

Biosorbents Maximum metal References

adsorption

capacity (mgg™")

Pb2+ Cd*t zn?t
A. tumefaciens 234 58 51 This study
Pseudomonas putida 76 - - [36]
Pectobacterium sp. ND2 31 45 34 [31]
Arthrobacter sp. GQ-9 18 - - [37]
Bacillus pumilus sp. AS1 134 - - [38]
Geobacillus thermoleovorans sub.sp. - 39 29 [39]
stromboliensis
Bacillus catenulatus - 64 - [40]
JB-022 atrain
Pseudomonas aeruginosa B237 - 17 - [30]
Tsukamurell apaurometabola A155 - - 17 [30]
Bacillus cereus AUMC B52 - - 67 [41]
Klebsiella sp. 351 - - 48 [42]

ions and increases their collision frequency with the
adsorbent, leading to higher adsorption capacity [35].
However, excessive temperature (35 C in this study)
can damage binding bonds, resulting in a decrease
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in adsorption capacity [43]. This trend is consistent
with findings from other researchers [44]. For Cd**
and Zn”", increasing the temperature improved their
adsorption capacities. However, there was little effect
on adsorption quantity when the temperature increased
from 30 to 35 °C. Consequently, 30 °C is considered the
most suitable temperature for this study.

Equilibrium data obtained at 20, 25, 30 and 35 C
were used to calculate the thermodynamic parameters,
including AG (k] mol™), AH (k] mol™!) and AS (J (mol
K) 7). These parameters were determined using the
following Egs. (7), (8), and (9).

AG = —NTInK %
AS  AH

mK =22 _ 22

" =N TNT (®)
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In these equations, N [8.314 J (mol K)™!], T (K) and
K represent the universal gas constant, the adsorption
temperature, and the equilibrium constant at tem-
perature 7, respectively. The slope and intercept of the
curve between AG and T were used to determine the
values of AS and AH, as shown in Fig. 8b and Table 4.

The negative AG at different experimental tempera-
tures demonstrate that the adsorption process was
feasible and spontaneous. The decrease in AG with
increasing temperature (from 20 to 35 °C) indicates
that the adsorption between S12 and heavy metal ions
is favored within this temperature range. The positive
values of both AH and AS suggest that the reaction was
endothermic and that randomness at the solid/solution
interface increased.

Table 4 Thermodynamic result for the adsorption of Pb?*, Cd** and Zn?* by A. tumefaciens S12

Adsorbate T(°C) AG (kJ-mol™") AH (kJ mol™") AS (J-(mol K) ! r
Pb2* 20 221 22 84 0.8027
25 281
30 350
35 337
cd* 20 072 24 84 0.9249
25 -131
30 -1.83
35 -193
Zn** 20 018 13 44 0.9288
25 051
30 075
35 083
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3.3.6 The adsorption behavior in bimetallic systems

Figure 9 shows the interaction effects between pairs of
metal ions. In the Cd/Pb and Zn/Pb binary systems, the
presence of Cd** (Fig. 9a) and Zn?* (Fig. 9c) had neg-
ligible effects on the biosorption of Pb*". The adsorp-
tion capacity of Pb** remained relatively unchanged
under varying Pb*" concentrations, even as Cd*" and
7Zn>* concentrations increased. In contrast, the pres-
ence of Pb*" inhibited the ability of A. tumefaciens
S12 to adsorb Cd** (Fig. 9b) and Zn>* (Fig. 9d), with
increasing Pb** concentrations leading to a notice-
able decrease in the uptake capacity of Cd*" and Zn?".
These findings are consistent with previous research.
In the Zn/Cd binary system (Fig. 9e and f), the coexist-
ence of one metal in the solution consistently reduced
the removal of the other, indicating that competitive
bioadsorption occurred between Cd** and Zn?* for the
available binding sites.

This adsorption behavior may be influenced by the
different electronic configurations of the metal ele-
ments ([Xe] 4f1*5d'%s26p? for Pb, [Kr] 4d'%5s? for Cd,
[Ar] 3d'%s? for Zn) [45]. Metals with more orbitals and
outer orbital electrons exhibit stronger affinities with
functional groups. Additionally, differences in electron-
egativity and ionic radius contribute to these results.

The electronegativity of Pb**, Cd*" and Zn*" are 2.33,
1.39 and 1.65, respectively, and their ion radii are 1.32,
0.97 and 0.74 A, respectively [46—48]. Metal ions with
higher electronegativity and larger ionic radii are more
easily adsorbed by adsorbents.

In bimetallic systems, Pb?* showed a greater affinity
for A. tumefaciens S12 than Cd** and Zn>", based on
the physical properties of the metals. This observation
is consistent with the constants in Table 2 fitted by the
Langmuir model. The above explanations demonstrate
that the biosorption of Pb>* ions is preferred over Cd*"
and Zn*' in binary systems. For the Cd/Zn binary sys-
tem, the competitive bioadsorption may be attributed
to their similar affinities for the binding sites and the
limited number of adsorption sites on the adsorbent.

3.4 Adsorption mechanism

3.4.1 SEM and EDS spectroscopy

The morphological changes in biomass before and after
the adsorption of Pb*", Cd** and Zn>" can be observed
in Fig. 10. The pristine A. tumefaciens S12 cells were
rod-shaped, with smooth and regular surfaces (Fig. 10a).
However, after exposure to heavy metal ions, some A.
tumefaciens S12 cells showed signs of structural damage,
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Fig. 10 SEM and EDS results of before (a and b) and after the adsorption of Pb”* (c and d), Cd** (e and f) and Zn?* (g and h) by A. tumefaciens S12
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which may be attributed to the restriction of microbial
metabolic activity due to nutrient deficiency and the tox-
icity of heavy metals. Similar observations were reported
by Huang et al. [49]. Additionally, the aggregation of A.
tumefaciens S12 cells became more pronounced, and
their surfaces appeared rougher after the adsorption of
Pb**, Cd** and Zn?* (Fig. 10c, e and g). This roughness
likely resulted from mechanical force damage and inter-
actions between surfactants and metal ions [50].

The EDS analysis revealed significant changes in the
elemental composition of A. tumefaciens S12 after the
adsorption of Pb**, Cd*" and Zn** compared to the com-
position before adsorption (Fig. 10b, d, f and h). Distinct
peaks corresponding to Pb, Cd, and Zn were observed in
the post-adsorption samples, confirming that A. tumefa-
ciens S12 successfully absorbed these metal ions. Besides,
the disappearance of the Na peak after adsorption sug-
gests that Na' was released from the cells during the
process, indicating that ion exchange was involved in the
adsorption mechanism [51].

3.4.2 FTIR analysis

FTIR analysis can be used to identify the functional
groups present on the surface of A. tumefaciens S12
cells. As shown in Fig. 11a, the surface composition of
A. tumefaciens S12 is complex, with various functional
groups identified through the FTIR spectra. The broad
band observed at 3600-3200 cm™' corresponds to over-
lapping peaks from hydroxyl (-OH) and amine (-NH)
groups. In addition, the peaks at 3000-2800 cm™' are
attributed to C-H stretching vibrations in alkyl chains
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[52]. Strong bands at 1655, 1547 and 1239 cm™ are asso-
ciated with amide bond formation [53, 54]. Similarly,
absorption bands around 1453 and 1384 cm™! have been
identified as the C-O stretching mode of -COOH groups
and C-H stretching vibrations, respectively [49]. Fur-
thermore, the peaks at 1083 and 1049 cm™ indicate the
presence of organic phosphate groups [55]. The peaks
between 701 and 881 cm™' are mainly due to P-O-C and
P-O-P stretching, originating from phospholipids and
ribose phosphate chain pyrophosphate [56]. This analy-
sis reveals that hydroxyl, carboxyl, amino, and phosphate
groups are present in A. tumefaciens S12, with the pri-
mary components being polysaccharides, proteins, and
phospholipids.

The shifts in peak positions and changes in inten-
sity observed in the FTIR spectra of A. tumefaciens S12
with and without heavy metals (Fig. 11b—d) suggest that
the functional groups represented by these peaks are
involved in the adsorption process. After the adsorption
of Pb?*, Cd?>* and Zn?", the peak at 3297 cm™! shifted
to 3284, 3295 and 3295 cm™’, respectively, with a corre-
sponding reduction in peak intensity. Similarly, the inten-
sity of the peaks at 2970 and 2927 cm™! decreased after
adsorption. Furthermore, both the intensity and position
of the adsorption peaks for amide groups changed. More-
over, the peaks at 1083 and 1049 cm™ observed for pris-
tine A. tumefaciens S12 cells merged into a single peak
and shifted to 1071, 1060 and 1069 cm™! after adsorp-
tion. These changes conclusively indicate that multiple
functional groups, including hydroxyl, amino, carboxyl,
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Fig. 11 FTIR spectra of before and after adsorption of Pb?*, Cd?* and Zn*" by A. tumefaciens 512 (a: before, b: Pb?*,c: Cd**, d: Zn?*)
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and phosphate, participate in the adsorption process and
play a dominant role in the removal of metal ions.

3.4.3 XPS analysis

XPS is a powerful tool for elucidating the adsorption
mechanism of A. tumefaciens S12 with heavy metal ions,
as it provides detailed information on the chemical com-
position of the samples and chemical-state changes in
the elements under study. By comparing the wide-scan
results of A. tumefaciens S12 before and after adsorption
(Fig. 12a), it is clear that Pb 4f, Cd 3d and Zn 2p peaks
appear distinctly in the XPS spectra, confirming that A.
tumefaciens S12 successfully captured these three ions.
The spectrum analysis of Pb**-bound A. tumefaciens S12
(Fig. 12b) reveals a characteristic binding energy for Pb**
at 138.3 eV, corresponding to the Pb 4f7/2 peak. Addi-
tionally, the presence of a Pb 4f5/2 peak at 143.2 eV sug-
gests that Pb?" was chemisorbed to functional groups on
the cell surface [35]. Figure 12c shows that the Cd peak is
split into two components, 3d3/2 (411.8 eV) and Cd3d5/2
(405.1 eV). Figure 12d presents the Zn 2p photoelectron
spectrum, featuring Zn 2p3/2 and 2p1/2 peaks at 1021.9
and 1044.9 eV, respectively, consistent with literature val-
ues [57].

Page 150f 18

Interestingly, the wide-scan results also reveal a promi-
nent Na 1 s peak in the pristine A. tumefaciens S12, which
disappears after adsorption of Pb**, Cd*", and Zn?*. This
suggests that Nat was displaced during the adsorption
process, as Pb>*, Cd*", and Zn*' have a stronger affin-
ity for the functional groups on the biosorbent. This dis-
placement hints at an ion-exchange mechanism being
involved in the adsorption process.

Table 5 highlights a noticeable decrease in the propor-
tion of N, O, and P elements in A. tumefaciens S12 after
adsorption of the heavy metal ions. Figure 12 and Table 6
further show the high-resolution XPS spectra for O 1 s,
N1s,and P 2p.

Figure 12e shows that the O 1 s peaks in A. tumefaciens
S$12, both before and after metal ion adsorption, consist
of C=0/C-OH and C-O groups. Prior to adsorption, the
O 1 s spectrum reveals peaks for C=0O/C-OH and C-O
at 531.2 and 532.7 eV, respectively [58]. Post-adsorption
of Pb*", Cd**, and Zn?*, the area of the C=0/C-OH
peak decreases from 55% to 42, 37, and 38%, respectively,
indicating that hydroxyl and carboxyl groups played a
significant role in the adsorption process, aligning with
FTIR results. Moreover, the binding energies of C=0/C-
OH groups shift to 531.5 eV, and the C-O binding energy

Table 5 The composition on the surface of A. tumefaciens S12 from XPS spectra

Sample Surface composition (%)
Cls N1g O1s P2, Pb 4f Cd 3d Zn2p
A.tumefaciens 68.44 8.18 22.38 1 - - -
A.tumefaciens-Pb 70.63 721 2062 047 1.07 - -
A.tumefaciens-Cd 7113 56 20.82 0.88 - 1.56 -
A.tumefaciens-Zn 7117 6.12 2038 064 - - 1.73
Table 6 The XPS spectra carves fitting results of A. tumefaciens 512 before and after adsorption of Pb**, Cd’* and Zn**
Element A.tumefaciens A.tumefaciens-Pb A.tumefaciens-Cd A.tumefaciens-Zn
Assignment BE (eV) Assignment BE (eV) Assignment BE (eV) Assignment BE (eV)
Ols C-O 5327 c-O 5328 C-O 5328 C-O 5328
C=0/C-0OH 531.2 C=0/C-0OH 5315 C=0/C-0OH 5315 C=0/C-0OH 5315
NTq -NH,/-NH 4000 -NH,/-NH 400.1 -NH,/-NH 399.9 NH,/-NH 3999
- - NH,* 4014 - - - -
P2p P-O 133.1 P-O 1329 P-O 1333 P-O 133.2
P=0 1339 P=0 133.7 P=0 1341 P=0 134.0
Pb 4f - - Pb 4f5/2 143.2 - -
- - Pb 4f7/2 1383 - -
Cd3d - - - - Cd 3d3/2 4118
- - - - Cd 3d5/2 405.1
Zn2p Zn2p1/2 1021.9
Zn 2p3/2 1044.9
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changes to 532.8 eV after metal ion binding. This suggests
that these functional groups were actively involved in the
adsorption process, likely through charge transfer interac-
tions with Pb**, Cd**, and Zn**.

Figure 12f presents the fitted N 1 s spectra. Before the
adsorption of Pb**, Cd**, and Zn*", a single N 1 s peak at
400.0 eV, corresponding to -NH, or —-NH groups from pro-
teins, is observed. After Pb** adsorption, the complexation
reaction between -NH, or —-NH groups and Pb** results in
the protonation of amines, as evidenced by the emergence
of a new weak N 1 s peak at approximately 401.4 eV. The
reaction is illustrated by the following equations:

R — NH, + Pb’t — R — NH,Pb**+ (10)

R —NH + Pb** — R — NHPb*+ (11)

Additionally, the binding energy of -NH, or -NH
groups increases to 400.1 eV due to Pb>* sharing lone pair
electrons provided by N atoms, which diminishes elec-
tron cloud density [59]. For Cd** and Zn?" adsorption,
the binding energies of -NH or -NH, groups decrease to
399.9 eV, indicating coordination bonds formed between
N atoms and the metal ions. In these bonds, Cd*"
and Zn?" share electrons with N atoms, resulting in a
decrease in binding energy due to the increased electron
cloud density around the N atoms.

Although the atomic contents (%) of P is lower
compared to O and N, the change in P content after
adsorption is significant, as shown in Table 5. The P2p
spectrum of A. tumefaciens 12 (Fig. 12g) features two
peaks assigned to P-O (133.1 eV) and P=0 (133.9 eV)
[60, 61]. This confirms that phospholipids, containing
phosphate groups with P=0 and P-O functionalities, are
part of the surface composition of A. tumefaciens S12.
The shifts in their binding energies after adsorption sug-
gest that these phosphate groups were involved in the
adsorption process through complexation and electro-
static attraction.

In summary, based on the XPS spectra analysis, A.
tumefaciens S12 proves to be an excellent adsorbent for
Pb**, Cd**, and Zn?* because of the abundance of func-
tional groups containing N, O, and P. These groups facili-
tate the formation of complexes with the heavy metal
ions, with mechanisms such as ion exchange, complexa-
tion, and electrostatic attraction likely playing a domi-
nant role in the adsorption process.

4 Conclusion and future prospect

A.tumefaciens 12 with heavy metal tolerance isolated
from AMD has demonstrated exceptional tolerance
to heavy metals, specifically Pb?*, Cd**, and Zn?*'. This
bacterium not only exhibits high resistance to these

Page 16 of 18

metals with MIC of 400 mg L ™! for Pb**, 300 mg L ™! for
Cd**, and 250 mg L™ for Zn?*, but also shows effective
adsorption capabilities. The adsorption was obviously
impacted by pH, biomass dosage, initial Pb**, Cd**
and Zn*" concentration and adsorption temperature.
The adsorption process is best described by a pseudo-
second-order chemisorption model, and the Langmuir
isotherm effectively fits the adsorption data for Pb**,
Cd*" and Zn?* with maximum adsorption capacities of
234, 58 and 51 mg g™}, respectively. The adsorption of
Pb**, Cd** and Zn*' by A. tumefaciens 12 was sponta-
neous and endothermic in nature through thermody-
namic study. In bimetallic systems, A. tumefaciens 12
showed a preference for adsorbing Pb*" over Cd** and
Zn?>*, with competition observed between Cd*' and
Zn** for binding sites. The high adsorption efficiency of
A. tumefaciens 12 is attributed to the presence of func-
tional groups such as hydroxyl, carboxyl, amino, and
phosphate on its surface, which facilitate ion-exchange
and complexation with the metal ions. This makes A.
tumefaciens 12 an excellent candidate for bioreme-
diation, offering an economical and environmentally
friendly method for the removal of heavy metals from
wastewater.

To enhance the applicability and feasibility of A.
tumefaciens 12, further research is necessary. Con-
ducting pilot-scale experiments using actual wastewa-
ter, such as mining effluents containing heavy metals,
would help explore its practical application conditions
and feasibility. Additionally, several limitations need
to be addressed. For instance, it is crucial to develop
effective methods for separating metal-laden cells from
water bodies. Furthermore, lacking of specifificity for
heavy metals, simple biosorbents could be hard to recy-
cle the desired metals.

A. tumefaciens 12 is a novel and promising bacterium
for the removal of heavy metals. Further research could
provide a more comprehensive understanding of its metal
absorption capabilities. Firstly, exploring the bacterium’s
ability to absorb additional heavy metals, such as Cu®*,
Ni?*, and Cr®", would broaden its potential applications.
Delving deeper into the specific mechanisms involved in
each process could also offer valuable insights into how
the bacterium interacts with heavy metal ions, enabling
the optimization of these processes for more efficient
biosorption. Additionally, evaluating the long-term
effects of biosorption is essential. This includes assessing
the potential risks associated with releasing genetically
modified bacteria into the environment and understand-
ing the impact of repeated heavy metal exposure on bac-
terial viability and performance over time. These areas of
research are crucial for fully realizing the potential of A.
tumefaciens 12 in practical applications.
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