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Abstract
The soil samples of old Zawar mine sites were sandy texture, basic, electric conductivity range from 16 to 59 dSm−1 with a 
high content of heavy metals of Zn, Pb, Cd, and Fe, indicating poor soil-health. Two bacterial isolates Pseudomonas aerugi-
nosa HMR1 and P. aeruginosa HMR16 (GenBank-accession-number KJ191700 and KU174205, respectively), differed in 
the Phylogenetic tree based on 16S-rDNA sequences. HMR1 isolate showed the high potential of Plant growth-promoting 
attributes like IAA, Phosphate-solubilization, Exopolysaccharide production, and Proline activities at high concentration of 
Zn augmented nutrient media after 24 h, followed by HMR1 + HMR16 and HMR16. Both isolates were survived at 100 ppm 
Zn (w/v) concentration, followed by Pb, Cd, and Fe. Linear RL value from Langmuir and Freundlich isotherms revealed that 
the suitable condition of Zn adsorption by HMR1 was at pH8 with 40°C. The value of r2 from pseudo-second-order kinetics 
and Transmission-Electron-Microscopic analysis confirmed Zn adsorption by HMR1.

Keywords  Pseudomonas aeruginosa · Plant growth-promoting attributes · Zn-adsorption · Langmuir and Freundlich 
isotherms kinetics · First and second-order kinetics · Transmission-Electron-Microscope · Phylogenetic analysis

Heavy metal pollution is mainly a consequence of the speedy 
growth of industrialization, intensive use of the chemical in 
agriculture, mining (El-Meihy et al. 2019), fly ash depos-
its (Pandey 2020) including geogenic sources (Paul et al. 

2020a). Toxic metals act as a brutal factor for the entire 
ecosystem, soil health, and human health via contaminating 
agricultural products (Wuana and Okieimen 2011; Dwivedi 
et al. 2013; Bolan et al. 2014). The extraction of economi-
cally valuable minerals for the development of human beings 
creates pressure on mining activity. Simultaneously, targeted 
minerals, other toxic heavy metals (THM) are emerging on 
the land surface (El-Baz et al. 2015; El-Meihy et al. 2019). 
The agency for toxic substance and disease registry listed 
the priority of hazardous compounds in the year 2019 and 
reported that arsenic is at first number followed by lead, 
while cadmium, cobalt, and zinc were at 7, 51, and 75 num-
bers respectively (Glick 2015). Mitigation of THM from soil 
has gain attention across the globe, and the mechanism for 
its removal is based on physical, chemical, and biological 
processes (Pandey and Singh 2019; Upadhyay et al. 2021). 
An eco-friendly and sustainable approach is a promis-
ing remarkable tract to the mitigation of THM mediated 
by microbes (Gupta and Diwan 2017; Kour et al. 2019). 
Microbes mediated THM removal has a distinguished mech-
anism like extracellular accumulation/precipitation, cell sur-
face adsorption, and intracellular accumulation (Singh et al. 
2011; Singh and Srivastava et al. 2016; Paul et al. 2020b). 
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Biosorption of heavy metals depends on various criteria 
such as the concentration of bacterial biomass, initial metal 
concentration, temperature, pH, types (essential and non-
essential) and retention time, etc. (Fathollahi et al. 2021). 
Microbes, such as bacteria, have the potential to produce 
exopolysaccharides (EPS), and other biochemical com-
pounds can play a significant role in the biosorption of THM 
(Upadhyay et al. 2011; Gupta and Diwan 2017). Removal 
of THM also occurs through cell-sorption by living or dead 
microbes (Igwe and Abia 2006). Soil bacteria can produce 
different kinds of Phyto-stimulating hormones such as 
indole-3-acetic acid (IAA), which enhances metabolism for 
growth and adaptation, even under adverse conditions (such 
as heavy metal, salinity, drought, acidic pH) (Upadhyay and 
Singh 2014; Upadhyay et al. 2019). The beneficial bacte-
rial species can produce phytohormones and organic acids 
(Upadhyay et al. 2009). The phytohormone and organic 
acids can induce plant-growth performance through phy-
tostimulation, nutrient mobilization, mineralization (Kour 
et al. 2019). Organic acids of bacteria also sequestrate THM 
via rising mobilization of the element through altering the 
pH and redox reaction (Osmolovskaya et al. 2018). Native 
bacterial species have coping mechanisms against the sur-
rounding environment in old mining sites, having potential 
survivability under heavy metal concentration and plant 
growth-promoting (PGP) attributes (Mishra et al. 2017). 
Therefore, the aims of the present work are (i) the screening 
of the potential heavy metal removal native bacterial isolate, 
(ii) PGP-attributes, and (iii) confirmation of heavy metal 
removal by adsorption kinetics.

Material and Methods

Soil samples (100 gm) collected in an autoclaved plastic bag 
from old mining sites of Zawar mine, [Latitude-24.3540034; 
Longitude-73.733064] Udaipur, India, during month of June 
and September, 2019. Soil-texture, water holding capacity, 
bulk density (BD), particle density (PD), pH, and ECe were 
analyzed as earlier described (AFNOR 1996; Upadhyay 
et al. 2012; Upadhyay et al. 2021). Soil samples were oven-
dried at 600°C in a muffle furnace and sieved through a 
2 mm governorates sieve. 0.5gm of the dried sieved sample 
digested with 1:3:3 ratios of concentrated HNO3, H2SO4, and 
H2O2, respectively (Saison et al. 2004). The volume of the 
digested sample maintained by distilled water with gentle 
heating, and samples were analyzed for heavy metals (Zn, 
Pb, Cd, and Fe) by atomic absorption spectrophotometer 
(AAS, Ecil Model-4141) as described earlier (Diwedi et al. 
2014; Paul et al. 2014; Srivastava et al. 2014). The samples 
were analyzed for heavy metals with calibration of AAS 
by respective heavy metal solution. The experiment was 
repeated three times for each analysis.

Two bacterial isolates, HMR1, and HMR16 were taken 
in the present study, which was isolated from soil samples 
of old mining site of Zawar mine on Nutrient agar medium 
(Bhojiya and Joshi 2012) and demonstrated its morphologi-
cal and biochemical characters (Bhojiya and Joshi 2015). 
The isolates were routinely revived on Nutrient agar medium 
at 37 ± 2°C and stored at − 20°C in glycerol. 16S-rDNA par-
tial sequence of bacterial isolates analyzed through align-
ment by using the on-line BLAST tool of GenBank data-
base. The 16S-rDNA-sequences submitted to GenBank with 
accession number KJ191700 (Pseudomonas aeruginosa) 
and KU174205 (Pseudomonas aeruginosa) for HMR1 and 
HMR16 bacterial isolates, respectively. The 16S-rDNA-
sequences, subjected to the CLUSTAL-W program (Boratyn 
et al. 2013), and the evolutionary distance pattern computed 
using the method of Maximum Composite Likelihood 
(Tamura et al. 2004). The phylogenetic tree, designed by 
MEGA-X (Kumar et al. 2018).

Both the isolates were analyzed for their PGP-attributes 
such as IAA, Phosphate-solubilizing, EPS-production, 
and Proline activity (µg mg−1 protein) as earlier described 
(Upadhyay et al. 2011, 2019). The bacterial isolate inocu-
lates in a nutrient broth medium supplemented with heavy 
metals. 1 mL of supernatant mixed with 2 mL of glacial 
acetic acid and ninhydrin for 1 h at 100°C, 4 mL of toluene 
added after cooling, and absorbance was recorded at 520 nm 
to estimate Proline activity. Isolates were screened for heavy 
metals (Zn, Pb, Cd, Fe) resistance on nutrient medium (as 
earlier described method for salinity; Upadhyay et al. 2009) 
supplemented with different concentration (25, 50, 75, and 
100 ppm) of ZnSO4·7H2O, Pb (NO3)2, Cd (NO3)2·4H2O), 
FeSO4·7H2O, respectively, on the plate (Teclua et al. 2008; 
El-Baz et al. 2015; Alnaimat et al. 2017). The isolate HMR1 
chosen for further study based on their maximum PGP 
attributes and high tolerance against heavy metals behavior.

Adsorption of zinc by isolate HMR1 was studied through 
the isotherm model of Langmuir and Freundlich. Kinetics of 
the sorption process observed by Langmuir isotherm and the 
amount of heavy metal uptake evaluated as a mathematical 
Eq. (1) (Meitei and Prasad 2014).

where, q = amount of zinc uptake (mg/g); V = volume of zinc 
solution; Ci = initial concentration of zinc; Cf = final concen-
tration of zinc; S = amount of bio-sorbent (g).

The Langmuir isotherm in terms of linear form calcu-
lated by plotting 1/q vs 1/Cf. The kinetic deviation between 
adsorbed and desorbed molecule can be evaluated by Eq. 2

where qe = amount of adsorbate adsorbed per unit amount 
of adsorbent at equilibrium; KA = adsorption coefficient (a 

(1)q = V(Ci − Cf )∕1000 × S

(2)qe = qm × Ce + KA × Ce
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measure of adsorption energy); qm = limiting the adsorbing 
capacity of adsorbent in monolayer adsorption. The linear 
form of Eq. 2 is representing as Eq. 3.

where Ce = equilibrium concentration (mg L−1); qe = amount 
adsorbed per gram of adsorbent at equilibrium (mg g−1); 
qmax = Langmuir constant related to the maximum adsorp-
tion capacity, and b is the energy of adsorption. The value 
of qmax and b obtaining by intercept and slope.

Equilibrium parameter observed as separation factor (RL) 
calculated as Eq. 4 (Hall et al. 1966). Favorable isotherm 
sorption represents the range of RL from 0 to 1 and RL = 0 
refers to the irreversible adsorption process.

Freundlich isotherm evaluates to observe the effective-
ness of adsorbent mediated free energy change and derived 
Eq. 5.

where, qe = amount adsorbed (mg g−1); Ce = equilibrium 
concentration (mg L−1); Kf = adsorption coefficient. The 
model can be linearized logarithmically as Eq. 6. Thus, a 
straight line plot exists between log qe and log Ce. Kf and 
n value calculated from the slope and intercept of the line 
graph.

The Zn-adsorption of the HMR1 mechanism was ana-
lyzed with the experimental results, with pseudo-first and 
pseudo-second-order kinetic models, which can imply rep-
resenting by the following Eq. 7.

Integrating the above equation and applying boundary 
conditions, t = 0 to t = t and qt = 0 to qt = qe, the equation 
becomes Eq. 8.

where, qe and qt = adsorption capacity at equilibrium and at 
time t, respectively (mg g−1); K1 = rate constant of pseudo-
first-order adsorption (min−1). The constant of pseudo-first-
order kinetics obtained from the plot between log(qe − qt ) vs 
t. The value of intercept is equal to the log qe.

(3)
Ce

qe
=

1

qmaxb
+

Ce

qmax

(4)RL =
1

1 + bCO

(5)qe = KfCe
1∕n

(6)logqe =
(

1

n

)

logCe + logKf

(7)
dq

dt
= K1(qe − qt)

(8)log(qe − qt) = logqe − K1t∕2.303

The pseudo-second-order assumes that the rate of sorp-
tion is proportional to the square of the number of unoc-
cupied sites (Ho 2006), which can represent as equation-9.

Integrating the Eq. 9 (t = 0, q = 0, and t = t, q = qt) yields 
the following expressions as Eq. 10.

where K2 = equilibrium rate constant of the pseudo-second-
order model (g mg−1 min−1). The slope and intercept of 
the plot t/q vs t were used for the analysis of qe and K2, 
respectively.

The bacterial isolate was incubated for 48 h in Zn supple-
mented medium and harvested by centrifugation (1000 rpm 
for 5 min) and washed two times with phosphate saline 
buffer (pH 7.2). The harvested cells were subjected to Zn-
localization via TEM (Tecnai 20, Philips, Holland) as per 
the methods (Jain et al. 2020a). Bacterial cells were grown 
in a medium without Zn taken as control.

Results and Discussion

The Physico-chemical analysis of soil revealed that all soil-
samples were sandy, pH range from 7.4 to 8.2, BD from 
1.22 to 1.88, PD from 1.88 to 2.46, ECe (dSm−1) from 16 
to 59 (Table S-1). Zn, Pb, Cd, and Fe observe in the soil 
samples (mg/Kg) with range1397 to 1876, 1005 to 1629, 
100 to 261, and 3201 to 3865, respectively (Table S-1). This 
result indicates that the soil is less suitable for crop cultiva-
tion, so there is an urgent need to minimize the soil’s brutal 
effects. Keeping these views, the suitable native bacterial 
isolates HMR1 and HMR16 further examined for their natu-
ral tolerance mechanism against heavy metals. The kinds 
of the literature suggested that the significant performance 
of native bacterial isolates for mitigation of environmental 
problems such as detoxification of xenobiotic compounds 
(Singh et al. 2015) and THM adsorption (Mishra et al. 2017; 
Tripathi et al. 2018).

In the present study, HMR1 and HMR16 survived with 
higher Zn-concentrations than Pb, Cd, and Fe (data not 
shown). P. putida was screened for their heavy metals (Zn+2, 
Cd+2, Co+2, Ni+2, Cu+2, and Pb+2) tolerance as reported ear-
lier (Bhojiya and Joshi 2016a). Similarly, salinity tolerance 
rhizobacteria screened for their salt [NaCl (w/v)] tolerance 
as reported earlier (Upadhyay et al. 2009; Upadhyay and 
Singh 2014). On the other hand, both the isolates and their 
consortium (HMR1 + HMR16) exhibits PGP-attributes like 

(9)
dq

dt
= K2(qe − q)2

(10)
t

qt
=

1

K2qe
2
+

t

qe
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IAA production, P-Solubilization, EPS-production, and Pro-
line activity. IAA is an essential PGP-hormone, which regu-
lates plant growth-performance, and also it works in a stress-
ful environment (Upadhyay et al. 2019). The P-solubilizing 
microbes, releasing organic acids and mobilizing or min-
eralizing trapped phosphate and minerals in soil (Bhojiya 
and Joshi 2016b). The rhizobacteria such as Pseudomonas, 
Bacillus, Arthobacter, etc., reported for their P-solubilizing 
activity in different soil-nature (Upadhyay et al. 2012; Jain 
et al. 2020b). The maximum PGP-attributes and Proline 
activity observed in HMR1 followed by the consortium 
(HMR1 + HMR16) and HMR16 at a higher concentration 
of Zn (Table 2). 27% rise in IAA (µg mg−1 protein) and 80% 
in Proline activity (µg mg−1 protein) was recorded in HMR1 
at 100 and 75 ppm zinc concentration (w/v), respectively 
(Table1). Proline mediates coping mechanisms against the 
stressful environmental condition in the living organism, 
like in PGPR (Upadhyay et al. 2019) and plants (Dwivedi 
et al. 2014 and Paul et al. 2014). The EPS is a gift of nature 
for several organisms to perform various functions. The 
EPS-producing bacteria can enhance their intake or bind 
metal (Upadhyay et al. 2011; Gupta and Diwan 2017). Perez 
et al. (2008) demonstrated that the THM were significantly 
bio-adsorbed by EPS-producing Paenibacillus jamilae. 
16S-rDNA sequencing revealed that both the isolates were 
Pseudomonas aeruginosa but differed in their sequence as 
observed in the phylogenetic tree (Fig. 1). Jain et al. (2020b) 
demonstrated that Zn tolerant PGPR mitigates Zn-toxicity in 
maize plant. Similarly, salt (NaCl) tolerant PGPR alleviates 
salinity stress in the wheat plant (Upadhyay et al. 2012). 
Based on high PGP-attributes and survivability against high 
Zn-concentration, HMR1 uses for further adsorption study. 

The analyzed experimental results for adsorption iso-
therm to explain the sorption process mechanism of the bac-
terial isolate. Isotherm kinetics for Zn adsorption by HMR1 
at fixed pH (pH 6, pH 7, and pH 8) with different tempera-
tures (36, 38, and 40°C) illustrated in Fig. 2. Among differ-
ent pH and temperature conditions, the maximum adsorp-
tion capacity (mg/g) (qmax) founds with Langmuir isotherm, 
which was 263.15 mg/g at pH 6 and temperature 36°C. In 
the present study, the value of least square regression for this 
isotherm reported 0.97, which represents a good fit of Lang-
muir isotherm (Table S-2). Significant adsorption capacity 
(217.39 mg/g) was observed at pH 7 with temperature 36°C, 
while the adsorption capacity declined at temperatures 38°C 
and 40°C i.e. 125 mg/g. The lowest value of qmax (mg/g) 
i.e. 57.8 mg/g was found for Zn adsorption at pH 8 with 
40°C. The constant b obtained from the Langmuir isotherm 
explains the affinity of heavy metals towards the sorbent. 
The maximum value of constant b (0.009), obtained at pH 
6 with the temperature of 40°C shows the highest affinity 
towards the Zn-sorption. The monolayer biosorption con-
sists of sorption of sorbate on a fixed number of identical 
sites and can represent through a linear model of Langmuir 
isotherm.

This model considers sorption as a chemical phenome-
non. The shape of the Langmuir isotherm can expressed by 
calculating the RL factor (Separation factor). The RL value 
assumes the nature and feasibility of the sorption process 
and shows the significance of the reaction. If RL > 1, it is 
unfavorable, if RL = 1, it is linear, if 0 < RL < 1 it is favora-
ble, and it is irreversible if RL = 0. The RL value obtained 
from Langmuir isotherm (Table S-3) for pH 6, pH 7, and 
pH 8 at different temperatures suggests that the adsorption 

Table 1   Evaluation of plant 
growth promoting attributes 
(IAA, Phosphate solubilization, 
and EPS production) and 
Proline activity in Zinc 
tolerant bacterial isolate and 
its consortium under different 
concentrations of zinc (w/v) 
after 24 h.Data are average of 
triplicates

Zinc tolerant bacterial isolate Zinc con-
centration 
(ppm)

IAA (µg 
mg-1 pro-
tein)

Phosphate 
solubiliza-
tion

EPS production Proline activity 
(µg mg-1protein)

HMR1 0 122 ± 8 + + 13 ± 2
25 125 ± 12 ++ + 22 ± 4
50 138 ± 14 ++ + 29 ± 3
75 165 ± 16 +++ +++ 65 ± 2

100 168 ± 17 +++ +++ 60 ± 4
HMR16 0 56 ± 7 + + 8 ± 1 

25 121 ± 10 + + 36 ± 5
50 125 ± 11 + + 38 ± 2
75 122 ± 9 ++ + 45 ± 7

100 115 ± 16 ++ + 48 ± 6
HMR1 + HMR16 0 125 ± 11 + + 9 ± 2

25 135 ± 8 ++ +++ 52 ± 4
50 142 ± 4 ++ +++ 27 ± 5
75 146 ± 12 + +++ 58 ± 8

100 154 ± 14 + ++ 66 ± 3
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process is favorable in all experimental conditions. It is 
linear (RL = 1) at pH 8 for 75 ppm and 100 ppm at 38°C, 
and RL = 1 also obtained for 50 ppm, 75 ppm, 100 ppm 
at 40°C, a similar approach was earlier reported by Wang 
et al. (2012). The Freundlich isotherm is applicable for 

the adsorption process, which occurs at the heterogene-
ous surface (Ayawei et al. 2015). This isotherm explains 
the surface heterogeneity, the exponential distribution of 
active sites, and their energies (Ayawei et al. 2015). The 
value of the Freundlich constant i.e. Kf and n estimate the 

Fig. 1   Phylogenetic tree based on 16S-rDNA retrieved sequences from GenBank with HMR1 and HMR16 bacteria
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adsorption-capacity and adsorption-intensity, respectively. 
The value of Kf and n based on the linear form of the 
Freundlich equation. The value of constant n found in a 
range of 1 to 2.43 in the present experimental study shows 
significant Zn-adsorption by HMR1. The value of constant 

n > 1 may be due to the heterogeneity in the distribution 
of active sites on the surface or any factors, which shows 
a fall in the adsorbent-adsorbate interaction (McKay et al. 
1980). The Kf value was found maximum for adsorption 
at pH 6 on temperature 36°C, however, the least square 

Fig. 2   Langmuir and Freundlich isotherm plot for adsorption kinetics of different concentrations of zinc (25, 50, 75, and 100 ppm) by isolate 
HMR1 at fix pH 6, 7, and 8 with different temperature (30, 38 and 40°C). L = Langmuir Isotherm plot and F = Freundlich isotherm plot
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regression value found 0.55 for the same, which indicates 
the lack of fit for Freundlich isotherm. On the other hand, 
at pH 8 with 40°C, the Kf and least square regression value 
found 13.18 mg/g and 0.99, which represented the most 
suitable adsorption process in agreement with Freundlich 
isotherm.

The experimental data of Zn-adsorption by HMR1 fit-
ted to the pseudo-first-order and pseudo-second-order 
kinetics expressions (Table 2). The value of constant K1 
for Zn-adsorption at pH 6 with temperature 36°C found to 
the maximum for initial Zn concentration of 75 ppm. The 

r2 value of 0.80 suggests that it is appropriate to use the 
pseudo-first-order kinetic expression to represent the sorp-
tion of Zn by HMR1. For Zn adsorption at pH 6 with tem-
perature 38°C, the maximum value of K1 was found 0.09, 
while at 40°C the maximum value of K1 was found with an 
initial Zn concentration of 25 ppm (Fig. S-1). The lower r2 
value for Zn adsorption at 38°C and 40°C suggests that it is 
inappropriate to use the pseudo-first-order-kinetic expres-
sion. A pseudo-first-order-kinetic expression for Zn adsorp-
tion at pH 7 was found appropriate at 40°C for an initial 
Zn concentration of 25 ppm (Fig. S-2). The r2 value from 

Table 2   Pseudo first order and Pseudo second order rate kinetics variable for the adsorption of Zn by HMR 1

pH Temp. (°C) Conc. (PPM) Pseudo First order Pseudo Second order

Equation K1 (g/mg.min) R2 Equation K2 (g/mg. min) R2

6 36 25 Y = − 0.008X + 0.018 0.018 0.070 Y = 0.08X + 0.11 0.05 0.98
50 Y = − 0.001X + 0.91 0.002 0.002 Y = 0.02X + 0.53 0.07 0.68
75 Y = − 0.027X + 1.44 0.062 0.80 Y = 0.08X + 1.5 0.04 0.03

100 Y = − 0.015X + 1.19 0.034 0.28 Y = 0.01X + 0.63 0.01 0.35
38 25 Y = − 0.012X + 0.25 0.027 0.23 Y = 0.074X + 0.16 0.03 0.98

50 Y = − 0.004X + 1.03 0.092 0.065 Y = 0.023X + 0.73 7 × 10–3 0.54
75 Y = − 0.013X + 1.08 0.03 0.25 Y = 0.001X + 1.32 7 × 10–3 0.001

100 Y = − 0.016X + 1.1 0.03 0.53 Y = 0.001X + 1.6 6 × 10–3 0.05
40 25 Y = − 0.009X + 0.37 0.023 0.26 Y = 0.07X + 0.272 0.016 0.98

50 Y = − 0.0073X + 0.9 0.01 0.24 Y = 0.03X + 0.48 0.002 0.78
75 Y = − 0.005X + 1.27 0.01 0.40 Y = 0.012X + 0.61 0.001 0.31

100 Y = − 0.001X + 1.6 0.009 0.49 Y = 0.054X + 0.8 2 × 10–3 0.10
7 36 25 Y = − 0.006X + 0.33 0.014 0.19 Y = 0.073X + 0.18 0.02 0.98

50 Y = − 0.01X + 0.92 0.002 0.29 Y = 0.03X + 0.40 0.002 0.85
75 Y = − 0.015X + 1.25 0.034 0.43 Y = 0.003X + 1.17 0.001 0.05

100 Y = − 0.006X + 1.45 0.014 0.27 Y = 0.015X + 1.31 2 × 10–3 0.02
38 25 Y = − 0.11X + 0.81 0.25 0.55 Y = 0.07X + 0.34 0.014 0.99

50 Y = − 0.12X + 2.4 0.27 0.61 Y = 0.038X + 0.45 0.003 0.83
75 Y = − 0.004X + 1.5 0.09 0.51 Y = 0.015X + 0.99 4 × 10–3 0.03

100 Y = − 0.03X + 1.40 0.07 0.49 Y = − 0.013X + 1.4 1 × 10–3 0.03
40 25 Y = − 0.02X + 0.77 0.05 0.80 Y = 0.07X + 0.35 0.014 0.99

50 Y = − 0.007X + 0.8 0.16 0.1 Y = 0.03X + 0.48 0.002 0.85
75 Y = − 0.009X + 1.5 0.11 0.27 Y = 0.01X + 0.75 4 × 10–3 0.70

100 Y = − 0.009X + 1.5 0.02 0.37 Y = 0.012X + 0.73 2 × 10–3 0.91
8 36 25 Y = − 0.002X + 0.26 0.004 0.032 Y = 0.074X + 0.06 0.005 0.99

50 Y = − 0.006X + 1.1 0.013 0.013 Y = 0.031X + 0.44 0.001 0.86
75 Y = − 0.008X + 1.41 0.018 0..018 Y = 0.016X + 0.93 2 × 10–3 0.05

100 Y = − 0.09X + 1.44 0.02 0.20 Y = 0.011X + 0.7 1 × 10–3 0.13
38 25 Y = − 0.0053X + 0.4 0.011 0.18 Y = 0.07X + 0.13 0.04 0.99

50 Y = − 0.0047X + 0.60 0.010 0.02 Y = 0.03X + 0.36 0.002 0.90
75 Y = − 0.008X + 1.43 0.018 0.46 Y = 0.02X + 1.11 9 × 10–3 0.85

100 Y = − 0.013X + 1.43 0.029 0.37 Y = 0.015X + 1.11 1 × 10–3 0.85
40 25 Y = − 0.003X + 0.53 0.007 0.20 Y = 0.072X + 0.12 0.04 0.99

50 Y = − 0.005X + 0.53 0.015 0.02 Y = 0.033X + 0.37 0.03 0.90
75 Y = − 0.014X + 1.27 0.032 0.38 Y = 0.01X + 0.76 1 × 10–2 0.79

100 Y = − 0.019X + 1.6 0.032 0.70 Y = 0.006X + 0.8 4 × 10–4 0.17
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pseudo-first-order-kinetic expression at pH 8 for each reac-
tion’s temperature and initial Zn concentration was found 
in a range of 0.70 to 0.018, which does not recommend this 
kinetic expression to represent sorption of Zn by HMR1 
(Fig. S-3). Pseudo-second-order kinetic expression repre-
sents the multi-step sorption process that includes an initial 
rapid phase and the later slower phase that proceeds towards 
saturation (Kumar 2006). For the present experimental study 
pseudo-second-order rate, constant K2 was found to decrease 
with an increase in the initial concentration of Zn. It is attrib-
uted due to the multi-step sorption process that involves the 
initial rapid phase and later slower phase that proceed toward 
saturation. The higher r2 value of pseudo-second-order kinet-
ics at different pH and temperature conditions confirms its 
applicability to express the adsorption of Zn by HMR1.

In the present study, TEM analysis revealed similar obser-
vation as isotherm and kinetics study, isolate HMR1 can 
remove Zn with high concentration through both adsorption 
and absorption mechanism as shown in Fig. 3. Transmission 
Electron Micrographs of P. aeruginosa strain HMR1 taken 
before and after the zinc treatment experiments established 
the presence of zinc deposits on the bacterial surface and 
inside the cells. Bacteria exhibit different tolerance mecha-
nisms against heavy metal stress. The distribution of heavy 
metals in bacterial cells is also dependent on the type of 
mechanism to combat heavy metal stress. In the present 
study, the distribution of Zn within the cells and on the 
cell surface of P. aeruginosa may indicate that zinc forms 
a metal complex intracellularly, and also the heavy metal is 
regulated by ion efflux pumps present in the cell surfaces.

Conclusion

Mining activities are essential to fulfill the demands of 
natural resources across the globe. After harvesting natu-
ral resources from mining sites have less useful for their 

economic concern. Lands of old mining sites can apply to 
forestry, agricultural purposes, and ornamental plants. But 
with the higher concentration of THM become a challenge 
to utilized old mining sites. To combat this issue, an eco-
friendly and sustainable approach based on the applications 
of suitable microbes that remove THM as well exhibits PGP-
attributes. In the present study, P. aeruginosa- HMR1 isolate 
showed IAA-production, P-solubilization, EPS-production, 
and Proline activities with higher Zn-concentration. HMR1 
showed the maximum amount of Zn adsorption at pH 8 
with 40°C, revealed by Langmuir and Freundlich isotherms. 
Pseudo-second-order kinetics and TEM analysis confirmed 
the adsorption of Zn by HMR1. Thus, the present finding 
demonstrates the P. aeruginosa-HMR1 can be beneficial for 
the restoration of land for agricultural purposes.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00128-​021-​03232-5.
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Fig. 3   Transmission electron micrographs of P. aeruginosa HMR1 before and after metal exposure a Control untreated cells;  b and c Zn-treated 
cells. (Scale bar represents 500 nm). ❖Arrows show precipitates of metal particles on both the cell surface and interior of the cells
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