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The abilities of three indigenous bacteria for bioremediation of cadmium contaminated soils collected from
Agbabu Farm Settlement close to mining sites in Ondo state, Nigeria was studied to provide helpful information
for soils remediation and soils health management in this sub-region for Millennium Development Goals
accomplishment. Bacillus subtilis, Proteus mirabilis, and Escherichia coli isolated from the soils were inoculated
into different soil samples conditioned with optimized factors determined from the first phase experiments. The
conditioned samples were experimented for residual cadmium concentration with time in days using Atomic
Absorption Spectrophotometer. The soil cadmium attenuation from the initial concentration of 70.21 mg/kg to
below the maximum allowable of 3 mg/kg was hard for the organisms. Bacillus subtilis performed correction at
time 35 days with an efficiency of 96.10 % and residual concentration of 2.74 mg/kg. Proteus mirabilis and
Escherichia coli with respective, high efficiencies of 85.05% and 79.35% failed. The removal rate capacities were
-0.131d-! for B. subtilis; -0.111d-1 for P. mirabilis; -0.105d-1 for E. coli. Four kinetic models fitted described the
experimental data well. The models assessment revealed the removals to be transport controlled as diffusion

process was the rate-controlling step.

doi: 10.5829/ijee.2020.11.02.12

INTRODUCTION

Heavy metals are capable of causing damage to vital organs
and systems in living organisms. Access of these metals to
arable soil should be prevented because they are not
breakable to non- toxic form, they have negative impact on
ecology and human health, and are difficult to eliminate from
soils [1-4].

Cadmium (Cd) is a heavy metal with adverse effects of
renal dysfunction, decreased hemoglobin levels, disturbed
liver function, lung emphysema, short breath, and increased
excretion of calcium [5].

Researchers work had till date combed for remediation
alternatives that proffer green technology solution to the
problem of soil pollution with heavy metals.

Physical and chemical soil remediation methods have
been proven to have great disadvantages. They give birth to
strange toxic mid-way and end products of greater toxicity;
less eco-friendly; and are very expensive-unsuitable for
effective treatment at low metals concentrations [3, 6].
Bioremediation clears the disadvantages of physical-chemical
methods of remediating metals contaminated soils.
Bioremediation applicability requires the adjustment of
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environmental parameters to stimulate high microbial
activities to allow metals removal proceed rapidly [7, 8].
Factors like pH, temperature and biomass loading have been
discovered to influence bioremediation [9-11].

This work is a laboratory study of the performances of
indigenous Bacillus subtilis (B. subtilis), Proteus mirabilis (P.
mirabilis), and Escherichia coli (E. coli) for bioremediation
of cadmium contaminated soils collected from Agbabu Farm
Settlement close to mining sites in Ondo state, Nigeria.
Agbabu settlers are predominantly farmers of food crops and
vegetables for both home consumption and market purposes
outside Ondo state. This work also incorporated a detailed
investigation of the optimum factors required for these
organisms to bring cadmium ion to below the maximum
allowable concentration (3 mg/kg) set for agricultural soils by
regulatory bodies reported by Chiroma et al. [12].

It looked at the rate controlling steps of the metal removal
by fitting the laboratory data with four kinetics models. The
work furnished information on the comparative remediation
capabilities of these indigenous organisms and help in
addressing remediation problem of Cd contaminated arable
soils in the sub-region in pursuit of the Millennium
Development Goals.
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MATERIALS AND METHODS

Preparation of nutrients

Solutions of triple sugar iron agar, Simon Citrate agar,
peptone water powder and MacConkey agar were prepared
according to manufacturers’ instruction and the methods are
available in literature [13]. The amount of 65, 24, 15, and 52
grams of defined media powders were respectively weighed
into 1liter of distilled water each. The respective mixtures
were left untouched for 10 min and then swirled to allow for
proper mixing before subjected to an autoclave at temperature
of 121°C and 1.5 psi pressure for 15 minutes and then cooled
to 45°C.

Identification of organisms

The microbial isolation and identification was conducted in
the Delta State University microbiology laboratory in Abraka,
Nigeria on cadmium contaminated soil samples collected
from agro soils at Agbabu Farm Settlement close to mining
sites in Ondo state.

A 0.1 ml from 10-3of serial diluted sample was introduced
into MacConkey agar in sterile Petri-dishes by the pure plate
technique [14, 15]. The plates were incubated at temperature
of 37°C for 24 hours [13]. The grown colonies were sub
cultured and characterized in accordance to the method
discussed in literature [13-16].

Screening of factors for bioremediation studies
Vital factors have been discovered to have significant
influence on bioremediation process and adsorption rate [9,
10]. The immense scientific significance of these factors at
their optimal levels requires that they be carefully studied,
screened and selected for a particular bioremediation study.
This study was carried out by adopting the batch
remediation methods in triplicate [17, 18]. Distinct values of
factors (1, 2, 3, 4,5, 6, 7, 8,9, and 10) of pH; (10, 20, 30, 40,
50, and 60°C) of temperature; (2, 4, 6, 8, 10, and 12 ml) of
nutrient; (1, 2, 3, 4, 5, and 6g) of organisms’ weights; and [0,
1, 2, 3, 4 and 5 per week (pw)] of stirring frequency were
respectively set to condition 4g of soil samples each in 102 50
ml capacity beakers. Thirty-four samples for each organism
(that is 10 for pH, 6 for temperature, 6 for dosage of nutrient,
6 for organisms’ weight, and 6 for stirring frequency). The
organisms were allowed to interact in the soil for 14 days, and
the soil samples were evaluated for residual Cd ion [9, 18]
using Atomic Absorption Spectrophotometer (GBC SensAA,
Model no. A6358) after centrifuging.

Cadmium ion removal determination
Soil samples of 4g each measured into 50 ml capacity beakers
each were inoculated with each organism to make up 63
inoculated soil samples for the complete experiment in
triplicate [17, 18]. The experimental soil samples were
conditioned with the values selected for the optimum factors
as pH of 8 for B. subtilis; and 6, 5 for P. mirabilis and E. coli,
respectively; temperature of 30°C for the organisms; nutrient
of 8 ml for the organisms; optimum organism’s weight of 4g
for B. subtilis, 3g for P. mirabilis, and 4g for E. coli; and
stirring frequency of 5pw for the organisms.

The residual ionic concentration of cadmium in the soil
samples were evaluated on the 5%, 10%, 15, 20™, 25™, 30" and
35™ days using AAS after centrifuging.
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The ionic concentration (mg/kg) removed with time,
efficiency of organisms’ performance (%), and ionic
concentration (mg/kg) removed at equilibrium were
determined from Equations (1) to (3) [19, 20].

(Co—Ce)
s = Tt-V (1)
£ = @.100 )
Co_ce
e — % v (3)

Co, Ce, Ci, Ct, Qe, Qr, V and m are the initial metal ionic
concentration (mg/kg); residual metal ionic concentration
(mg/kg) at equilibrium, residual ionic concentration (mg/kg)
with time final ionic concentration (mg/kg), ionic removal
(mg/kg) at equilibrium, ionic removal (mg/kg) with time,
volume (m?®) of soil and mass (g) of organisms.

A 2-ways analysis of variance at (P < 0.05) was conducted
with Microsoft Excel 2016 on the removal data to investigate
significant difference in the removal performances between
the organisms; and to investigate removal differences with
experimental times. The rates of removal capacities of Cd by
the respective organisms were studied with pseudo-first order
kinetic model.

Rate-limiting step determination

This aspect of the work focused on determination of
controlling processes of the metal removal. These were
studied from the rate controlling steps (chemisorption or
diffusion) of the removal established with removal kinetics
employed to study batch experimental data of Cd removal.
Four mathematical kinetics models: pseudo first and second
order kinetic models, the simple elovich model, and the
intraparticle diffusion models presented by Equations (4) to
(7) [21-23] were linearized and fitted with the batch
laboratory experimental data.

44r _

2 = k(e —ar) )
S = ka(qe — q0)? (5)
dt 1\He t

St~ aexp (—Pay) (6)
G = Kpt7 + X @)

The parameters ki and k; are rate constants of pseudo
second order and intra-particle diffusion models expressed in
(kg.mg*d?) and (mg/kg.d¥?) respectively; a and 5 are the
initial removal rate in mg.kg and desorption rate constant in
mg.kgd?, respectively.

The four models’ R? were assessed to ascertain the best fit
indicating the rate-limiting step, and the controlling process.

RESULTS AND DISCUSSION

Organisms identification

Microbiological analysis conducted on sample for isolating
and identifying the organisms yielded the selected organisms
from the biochemical scrutiny of microbial characters among
the colonies of 3.6 x 10° cfu/ml that developed after
incubation. The organisms were identified with gram staining
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and the respective biochemical indications of catalase,
oxidase, indole, citrate, glucose, sucrose, lactose, and motility
as E. coli (negative, positive, negative, negative, negative,
positive, negative and negative); B. subtilis (positive, positive,
negative, negative, positive, positive, negative and positive);
P. mirabilis (positive, negative, negative, negative, positive,
positive, positive and positive). The summary of microbial
identification is shown in Table 1.

Optimum factors

Vital factors have been discovered to have significant
influence on bioremediation process and adsorption kinetic
rate [9, 10]. The immense scientific significance of these
factors at their optimal levels requires that they be carefully
studied, screened and selected for a particular bioremediation
study - as these factors at their optimum values enhance the
effective removal of metals by microorganisms [17]. This has
necessitated that these factors were studied with an aim to
select their optimum values necessary for this bioremediation
study.

The impacts of 2, 4, 6, 8, 10 and 12 ml of nutrient; 1, 2, 3,
4, 5 and 6g organisms; 10, 20, 30, 40, 50 and 60°C
temperature; 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 of pH; and 0, 1, 2,
3,4, 5and 6 per week (pw) of stirring frequency on the metals
removal by the organisms were studied for 14 days to obtain
optimum values through screening.

A criterion of least residual concentration was engaged in
identifying these optimum factors. The respective optimum
values of nutrient’s volumes, organisms’ weights,
temperature, pH and stirring frequency were recognized and
selected at the respective least residual concentrations.

Optimum pH
pH impacts on the connectivity of the negative charges on
cells responsible for bioremediation; cell wall chemistry; and
the hydrolysis and physiochemistry of metals [11, 24]; thus,
the pH becomes the most critical parameter for metals
bioremediation [11]. Figure 1 shows the impact of pH values
of 1,2, 3,4,5,6, 7,8, 9 and 10 on the removal of cadmium
by the organisms at 14 days.

The residual concentrations were found to be 14.19 mg/kg
for removal by B. subtilis; 18.67 mg/kg for removal by P.
mirabilis; and 23.41 mg/kg for removal by E. coli. These
concentrations were the least residual for the respective
organism and they formed the criteria for identifying the
optimum pH values. Relative to these residual concentration
values, the optimum pH values were found to be 8 for removal
by B. subtilis; 6 and 5 for respective removal by P. mirabilis
and E. coli at the respective efficiencies of 79.79%, 74.41%
and 62.81%.

For the action of B. subtilis, Figure 1 shows a decline in
Cd residual concentration curve with increase in pH from 1to
8 before a rise in the curve. Residual concentration curve for

the action of P. mirabilis declined with increases in pH from
1 to 6 before a rise. In the action of E. coli, the residual
concentration curve declined with increase in pH from 1to 5
before it began to rise. From these curves, it is obvious that
the most favorable pH values were 8, 6 and 5 for the actions
of B. subtilis, P. mirabilis and E. coli, respectively. These
values are the optimum pH values for the respective
organisms.

The change of pH to the respective optimum values (8, 6
and 5) may have caused a rise in the negative charge in walls
of the organisms’ cells to promote attraction that is
electrochemical in nature and consequent removal of Cd [25].
However, low pH was observed to prevent metal removal
because of the neutralization of most of the organism’s cell
wall groups that contain nitrogen [26] and the high ionic
concentration of hydrogen contests at the removal sites with
cations [27]. Reduction in organisms’ performances was
noticed after the optimum pH values. This reduction grew
worse after pH of 8. This might be as a result of insoluble
oxides formation and the development of insoluble
hydroxides and carbonates which decreased the available Cd
ion [28].

Optimum temperature

Temperature is the major influence of bioremediation of
heavy metals [10]. It changes affect the factors which are vital
to heavy metals bioremediation [29]; and the magnitude of the
heat provided for the process is a significant criterion for the
efficient removal of metals from a medium [10].

Impacts of various degrees of temperature shown in
Figure 2 revealed an optimum temperature of 30°C for the
maximum removal of Cd ion by the three mentioned
organisms.

The decreasing order in which the studied temperature
values affected the performances of the organisms is 30, 40,
50, 60, 20 and 10°C. The respective residual concentration for
removals at the optimum temperature where 11.79 mg/kg for
B. subtilis; 16.17 mg/kg for P. mirabilis; and 21.41 mg/kg for
E. coli at the respective removal efficiency of 83.21%,
76.97% and 69.51%. The residual concentrations were the
least residual for the organisms’ activities, and they formed
the criteria for identifying the optimum temperature values.

It is obvious that temperature variation had notable
influences on the performances of the organisms. The residual
concentration curve in Figure 2 declined as temperature grew
from 10°C to 30°C before it began to rise. This shows that
30°C is the temperature that stimulated the greatest
performances of the organisms; and that temperature was
selected as the optimum temperature of the study. The
maximum performances of organisms at 30°C might be due
to cell metabolism that are likely affected adversely by low
temperature [28].

TABLE 1. Summary of biochemical indicators

Microorganism Catalase Oxidase Indole Citrate Glucose Sucrose Lactose Motility
E. coli - + + - -
B. subtilis + + + + - +
P. mirabilis + + + + +
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Figure 2. Impact of temperature on cadmium removal

Optimum volumes of nutrient

Effects of 2, 4, 6, 8, 10 and 12 ml of nutrient on Cd removal
by B. subtilis, E. coli and P. mirabilis were carefully studied
for 14 days. The decreasing impact order of the applied
nutrient volumes are 8, 6, 10, 12, 4 and 2 ml for the action of
B. subtilis; 8, 10, 6, 12, 4 and 2 ml for the removal by P.
mirabilis; and 8, 10, 6, 12, 4 and 2 ml for the action of E. coli.
These orders of nutrient impact showed an optimum
nutrient volume of 8 ml for the performances of the
organisms.

The residual concentrations at this optimum nutrient value
were 15.79 mg/kg, 20.67 mg/kg and 25.01 mg/kg for
removals by B. subtilis, P. mirabilis and E. coli, respectively;
and the efficiencies of removals were 74.35%, 79.05% and
67.05% for P. mirabilis, B. subtilis and E. coli, respectively.
These residual concentrations were the least residual for each
organism. They were relevant for identifying the optimum
nutrient dosages.

The relevance of nutrients supply is to stimulate the
indigenous organisms towards enhanced performances. The 8
ml optimum nutrient is the nutrient dosage at which the
organisms influenced the most on the process of bio-
stimulation of the organisms. The idea of bio-stimulation is
the addition of nutrient to promote organism’s growth and
replication for increased bioremediation rate [30]. Bio-
removal of metal was reported possible under anaerobic
conditions by the addition of adequate carbon and energy
sources [31].
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Optimum weights of organisms

The collective weight of organisms is related to the population
of the organisms brought in contact with contaminated
medium. The activities and effectiveness of organisms used
for bioremediation of metals in soils is significantly affected
by the population of the organisms involved. Therefore, it is
of immense significance to engage an optimum population in
a bioremediation study.

The study of the influences of 1, 2, 3, 4, 5 and 6 g of the
respective organism on the metal removal showed the
respective minimum residual concentration of Cd to occur at
49 of B. subtilis; 3g of P. mirabilis; 49 of E. coli. These values
in grams were the optimum weights of the organisms needed
to remediate the contaminated soil.

The influences of the tested weights of the organisms were
in the decreasing order of 4, 5, 3, 6, 2 and 1g for removal by
B. subtilis; 3, 5, 4, 6, 2 and1g for removal by P. mirabilis; and
4,5, 3, 6, 2 andlg for removal by E. coli. The respective
residual concentrations of Cd at the optimum weights where
14.71 mg/kg for B. subtilis; 18.01 mg/kg for P. mirabilis; and
23.11 mg/kg for E. coli. These concentrations were the lowest
residual per organism and they were pointers to identifying
the optimum weights of the organisms.

In general, bio-removal rate of microorganisms that are
alive should depend strongly on the cells population [32].
However, there is a need for optimum population to strike a
balance between the supplied optimum nutrient dosage and
the cells population - and the cells pollution vary with the cells
collective weight. In this sense, the optimum weight of
organisms reflects the optimum population engaged in the
bioremediation for optimum results. The respective optimum
weights of 4g, 3g, and 4g for B. subtilis, P. mirabilis and E.
coli would satisfy the required harmony with nutrient dosage,
pH, temperature and stirring frequency for optimum
remediation performances of the organisms.

Optimum stirring frequency

Figure 3 shows the influence of stirring frequency on the
removal of cadmium by the organisms. An optimal value of
5pw at 120 revolutions per minute (rpm) for P. mirabilis; and
5pw at 150 (rpm) for B. subtilis and E. coli were selected from
the screened values of 0, 1, 2, 3, 4 and 5 (pw). The minimum
residual concentration observed at the 5 (pw) were 14.19
mg/kg for B. subtilis; 19.69 mg/kg for P. mirabilis; and

80
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Figure 3. Impact of stirring frequency on cadmium removal
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24.71 mgl/kg for E. coli. These were instrumental for
identifying the optimum frequencies. Stirring of the soil
samples was important to promote oxygen diffusivity
necessary for aerobic activities of the microorganisms.

The order of impacts of the studied stirring frequency is 0,
1, 2, 3, 4 and 5 (pw). This order shows that the higher the
stirring frequency, the more the soil was exposed to
atmospheric oxygen, and consequently, the grater the
remediation results. This is in agreement with the findings in
[33, 34] that biosorption is directly related to aeration rate.

Cadmium ion removal

The organisms’ removal capabilities for the metal were
studied with the optimal factors in a batched approach for 5,
10, 15, 20, 25, 30, 35 days. The maximum allowable
concentration of the metal was used as bench-mark to
determine the abilities of the organisms to remediate the
contaminated soil.

The initial concentration of the metal in the analyzed soil
sample is 70.21 mg/kg. At this concentration, the soil was
found to be polluted when compared with the maximum
allowable concentration value of 3 mg/kg.

Cadmium removal was a big task for the organisms within
the experiment time frame of 5 to 35 days. Figure 4 shows the
influence of the selected organisms on Cd removal from the
soil samples. Along the experiment time, no organism could
remove Cd to control level apart from B. subtilis at time 35
days with an efficiency of 96.10 % and residual concentration
of 2.74 mg/kg. This removal efficiency is greater than 70%
efficiency of cadmium removal with Saccharomyces pombe
[35]. Proteus mirabilis and E. coli with respective high
removal efficiencies of 85.05% and 79.35% failed in
removing the metal to control level though their respective
minimum residual concentrations were 10.50 mg/kg and
14.42 mg/kg.

These efficiencies of P. mirabilis and E. coli found greater
than 70% efficiency of removal with Saccharomyces pombe
[35] were not sufficient for Cd removal to the allowable
concentration. This could not be tied to the fact that the
organisms do not have good expertise for cadmium removal
but the initial concentration of 70.21 mg/kg was too high for
the organisms to bring to below the maximum allowable of 3
mg/kg with the experimental time.

This is reflective from the great concentration difference
(Co — Ca) of 67.21 mg/kg between the initial concentration
(Co) and allowable concentration (Ca); and the rapid drop in
concentration with experiment time during the period the
organisms were in contact with soils.

Judging from the efficiencies point of view, it is safe to
say that the organisms have good expertise for cadmium
removal; but the (C, — Ca) value seem to be the great limiting
factor which inhibited the P. mirabilis and E. coli from
bringing the concentration to or below 3 mg/kg.

Relationship between the performances of the organisms
A 2-ways analysis of variance employed in analysis at (P <
0.05) indicated significant difference in the removal
performances between the organisms; and significant
differences in performances with times of experiment at less
than 0.01 probability level (P < 0.01). This implied that one
of these three organisms cannot perform like the combination
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of either two or the three organisms in agreement with [36];
and showed that shorter intervals between experimental times
would yield relevant remediation results.

Difference in 35 days’ efficiencies of the organisms are
11.05% between B. subtilis and P. mirabilis; 5.7% between P.
mirabilis and E. coli; and 16.75% between B. subtilis and E.
coli. The respective mean, maximum and minimum residual
concentrations for removal by B. subtilis were 24.58 mg/kg,
46.65 mg/kg and 2.74 mg/kg compared with29.07 mg/kg,
48.46 mg/kg and 10.50 mg/kg for removal by P. mirabilis;
and 32.19 mg/kg, 51.63 mg/kg and 14.42 mg/kg for the
removal by E. coli.

Rate of removal

Removal kinetic is significant for determining removal rate
for a system [37]. The rate of removal of this metal by the
respective organisms was studied with the pseudo-first order
kinetic model expressed in Equation (4). The parameter g,
and qt, are the removal capacities at equilibrium and time t in
(mg.kg?) respectively; while k represents rate constant in [per
day (d)].

A plot of In (ge-q:) and t in Figure 5 showed that the
experimental data fit the model with R? values of 0.8031,
0.7626 and 0.7991 for P. mirabilis, E. coli and B. subtilis
respectively; and revealed the removal rate capacities of -
0.1309d* for B. subtilis; -0.1114d! for P. mirabilis; -0.1054
d? for E. coli. This indicated the ion removal rate in the
decreasing order of E. coli, P. mirabilis and then B. subtilis.

Rate-limiting step

In biosorption, systems are either reaction controlled or
transport controlled; and the study of removal kinetics are
significant for this comprehension [9] useful for removal
systems design [38].

The controlling processes were studied from the rate-
limiting steps assessed from the removal kinetics employed to
study experimental data of batch removal. Rate-limiting steps
were established from the study of pseudo first and second
order kinetic models, the simple elovich model, and the
intraparticle diffusion model fitted with the experimental data
in Figures 5-8. These Figures reflect the regression equations
and the R? of the fits. The values of models’ parameters k, ki,
a and ko are shown in Table 2.

The performance of pseudo-first order model was studied
through the linear fits of In (ge-g:) and t shown in Figure 5.
The order of best fit is P. mirabilis, B. subtilis and E. coli with

wfp  B. subtilis
wilh P. mirabilis
E. coli

Residual Concentration (mg/'kg)

o Maximum Allowabl¢
4 , Concentration

0 5 10 25 30

Time (Days)

Figure 4. Comparative removal of cadmium

15 20 35 40
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respective R? values of 0.8031, 0.7991 and 0.7626; that is, the

0.09 + B. subtilis

laboratory results of treatment with P. mirabilis followed best 0.08 E' C’E:ir abilis
the model profile before B. subtilis, and E. coli came behind. 0.07 '
These are signals that chemisorption was present in the S 006 y=00219% - 00168 _0'02:53?(9'2 gé0176
procesgesI. > 005 R?=0.9245
The fits between t/q; versus t for the pseudo-second order £
model is shown in Figure 6 in the order of best fit: E. coli, P. 5 004
mirabilis and B. subtilis deduced from their respective R? 0.03
values of 0.948. 0.9128 and 0.9069. This model described 0.02 y =0.0179x - 0.013
. X R2=0.9518
well the removal outputs of the organisms in the stated 0.01
magnitude order of the R? values and informed that chemical 0
reaction was involved the removal processes. 0 1 2 3 4
Relationship between g versus In(t) for elovich model is Int
shown in Figure 7 with R? value of 0.9518 for removal with Figure 7. Elovich model for adsorption plot
E. coli, 0.9245 for B. subtilis and 0.9238 for P. mirabilis. The
experimental results of E. coli usage aligned best with the
profile of the model, while the results of P. mirabilis usage 009 | & cubtilis
aligned the least with the model profile. The good alignment 0.08 P. mirabilis
of all organisms’ results with the model profile reflects the 0.07 E. coli = 0.0118x - 0.0058 y = 0.0137x - 0.0048
0.06 R2=0.9805 Re=0.979
< 005
0 t@ £ om
1 0 10 20 30 40 5 0.03
2 - ?qzl 3:03%911‘0367 0.02 y = 0.0096x - 0.0036
= + B. subtilis 0.01 R2=0.9893
¢ -3 P. mirabilis 0
= E. coli 0 2 4 6 8
=4 t1/2 (d1/2)
-5 : Figure 8. Intraparticle diffusion plot
% R?=0.7626
-7 removal processes as been affected by chemisorptive action.
-8 The fits between g; and t'2 for intraparticle diffusion model
Figure 5. Pseudo-first order plot are shown in Figure 8 with decreasing fit order as E. coli, B.
subtilis and P. mirabilis; and respective fit R? of 0.9893,
0.9805 and 0.979. The R? values portrayed that the removal
800 systems were affected by transport process, and the order of
700 best fit is an indication of the order of removal magnitudes
600 y = 9.8026x + 216,13 g [23].
) R =0.9009 z 852227%"912187 202 Models assessment showed that the batched experimental
e removal data for the organisms followed the tested kinetics
S, 400 models. However, careful examination and comparison of
£ 300 models” R? values in Table 2 showed that intraparticle
200 S T2.541% + 247.15 N diffusion model gave the best fit vv_ith _R_z of 0.9805 for
R? = 0.048 * B. subtilis removal by B. subtilis, 0. 979 for P. mirabilis and 0.9893 for
100 E' crg:irab"'s E. coli. The implication of these is that the diffusion process
0 ' was the rate controlling step for cadmium removal by the
0 10 20 30 40 organisms and the removals were transport controlled - the
t(d) systems were dominated by physical process This is useful for
Figure 6. Pseudo-second order plot optimized design of removal [38] and removal systems [37].
TABLE 2. Kinetic parameters for kinetic models
Kinetic models and their parameters
Organisms Pseudo - first order Pseudo - second order Elovich Intraparticle diffusion
k (db) R? ki (kg.mg.d?) R? o (mg.kg?) R? k, (mg/kg.d?) R?
B. subtilis -1309 0.7991 0.4447 0.9069 0.0219 0.9245 0.0118 0.9805
P. mirabilis -0.1114 0.8031 0.4225 0.9128 0.02539 0.9238 0.0137 0.979
E. coli -0.1054 0.7626 61.6694 0.948 0.0179 0.9518 0.0096 0.9893
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CONCLUSION

This work focused on laboratory study of the performances of
indigenous Bacillus subtilis, Proteus mirabilis, and
Escherichia coli for remediating cadmium contaminated soils
collected from Agbabu Farm Settlement close to mining sites
in Ondo state, Nigeria. It discovered the optimum values of
the factors required for the optimum performances of these
organisms for remediating the soil.

Attenuating the soil cadmium ion to below 3 mg/kg was
hard for the organisms within the experiment times of 5 to 35
days. Only B. subtilis depleted Cd ion below the allowable
level at time 35 days with an efficiency of 96.10 % at residual
concentration of 2.74 mg/kg.

P. mirabilis and E. coli performed with high efficiencies
of 85.05% and 79.35 % respectively; but these high
efficiencies were inadequate to bring Cd concentration to
below the safe level. The high efficiencies showed that the
organisms have good potentials for cadmium removal; but the
high concentration difference (C, — Ca) was the great limiting
factor which inhibited the organisms in their performances.

The removal rate capacities were -0.1309d! for B. subtilis;
-0.1114d* for P. mirabilis; -0.1054d"! for E. coli. The kinetics
models fitted described well the experimental data. Models
assessment revealed the removals as transport controlled; and
diffusion process was the rate-controlling step. This
knowledge is useful for optimized design of Cd removal
process and systems using the selected organisms.

The information generated from this study will be helpful
to researchers and decision makers in pursuit of the
Millennium Development Goals in this sub-region. In
addition, the information from this work will be useful to
future researchers.
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