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Abstract

This study investigated Bacillus subtilis ATCC13952 as an adsorbent for ar-
senic in groundwater. Batch experiments were used to determine the effect of
contact time, adsorbent dose, arsenic (III) concentration, pH, and tempera-
ture on the process. The percentage of arsenic (III) removed was high at a
contact time of four days, 3.0 mL of Bacillus subtilis ATCC13952, pH 8 and
temperature of 35°C. The kinetics of the process showed the Elovich kinetics
model as the best fit for the process. This indicates that arsenic removal was
by chemisorption. The analysis of the nonlinear equilibrium isotherms and
the error functions showed the Langmuir isotherm as best fit for the process.
Mechanistic study of the process indicated bulk diffusion to be the rate-
determining step. Thermodynamically, the process was favourable, spontane-
ous and feasible. When the community water samples were treated with the
Bacillus subtilis ATCC13952 at the optimum contact time, adsorbent dose,
pH and temperature, 99.96% - 99.97% of arsenic was removed across all sam-
pling points within the studied communities. Hence, the results show that
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Bacillus subtilis ATCC13952 is an efficient adsorbent for arsenic in aqueous
systems and the organism appears to hold the key to purging the environ-
ment of arsenic contamination.
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1. Introduction

Though water is a vital component for human development and a cross-cutting
element in Ghana’s developmental efforts to achieve sustainable growth, a sig-
nificant number of water bodies in Ghana has become severely polluted in re-
cent times owing to illegal gold mining on river beds [1] [2]. The situation is
worrying as several surface water resources have become coloured and silted,
thus making them unusable [3]. Hence, mining communities are in constant
need of potable water and rely on groundwater resources for their water needs
[4]. However, danger looms as several studies conducted on groundwater quality
in gold mining communities in Ghana have reported substantial levels of arsenic
often exceeding the 10 pg/L permitted by the WHO [5] [6]. Arsenic in drinking
water has been reported to cause human diverse health problems, including
cancer, skin thickening and discolouration, high blood pressure, heart diseases,
nerve effects like numbness and pain, interference with important cell functions,
gastrointestinal disorders, diarrhea, stomatitis, tremor, hemoglobinuria, ataxia,
paralysis, depression, pneumonia, among others [5] [7] [8]. Although technolo-
gies such as lime precipitation, oxidation, coagulation filtration, ion exchange
and reverse osmosis have been developed and refined to remove arsenic from
water, such technologies are expensive and the poverty-stricken mining com-
munities cannot afford them. For this reason, no efforts have been made to re-
move the metalloid from groundwater resources of these communities and in-
habitants consume arsenic-contaminated water. Hence, it is imperative that
groundwater resources in these mining communities are improved to prevent
morbidity and mortality resulting from the consumption of groundwater with
high arsenic levels of the resources preserve the lives of inhabitants.

This study used Bacillus subtilis ATCC13952 isolated from soil samples of a
gold mining site in the Wassa West District of the Western Region of Ghana to
develop novel, affordable, efficient, and ecologically friendly technique to re-
move arsenic that has intruded and contaminated groundwater sources in se-
lected mining communities in the district. To achieve this, the background levels
of arsenic in groundwater of the communities were determined. The removal
capacity of the Bacillus subtilis ATCC13952 was optimized through simulated
laboratory trials on prepared arsenic (III) solution. The data obtained was sub-

DOI: 10.4236/ajac.2021.125010

122 American Journal of Analytical Chemistry


https://doi.org/10.4236/ajac.2021.125010
http://creativecommons.org/licenses/by/4.0/

E. A. Asare et al.

jected to selected adsorption isotherms and kinetic models to determine me-
chanism(s) used by the Bacillus subtilis ATCC13952 to remove the arsenic.
Thermodynamic properties of the process were done to assess the feasibility of
integrating the organism into a continuous flow water treatment facility to re-
move arsenic. Finally, the developed method was applied on groundwater sam-
ples to ascertain the possibility of its application in large-scale community water

treatment.

1.1. Materials and Method

Chemicals and reagents used were of analytical quality and were supplied by
BDH chemical limited (United Kingdom). The chemicals and reagents used in-
clude 36% AnalaR hydrochloric acid, 70% AnalaR nitric acid, sodium arsenite
and iodine tenture. The bacillus subtilis strain ATCC13952 (adsorbent) was ob-
tained from the Department of Molecular Biology, University of Cape Coast,
Ghana. The arsenic removal method developed involved optimization of physi-
cochemical parameters via the batch adsorption technique. The idea was to de-
termine the factors that would allow maximum removal of arsenic by the Bacil-
lus subtilis ATCC13952 (adsorbent). The parameters investigated were contact

time, amount of the adsorbent, arsenic concentration, pH and temperature.

1.2. Effect of Contact Time on Arsenic Removal

The effect of contact time was investigated by altering the contact time whilst
the other physicochemical factors viz: the amount of the Bacillus subtilis
ATCC13952, arsenic (III) concentration, pH and temperature were kept con-
stant. Hundred millilitres of 10 mg/L arsenic (III) in the form of sodium arsenite
solution were transferred into 250 mL Erlenmeyer flasks labelled 1 - 7 days. One
millilitre of the adsorbent was added to the contents of each flask. The flasks
were tightly sealed with cotton wool plugs wrapped with aluminium foil to
create an airtight reactor. They were then fitted onto a flask shaker (Model IKA®
KS 260 Basic) and operated at 250 rpm. At 24-hour interval, a flask was taken
and 3 drops of iodine solution added. It was swirled vigorously to ensure tho-
rough mixing and then allowed to stand for 20 minutes. This was done to ensure
that the iodine quenches the action of the bacteria before samples were analysed
for the residual arsenic. The contents of the flasks were centrifuged at 3700 rpm
for 5 minutes to separate the bacteria from the treated arsenic (III) solution with
an 801D electric centrifuge. The resultant supernant solutions were filtered into
250 mL flat bottom flasks and then subjected to vigorous digestion by aqua regia

for residual arsenic (IIT) analysis.

1.2.1. Effect of Amount of Adsorbent on Arsenic Removal

The amount of Bacillus subtilis ATCC13952 required for maximum arsenic re-
moval was investigated by varying the amount of the bacteria whereas the re-
maining factors viz contact time, arsenic (III) concentration, pH and tempera-

ture were kept constant. Hundred millilitres of 10 mg/L arsenic (III) solutions
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were transferred into six separate 250 mL Erlenmeyer flasks. These volumes 1.5,
2.0, 2.5, 3.0, 3.5 and 4.0 mL of the Bacillus subtilis ATCC13952 were added to
the contents of each flask. The flasks were tightly sealed with cotton wool plugs
wrapped with aluminium foil to create an air tight reactor. They were fitted onto
a flask shaker and operated at 250 rpm for four days identified as the period re-
quired for maximum arsenic removal from the contact time investigation. At the
end of the 4™ day, 3 drops of iodine solution were added to the contents of each
flask, swirled vigorously and allowed to stand for 20 minutes. This was done to
ensure that the Bacillus subtilis ATCC13952 action was quenched before treated
samples were digested for residual arsenic analysis. To separate the arsenic
loaded bacteria from the treated arsenic (III) solutions, the contents of the flasks
were centrifuged at 3700 rpm for 5 minutes. The resultant supernatant solutions
were transferred into 250 mL flat bottom flasks and digested with aqua regia.
The residual concentration of the arsenic (III) solution was analysed using In-

ductively Coupled Plasma Optical Emission Spectroscopy.

1.2.2. Effect of Arsenic Concentration on Removal Capacity of B. subtilis
ATCC13952

The effect of arsenic on the arsenic removal capacity of the Bacillus subtilis
ATCC13952 was studied by varying arsenic (III) concentration whilst the con-
tact the time, the amounts of the Bacillus subtilis ATCC13952, pH and tempera-
ture were maintained. Hundred millilitres aliquots of 20, 40, 60, 80 and 100
mg/L of arsenic (III) solution were transferred into five separate 250 mL Erlen-
meyer flasks. Three millilitres of the bacteria were added to each flask. The flasks
were tightly sealed with cotton wool plugs wrapped with aluminium foil to
create an air tight reactor. The flasks were then put on a flask shaker and oper-
ated at 250 rpm for the four days determined to be required for maximum re-
moval of arsenic. On the 4™ day, 3 drops of iodine solution were added to the
contents of each flask and were swirled vigorously to mix their contents. The
flasks were allowed to stand for 20 minutes to ensure that the Bacillus subtilis
ATCC13952 action is quenched. The bacteria were moved from the treated ar-
senic (III) solution by centrifuging with 801D electric centrifuge at 3700 rpm for
5 minutes. The resulting supernant solutions were transferred into five 250 mL
flat bottom flasks and digested with aqua regia for the residual arsenic (III)

analysis.

1.2.3. Effect of pH on Arsenic Removal Capacity of Bacillus subtilis
ATCC13952

This was investigated by varying the pH of the arsenic (III) solution whilst
keeping constant the amount of the Bacillus subtilis ATCC13952, the contact
time, the temperature and the arsenic (III) concentration. Hundred millilitres of
80 mg/L arsenic (III) solution was transferred into each of five of the 250 mL Er-
lenmeyer flasks labelled with pH values of 2, 4, 6, 8 and 10. The pH of the arsenic
(III) solution in the flasks labelled with pH values of 2, 4 and 6 were adjusted
from its natural pH 7.05 to pH of 2, 4 and 6 respectively by dropwise addition of
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0.2 M aqueous solution of HCl whilst the pH values of 8 and 10 were adjusted
respectively by dropwise addition of an 0.2 M aqueous solution of NaOH. Three
millilitres of the Bacillus subtilis ATCC13952 were added to the contents of each
flask. The flasks were tightly sealed with cotton wool plugs wrapped with alumi-
nium foil to create airtight reactors. The flasks were then shaken at 250 rpm for
four days. At the end of the period, 3 drops of iodine solution were added to the
contents of each flask. The flasks were then swirled vigorously to mix the con-
tents and allowed to stand for 20 minutes. This was done to ensure that the bac-
teria action was terminated by the iodine. The contents of the flasks were cen-
trifuged at 3700 rpm for 5 minutes to remove the bacteria. The resulting super-
nant solutions were each transferred into five 250 mL flat bottom flasks and di-

gested with aqua regia for residual arsenic (III) analysis.

1.2.4. Effect of Temperature on Arsenic Removal Capacity of Bacillus
subtilis ATCC13952

The optimum temperature required to achieve maximum arsenic removal was
investigated by keeping constant the contact time, the amount of the Bacillus
subtilis ATCC13952, the pH, and the concentration of the arsenic (III) solution
whilst varying the temperature. Hundred millilitres of 80 mg/L arsenic (III) so-
lution were transferred into five 250 mL Erlenmeyer flasks labelled with temper-
ature of 29°C, 34°C, 39°C, 44°C and 49°C. Three millilitres of the Bacillus subti-
lis ATCC13952 were added to the content of each flask. The flasks were tightly
sealed with cotton wool plugs wrapped with aluminium foil to create air tight
reactors. The flasks and their contents were placed in a five capacity heating
mantle and the temperatures were set at 29°C, 34°C, 39°C, 44°C and 49°C and
monitored for four days. At the end of the 4™ day, 3 drops of iodine solution
were added to the content of each flask. The flasks were swirled to mix the con-
tents, and allowed to stand for 20 minutes. This was to ensure that the bacteria
action was quenched. The contents of the flasks were centrifuged at 3700 rpm
for 5 minutes to separate the bacteria from the aqueous phase. The resulting su-
pernant solutions were transferred into 250 mL Erlenmeyer flasks and digested
with aqua regia. The residual arsenic (III) was determined by ICPOES. For each
of the physic-chemical factors investigated, 1 uL of the resulted supernant solu-
tion was pipetted and cultured onto a fresh nutrient agar media and monitored
for four days. This was done to ensure that the Bacillus subtilis ATCC13952 ac-
tion was completely quenched before samples were digested for residual arsenic
(III) and mercury (II) determination. The optimization process was repeated

thrice to determine the reproducibility of the process.

1.2.5. Digestion of Treated Arsenic Solution for Residual Arsenic
Determination

Following the optimization, 100 mL of arsenic (III) solution treated with the Ba-
cillus subtilis ATCC13952 for each of the five physico-chemical parameters in-
vestigated were transferred into 250 mL flat bottom flasks. Fifty millilitres of

aqua regia were added to the contents of each flask. The flasks were swirled
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gently to ensure proper mixing. They were then placed on a hot plate and the
contents digested at 95°C. Complete digestion occurred when the volumes of the
arsenic (III) solution being digested were reduced approximately to 10% of the
injtial volume with the disappearance of the brown nitrogen dioxide gas pro-
duced. The digested samples were allowed to cool to room temperature and then
transferred into 100 mL graduated flasks. The flasks used for the digestion were
rinsed twice each with 5 mL of diluted water and then added to the correspond-
ing contents of the 100 mL flasks. The volumes of the resulted solutions in the
100 mL flasks were adjusted to the mark with distilled water. The residual arsen-
ic (III) was determined using Inductively Coupled Plasma Optical Emission

Spectroscopy.

1.2.6. Community Water Samples Collection

Groundwater samples were collected from Ackon, Tamso and Odumasi in the
Wassa West District of the Western Region of Ghana. In Ackon and Tamso,
water samples were collected from two hand dug wells and a borehole. In Odu-
masi, water samples were collected from two hand dug wells, a borehole and
surface water. A total of twenty samples were collected into previously acid
washed high density plastic bottles. The hand dug wells were sampled with a
high density plastic bucket with a long rope attached to the opened end. The
bucket was then lowered into the well, allowed to get filled with water and then
pulled up. The content of the bucket was poured back into the well. The proce-
dure was repeated four times to ensure that the contents of the well were tho-
roughly mixed before samples were collected. The groundwater samples were
then collected into the high density plastic bottles, sealed tightly and then prop-
erly labelled. Prior to borehole water sampling, water was pumped out of the
borehole supply system for a minute to ensure that water samples were collected
from significant depth. Water was then pumped into the previously washed high
density plastic bottles, sealed tightly and then properly labelled. For the surface
water sampling, four spots that had fast moving water that could be reached
from the bank of the water body were selected. Sampling was done at depth of 15
- 20 cm. The labelled bottles with their covers were placed flat on their sides un-
der the water. The mouths of the submerged bottles were then pointed upstream
and the covers were then removed under water to allow water to fill the bottles.
After sampling, bottles covers were replaced and sealed tightly. The samples

were transported to the laboratory for analysis of the levels of arsenic.

1.2.7. Digestion of Water Samples for Background Arsenic
Determination

Hundred millilitres of the groundwater samples were put into 250 mL flat bot-
tom flasks. Fifty millilitres of aqua regia were added and mixed thoroughly,
placed on a hot plate at 95°C for digestion. Complete digestion occurred when
the volumes of the samples being digested had reduced by approximately 90%

with no emission of the brown nitrogen dioxide gas. The samples digested were
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removed from the hot plate and allowed to cool to room temperature. The di-
gests were transferred into 100 mL flasks. The flasks used for the digestion were
rinsed twice each with 5 mL of diluted water and then added to the respective
contents of the 100 mL flasks. The volumes of the resulted solutions in the 100
mL flasks were adjusted to the mark with distilled water for the determination of

the background arsenic levels of the groundwater.

1.2.8. Blank Samples Preparation for Arsenic Determination

To prepare sample blanks, 100 mL of distilled water was put into 250 mL flat
bottom flasks. Fifty millilitres of aqua regia were added. The mixture was mixed
thoroughly and placed on a hot plate at 120°C for digestion. Complete digestion
occurred when the emission of brown nitrogen dioxide gas disappeared. The
samples were transferred into 100 mL flasks and the volumes were adjusted to
the mark with distilled water. Both the digested groundwater and the blanks
were analysed using inductively coupled plasma optical emission spectroscopy.

1.2.9. Groundwater Samples Treatment for Residual Arsenic Analysis
Using Bacillus subtilis ATCC13952

Hundred millilitres of the groundwater samples were put into 250 mL flat bot-
tom flasks. The pH of the samples was adjusted to 8 by dropwise addition of 0.2
M sodium hydroxide. Three millilitres of the Bacillus subtilis ATCC13952 were
then added. The flasks were then swirled gently to ensure uniform distribution
of the bacteria. The flasks were tightly sealed with cotton wool plugs wrapped
with aluminium foil to create air tight reactors to avoid contamination. The
flasks with contents were placed on a heating mantle at 34°C for four days. At
the end of the 4™ day, 3 drops of iodine solution were added to the contents of
the flask while warm. The flasks were swirled gently and allowed to stand for 20
minutes. The flasks with contents were centrifuged at 3700 rpm for 5 minutes to
separate the bacteria from the aqueous phase. The resulted supernatant solutions
were transferred into 250 mL flat bottom flasks. Fifty millilitres of aqua regia
were added and mixed thoroughly. The contents of the flasks were then digested
on a hot plate at 95°C. The digested groundwater samples were removed from
heating, allowed to cool to room temperature, and then transferred into 100 mL
flasks. The flasks were rinsed twice each with 5 mL of distilled water and added
to the respective contents in the 100 mL flasks. The contents of the 100 mL flasks
were adjusted to the mark with distilled water. The processes were repeated
thrice to determine the reproducibility of the method. The contact time of four
days, the pH of 8, the Bacillus subtilis ATCC13952 amount of 3.0 mL and the
temperature of 35°C used for sample treatments were the most suitable condi-
tions that will afford a favourable removal of arsenic (III) as observed in the si-
mulation experiments conducted on the prepared arsenic (III) solution. To en-
sure that the Bacillus subtilis ATCC13952 action was quenched completely, 1 uL
each of the resulted solutions were pipetted after centrifuging and cultured onto
nutrient agar media. They were observed for four days to check the effectiveness
of the iodine to kill the bacteria.
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1.3. Isotherm Modeling of the Adsorption Data

The design and effective functioning of an adsorption process generates adsorp-
tion data for use in the kinetic, thermodynamic, and mass transfer models of
adsorption [9]. Adsorption isotherms relate the amount of adsorbate adsorbed
onto the adsorbent and the residual amount of the adsorbate in the aqueous
phase when the adsorption process has attained equilibrium [10]. The isotherms
are mathematical equations having parameters which are vital in the design and
functioning of an adsorption system [9]. The values of isotherm parameters give
information about the surface properties of an adsorbent, its affinity for the ad-
sorbate and are vital in optimizing the use of the adsorbent [11].

In this study, the amount of arsenic (III) adsorbed onto Bacillus subtilis
ATCC13952 was studied using seven different nonlinear adsorption isotherm eq-
uations. These were Langmuir, Freundlich, Temkin, Toth, Dubinin-Radushkevich,
Sips, and the Redlich-Peterson isotherms. Although linear forms of the iso-
therms have been used in describing adsorption systems [12] [13], the non linear
forms were used in this study. This was because the adsorption isotherms were
developed in view of certain assumptions [10]. Therefore, linearizing them
would undermine the assumptions upon which they were developed and can
result in a flawed outcome [14]. Linearization of isotherms has been applied in
several studies to determine the fit of an isotherm to an adsorption data because
its interpretation is simple [12] [13]. The linear forms of the isotherms use the
coefficient of determination (&) to predict the fit of the isotherm to the experi-
mental data [14]. The isotherm with & close to unity is selected as the isotherm
which better explains the adsorption process [15]. The non-linear form of the
isotherms although extremely complex offers a remarkable and precise mathe-
matical approach to determining the isotherm parameters [10]. Thus, the iso-
therm parameters in this study were determined using the non-linear approach

to avoid inaccuracies that would originate from linearization [16].

1.3.1. The Langmuir Isotherm

The Langmuir isotherm assumes monolayer coverage of adsorbate on a homo-
geneous surface where the adsorption sites are identical and energetically equiv-
alent. Adsorption occurs at specific localized sites on the surface of the adsor-
bent. Each site can accommodate one metal ion and there is no interaction be-
tween adjoining ions adsorbed [17]. There exists a saturation point where no
further adsorption could occur because the adsorption sites have been occupied
by the adsorbate [10]. Therefore, the adsorbent has a finite ability for the metal

ions. The Langmuir isotherm is represented by the equation:
0, =0,bC,/1+bC, (1)

where b (L/mg) is the Langmuir isotherm constant which denotes the metal ion
binding affinity constant, Q, (mg/g) and C, (mg/L) are equilibrium solid and
liquid phase concentrations of the adsorbate respectively and Q,, (mg/g), the

maximum amount of metal ions adsorbed per unit mass or volume of the ad-
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sorbent. An essential dimensionless parameter (R)), a characteristic of the Lang-
muir isotherm is expressed as:

R, =1/1+K,C, (2)

The R, is a separation factor and it determines whether the adsorption process
is favourable or unfavourable [18]. The adsorption process is unfavourable when
the separation factor R, is greater than unity (&, > 1), linear when the separation
factor R, is equal to unity (R, = 1), favourable when the separation factor R, lies
in the range 0 < R; < 1. When the separation factor R, is equal to zero (R, = 0),

the adsorption progress is irreversible [19].

1.3.2. The Freundlich Isotherm

The Freundlich isotherm is an empirical mathematical equation used to describe
multilayer adsorption processes. The isotherm explains that the amount of the
adsorbate adsorbed by a given mass or volume of an adsorbent would increase
with an increase in the concentration of the adsorbate in solution [10]. This iso-
therm is applied to adsorption onto heterogeneous surfaces [20]. The isotherm

equation is expressed as:
0, =K, (1]

where K, (L/mg) is the Freundlich isotherm constant which is related to adsorp-
tion capacity, C, (mg/L) which is the residual aqueous phase concentration of
the adsorbate and 1/1 is the heterogeneity factor. The heterogeneity factor lies
between 0 and 1 and is related to the adsorption intensity and gives information

on the nature of the adsorption process.

1.3.3. The Temkin Isotherm

The Temkin isotherm examines adsorbate-adsorbate interactions in the adsorp-
tion process. The Temkin isotherm assumes that the adsorption surface is cha-
racterized by uniform distribution of binding energies and the heat of adsorp-
tion decreases linearly with an increase in the surface coverage of the adsorbent
as a result of the adsorbate-adsorbate interactions [21]. The Temkin isotherm

equation is expressed as:
O, =(RT/b,)In(K.C,) )

where b, is related to the heat of adsorption (kJ/mol), Ris the gas constant (8.314
J-mol™K™), T'is the absolute temperature (K) and K, is the Temkin constant

(L/g) which corresponds to the maximum binding energy.

1.3.4. The Toth Isotherm

The Toth isotherm is a three parameter isotherm which is useful in describing
the behaviour of adsorption on a heterogeneous surface [22]. The isotherm is
able to explain the behaviour of heterogeneous surface adsorption of low and
high concentration boundaries of a given adsorbate [22]. The Toth isotherm is

expressed as:

Qe :QtKrCe/(1+KtCe)]/t [1]
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where Q, is the Toth maximum adsorption capacity, K, is the Toth isotherm
constant and 1/¢ is the Toth exponent. When ¢ approaches unity, the isotherm
reduces to the Langmuir isotherm equation [23]. Toth isotherm assumes asym-
metrical Quasi-Gaussian energy distribution with a widened left side to indicate
that most of the adsorption sites of an adsorbent have energy less than the mean

adsorption energy [24].

1.3.5. The Dubinin-Radushkevich Isotherm

Though the Dubinin-Radushkevich isotherm does not explain adsorption on
homogeneous or heterogeneous surface nor assumes constant adsorption energy,
its application is to differentiate physical and chemical adsorption processes [25].
The isotherm equation is expressed as:

0=0_ exp(—BD [RTln(l +1/C, )2]) ©6)

where Q,,, (mg/g) is the Dubinin-Radushkevich monolayer capacity, 7" (K) is
temperature of the solution. The constant B, is related to the mean adsorption
energy by equation:

E=1/\28, (7)

The mean adsorption energy is the energy change when one mole of the ions
is transferred from an infinite distance in solution to the surface of the adsorbent
[25]. The value of the mean adsorption energy provides insight into the nature
of the adsorption mechanism. The adsorption mechanism is considered to be
chemical in nature when the magnitude of the mean adsorption energy ranges
between 8 - 16 kJ/mol [26]. When the magnitude of the mean adsorption energy
lies between 1 - 8 kJ/mol, the adsorption mechanism is considered to be physical

in nature [26].

1.3.6. The Sips Isotherm

The Sips isotherm eliminates the limiting deficiencies associated with the Lang-
muir and the Freundlich isotherms by merging them into a single equation [27].
At low adsorbate concentration, the Sips isotherm equation is reduced to the
Freundlich isotherm [28]. At high adsorbate concentration, the Sips isotherm
predict monolayer adsorption capacity characteristic of the Langmuir isotherm

equation [29]. The Sips isotherm equation is expressed as:
0. =(o.k.cl")/(1+k.Cl") (8)

where Q, (mg/g) is the Sips maximum adsorption capacity, K, (L/g) is the Sips
constant, and 1/nis the Sips exponent.

1.3.7. The Redlich-Peterson Isotherm

The Redlich-Peterson is a three parameter empirical equation used to explain
adsorption processes over wide range of concentrations [29]. The isotherm
combines features of Langmuir and Freundlich equations and therefore could be
used to explain both heterogeneous and homogenous adsorption systems [27].

The isotherm equation is expressed as:
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0, = KRpce/(l + ARCf) 9)

where K (L/g) and A, (L/mg) are Redlich-Peterson adsorption and affinity con-
stants respectively. The constant Sranges between 0 and 1 and its represent Red-

lich-Peterson exponent.

1.3.8. Nonlinear Error Functions Analysis

Though non-linear approach to error assessment is complex and sophisticated, it
restrains errors which would have occurred through linearization of the nonli-
near error [30]. The fit of the selected isotherms to the experimental adsorption
data were evaluated through optimization of the selected error functions. Ten
nonlinear error functions viz: Sum of the Squares of the Errors (ERRSQ), Resi-
dual Root Mean Square Error (RMSE), Chi Square (y), Log-likelihood ratio (G?),
Sum of the Absolute Errors (EABS), Average Percentage Error (APE), Compo-
site Fractional Error Function (HYBRID), Marquand’s Percent Standard Devia-
tion (MPSD) and Average Relative Error (ARE) were analyzed to determine the
isotherm(s) that better elucidate the experimental data [31]. The parameters of
the selected isotherms were determined by minimizing the selected error func-
tions associated with the isotherm parameters estimation using the solver add-in
programme of Microsoft 2007 excel spread sheet [32]. The errors were deter-
mined by assigning initial arbitral numerical constants to the isotherm parame-
ters and then applying the constants to write a single excel readable mathemati-
cal programme for both the selected isotherms and the errors by incooperating
the residual amount of arsenic (III) in the aqueous phase and the amount re-
moved by the Bacillus subtilis ATCC13952 as reported [32] [33]. The excel
readable mathematical programme was automated using the generalized re-
duced gradient algorithm of the solver add-in programme to determine the ac-
tual values of the selected errors and the parameters of the isotherms. The re-
sulting values of the errors were normalized and combined into a sum of the
normalized standard errors to select the isotherm that best fit the adsorption

process [32].

1.3.9. Sum of the Squares of the Errors

The sum of the squares of the errors (ERRSQ) is expressed as:
2

ﬁ: (qe,exp e cale ) (10)

€ i
i=

where ¢,.,, is the experimentally determined amount of the adsorbate removed
by the adsorbent and ¢, is the theoretically determined amount of the adsor-
bate removed by the adsorbent and was estimated using the selected isotherm
equations [34]. Though application of sum of the squares of the errors is wide-
spread, for high residual amount of the adsorbate, the magnitude of this error
increase and therefore this error gives a better fit for the isotherm parameters at
high residual concentration of the adsorbate when the error function is mini-
mized [34] [32].
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1.4. Average Relative Error

The absolute value of the average relative error (ARE) was used in the determi-
nation of the isotherm parameters [35]. The absolute value of this error mini-
mizes the spread of the error distribution across the concentration range applied
in an adsorption process [36]. The Average relative error equation is expressed

as:

N —
qe,exp qe,calc

(11)

i=l qe,exp i

1.4.1. Sum of the Absolute Errors

The absolute value of the sum of the absolute errors (EABS) was applied in the
determination of the isotherm parameters [33]. The sum of the absolute errors
approach is similar to the sum of the squares of the errors function [35]. The
isotherm parameters determined through this error tend to present a better fit

towards high concentration adsorption data [37]. The equation is expressed as:

N

2

i=1

(12)

qe,exp _qe,calc i
1.4.2. Chi Square

The chi square (y’) statistical test procedure establishes how well an isotherm
equation best approximate an experimental adsorption system [38]. The chi

square statistic is expressed by the equation:

2 N (qe,exp - qe,calc )2
gy el (13)
i=1 qe,calc
The isotherm equation that in theory approximates the experimental adsorp-

tion system better would have a smaller chi square value [38].

1.4.3. The Hybrid Fractional Error Function

The hybrid fractional error function (HYBRID) is composite fractional error
which was developed to improve the fit of the sum of the squares of the errors at
low residual concentration of the adsorbate [39]. The hybrid fractional error

function is expressed as:

(qe,exp T e cale )2

i=1 qe,exp

(14)

i

1.4.4. Residual Root Mean Square Error

The residual root mean square error (RMSE) was applied to determine the
goodness of fit of the selected isotherm models to the experimental data. Smaller
residual roots mean square error values are indicative of better curve fitting [40].

The equation is given by the expression:

N

1 2
\/ 2 (e = o) [1]

i=1
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1.4.5. The Log-Likelihood Ratio

The log-likelihood ratio (G) statistic was determined by using Equation (16)
[41]. When the concentration of adsorbate experimentally determined ¢, ex-
ceeds that of the theoretical g,, the ratio In(g.,/g,) is positive. Conversely, when
the concentration of adsorbate theoretically determined g, exceeds that of the

experimental g,, the ratio In(q,,,/g,,) is negative [42].

G*= Zil:q . xln{@ﬂ (16)
- exp,i

m,i

The log-likelihood ratio becomes better when a large difference exists between
the experimental and theoretical values [43]. Under a null hypothesis, the expe-
rimentally determined log-likelihood ratio distribution is approximated to the
log-likelihood ratio distribution determined theoretically [44]. Therefore, the
probability of obtaining the log-likelihood ratio statistical value could be deter-

mined from chi-square distribution [41].

1.4.6. The Average Percentage Error
The average percentage error (APE) was used to determine the accuracy of the
selected isotherm equation in the theoretical prediction of the experimental data

[45]. The average percentage error is expressed by Equation (17) as:

z:lzl ‘(qC,CXP - qc,calc )/qc,cxp

N

£x100 (17)

1.4.7. Marquand’s Percent Standard Deviation
The Marquand’s percent standard deviation (MPSD) was used to determine the
number of degrees of freedom of the adsorption system [14]. The Marquand’s

percent standard deviation function is expressed by Equation (18) as:
2

(qe,exp - qe,calc )

i=1 qc,cxp

(18)

i

1.4.8. Sum of the Normalized Standard Errors

The sum of the normalized standard error functions (SNSE) was applied as a
criterion to select the isotherm equation that best fitted the experimental ad-
sorption process and data [46]. The sum of the normalized standard errors was
determined by using the following procedure: 1) an isotherm equation and
standard error functions were selected. 2) The isotherm parameters that would
minimize the selected standard error associated with the selected isotherm were
determined. 3) The values of the standard error of the selected isotherm and the
isotherm parameters were determined. 4) The values of the error determined
were divided by the largest error value among the selected standard errors of the
selected isotherms to obtain the normalized standard error. 5) The normalized
standard errors of the selected isotherms were added. 6) The isotherm equation
that yielded the minimum value of the sum of the normalized standard errors

was selected as the isotherm which best fitted the adsorption process and the
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data [10] [46].

2. Results and Discussion

The rationale for the optimization process was to determine conditions of con-
tact time, amount of the Bacillus subtilis ATCC13952, the concentration of ar-
senic (III) solution, the pH and the temperature that would give optimum re-
moval of arsenic [47]. Three separate laboratory Experiments (I, IT and III) were
conducted on laboratory simulated arsenic (III) contaminated aqueous system
using the Bacillus subtilis ATCC13952 as biosorbent for the arsenic.

The contact time optimization (Table 1) showed a significant decrease in the
initial amount of the arsenic (III) from 10 - 9.26 mg/L, 10 - 9.40 mg/L and 10 -
9.33 mg/L as seen in Experiment I, IT and III respectively, when 100 mL of 10
mg/L arsenic (III) solution was contacted with 1.0 of the Bacillus subtilis
ATCC13952 on the first day. When contact time was increased to the second day,
the initial concentration of arsenic decreased from 10 - 4.22 mg/L, 10 - 4.30
mg/L and 10 - 4.02 mg/L as indicated in Experiment I, IT and III respectively for
the same amount of the Bacillus subtilis ATCC13952. A further increase of con-
tact time beyond the fourth day (Table 1) resulted in a significant decrease in
the initial concentration of the arsenic (III). The Bacillus subtilis ATCC13952
exhibited high ability to remove arsenic on the fourth day.

The proportion of arsenic (III) removed in the contact time optimization in-
creased rapidly from 7.32% - 97.02%, 6.00% - 96.97% and 6.68% - 96.88% as
seen in Experiment I, II and III respectively from the first to the fourth day.
Across the experiments, the largest amount of arsenic was removed on the
fourth day (Table 2). The percentage of the arsenic (III) removed from first to
the fourth day could mean that the Bacillus subtilis ATCC13952 might have
large number of unsaturated active adsorption sites on the surface and took four
days for the arsenic (III) to saturate these active sites. Possible saturation of the
adsorption sites by arsenic (III) might have caused the reduction seen in the
ability of the Bacillus subtilis ATCC13952 to a removed substantial amount of

arsenic.

Table 1. Result of contact time optimization for arsenic (IIT) adsorption.

Contact Experiment I Experiment II Experiment III
Time(Days) C Q. C, Q. C. Q.
1 9.2674 0.7326 9.4014 0.6006 9.3316 0.6684
2 4.2207 5.7293 4.3071 5.6939 4.0241 5.9759
3 2.4338 7.5662 2.2584 7.4756 2.7023 7.2977
4 0.2979 9.7021 0.3046 9.6974 0.3114 9.6886
5 1.1668 8.8332 1.3016 8.6984 1.3147 8.6853
6 1.2844 8.7156 1.3043 8.6957 1.3324 8.6676
7 1.2993 8.7007 1.3601 8.6399 1.4001 8.5999
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Table 2. Percentage of arsenic (III) adsorbed in time optimization.

Experiment I Experiment II Experiment III
Contact time (Days)
% Removed % Removed % Removed
1 7.326 6.006 6.684
2 57.293 56.939 59.759
3 75.662 74.756 72.977
4 97.021 96.974 96.886
5 88.332 86.984 86.853
6 87.156 86.957 86.676
7 87.007 86.399 85.999

The results (Table 3) show amount of arsenic (III) removed in the Bacillus
subtilis ATCC13952 optimization process. When the amount of the Bacillus
subtilis ATCC13952 was increased from 1.5 - 3.0 mL, the residual concentration
of arsenic (III) decreased from 8.31- 0.11mg/L as in experiment I, 8.29 - 0.14
mg/L as seen in Experiment II and 8.29 - 0.12 mg/L as seen in Experiment III
Further increase in the amount of the Bacillus subtilis ATCC13952 from 3.0 - 4.0
mL resulted in a marginal increase in the residual arsenic (III) from 0.11- 0.58
mg/L as seen in Experiment I, 0.14 - 0.59 mg/L as seen in Experiment II and 0.12
- 0.60 mg/L as seen in Experiment III. The lowest residual arsenic (III) of 0.11
mg/L in Experiment I, 0.14 mg/L in Experiment IT and 0.12 mg/L in Experiment
IIT occurred when 3.0 mL of the Bacillus subtilis ATCC13952 was used. The ar-
senic (III) removal trend might have resulted from the availability of active ad-
sorption sites on the surface of the Bacillus subtilis ATCC13952. It appears easier
for arsenic (III) to be attached to the Bacillus subtilis ATCC13952 for removal.
The decrease arsenic (III) removal ability of the Bacillus subtilis ATCC13952
when its quantity had been increased from 3.0 - 4.0 mL might have been due to
the overlapping of the active adsorption sites as a result of overcrowding of the
cells of Bacillus subtilis ATCC13952 making it difficult for the arsenic (III) to
access the adsorptive sites.

The percentage of arsenic (III) removed (Table 4) increased from 16.85% -
98.86% as seen in Experiment I, 17.00% - 98.58% as seen in Experiment II and
17.05% - 98.77% as seen in Experiment III when the amount of the Bacillus sub-
tilis ATCC13952 was increased from 1.5 - 3.0 mL.

The high percentage removal of 98.86% as seen in Experiment I, 98.58% as
seen in Experiment II and 98.77% as seen in Experiment III occurred with 3.0
mL of the Bacillus subtilis ATCC13952. Thereafter, further increase in the
amount of the Bacillus subtilis ATCC13952 did not produce any increase in the
percentage of arsenic (III) removed. Hence, 3.0 mL (2.83 x 107** g) of the Bacil-
lus subtilis ATCC13952 appeared to be the optimum amount required to achieve

optimum removal of arsenic (III). The arsenic removal trend exhibited by the
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Bacillus subtilis ATCC13952 might be due to fact that the Bacillus subtilis
ATCC13952 might have limited active adsorption sites and as its amount in-
creased, the sites overlapped making it difficult for significant number of the ar-
senic to accessible the active adsorption, get attached to, and be removed.

As arsenic (III) concentration was increased from 20 - 80 mg/L (Table 5), the
amount removed by 3.0 mL of the Bacillus subtilis ATCC13952 increased from
3.80 - 36.52 mg/L as seen in Experiment I, 3.77 - 36.28 mg/L as seen in Experi-
ment IT and 3.53 - 37.01 mg/L as seen in Experiment III. When the concentra-
tion of arsenic (III) was further increased from 80 - 100 mg/L, the amount re-
moved by 3.0 mL of the Bacillus subtilis ATCC13952 increased marginally from
36.52 - 36.84 mg/L as seen in Experiment I and 36.28 - 37.00 mg/L as seen in
Experiment II. The removal trend indicates that when the initial concentration
of arsenic (III) was increased from 80.0 - 100 mg/L, the amount removed re-
mained practically constant. This implies that the capacity of the Bacillus subtilis
ATCC13952 to remove arsenic appears to be linearly dependent on arsenic (III)
concentration of 20 - 80 mg/L. The Bacillus subtilis ATCC13952 exhibited a high
reproducibility in the amount of arsenic (III) removed as showed in the experi-
ments. This shows that the organism could be used as a biosorbent for arsenic

remediation.

Table 3. Bacillus subtilis ATCC13952 amount optimization for arsenic (III) removal.

Bacillus subtilis Experiment I Experiment II Experiment III

ATCC13952

amount(mL) C, Q. C, Q. G, Q.
1.5 8.3148 1.6852 8.2994 1.7006 8.2942 1.7058
2.0 6.7036 3.2964 6.9246 3.0754 7.0102 2.9898
2.5 2.1024 7.8976 2.3113 7.6887 2.4436 7.5564
3.0 0.1137 9.8863 0.1416 9.8584 0.1201 9.8779
3.5 0.5967 9.4033 0.6164 9.3836 0.5898 9.4102
4.0 0.5876 9.4124 0.5997 9.4003 0.6014 9.3986

Table 4. Percent of As (III) adsorbed in B. subtilis ATCC13952 optimization.

Bacillus subtilis Experiment I Experiment II Experiment IIT
ATCC13952 amount
(mL) % Removed % Removed % Removed
1.5 16.852 17.006 17.058
2.0 32.964 30.754 29.898
2.5 78.976 76.887 75.564
3.0 98.863 98.584 98.779
35 94.033 93.836 94.102
4.0 94.124 94.003 93.986
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Table 5. Result of arsenic (III) effect on removal capacity of Bacillus subtilis ATCC13952.

arsenic (I11) Experiment I Experiment II Experiment III

conc.(mg/L) G Q. o} Q. o} Q.
20.0 16.1934 3.8066 16.2261 3.7739 16.4628 3.5372
40.0 24.4023 15.5977 25.4660 14.5340 25.5037 14.4963
60.0 24.6164 35.3836 24.8421 35.1579 25.1394 34.8606
80.0 43.4743 36.5257 43.7106 36.2894  42.9805 37.0195
100.0 63.1504 36.8496 62.9964 37.0036 63.2201 36.7799

An increased accessibility to the active adsorption sites on the Bacillus subtilis
ATCC13952 by arsenic (III) in the initial stage of removal might explain the in-
creased amount of arsenic (III) removed. The reduction in the quantity of ar-
senic removed after the initial concentration of arsenic (III) had been increased
from 80 - 100.0 mg/L might have resulted due to saturation of the active adsorp-
tion sites on Bacillus subtilis ATCC13952. The percentage of arsenic (III) re-
moved (Table 6) increased from 19.03% - 58.97% as seen in Experiment I, 18.86%
- 58.59% as seen in Experiment II and 17.68% - 58.10% as seen in Experiment III
when the initial concentration of arsenic (III) was increased from 20.0 - 60.0
mg/L. When the arsenic (III) was further increase beyond 60.0 mg/L (Experi-
ments I, IT and III), no higher amounts were removed. The reduction in the ca-
pacity of the Bacillus subtilis ATCC13952 to removed significant quantity of ar-
senic beyond 60.0 mg/L of initial arsenic (III) concentration might have resulted
from unavailability of active adsorption sites required for maximum removal
due to surface saturation of the Bacillus subtilis ATCC13952. The amount of ar-
senic (III) removed from the laboratory simulations (Experiments I, IT and III)
were comparable and it reaffirms the reproducibility of the Bacillus subtilis
ATCC13952 as biosorbent for arsenic in arsenic contaminated aqueous system.

The results of the effect of pH on arsenic (III) removal by the Bacillus subtilis
ATCC13952 at varying pH from 2 - 10 (Table 7) show that the removal process
increased gradually with pH. The quantity of arsenic (III) removed increased
from 5.00 - 9.84 mg/L as seen in Experiment I, 4.97 - 9.79 mg/L as seen in Expe-
riment II and 5.10 - 9.76 mg/Las seen in Experiment III when pH was varied
from 2 - 8. Further increase in pH from 8 - 10 resulted in a decrease in the
amount of arsenic (III) removed from 9.84 - 9.33 mg/L as seen in Experiment I,
9.79 - 9.29 mg/Las seen in Experiment II and 9.76 - 9.32 mg/L as seen in Expe-
riment III. The maximum amounts of arsenic (III) removed in each of the expe-
riments were similar and occurred at pH8. Hence, pH 8 appeared to be the op-
timum pH to achieve best removal of arsenic (III).

The observed increase in the quantity of arsenic (III) at the optimum pH
might have resulted from a decrease in competition between protons and the
positively charged arsenic (III) in solution for attachment to the active adsorp-
tion sites on the Bacillus subtilis ATCC13952 to be removed. A decrease in posi-
tive charges near the surface of the Bacillus subtilis ATCC13952 might also have
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Table 6. Percentage of arsenic (III) adsorbed in optimization process.

arsenic (I11) Experiment I Experiment III Experiment III

conc. (mg/L) % Removed % Removed % Removed
20.0 19.033 18.869 17.686
40.0 38.994 36.335 36.240
60.0 58.972 58.596 58.101
80.0 45.657 45.326 46.274
100.0 36.849 37.003 36.779

Table 7. Effect of pH on optimization for arsenic (III) adsorption.

Experiment I Experiment II Experiment III
pH
G Q. G Q. G Q.

2.0 4.9981 5.0019 5.0224 4.9776 4.8993 5.1007
4.0 3.5008 6.4992 4.1361 5.8639 3.7436 6.2564
6.0 1.0936 8.9064 1.1432 8.8568 1.0987 8.9013
8.0 0.1528 9.8472 0.2024 9.7976 0.2337 9.7663
10.0 0.6698 9.3302 0.7066 9.2934 0.6782 9.3218

resulted in increased attraction of the arsenic (III) to the nucleophilic groups on
the surface of the Bacillus subtilis ATCC13952. The observed decrease in the
quantity of arsenic (III) removed at pH above 8 might due to possible precipita-
tion of arsenic either as calcium arsenate or ferric arsenate than been removed
by the Bacillus subtilis ATCC13952. Possible surface membrane deterioration of
the Bacillus subtilis ATCC13952 at pH above 8 might have also contributed to
the reduction seen in the capacity of the Bacillus subtilis ATCC13952 to remove
the arsenic.

The percentage of arsenic (III) removed increased rapidly from 50.01% - 98.47%
as seen in Experiment I, 49.77% - 97.97% as seen in Experiment II and 51.00% -
97.66% as seen in Experiment III when pH increased from 2 - 8 (Table 8). The
rapid increase in the amount of arsenic removed might have resulted due to ac-
cessibility of the available active adsorption sites on the Bacillus subtilis
ATCC13952 by the arsenic. A decreased in the amount of protons which could
have competed with arsenic for the active adsorption sites might also explain the
arsenic removal trend observed. When the pH was increased from 8 - 10, the
percentage of arsenic (III) removed decreased from 98.47% - 93.30% as seen in
Experiment I, 97.97% - 92.93% as seen in Experiment II and 97.66% - 93.21% as
seen in Experiment III. This means that the capacity of the Bacillus subtilis
ATCC13952 to remove arsenic (III) decreased with an increase in pH beyond 8
and might have resulted from a decreased in the affinity of some nucleophiles on
the Bacillus subtilis ATCC13952 necessary for arsenic removal.

In the temperature optimization, when temperature was increased from 25°C
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- 35°C, the amount of arsenic (III) removed by 3.0 mL (2.83 x 107'® g) of the Ba-
cillus subtilis ATCC13952 increased from 7.06 - 9.90 mg/L as seen in Experi-
ment I, 7.10 - 9.89 mg/L as seen in Experiment II and 7.02 - 9.90 mg/L as seen in
Experiment III (Table 9). Further increase in temperature from 35°C - 45°C re-
sulted in a decrease in the amount of arsenic (III) removed from 9.90 - 9.29
mg/L as seen in Experiment I, 9.89 - 9.30 mg/L as seen in Experiment II and 9.90
- 9.25 mg/L as seen in Experiment III. The capacity of Bacillus subtilis
ATCC13952 to remove arsenic (III) decreased at high temperature and might
have resulted due to cell membrane deterioration. This might have caused some
adsorbed arsenic (III) to break away and re-enter the aqueous phase hence the
decrease in the amount of arsenic (III) removed.

The percentage of arsenic (III) removed in the temperature optimization in-
creased from 70.69% - 99.07% as seen in Experiment I, 71.00% - 98.97% as seen
in Experiment II and 70.22% - 99.00% as seen in Experiment III for temperature
ranging from 25°C - 35°C (Table 10). Further increase in temperature from
35°C - 45°C resulted in a substantial decrease in the percentage removed from
99.07% - 92.99%, 98.97% - 93.00% and 99.00% - 92.57% as seen in Experiments I,
IT and III respectively. A decreased in the percentage of arsenic (III) removed at
temperature above 35°C could be attributed to the deterioration of surface nuc-
leophilic groups of Bacillus subtilis ATCC13952 by high temperature. The dete-
rioration might have led to the destruction of the active adsorption sites on the
surfaces of Bacillus subtilis ATCC13952 where arsenic (III) removal was ex-

pected to occur.

Table 8. Percentage of arsenic (III) removed in pH optimization.

Experiment I Experiment II Experiment III
P % Removed % Removed % Removed
2.0 50.019 49.776 51.007
4.0 64.992 58.639 62.564
6.0 89.064 88.568 89.013
8.0 98.472 97.976 97.663
10.0 93.302 92.934 93.218

Table 9. Temperature effect on arsenic (III) adsorption.

Temperature © Experiment I Experiment II Experiment III
© c Q. . Q. c Q.
25.0 (298)  2.9301 7.0699 2.8994 7.1006 2.9773 7.0227
30.0 (303)  1.5987 8.4013 2.1637 7.8363 1.6313 8.3687
35.0 (308)  0.0924 9.9076 0.1022 9.8978 0.0997 9.9003
40.0 (313)  0.1068 9.8932 0.1134 9.8866 0.1094 9.8906
45.0 (318)  0.7004 9.2996 0.6999 9.3001 0.7421 9.2579
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Table 10. Percentage of arsenic removed in temperature optimization.

Temperature © Experiment I Experiment II Experiment III
C % Removed % Removed % Removed
25.0 (298) 70.699 71.006 70.227
30.0 (303) 84.013 78.363 83.687
35.0 (308) 99.076 98.978 99.003
40.0 (313) 98.932 98.866 98.906
45.0 (318) 92.996 93.001 92.579

2.1. Langmuir Isotherm Parameter Determination for Amount of
Arsenic (III) Removed

The results (Table 11) represent the nonlinear modeling of Langmuir adsorp-
tion isotherm for arsenic (III) adsorbed at room temperature (29°C) with 1.0 mL
(1.90 x 107" g) of Bacillus subtilis ATCC13952. The maximum monolayer ad-
sorption capacity (Q,) of Bacillus subtilis ATCC13952 was estimated as 7.09
mg/g. The Langmuir constant K, which represents the affinity of Bacillus subtilis
ATCC13952 for the arsenic [48] was estimated as 437,753 L/g. This large value
implies that the arsenic (III) got attached to the nucleophilic groups on Bacillus
subtilis ATCC13952 by a strong chemical bond.

The large Langmuir constant also shows that Bacillus subtilis ATCC13952 is a
potential biosorbent for arsenic in arsenic contaminated aqueous systems. The
Langmuir separation factor, R, which shows the feasibility of using Bacillus sub-
tilis ATCC13952 as an adsorbent for arsenic [49] [50] [51] was found to be 2.28
x 107 (R, < 1). The small magnitude of the separation factor, R, shows that the
arsenic (III) removal by Bacillus subtilis ATCC13952 is a favourable process.
The order of the separation factor, R; further shows that arsenic (III) separated
easily from the aqueous phase, migrated to Bacillus subtilis ATCC13952 and got
bonded to the surface nucleophilic groups. The R, compares favourably with
that reported in a similar study [52] [53]. The sum of the normalized errors
which is a criterion for selecting the best fit isotherm model [43] [52] was de-

termined to be 1.15.

2.1.1. Freundlich Isotherm Parameter Determination for Arsenic
Removal

The Freundlich exponent 1/n (Table 12) which offers insight into the nature of
the adsorption process [43] [54] was estimated to be 0.5. This fell in the 0.2 - 0.8
range which suggests that the arsenic (III) removal by Bacillus subtilis
ATCC13952 is a favourable process which occurred through chemical attach-
ment of the arsenic to the nucleophilic groups of Bacillus subtilis ATCC13952
[55] [56]. The Freundlich constant K,which determines the affinity of Bacillus
subtilis ATCC13952 for arsenic [43] [54] was estimated to be 2.99 L/g and com-
pared favourably with literature [43] [54] [55] [57] [58] [59] [60].
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Table 11. Result of Langmuir isotherm parameters for arsenic (III).

Q,, (mg/mL) = 7.0983, K, (L/mg) = 437,753, Sep. Factor = 2.28E-07, R = 0.968

Langmuir isotherm parameters

Error type Raw Error Score Normalized Standard Error
STD.ER. 3.3923 5.90E-02
RMSE 1.52E+00 2.64E-02
CHI SQ. 1.16E+00 2.01E-02
EABS 8.93E-04 1.55E-05
ARE 1.80E-05 3.12E-07
HYBRID 1.16E+00 2.01E-02
MPSD 1.3410 2.33E-02
APE 2.56E-04 4.46E-06
G? 1.79E-03 3.10E-05
ERRSQ 5.75E+01 1.00E+00
Sum of the normalized standard errors 1.15E+00

Table 12. Result of Freundlich isotherm parameters for arsenic (III).

Freundlich isotherm parameters
K;(L/mL) =2.9919, n=2,1/n=0.5, & = 0.874

Error type Raw Error Score Normalized Standard Error
STD.ER. 6.7542 2.96E-02
RMSE 3.02E+00 1.32E-02
CHI SQ. 4.59E+00 2.01E-02
EABS 1.77E+01 7.77E-02
ARE 0.3569 7.77E-02
HYBRID 4.59E+00 2.01E-02
MPSD 4.59E+00 2.01E-02
APE 5.0990 2.24E-02
G’ 4.39E+01 1.92E-01
ERRSQ 2.28E+02 1.00E+00
Sum of the normalized standard errors 1.40E+00

The magnitude of the Freundlich affinity constant K,shows that arsenic (III)
removal by Bacillus subtilis ATCC13952 is a possible process and the organism
could be used as a potential biosorbent for arsenic in aqueous systems. The sum
of the normalized standard errors (Table 12) was determined to be 1.40. This
value is relatively large when compared with that estimated for the Langmuir
model. Hence, Freundlich isotherm did not offer a better fit to the arsenic (III)

adsorption data as compared with the Langmuir isotherm equation.
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2.1.2. The TemKin Isotherm Parameter Determination for Arsenic (III)
Removed

The Temkin constant K (Table 13) which is the maximum binding energy of
arsenic (III) to Bacillus subtilis ATCC13952 [61] [62] [63] was estimated to be
2982.29 L/g. The large binding energy implies that Bacillus subtilis ATCC13952
have substantial affinity for the arsenic (III).

The Temkin constant b,, which is the heat of adsorption [26] [63] was found
to be 1070.75 kJ/mol. The large heat of adsorption suggests that arsenic (III) got
attached to the nucleophilic groups on Bacillus subtilis ATCC13952 through a
feasibly chemical bond formation. The sum of the normalized errors was esti-
mated to be 1.33. Though the Temkin isotherm failed to fit the data when com-
pared with the Langmuir isotherm, it offered a somewhat better fit to the data
than the Freundlich isotherm.

2.1.3. The Dubinin-Radushkevich Isotherm Parameters for Arsenic
Removed

The Dubinin-Radushkevich (D-R) isotherm parameters (Table 14) show the
error distribution that minimizes the error between the experimental data and
D-R isotherm predictions for arsenic (III). The maximum D-R monolayer ca-
pacity Q... capacity of Bacillus subtilis ATCC13952 was determined to be 1.0
mg/mL. The adsorption energy, B, which determines the nature of the arsenic
(I11)— Bacillus subtilis ATCC13952 interaction [26] [64] [65] was 138.23 kJ-mol .
This fell outside the 8 - 16 kJ/mol range associated with physical adsorption
process [26]. The energy per adsorbate was estimated to be 0.06 kJ-mol™". This
shows that arsenic (III) migrated with a mean energy of 0.06 kJ/mol to the sur-
face of Bacillus subtilis ATCC13952 to be removed. The large adsorption energy,

Table 13. Result of Temkin isotherm parameters for arsenic (III) removed.

Tembkin isotherm parameters
K (L/g) =2982.29, b (J/mol) = 1070.75, & = 0.947, Temp. 302 K, Gas const. (8.314 J-mol -K™)

Error type Raw Error Score Normalized Standard Error
STD.ER. 4.3798 4.57E-02
RMSE 4.3798 4.57E-02
CHI SQ. 1.93E+00 2.01E-02
EABS 5.02E+00 5.23E-02
ARE 0.1010 1.05E-03
HYBRID 1.93E+00 2.01E-02
MPSD 1.93E+00 2.01E-02
APE 1.4433 1.50E-02
G? 1.06E+01 1.10E-01
ERRSQ 9.59E+01 1.00E+00

Sum of normalized standard errors 1.33E+00
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Table 14. Result of D-R isotherm parameters for arsenic (III) removed.

Dubinin-Radushkevich (D-R) isotherm parameters
Q,,= 1.0, B,=138.233, R = 0.877, Temp. 302 K, Gas const (8.314 J-mol "K™")
Energy per adsorbate (kJ-mol™) = 0.0601

Error type Raw Error Score Normalized Standard Error
STD.ER. 5.6388 2.53E-02
RMSE 6.6719 3.00E-02
CHI SQ. 4.48 2.01E-02
EABS 2.94E+01 1.32E-01
ARE 0.5911 2.66E-03
HYBRID 4.48E+00 2.01E-02
MPSD 4.48E+00 2.01E-02
APE 8.4448 3.79E-02
G? 8.89E+01 3.79E-02
ERRSQ 8.77E-01 1.00E+00
Sum of the normalized standard errors 1.69E+00

B, reaffirms the chemical nature of the arsenic (III) attachment to Bacillus subti-
lis ATCC13952. The sum of the normalized errors of 1.69 suggests that the D-R
isotherm does not provide a better fit to the experimental data when compared

with that estimated for the Langmuir isotherm.

2.1.4. The Toth Isotherm Parameters for Arsenic (III) Removed

From the Toth isotherm study of the arsenic (III)— Bacillus subtilis ATCC13952
adsorption data (Table 15), the maximum monolayer capacity (Q,) was found to
be 1.0 mg/mL of Bacillus subtilis ATCC13952. This compares favourably with
that predicted by the Dubinin-Radushkevich isotherm. The Toth constant (X))
which relates to the adsorption constant for the arsenic (III)— Bacillus subtilis
ATCC13952 system [64] [65] [66] was determined to be 1293.43 L/g. The large
Toth constant K, suggests that Bacillus subtilis ATCC13952 has affinity for ar-
senic (III) and the removal process was through chemical attachment of arsenic
(TI1) to the surface of Bacillus subtilis ATCC13952. Bacillus subtilis ATCC13952
thus appears to be a possible biosorbent for arsenic in an aqueous system. The
Toth exponent (#) was found to be 1 indicating that the Toth isotherm is not re-
duced to the Langmuir adsorption isotherm under the experimental condition.
This might have explained the reason the sum of the normalized standard errors
(1.19) determined for the Toth was close to the 1.15 estimated for the Langmuir
isotherm and corresponded to similar observations in literature [67] [68] [69]
[70] [71]. Though the Toth isotherm modelling reaffirms the existence of signif-
icant adsorption sites on the surface of Bacillus subtilis ATCC13952, their ener-
gies appear to exhibit a Quasi-Gaussian distribution. Majority of the adsorption

sites thus have energy below the mean surface energy as demonstrated by
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Table 15. Result of Toth isotherm parameters for arsenic (III) removed.

Toth isotherm parameters
K,=1293.4399, Q,=1, t=1, a,= 7.1000 R = 0.968

Error type Raw Error Score Normalized Standard Error
STD.ER. 3.7968 6.58E-02
RMSE 3.3959 5.89E-02
CHI SQ. 1.16E+00 2.01E-02
EABS 1.70E-02 2.96E-04
ARE 3.43E-04 5.95E-06
HYBRID 3.43E-04 2.01E-02
MPSD 1.16E+00 2.01E-02
APE 4.90E-03 8.50E-05
G 3.41E-02 5.91E-04
ERRSQ 5.77E+01 1.00E+00

Sum of the normalized standard error 1.19E+00

the Toth exponent (#) value of 1. Thus, some heterogeneity existed on the surface
of Bacillus subtilis ATCC13952 and that might have led to the inability of the
Toth isotherm to better fit the adsorption data as observed in similar studies [29]
[54] [66] [70] [71] [72] [73].

2.1.5. The Sips Isotherm Parameters for Arsenic (III) Removed

The Sips isotherm assessment (Table 16) shows the Sips maximum monolayer
capacity (Qs) to be 1.10 mg/g of Bacillus subtilis ATCC13952. This maximum
monolayer capacity corresponded with the 1.0 mg/ml of Bacillus subtilis
ATCC13952 predicted by both the D-R and the Toth isotherms. However, this
maximum monolayer capacity was below the 7.09 mg/g of Bacillus subtilis
ATCC13952 predicted by the Langmuir isotherm model. The Sips constant (X))
which is related to the affinity of an adsorbent for an adsorbate [67] [74] [75]
was found to be 1.05 L/g of Bacillus subtilis ATCC13952. The Sips constant (K, >
0.5 L/g) indicates that Bacillus subtilis ATCC13952 have affinity for arsenic (III)
and the arsenic removal process was through chemisorption as have reported in
similar studies [67] [74] [75]. The Sips isotherm could not offer a better fit to the
adsorption data due to the relatively large sum of the normalized standard errors
(1.90) compared with the 1.15 estimated for the Langmuir isotherm. The Sips
exponent (1/n) was less than 1 (Table 16) predicting that arsenic (III) removal
occurred on a heterogeneous surface. This prediction was reversed to that made
by the Langmuir isotherm. Hence, the inability of the Sips isotherm equation to
better fit the adsorption data might partly due to the homogenous adsorption
sites on Bacillus subtilis ATCC13952 as demonstrated by the Langmuir

DOI: 10.4236/ajac.2021.125010

144 American Journal of Analytical Chemistry


https://doi.org/10.4236/ajac.2021.125010

E. A. Asare et al.

Table 16. Result of Sips isotherm parameters for arsenic (III) removed.

Sips isotherm parameters
Q,=1.1012, K, =1.0516, 1/n=0.2381, R = 0.778

Error type Raw Error Score Normalized Standard Error
STD.ER. 10.0260 2.49E-02
RMSE 8.9675 2.49E-02
CHI SQ. 8.09E+00 2.01E-02
EABS 4.60E+01 1.14E-01
ARE 9.24E-01 2.30E-03
HYBRID 8.09E+00 2.01E-02
MPSD 8.09E+00 2.01E-02
APE 13.213 3.29E-02
G? 2.57E+02 6.40E-01
ERRSQ 4.02E+02 1.00E+00
Sum of the normalized standard errors 1.90E+00

isotherm. The possible Quasi-Gaussian distribution of the energy of the adsorp-
tion sites as indicated by the Sips exponent of less than 1 could also account for
the deviation of the Sips isotherm to fit the data as has been observed in similar
studies [43].

2.1.6. The Redlich-Peterson (R-P) Isotherm Parameter for Arsenic (III)
Removed

The Redlich-Peterson (R-P) isotherm has the ability to fit adsorption data over
lower and higher range of adsorbate concentrations [69] [75] [76] [77]. The R-P
isotherm combines the Langmuir and the Freundlich isotherms into one equa-
tion and has been found to fit biosorption data well [78] [79]. The results of the
R-P isotherm applied to arsenic (III) adsorption data (Table 17). The R-P ad-
sorption constant (K, was 46.67 L/g. The size of this constant (>10 L/g) shows
that the arsenic (III) removal by Bacillus subtilis ATCC13952 is feasible and oc-
curred by a chemical attachment of the arsenic (III) to the nucleophilic groups
on Bacillus subtilis ATCC13952. The R-P constant, A, was 3.65 indicating that
Bacillus subtilis ATCC13952 has significant affinity for the arsenic (III). The
magnitude of the adsorption and the affinity constants show that Bacillus subtilis
ATCC13952 appears to have the potential of a biosorbent for arsenic in aqueous
systems. The sum of the normalized standard error was 1.63 (Table 17). This
suggests that under the experimental condition of this study, the R-P isotherm
could not be reduced to the Langmuir isotherm as indicated by S greater than
unity. The R-P isotherm thus, cannot offer a better fit to the adsorption data
when compared with the Langmuir isotherm which had the least sum of the

DOI: 10.4236/ajac.2021.125010

145 American Journal of Analytical Chemistry


https://doi.org/10.4236/ajac.2021.125010

E. A. Asare et al.

Table 17. Result of Redlich-Peterson isotherm parameters for arsenic (III) removed.

Redlich-Peterson isotherm parameters
App=3.6599, Kyp=46.6792, B= 1.6975, R = 0.996

Error type Raw Error Score Normalized Standard Error
STD.ER. 1.3404 0.187
RMSE 1.1989 0.167
CHI SQ. 0.145 0.0201
EABS 0.462 0.0643
ARE 0.0093 0.00129
HYBRID 0.145 0.0201
MPSD 0.145 0.0201
APE 0.132 0.0185
G? 0.921 0.128
ERRSQ 7.19 1
Sum of Normalized Standard Error 1.63

normalized standard errors of 1.15. The inability of the R-P isotherm to fit the
data could be attributed to the homogeneity of the surface of Bacillus subtilis
ATCC13952 as predicted by the Langmuir isotherm equation. The possible Qua-
si-Gaussian distribution of the energies of the adsorption sites might have also
led to the inability of the isotherm to fit the data.

2.1.7. Kinetics of Arsenic Removal Process

The adsorption data of arsenic (III)— Bacillus subtilis ATCC13952 system were
subjected to kinetic studies in order to determine the effectiveness of the adsorp-
tion process and to understand the mechanism(s) that were involved in the re-
moval of arsenic (III) by Bacillus subtilis ATCC13952. The pseudo-first-order
kinetic, pseudo-second order kinetic and the Elovich kinetic models which are
widely studied and easily understood kinetic models for heavy metals adsorption
were used. The Elovich kinetic model was used to determine the rate of arsenic
(III) uptake by Bacillus subtilis ATCC13952 in the kinetic studies and as a tool to
confirm the nature of the adsorption process. The results (Tables 18-20) show
the parameters of the pseudo-first-order kinetic, pseudo-second-order kinetic
and the Elovich kinetic models for the arsenic (III)— Bacillus subtilis ATCC13952.
The pseudo-first-order kinetic and the pseudo-second-order kinetic equations

[29] [71] [80] are expressed in Equations (19) and (20) respectively as:
0,=0,(1-¢") (19)
0 =K,0, (20)

where Q, and Q, are the amount of arsenic (III) removed at time ¢ and equili-

brium time respectively, ¢is the optimum adsorption time, and K] and K, are the
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pseudo-first-order and pseudo-second-order kinetic constants respectively. The
results (Table 18, Table 19) were obtained from the nonlinear form of the
pseudo-first-order and the pseudo-second-order kinetic models. The errors as-
sociated with the two kinetic models are those that provided a global minimum
of the errors in the kinetic of the arsenic (III)— B. subtilis ATCC13952 adsorp-

tion system.

Table 18. Results of pseudo-first-order kinetic parameters for arsenic removed.

Pseudo-first-order kinetic model parameters
Q. =442 mg/g"-day™!, Pseudo 1* order kinetic constant X; = 8.2827 mg/min™', & = 0.934

Error type Raw Error Score Normalized Standard Error
STD.ER. 1.82 0.015
RMSE 4.46 0.037
CHI SQ. 3.14 0.026
EABS 11.70 0.098
ARE 0.23 0.0019
HYBRID 2.40 0.0201
MPSD 0.05 0.000464
APE 3.36 0.0282
G? 26.60 0.224
ERRSQ 119.00 1.00
Sum of normalized standard error 1.45

Table 19. Results of pseudo-second-order kinetic parameters for arsenic (III).

Pseudo-second-order kinetic model parameters

Q.=10.9 mg/g'-day™, Pseudo 2™ order kinetic constant K, = 0.1156 mg/min"!, B = 0.996

Error type Raw Error Score Normalized Standard Error
STD.ER. 0.424 0.0655
RMSE 1.04 0.160
CHI SQ. 0.137 0.0211
EABS 2.23 0.345
ARE 0.0449 0.00693
HYBRID 0.130 0.0201
MPSD 0.00202 0.000312
APE 0.642 0.0990
G? 4.57 0.705
ERRSQ 6.48 1.00
Sum of normalized standard error 1.71
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Table 20. Results of Elovich kinetic parameters for arsenic (III).

Elovich kinetic model parameters
a=1mg/min, f=1.1919 KJ/mol, & = 0.998

Error type Raw Error Score Normalized Standard Error
STD.ER. 1.27 0.0315
RMSE 2.84 0.0705
CHI SQ. 0.791 0.0196
EABS 1.21 0.0300
ARE 0.0243 0.000603
HYBRID 0.810 0.0201
MPSD 0.000590 0.0000147
APE 0.346 0.0593
G? 2.38 0.00862
ERRSQ 402 1.00
Sum of normalized standard error 1.24

The pseudo-first-order kinetic had the sum of the normalized errors asso-
ciated with it to be 1.45, the rate constant K, was 8.28 mg/min and the adsorp-
tion rate was 4.42 mg/g-day ' (Table 18) at the 95% confidence limit. The pseu-
do-second-order kinetic had the sum of normalized errors associated with it to
be 1.71, the rate constant X, was 10.9 mg/g day' and the adsorption rate was
0.11 mg/ min (Table 19). The sum of the normalized errors associated with the
pseudo-first-order kinetic was small as compared with that of the pseu-
do-second-order kinetic. This indicates that the pseudo-first-order kinetic of-

fered the best fit to the arsenic (III) removal kinetics at the 95% confidence limit.

2.1.8. The Elovich Kinetic as a Tool for Reaffirming the Nature and the
Kinetics of the Process

The arsenic (III)— Bacillus subtilis ATCC13952 adsorption data were further
subjected to an advanced kinetic investigations using Equation (21) to reaffirm
the nature and the kinetics of the adsorption process. The Elovich kinetic equa-

tion is expressed as:
0, =In(ap)/p+Int/p (21)

where a is the initial rate of arsenic (III) removal and S is the minimum surface
energy of Bacillus subtilis ATCC13952 as reported elsewhere [81].

The sum of the normalized standard errors, the initial rate of arsenic (III) re-
moval [82] and the minimum surface energy (f) of Bacillus subtilis ATCC13952
required for the process were found to be 1.29, 1.0 mg/min and 1.19 KJ/mol re-
spectively (Table 20). While the pseudo-first-order kinetics appears to fit the
data than the pseudo-second-order kinetics, assessment of the three kinetic
models shows that the Elovich kinetic model provided a good fit to the adsorp-

tion data compared with the pseudo-first-order kinetics due to the smaller sum
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of the normalized standard errors associated with it. The capacity of the Elovich
kinetic equation to fit the data reaffirms that the arsenic (III) removal occurred
via chemisorption. The sums of the normalized errors associated with kinetic
models were in the order: pseudo-second-order kinetic (1.71) > pseudo-first-
order kinetic (1.45) > Elovich kinetic model (1.24). The order in which the mod-
els fitted the arsenic (III)— Bacillus subtilis ATCC13952 adsorption data com-
pared favourably with that reported in similar studies [62] [66] [81] [83] [84].

2.1.9. Mechanism of Arsenic Removal by B. subtilis ATCC13952

The mechanism involving in the arsenic (III) removal by Bacillus subtilis
ATCC13952 was investigated with equation 22. The intraparticle diffusion mod-
el [85] and the Boyd kinetic model [86] were adopted. The intraparticle diffusion
model is based on the theory that the fraction of arsenic (III) removed depends
on the membrane diffusivity of Bacillus subtilis ATCC13952 and the radius of

arsenic (III) [85] [87]. The intraparticle diffusion model is expressed as:
0 =K t"+C (22)

where K, is the intraparticle diffusion rate constant which is determined from
the gradient of the plot of Q, versus £, Cis the thickness of the boundary layer
which is determined from the intercept, Q, is the quantity of arsenic (III) re-
moved at time ¢ [85] [86] [87] [88]. For an adsorption process that has intrapar-
ticle diffusion to be the rate determining step, the plot of Q, versus £ generates
a straight line through the origin [85] [86] [87] [88]. However, the plot of Q,
versus £° (Figure 1) generated a straight line that deviated from the origin. This
indicates existence of a boundary layer suggesting that the removal process was
not controlled by intraparticle diffusion alone but other mechanisms were in-
volved [87] [89]. The intercept offer information on the thickness of the boun-
dary layer and the role of the other mechanisms involved in the adsorption
process as reported [86] [87] [88] [90] [91] [92] [93]. The intercept suggested
that mass transfer processes played key role during the initial phase of the ar-
senic (III) uptake by Bacillus subtilis ATCC13952 and was followed by an intra-
particle diffusion mechanism in the final stage of the process [94]. The intercept
further suggested the extent to which the other mechanism(s) involved contri-
buted to the removal process as reported elsewhere [86] [87] [88] [90] [91] [92].

2.1.10. The Boyd’s Diagnostic Plot for Determining the Slowest Step in
the Arsenic Removal Process

The Boyd’s kinetic model was used as an analytical tool to determine the slowest
step involved in the arsenic removal by Bacillus subtilis ATCC13952. The ad-
sorption data were analyzed with the Boyd’s kinetic model [86] [87] expressed

as:

B, =-0.498-In(1-F) (23),

where Fis the fraction of arsenic (III) removed at time ¢ (min) and B, is a ma-

thematical function of F The fraction F was determined using the expression:
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Figure 1. A plot of intraparticle diffusion kinetic for arsenic removal.

F= Qt/Qo (24)’

where Q, is the initial concentration of arsenic (III) and Q, is the amount of ar-
senic (III) removed at time £ The Boyd’s diagnostic plot (Figure 2) generated an
intercept suggesting that the slowest step in the removal process is an external
mass transfer process (bulk diffusion) which involved separation of arsenic from
solution and subsequent migration to Bacillus subtilis ATCC13952 to be re-
moved as reported in similar studies [86] [87] [89] [95]. Hence, the mechanism
of arsenic adsorption by Bacillus subtilis ATCC13952 was found to involve the
following steps: 1) Bulk diffusion where arsenic (III) separated from the bulk
solution and migrated to the surface of Bacillus subtilis ATCC13952 for attach-
ment. 2) Film diffusion where arsenic (III) diffused across the solution— Bacillus
subtilis ATCC13952 interface (boundary layer) into the pores on the surface of
Bacillus subtilis ATCC13952. 3) Intraparticle diffusion (pore diffusion) where
the arsenic (III) got transported from the surface of Bacillus subtilis ATCC13952
to its interior pores and finally. (4) The attachment of the arsenic (III) to the ac-
tive adsorption sites on the interior surface of Bacillus subtilis ATCC13952

through chemisorption.

2.1.11. Thermodynamic Parameters Determination for Arsenic—
B. subtilis ATCC13952 System

The thermodynamic properties of the arsenic (III)—Bacillus subtilis ATCC13952
were studied at temperatures of 298, 303, 308, 313, and 318 K. The study was
conducted at the optimum pH 8 with 100 mL of 10 mg/mL arsenic (III) solution
and 3.0 mL (2.83 x 107"® g) of Bacillus subtilis ATCC13952. The rationale of the
thermodynamic study was to estimate the thermodynamic properties for a con-
tinuous flow water treatment facility that would integrate Bacillus subtilis
ATCC13952 into its operation to remove arsenic. The standard Gibb’s free

energy change AG° (KJ/mol) was estimated using expression:
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Figure 2. Boyd’s diagnostic kinetic model plot of arsenic.

AG°® =AH°-TAS® (25)

The standard enthalpy change A Z° (KJ/mol) and the standard entropy change
A& (K]J/mol) were estimated from the gradient and the intercept respectively of
the Van’t Hoff thermodynamic plot (Figure 3). The plot was obtained from the

expression:

InK, = AS°/R—AH®/RT (26),

where K is the equilibrium constant, 7'is the absolute temperature (K) and R is
the universal gas constant (8.314 J/mol .K™").

The AA° (kJ/mol) and AS (KJ/mol) estimated from the Van’t Hoff plot were
—159.05 kJ/mol and 535.42 kJ/mol respectively whilst the AG®> (kJ/mol) esti-
mated using Equation (25) was —159.59 kJ/mol. The negative AP suggests that
the arsenic (III) removal by Bacillus subtilis ATCC13952 is exothermic in nature.
This further reaffirms that attachment of the arsenic (III) to the nucleophilic
surface groups of Bacillus subtilis ATCC13952 proceeded through a chemical
bond and resulted in the loss of large amount of energy (>80 kJ/mol). Negative
AR had also been reported in similar studies [64] [93] [96] [97]. The positive
A& estimated shows increase randomness at the arsenic (II1)— Bacillus subtilis
ATCC13952 interface during the initial stage of the arsenic (III) uptake. The AS®
was comparable to that reported in other studies [56] [95] [98] [99] [100] [101].
The nature of the AS® might have resulted from the high affinity of Bacillus sub-
tilis ATCC13952 for the arsenic as predicted by the adsorption isotherms used in
the study. Hence, Bacillus subtilis ATCC13952 has the potential to remove ar-
senic from aqueous systems. The negative AG® indicates that the arsenic (III)
removal by Bacillus subtilis ATCC13952 is a spontaneous and thermodynami-

cally feasible process.

2.1.12. Minimum Energy Requirement of the Arsenic—B. subtilis
ATCC13952 System

The data obtained from the arsenic (III)— Bacillus subtilis ATCC13952 adsorp-
tion system were investigated for its minimum energy requirement to initiate the

removal process. The minimum energy was estimated by optimization of nonlinear
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Figure 3. Van’t Hoff thermodynamic plot for arsenic (III).

the form of the Arrhenius energy equation expressed in Equation (27) via the
generalized reduced gradient algorithms of the solver add-in of MS excel 2007
spread sheet.

K = Ae FURT (27),

where Fa is the minimum energy (kJ-mol™), R is the gas constant (8.314
J-mol™.K™), T'is the absolute temperature (K) and A is the pre exponential fac-
tor which is constant for the arsenic (III)—B. subtilis ATCC13952 system over
the temperature range studied [102] [103]. The quantity of arsenic (III) removed
under the optimum conditions of pH 8, contact time of 4 days, temperature
range of 25°C - 45°C; 3.0 mL of Bacillus subtilis ATCC13952 and 100 mL of 10
mg/mL arsenic (III) were used to estimate the minimum energy requirement.
The minimum energy needed by the arsenic (III)— Bacillus subtilis ATCC13952

system to initiate arsenic (III) removal process was found to be 1.0 kJ/mol.

2.1.13. Application of the Developed Method on Community
Groundwater Samples

The mean total arsenic in the community groundwater samples (Table 21) after
samples were treated using the optimum conditions of 4 days contact time, 3.0
mL of Bacillus subtilis ATCC13952, pH 8 and 35°C showed a remarkable reduc-
tion in the arsenic concentration. Bacillus subtilis ATCC13952 exhibited sub-
stantial capacity to remove arsenic from the groundwater samples and the per-
centage arsenic removed was similar to that removed in the optimization process.
The capacity of Bacillus subtilis ATCC13952 to remove arsenic is due to the
large adsorption energy and the high affinity of the organism for the arsenic as
has been confirmed by the adsorption isotherms used in this study. The quantity
of arsenic removed ranged from 99.96% - 99.97%, 99.96% - 99.98% and 99.96% -
99.97% for Ackon, Tamso and Odumasi respectively. The mean total arsenic
concentration after treatment ranged from 0.0113 + 0.0011 pg/L to 0.0148 +
0.0001 pg/L across all sample points and was below the 10 pug/L permitted by the
World Health Organization.
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Table 21. Mean arsenic levels in groundwater samples at Ackon (ug/L).

Levels before

Levels after

Sample treatment treatment % Removed
W1 47.2555 £ 1.7547 0.01417 + 0.0005 99.969
W2 64.4483 +1.3821 0.0128 + 0.0002 99.979
BH 32.1572 + 4.5833 0.0115 + 0.0005 99.963

Mean arsenic levels in groundwater samples at Tamso (ug/L).

Levels before

Levels after

Sample treatment treatment % Removed
w1 71.4583 + 1.4679 0.0142 + 0.0002 99.979
w2 74.4533 +0.8324 0.0148 + 0.0001 99.980
BH 47.7722 + 0.8547 0.0146 + 0.0002 99.969

Mean arsenic levels in groundwater samples at Odumasi (pg/L).

Levels before

Levels after

Sample treatment treatment % Removed
W1 37.065 = 1.6528 0.0113 + 0.0011 99.969
W2 39.270 £ 0.7837 0.0122 + 0.0019 99.968
BH 32.980 = 0.9257 0.0126 + 0.0011 99.961
SW 87.967 £ 1.2723 0.0256 + 0.0003 99.970

W1: Well 1, W2: Well 2, BH: Borehole, SW: Surface Water.

3. Conclusions

When the optimum conditions were used on the community groundwater sam-
ples, 99.96% - 99.97% of arsenic were removed by Bacillus subtilis ATCC13952.
Kinetic of the process showed that the arsenic removal proceeded through
second order kinetic with rate constant and removal rate of 10.9 mg/g™'% day
and 0.11 mg/min~"' respectively. The Elovich kinetic model gave the best fit to
the experimental data. This implies that the process occurred by chemical at-
tachment of the arsenic to the surface groups of Bacillus subtilis ATCC13952.
The removal process was found to be exothermic with A/ of —159.05 KJ/mol.
This reaffirmed that the process was chemisorption.

The removal mechanism of Bacillus subtilis ATCC13952 using Boyd’s kinetic
model was found to involve bulk diffusion, film diffusion, intraparticle diffusion,
or pore diffusion, and finally the adsorption of the arsenic at the active sites on
the interior surface of Bacillus subtilis ATCC13952. The rate-determining step
was found to be bulk diffusion. The Langmuir isotherm gave the best fit to the
experimental data. The maximum monolayer capacity of Bacillus subtilis
ATCC13952 and its affinity for the arsenic were determined to be 7.09 mg/g and
437753 L/g respectively through nonlinear modeling of the Langmuir isotherm.
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The large affinity constant also reaffirmed that the adsorption process was che-
misorption. The Langmuir separation factor (R,) and AG®> were 2.28 x 1077
(R, <1) and —159.59 KJ/mol respectively indicating that the process was fa-
vourable, spontaneous and thermodynamically feasible. From the results of this
study, it is clear that Bacillus subtilis ATCC13952 is an efficient biosorbent for
arsenic in arsenic-contaminated aqueous systems. Hence, Bacillus subtilis
ATCC13952 appears to hold the key to purging the environment of arsenic even

in cases of severe contamination.
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