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ABSTRACT

As(IIT) and As(V) biosorption using Staphylococus xylosus biomass pretreated with Fe(III) solutions were
investigated here. Biomass at initial concentration of 7.0 g-1-! was treated with 900 mg-1-" of Fe(Ill) at pH
3.0, and contact time 1.0 h. Optimum values including pH, biomass concentration and biomass-arsenic
contact time, were first investigated and determined at 7.0, 1.0 gI"' and 30 min for As(Ill) and 3.0, 2.0
g1-! and 2.5 h for As(V) respectively. Potentiometric titration of the biomass and FT-IR studies showed
that carboxyl groups are mainly responsible for Fe(IlI) binding, whereas As(Ill) and As(V) are adsorbed
on the biomass surface through interaction with >FeOH and >FeOH,* groups. The maximum biosorption
capacity was calculated using Langmuir model and found to be 54.35 and 61.34 mg-g~' for As(Ill) and
As(V) respectively. Adsorbed As(Ill) and As(V) was fully regenerated with 0.09 M HCl at S/L equal to 2.0
g+1-1, showing that Fe(Ill)-treated biomass can be used effectively as a biosorbent for both forms of arsenic

and it can be used for three subsequent adsorption/desorption cycles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Arsenic is among the most abundant elements in the earth’s
crust, it can be naturally found in soil and water, due to leaching
from rocks and sediments and also as a result of anthropogenic
sources, such as mining and processing sulfide ores, combustion of
fossils fuel and use of pesticides [1]. Inorganic and organic arsenic
species are found in natural waters whereas inorganic arsenic
species are the dominant form in most of the groundwater and
surface water sources [2]. Arsenic exists mainly in two inorganic
forms, trivalent As(Ill) and pentavalent As(V) [3]. As(Ill) can be
found in groundwater, whereas As(V) exists in oxygenated sur-
face waters [4]. The presence of arsenic in natural waters is of
primary concern, due to its lethal effects, whereas As(III) is 25 to 60
times more toxic than As(V) as well as several hundreds times more
toxic than organic arsenic species [5]. Several countries around the
world, such as Taiwan, India, Hungary, Mexico, Argentina, Chile and
United States are reported to contain high arsenic concentrations
in their groundwater [1,6].

The International Agency for Research on Cancer classifies
arsenic in Class A of human carcinogens (prone to cancer of the
bladder, lungs, skin, kidney, liver and prostate). Due to its acute
lethal effects on human health, World Health Organization pro-
mulgated the maximum contaminant level (MCL) for arsenic in
drinking water not to exceed 10 ug1-1 [7].
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In order to keep arsenic limit below 10 pg-1-1 several meth-
ods have been developed, including coagulation and flocculation,
precipitation, adsorption, ion exchange and membrane filtration
[7]. However, the standard methods developed to remove arsenic
from industrial effluents are often expensive or fail to concentrate
arsenic in small waste volumes [8].

Accordingly, there is an urgent need to develop a cost effi-
cient treatment technology capable of separating arsenic from both
drinking water and industrial effluents. One method that recently
has gained attention is biosorption, where living or dead biomasses,
as well as cellular products are used for the removal of metal or
metalloid species. In that way, the problem of toxicity can be elim-
inated whereas no additional cost of nutrient supply and culture
maintenance is required [9].

Several biosorbents including plant biomass such as Moringa
oleifera, or sorghum, as well as bacteria, fungi, yeasts or algae
have been used to remove As(Ill) and As(V) from aqueous solu-
tions [9-12]. The capacity of the biomass used has been increased
in some cases, applying several modification methods [13,14].
A chitosan-coated biosorbent has been used successfully for
the removal of both forms of arsenic from aqueous solutions
[15].

Iron and arsenic may co-exist in natural water sources [6].
Recently iron has been selected for the modification of biomass or
other materials since it possesses a natural affinity towards arsenic
species, exhibiting high removal efficiencies [16]. Pretreated tea
fungus with FeCl; was found to be an effective biosorbent for As(III),
As(V) and Fe(Il) removal from ground water samples [12]. In addi-
tion, non-viable fungal biomass of Aspergillus niger, coated with iron
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oxide showed good removal efficiencies of As(Ill) and As(V) from
aqueous solutions [4].

The main objective of this study was the removal of As(IIl)
and As(V) from aqueous solution using Fe(Ill)-pretreated biomass
of Staphylococcus xylosus. The adsorption capacity of Staphylococ-
cus xylosus was determined using both Langmuir and Freundlich
isotherm models. Potentiometric titration of the biomass along
with FT-IR studies were carried out to identify the functional groups
on the biomass surface that participate in Fe(Ill) and arsenic species
binding. Desorption studies of As(Ill) and As(V) along with the
extend of Fe(Ill) leaching were also attempted, whereas biomass
reuse was further investigated and the results are reported here.

2. Materials and Methods
2.1. Bacteria and media

Staphylococus xylosus was isolated from contaminated soil in
a mining industry near Stratoni, Chalkidiki, Greece and identified
according to the criteria described in Bergey’s Manual of System-
atic Bacteriology [17], by professor E. Litopoulou Tzannetaki in
the Microbial Laboratory of Agricultural School of Aristotle Uni-
versity, Thessaloniki, Greece. Staphylococcus xylosus was cultivated
in Luria-Bertani broth containing 1.0% tryptone, 0.5% yeast extract
and 0.5% NaCl (Scharlau Chemie, Barcelona) at 28 °C, using shake
flasks in a water bath at 150 rpm (Julabo SW-20C, Germany). Cells
were harvested by centrifugation (Kubota 5922, Japan) at 2000 g
for 20 min at the static phase of growth after 24 h of incubation
and autoclaved (Systec, Germany) at 121 °C for 20 min before their
use. Moisture content was determined by drying a pre-weighted
amount of the cells in oven (Heraeus, UK) at 100°C for 10 h.

2.2. Staphylococcus xylosus treatment with iron(III)

Biomass treatment was conducted with Fe(IlI) solutions at 525
mg-1-1 to determine optimal pH, contact time and biomass concen-
tration (dry weight). Cells were suspended in standard solutions of
Fe(Ill), prepared from FeCl; (Merck, Germany). The effect of pH was
investigated in the range of 1.0-7.0 at a biomass concentration of
1.0g1-1 and contact time 24 h. Kinetics of Fe(Ill) sorption on S. xylo-
sus were also studied the first 24 h. Biomass loading was 1.0 g-1-1
and pH was adjusted to 3.0 using 0.1 M HCl and 0.1 M NaOH (Merck,
Germany). Optimum biomass concentration was also examined in
the range of 0.5 to 20.0 g-1-1.

The effect of the initial Fe(Ill) concentration on the retaining
capacity of biomass was studied at 10 to 1000 mg-1-! until equilib-
rium state is reached. At the end of each experiment, the mixture
was centrifuged (2000 g for 20 min) and the remaining concentra-
tion of Fe(IIl) in the supernatant was determined. The experimental
data were processed via Langmuir and Freundlich isotherms.

S. xylosus biomass (7.0 ge1~! d.w) was treated with 900 mgel~!
Fe(IIl) at pH 3.0 and stored in refrigerator (—18 °C) for further use.
Moisture content was determined as described in section 2.1, by
drying a pre-weighted amount of Fe(Ill)-treated biomass in oven at
100°C for 10 h.

2.3. Biosorption studies with As(Ill) and As(V)

Treated biomass with 900 mg-1-1 of Fe(Ill) was used for the
removal of As(Ill) and As(V) from aqueous solutions. At first, opti-
mum conditions of As(Ill) and As(V) biosorption were studied
similarly with Fe(Ill) in the previous experiments. The effect of
pH was investigated in the range of 2.0-10.0 for As (Ill) and 1.0-
7.0 for As(V) at a biomass concentration of 1.0 g-1-! and contact
time of 24 h. Kinetics of As(IIl) and As(V) sorption on Staphylococ-
cus xylosus were studied the first 24 h. Biomass concentration was

examined in the range of 0.5 to 5.0 g-1-! for As(Ill) and 1.0 to 5.0
g-1-1 for As(V). Reference solutions were prepared from As, 03 and
Na;HAsO4-7H,0 (Merck, Germany) for As(Ill) and As(V) respec-
tively.

Similarly with Fe(III) biosorption the effect of the initial As(III)
and As(V) concentration on its biosorption was studied from 10 to
300 mg-1-1, until equilibrium state is reached. At the end of each
experiment, the mixture was centrifuged (2000 g for 20 min) and
the remaining concentration of arsenic species in the supernatant
was determined. The experimental data were processed also via
Langmuir and Freundlich isotherms.

2.4. Langmuir and Freundlich models

Langmuir and Freundlich isotherm equations were used to
describe the equilibrium state for single-ion adsorption experi-
ments. The theoretical basis of Langmuir equation (1) relies on the
assumption that there are a finite number of binding sites, which
are homogeneously distributed over the adsorbent surface of the
cells, having the same affinity for adsorption of a single molecular
layer and there is no interaction between adsorbed molecules. The
mathematical description of the equation is:

_Qmax-b-C

Q= 1+b-Ce (1)

Where C. is the metal residual concentration in solution
(mg1-1), Qmax the maximum specific uptake corresponding to
sites saturation (mg-1=1), and b the biomass-metal binding affinity
(Img=1) [16].

The Freundlich equation (2) is the empirical relationship
whereby it is assumed that the adsorption energy of a metal bind-
ing to a site on an adsorbent depends on whether the adjacent sites
are already occupied or not. This empirical equation has the form:

Q =k (C)/" 2)

Where, Kf and n are constants for adsorption capacity and
adsorption intensity respectively [16].

2.5. Biomass characterization

Potentiometric titration and Infra-Red spectroscopy were used
to characterize the type of functional groups and their concentra-
tions on the biosorbent surface after biomass treatment with Fe(III)
as well as after sorption and desorption of arsenic species. Poten-
tiometric titration was performed by the addition of 0.1 ml 0.1 N
NaOH at 1.0 g-1-1 of biomass in deionized water. The pH of the sus-
pension was measured following titrant addition, starting from an
initial value of 2.50, until equilibrium state is reached, using a Den-
ver pH-meter with a Mettler Toledo Inlab Easy pH electrode (USA).
Inflection points were determined plotting the successive amounts
of NaOH added (x-axis) versus dpH/dV (y-axis). The peak location
on the x-axis gives the number of biomass acidic groups [18,19].
The amount of NaOH added can be estimated from the following
equation (3)

[NaOH] = V- ChaoH 3)
my

Where [NaOH] is the amount of titrant added (mmolsg=1), V is
the volume of the titrant added (1), Cnqon is the concentration of
NaOH used (mmolel-1) and my, is the mass of S. xylosus biomass (g).

Samples of lyophilized biomass were scanned into transmission
mode using an Equinox 55, AXS Bruker (USA) FT-IR spectropho-
tometer at a wavelength range of 400 to 4000 cm~! and resolution
number at 2cm~1.
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2.6. Desorption studies

The effect of varying HCl concentrations between 0.02 and 0.1 M
on As(IlI) and As(V) desorption after biosorption at 200 mgel-! was
studied the first 24 h using 2.0 g-1-1 of arsenic loaded biomass. The
use of distilled water as a desorbing agent was also examined. The
effect of solid to liquid ratio (S/L) ranging from 2.0 to 20.0 g*1-! was
investigated and the optimum volume of HCI necessary to dislodge
the deposited metal from the biomass was determined.

Kinetics of As(Il) and As(V) desorption using 0.09 M HCI were
performed, whereas possible Fe(Ill) leaching was also examined.
The efficiency of desorption experiments was expressed as elution
efficiency which can be defined as [20]:

Amount of metal eluted

Elution Efficiency (%) = Amount of metal loaded

(4)

Further studies were carried out to determine if the biomass
after desorption process could be reused effectively for the removal
of As(IlT) and As(V).

2.7. Analysis.

As(Ill) and As(V) concentrations were measured using the
molybdenum blue colorimetric method at 880nm [21] and
843 nm [22]. Fe(Ill) concentration was determined by reading the
absorbance at 530nm of a deep purple colour complex formed
between Fe(IIl) and sodium salicylate (Shimadzu UV-160A, Japan)
[23].

All samples were taken in triplicate whereas mean values and
deviation bars were calculated using Microsoft Excel 2003. Detec-
tion limits were also calculated and found equal to 20, 10 and
30 g1~ for As(V), As(lll) and Fe(lll) respectively, in order to
establish better the sensitivity of every method applied here.

3. Results and Discussion
3.1. Biomass treatment with Fe(IIl)

The first series of biosorption were conducted with raw biomass
of Staphylococcus xylosus and the results did not show any signif-
icant removal of both arsenic species. In an attempt to increase
biosorption capacity, Staphylococcus xylosus cells were treated with
Fe(IIl) solutions first. Among the parameters affecting the efficiency
of biosorption treatment, pH is concerned to be the most criti-
cal. Here, at higher than 2.0 pH values, a sharp increase in the
percentage of Fe(Ill) sorption was evidenced probably due to the
dissociation of biomass functional groups or their deprotonation
[24]. The highest uptake capacities of Fe(Ill) (99%) were found at
pH value of 3.0. At higher than 3.0 pH values, precipitation of Fe(III)
occurs, due to the formation of ferric hydroxide [25].

Fe(IIl) sorption as a function of biomass loading was also stud-
ied. The percentage of Fe(Ill) uptake steeply increased to 90%
with a biomass loading up to 7.0 g-1-1. At higher than 7.0 g.I-!
biomass concentration, no further positive effect on Fe(Ill) uptake
was observed, probably due to limitations in metal ion mobility.

Fe(III) uptake by Staphylococcus xylosus biomass was rapid tak-
ing place within a few minutes suggesting very active surface
phenomena on the biomass [26]. In our experiments, the employed
contact time of biomass and metal was 1.0h to ensure equilib-
rium conditions between adsorbed and desorbed forms of arsenic
species.

The metal initial concentration provides an important driving
force for overcoming the mass transfer limitations of metal ion
between the solid and aqueous phase. Here, sorption of Fe(III)
from aqueous solutions approached 100% at initial concentrations
between 10 and 200 mg-1-1, showing the beneficial use of Staphy-

Fig.1. Effectofinitial Fe(Ill) concentrations on biosorption at biomass concentration
7.0 g*1-!, contact time 1.0 h and pH 3.0.

lococcus xylosus biomass in complete detoxification of industrial
effluents containing Fe(III). Biomass capacity was increased as the
initial Fe(Ill) concentration increased from 10 to 500 mg-1-! and
reached a saturation state at initial Fe(Ill) concentrations higher
than 700 mgel-1, as shown in Fig. 1. Therefore, the initial Fe(Ill)
concentration was chosen in order to modify the biomass of Staphy-
lococcus xylosus and used here after biosorption at 900 mg-1-1,
where maximum loading capacity was observed.

Experimental data were simulated using the Langmuir model
(Qmax =69 mg-g~1, b=0.24 . mg~!, R2=0.99), whereas Freundlich
model found to be less representative (n=2.46,Ky=9.41, R2=0.86).
Other biosorbents reported have exhibited Qmgx values at 37.3
mg-g~! with grape stalks, 15.5 mg-g~! with cork powder and 98
mg-g~! with raw clinoptilolite, showing that Staphylococcus xylosus
biomass can be included among the most efficient Fe(Ill) biosor-
bents and used further as a potential biosorbent system for arsenic
removal [27,28].

3.2. Optimum conditions for As(Ill) and As(V) biosorption using
Fe(IlI)-treated Staphylococcus xylosus cells

Fig. 2a shows the effect of pH on arsenic species biosorption.
At higher than 2.0 pH values, As(Ill) removal was increased and
maximum removal was obtained at pH 7.0. According to Vatutsina
etal. [16], at pH 7.0, As(III) exists in the form of H;AsO3 which can
interact with neutral >FeOH via both physical sorption and ligand
(ion) exchange (outer- and inner-sphere complexes respectively).
Atlower than 7.0 pH values, As(Ill) exists only in the form of H3AsO3
which cannot bind with positively charged >FeOH,*. At higher than
7.0 pH values, H,AsOs3™ is repelled by >FeO™ anions and therefore
lower removal efficiency of As(IIl) has been obtained.

In the case of As(V), optimum pH value was determined at 3.0.
This may be attributed to interactions between predominant pos-
itively charged >FeOH,* groups and the dominant ionic (H,AsO4")
species. According to Vatutsina et al. [16] the main steps involved
in As(V) biosorption include first ion exchange between the anion
compensating the positive charge of group and arsenate species in
the outer-sphere of >FeOH, ", followed by bond formation between
Fe(Ill) and arsenate (inner-sphere complex). As it can be also seen
in Fig. 2a, at pH values 1.0 and 2.0, As(V) sorption percentage is
less than 10%, probably due to the absence of interaction between
H3AsOg4 and positively charged >FeOH,* groups on the biomass. At
higher than 3.0 pH values, the concentration of >FeOH,* decreases
gradually, causing a reduction in As(V) adsorption [16].

The effect of biomass concentration on As(Ill) and As(V) biosorp-
tion is shown in Fig. 2b. Optimum values of biomass concentration
were determined at 1.0 g1=! and 2.0 g-1-! for As(lll) and As(V)
respectively. Higher values than 1.0 g°1-! had a lower impact on
As(III) biosorption percentage, due to unsaturation of some binding
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Fig. 2. Effect of pHon As(IIl)(-a-)and As(V)(-M-) biosorption atinitial concentration
50 mgel-!, biomass concentration 1.0 gel-! and contact time 24 h (a) and biomass
concentration at initial arsenic concentration 50 mgel~!, contact time 24 h and pH
7.0 and 3.0 for As(Ill)and As(V) respectively (b).

sites [29], whereas at higher than 2.0 g-1-! biomass concentrations,
no further positive effect on As(V) uptake was observed due to
strong limitation on arsenic species mobility.

The removal of As(Ill) and As(V) as a function of time indi-
cated a biphasic pattern with a rapid initial uptake in both cases
(Fig. 3). More specifically, sorption percentage of As(Ill) and As(V)
approached 32 and 64%, within the first 5 minutes, whereas after a
period of 30 and 150 min, equilibrium state was gradually reached
(49 and 83% for As(Ill) and As(V) respectively). Therefore, 30 and
150 min were chosen as the optimum contact time to ensure equi-
librium state between Fe(Ill)-loaded Staphylococcus xylosus cells
and arsenic species in the solution. Slow adsorption kinetics may
reflect the relative inaccessibility of the remaining binding sites
possibly due to the fast occupation observed by both arsenic forms
within the first 5 minutes.

Fig. 3. Kinetics of As(Ill) (-a-) and As(V) (-®-) at initial concentration 50 mgel-?,
biomass concentration 1.0 gel-! and 2.0 gI-', pH 7.0 and 3.0 for As(Ill) and As(V)
respectively.

Fig. 4. Effect of initial arsenic concentrations on biosorption at biomass concentra-
tion 1.0 and 2.0 g-1-', pH 7.0 and 3.0 and contact time 30 min and 2.5 h for As(IlI)
(-a-) and As(V) (-m-) respectively.

3.3. As(Ill) and As(V) biosorption isotherms-Results interpretation

The equilibrium sorption data for As(Ill) and As(V) on
Fe(Ill)-treated biomass of Staphylococcus xylosus at the optimum
conditions previously determined, are given in Fig. 4. At 10 mg-1-!
of arsenic species, uptake capacities were obtained at 5.93 and 4.23
mg-g~! for As(Ill) and As(V) respectively. In both forms of arsenic
studied, the amount of adsorption capacity increases upon increas-
ing their concentration and reaches finally a saturation point. This
can be attributed to the high availability of As(III) and As(V) ions in
the solution/biomass interface, which in turn results in enhanced
adsorption capacity. When the surface active sites have been com-
pletely covered with arsenic species, the extent of adsorption
reaches a limit, which can be described by the maximum biosorp-
tion capacity [30].

The experimental results were fitted to both Langmuir and Fre-
undlichisotherms and the obtained parameters are listed in Table 1.
Langmuir model was found to be more representative than Fre-
undlich, exhibiting better values of correlation coefficients thus
suggesting monolayer sorption and existence of constant sorption
energy during the experimental conditions [10].

Although a direct comparison between the examined treated
biomass with those obtained in literature is difficult, due to the
varying experimental conditions employed, Fe(Ill)-treated Staphy-
lococcus xylosus showed reasonably high sorption efficiency as
compared with other adsorbents. More specifically, Al/Fe modified
montmorillonite exhibited lower biosorption capacities of As(III)
and As(V) at 18.19 and 21.19 mg-g~!, whereas other biosorbents
including Acidithiobacillus ferrooxidedan BY-3, Bacillus sp. strain DJ-
1 and agricultural residues exhibited lower values of maximum
uptake capacity at 277.22 and 323.85 ug-g~ !, 6.14 and 9.8 pg-g~!
and 138.88 and 147.05 pg-g~! for As(Ill) and As(V) respectively
[31-34]. However, Inonotus hipidus biomass exhibited maximum
uptake capacity at 51.9and 59.6 mg-g~! for As(III) and As(V) respec-
tively, values close to our results [35]. Taking into consideration
that Staphylococcus xylosus has been previously used for the effec-
tive removal of Cd(Il) and Cr(VI) in single and binary mixtures [36]
and of Ni(II) [37], the results of this study render this strain among
the most efficient adsorbents for the removal of toxic ions from
aqueous environments.

Table 1
Langmuir and Freundlich constants for As(IlI) and As(V) biosorption.

Langmuir constants Freundlich constants

Quax (mgeg?)  b(lmg')  R? Ky 1/n R?
As(lll) 5435 0.031 0998 3482 0509 0950
As(V)  61.34 0.048 0999 4377 0532 0948
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Fig. 5. FT-IR spectra of untreated biomass (a) biomass treated with Fe(III) (b) and Fe(Ill)-treated biomass followed by As(Ill) and As(V) biosorption (c) and (d).
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Fig. 5. (Continued).

3.4. Potentiometric titration and FT-IR studies

Fig. 5 shows FT-IR spectra of untreated biomass (a), biomass
treated with Fe(Ill) (b) and Fe(lll)-treated biomass followed by
As(Ill) and As(V) biosorption (c) and (d) respectively, whereas
Table 2 shows the inflection points obtained from potentiomet-
ric titration studies as well as their associated groups. Given the
fact that biomass is a complicated material, determination of pKa
values can confirm to a degree the nature of the organic groups on
the surface of the biomass, since many of them have pKa values,
which are being overlapped [39]. According to this, the combina-
tion of both pKa values and FT-IR spectra can help to a significant
degree in the elucidation of the biosorption mechanism, which is
attempted here.

More specifically, pKa value at 5.13 of the untreated biomass
indicated that carboxyl groups on S. xylosus surface are mainly
responsible for Fe(IlI) binding, since no inflection point at the same
pKa value was observed after modification of biomass with Fe(III)

[38]. The amount of carboxyl groups (2.4 mmolsg~1) is two fold
greater than the maximum iron uptake capacity (1.2 mmolsg~!)
indicating that two acidic groups are involved in Fe(Ill) binding [43].
The participation of carboxyl groups in Fe(Ill) binding can be fur-
ther confirmed, from the comparison of FT-IR data between raw
and Fe(Ill)-treated biomass (Fig. 5a and b respectively) where the
absorbance at 1397.59 cm™!, responsible for the presence of -OH
in the carboxyl groups, is absent in FT-IR spectra of Fe(Ill)-treated
biomass, showing possible binding of iron with these groups. How-
ever, we have to mention that this band reappears at pH 7.0 after
As(IlI) biosorption at 1403.3 cm~! (Fig. 5¢), since Fe(Ill) exists in the
form of >FeOH and no interaction is involved with carboxyl groups
on the biomass.

Interaction between Fe(lll) and amine groups seems to be
also possible. This is evident by band shifting, observed from
3273.75cm™! (Fig. 5a) to 3283.71 and 3303.3cm™! after Fe(lll)-
treatment and As(Ill) biosorption respectively (Fig. 5b and c).
Higher than 8.0 pKa values indicate also the presence of amine

Table 2
Inflection points of the titration curves and groups quantification on the biomass of Staphylococcus xylosus.
pKa values Number of groups (mmolsg™) Functional groups References
Untreated biomass 5.13+0.1 24+0.2 Carboxyl [38]
5.71+£0.2 25+03 Phosphoryl [39]
8.21+0.1 29+03 Amine [40]
Fe(IlI)-treated biomass 5.78+0.2 2.6+0.3 Phosphoryl [39]
8.08+0.1 29403 Amine [40]
As(III)-Fe(III) 6.0+0.2 3.7+0.2 Phosphoryl [39]
loaded biomass 7.64+0.3 4.1+0.2 Phosphate [41]
8.7+0.2 45+0.3 Amine [40]
9.16+0.1 47+0.2 H3AsO3 [42]
9.56+0.3 49402 Amine [40]
As(III) leached biomass 6.0+0.1 34+0.2 Phosphoryl [39]
82402 3.8+02 Amine [40]
9.56+0.1 41402 Amine [40]
As(V)-Fe(III) 4.7+0.3 2.2+0.2 Carboxyl [38]
loaded biomass 6.34+0.2 2.6+0.1 Phosphoryl [39]
7.01+0.2 29+0.2 HyAsO4” [42]
8.11+0.2 33402 Amine [40]
As(V) leached biomass 5.33+0.2 2.2+0.1 Carboxyl [38]
831+0.2 31402 Amine [40]
9.0+£0.2 33+02 Amine [40]
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groups (Table 2) [44]. In addition, amide I band was also shifted
from 1644.37 cm~! to 1656.62 cm~! (Fig. 5a and b). The majority of
the researchers have used band shifting to describe the interaction
between ions in the solution and the groups on the biomass surface
[45,46].

As(IIl) and As(V) presence on the biomass can be confirmed by
the pKa values obtained at 9.16 and 7.01 respectively (Table 2), as
well as from the bands appeared at 797.6 and 829.26 cm~! (Fig. 5¢
and d). It has to be mentioned here, that in the case of As(III) a clear
band was difficult to be obtained, comparing with the characteris-
tic band of As(V) observed at 829.26 cm~!. This may be attributed
to different mechanisms involved in As(Ill) and As(V) biosorp-
tion. Other researchers report that a clear band can be reproduced
only in the case of inner-sphere complex formation and not in the
case of outer-sphere complex formation where physical sorption is
involved [47].

In addition, Fig. 5¢ shows that As(IIl) biosorption was followed
by a reappearance of the characteristic band at 1403.3cm~! and
the disappearance of the weak bands at 2362.66 and 2343.85cm™!,
indicating the presence of phosphine groups (Fig. 5b) and a possible
transformation of the biomass at pH 7.0, in contrary with As(V) [48].

3.5. Desorption of As(1ll) and As(V) species

Various metals or metalloids associated with biomass waste
constitute a valuable source of materials that can be reused in var-
ious ways. Desorption process is crucially important, since yields
metals in a concentrated form, facilitating their disposal and thus
making evident the restore of the biosorbent for effective reuse
[49]. Several leaching agents have been used including sodium
hydroxide or strong acids [14,50], even though, detailed recovery
studies of metal/metalloids resources from various wastes instead
of discarding in the landfill sites are limited [20,51].

The arsenic-exposed biomass was treated with HCI solutions
at various concentrations. The results showed that at higher than
0.02M HCI concentrations, desorption of As(Ill) and As(V) was
increased and completed (100%) at higher than 0.09 M HCI. Pokhrel
and Viraraghavan [13] have reported lower values of arsenic
leaching (47.1 and 67% for As(Ill) and As(V) respectively) by iron
oxide-coated biomass. Also preliminary studies showed that deion-
ized water can be used to some extent, as an alternative means for
the regeneration of the biomass, resulting in 28 and 25% of As(III)
and As(V) recovery.

An important parameter for metal desorption is the solid to lig-
uid (S/L) ratio defined as the mass of metal-laden biosorbent to the
volume of the elutant. Fig. 6 presents the As(IIl) and As(V) elution
efficiency using 0.09 M HCI as a leaching agent at various values
of solid to liquid ratio. As it can be seen from this figure, complete

Fig. 6. Effect of Solid to liquid ratio in As(Ill) (Z ) and As(V) (i1 )elution efficiency
using 0.09 M HCL.

Fig. 7. Effect of subsequent sorption and desorption cycles of As(IIl) (% ) and As(V)
(-7 in the removal efficiency of Fe(ll)-treated biomass at initial arsenic concen-
tration 200 mgel-', biomass concentration: 1.0 and 2.0 g+1-' for As(Ill) and As(V)
respectively.

desorption of As(Ill) and As(V) can be achieved at low values of
S/L ratio, whereas a steep decrease in elution efficiency at higher
than 2.0 g-1-! values was observed. In general, it is desirable to use
the smallest possible eluting volume so as to contain the highest
concentration of the metal. However, at the same time, the volume
of the solution should be enough to provide maximum solubility
for the metal desorbed. In our case, biomass capacity after As(III)
and As(V) sorption is high enough and therefore high volumes of
0.09 M HCl are necessary to elute completely the deposited arsenic
species. The low values of elution efficiency achieved at high S/L
ratio values may be attributed to the limited contact between the
biomass and the HCI due to the dense suspension formed [20].

Another parameter affecting the elution efficiency is the con-
centration factor (CR). Concentration factor can be defined as the
ratio between metal concentration in the eluant and metal concen-
tration after the adsorption equilibrium, when process desorption
is 100% efficient [20]. High CR is preferred for the overall perfor-
mance of the sorption process, leading to a higher capacity of the
sorbate metal. In our case, complete desorption was achieved at
low value of S/L (2 g*1=1), and CR was found to be unity for both
arsenic species.

Kinetic studies of As(Ill) and As(V) desorption showed that
in both cases biomass loses half of its content during the first
5 minutes. Complete As(Ill) and As(V) regeneration was achieved
after 30 min and 2 h respectively, whereas Fe(Ill) leaching follows
As(IIT) and As(V) detachment to some extent, due to double layer
of Fe(Ill)/arsenic species formed on the surface of the biomass. Fast
desorption kinetics indicate weak bonds between Fe(Ill)-treated
biomass and arsenic species, similarly observed in biosorption
phase (data obtained but not shown) [49].

To reduce the process cost and the dependency of the process
on continuous supply of the sorbent, it is important to regenerate
the biomass. When recycling process started, Fe(Ill) leaching was
inevitable (in the presence of As(III), Fe(III) loss approached 13 and
97% after 30 min and 24 h respectively, whereas in the presence of
As(V), Fe(Ill) loss approached 38 and 96% after 2 and 24 h respec-
tively) and therefore, biomass was remodified using 250 and 500
mgel~! Fe(III) for As(Ill) and As(V) respectively. Regeneration of the
biomass could ensure reusability only up to three cycles with both
arsenic species at 200 mg-1-1, exhibiting the same uptake capacities
(Fig.7), whereas after the fourth cycle, arsenic removal was reduced
significantly to 14 and 31% for As(Ill) and As(V) respectively, due
to biomass deterioration from subsequent acid treatments [52].
According to this, it would be better to use firstly prepared Fe(III)-
treated biomass for arsenic biosorption, since the regeneration
process is time-consuming and effective only up to three cycles.



M. Aryal et al. / Chemical Engineering Journal 162 (2010) 178-185 185

4. Conclusions

Arsenic biosorption using Staphylococcus xylosus biomass pre-
treated with Fe(Ill) solutions was successful with both arsenic
species studied, suggesting the potential use of this biomass in
detoxification of Fe(Ill) containing industrial effluents. No signif-
icant differences were observed between As(Ill) and As(V) studied
here, concerning the biosorption capacity of the biomass. The
attractiveness of biosorption process was enhanced when desorp-
tion studies showed full recovery of As(Ill) and As(V) from the
biomass in a short period of time, rendering its safe disposal in
the environment. The recycling experiments with Fe(Ill)-treated
Staphylococcus xylosus biomass showed that it can be used success-
fully as an effective biosorbent of As(IIl) and As(V) in more than one
cycles.

Acknowledgement

The authors are grateful to State Scholarships Foundation
(L.K.Y.), Greece for Mahendra Aryal’s doctorate scholarship.

References

[1] P.L. Smedley, D.G. Kinniburgh, A review of the source, behaviour and distribu-
tion of arsenic in natural waters, Appl, Geochem. 17 (2002) 517-568.

[2] D. Pokhrel, T. Viraraghavan, Organic arsenic removal from an aqueous solu-
tion by iron oxide-coated fungal biomass: An analysis of factors influencing
adsorption, Chem. Eng. J. 140 (2008) 165-172.

[3] M.Tuzen, A. Sari, D. Mendil, O.D. Uluozlu, M. Soylak, M. Dogan, Characterization
of biosorption process of As(Ill) on green algae Ulothrix cylindricum, J. Hazard.
Mater. 165 (2009) 566-572.

[4] D. Pokhrel, T. Viraraghavan, Arsenic removal from an aqueous solution by a
modified fungal biomass, Water Res. 40 (2006) 549-552.

[5] N.E. Korte, Q. Fernando, A review of arsenic(lll) in groundwater, Crit. Rev. Env-
iron. Control. 21 (1991) 1-39.

[6] A.H. Welch, D.B. Westjohn, D.R. Helsel, R.B. Wanty, Arsenic in groundwater
of the United States: Occurrence and geochemistry, Ground Water 38 (2000)
589-604.

[7] D. Mohan, C.U. Pittman Jr., Arsenic removal from water/wastewater using
adsorbents—A critical review, J. Hazard. Mater. 142 (2007) 1-53.

[8] B.Volesky, Z.R. Holan, Biosorption of heavy metals, Biotechnol. Prog. 11 (1995)
235-250.

[9] S.0. Lesmana, N. Febriana, F.E. Soetaredjo, ]J. Sunarso, S. Ismadji, Studies on
potential applications of biomass for the separation of heavy metals from water
and wastewater, Biochem. Eng. J. 44 (2009) 19-41.

[10] R.A. Anayurt, A. Sari, M. Tuzen, Equilibrium, thermodynamic and kinetic stud-
ies on biosorption of Pb(II) and Cd(II) from aqueous solution by macrofungus
(Lactarius scrobiculatus) biomass, Chem. Eng. J. 151 (2009) 255-261.

[11] M.N. Haque, G.M. Morrison, G. Perrusquia, M. Gutierréz, A.F. Aguilera, I
Cano-Aguilera, J.L. Gardea-Torresdey, Characteristics of arsenic adsorption to
sorghum biomass, J. Hazard. Mater. 145 (2007) 30-35.

[12] G.S. Murugesan, M. Sathishkumar, K. Swaminathan, Arsenic removal from
groundwater by pretreated waste tea fungal biomass, Bioresour. Technol. 97
(2006) 483-487.

[13] D. Pokhrel, T. Viraraghavan, Arsenic Removal from Aqueous Solution by Iron
Oxide-Coated Biomass: Common lon Effects and Thermodynamic Analysis, Sep.
Sci. Technol. 43 (2008) 3545-3562.

[14] K.N. Ghimire, K. Inoue, K. Makino, T. Miyajima, Adorptive removal of arsenic
using orange juice, Sep. Sci. Technol. 37 (2002) 2785-2799.

[15] V.M. Boddu, K. Abburi, J.L. Talbott, E.D. Smith, R. Haasch, Removal of arsenic(III)
and arsenic(V) from aqueous medium using chitosan-coated biosorbent, Water
Res. 42 (2008) 633-642.

[16] O.M. Vatutsina, V.S. Soldatov, V.I. Sokolova, ]. Johann, M. Bissen, A. Weis-
senbacher, A new hybrid (polymer/inorganic) fibrous sorbent for arsenic
removal from drinking water, React. Funct. Polym. 67 (2007) 184-201.

[17] P.H.A. Sneath, N.S. Mair, M.E. Sharpe, J.G. Holt, Gram-positive Cocci, in: N.R.
Krieg, ]J.G. Holt (Eds.), Bergey’s Manual of Systematic Bacteriology, Williams
and Wilkins Co, Baltimore, 1984, pp. 1013-1033.

[18] V. Murphy, H. Hughes, P. McLoughlin, Cu(Il) binding by dried biomass of red,
green and brown macroalgae, Water Res. 41 (2007) 731-740.

[19] ] Mendham, R.C. Denney, ].D. Barnes, M. Thomas, Vogel's Textbook of Quanti-
tative Chemical Analysis, 6™ ed., Pearson Education Limited, London, England,
2000, pp. 318.

[20] VJ.P.Vilar, C.M.S. Botelho, R.A.R. Boaventura, Copper desorption from Gelidium
algal biomass, Water Res. 41 (2007) 1569-1579.

[21] RK. Dhar, Y. Zheng, ]. Rubenstone, A.V. Geen, A rapid colorometric method for
measuring arsenic concentration in groundwater, Anal. Chim. Acta 526 (2004)
203-209.

[22] Annual Book of ASTM Standards, Arsenic by the molybdenum blue method.
Chemical analysis of metals, Philadelphia, 1982, pp. 327.

[23] E.D. Snell, C.T. Snell, Colorimetric Methods of Analysis, third ed., Van Nostrand,
New York, 1959.

[24] G.C.L.Araijo, S.G. Lemos, A.G. Ferreira, H. Freitas, A.R.A. Nogueira, Effect of pre-
treatment and supporting media on Ni(II), Cu(II), Al(IIl) and Fe(IIl) sorption by
plant root material, Chemosphere 68 (2007) 537-545.

[25] K.A. Matis, A.L. Zouboulis, Flotation techniques in water technology for metals
recovery: The impact of speciation, Sep. Sci. Technol. 36 (2001) 3777-3800.

[26] A. Selatnia, A. Boukazoula, N. Kechid, M.Z. Bakhti, A. Chergui, Biosorption of
Fe3* from aqueous solution by a bacterial dead Streptomyces rimosus biomass,
Process Biochem. 39 (2004) 1643-1651.

[27] N.A.Oztas, A. Karabakan, O. Topal, Removal of Fe(Ill) ion from aqueous solution
by adsorption on raw and treated clinoptilolite samples, Microporous Meso-
porous Mater. 111 (2008) 200-205.

[28] S. Santos, R. Machado, MJ.N. Correia, J.R. Carvalho, Treatment of acid mining
waters, Miner. Eng. 17 (2004) 225-232.

[29] Z.Baysal, E. Cinar, Y. Bulut, H. Alkan, M. Dogru, Equilibrium and thermodynamic
studies on biosorption of Pb(II) onto Candida albicans biomass, ]. Hazard. Mater.
161 (2009) 62-67.

[30] P. Lakshmipathiraj, B.R.V. Narasimhan, S. Prabhakar, G.B. Raju, Adsorption of
arsenate on synthetic goethite from aqueous solutions, ]. Hazard. Mater. B136
(2006) 281-287.

[31] L. Yana, H. Yin, S. Zhangb, F. Leng, W. Nan, H. Li, Biosorption of inorganic and
organic arsenic from aqueous solution by Acidithiobacillus ferrooxidans BY-3, J.
Hazard. Mater. 178 (2010) 209-217.

[32] D.N. Joshi, S.J.S. Flora, K. Kalia, Bacillus sp. strain DJ-1, potent arsenic hypertol-
erant bacterium isolated from the industrial effluent of India, J. Hazard. Mater.
166 (2009) 1500-1505.

[33] D.Ranjan, M. Talat, S.H. Hasan, Biosorption of arsenic from solution using agri-
cultural residue ‘rice polish’, ]. Hazard. Mater. 166 (2009) 1050-1059.

[34] A.Ramesh, H. Hasegawa, T. Maki, K. Ueda, Adsorption of inorganic and organic
arsenic from aqueous solutions by polymeric Al/Fe modified montmorillonite,
Sep. Purif. Technol. 56 (2007) 90-100.

[35] A. Sari, M. Tuzen, Biosorption of As(Ill) and As(V) from aqueous solution by
macrofungus (Inonotus hispidus) biomass: Equilibrium and kinetic studies, J.
Hazard. Mater. 164 (2009) 1372-1378.

[36] M. Ziagova, G. Dimitriadis, D. Aslanidou, X. Papaioannou, E.L. Tzannetaki, M.L.
Kyriakides, Comparative study of Cd(II) and Cr(VI) biosorption on Staphylo-
coccus xylosus and Pseudomonas sp. in single and binary mixtures, Bioresour.
Technol. 98 (2007) 2859-2865.

[37] D. Gialamouidis, M. Mitrakas, M. Liakopoulou-Kyriakides, Biosorption of nickel
ions from aqueous solutions by Pseudomonas sp. and Staphylococcus xylosus
cells, Desalination 248 (2009) 907-914.

[38] G.Naja, C. Mustin, J. Berthelin, B. Volesky, Lead biosorption study with Rhizopus
arrhizus using a metal-based titration technique, J. Colloid Interface Sci. 292
(2005) 537-543.

[39] S.W. Won, S.B. Choi, Y.-S. Yun, Interaction between protonated waste biomass
of Corynebacterium glutamicum and anionic dye Reactive Red 4, Colloids and
Surf, A: Physicochem. Eng. Asp. 262 (2005) 175-180.

[40] Y. Zhang, W. Liu, M. Xu, F. Zheng, M. Zhao, Study of the mechanisms of Cu?*
biosorption by ethanol/caustic-pretreated baker’s yeast biomass, ]. Hazard.
Mater. 178 (2010) 1085-1093.

[41] K. Chojnacka, A. Chojnacki, H. Goirecka, Biosorption of Cr*3,Cd*2 and Cu*? ions
by blue-green algae spirulina sp.: Kinetics equilibrium and the mechanism of
the process, Chemosphere 59 (2005) 75-84.

[42] RJ. Bowell, Sorption of arsenic by iron oxides and oxyhydroxides in soils, Appl.
Geochem. 9 (1994) 279-286.

[43] P.Lodeiro, ]J.L. Barriada, R. Herrero, M.E. Sastre de Vicente, The marine macrolga
Cystoseira baccata as biosorbent for cadmium(II) and lead(Il) removal: Kinetic
and equilibrium studies, Environ. Pollut. 142 (2006) 264-273.

[44] C. Quintelas, Z. Rocha, B. Silva, B. Fonseca, H. Figueiredo, T. Tavares, Removal
of Cd(II), Cr(VI), Fe(Ill) and Ni(Il) from aqueous solutions by an E. coli biofilm
supported on kaolin, Chem. Eng. J. 149 (2009) 319-324.

[45] M. Tuzen, A. Sari, Biosorption of selenium from aqueous solution by green algae
(Cladophora hutchinsiae) biomass: Equilibrium, thermodynamic and kinetic
studies, Chem, Eng. J. 158 (2010) 200-206.

[46] A. Sari, D. Mendil, M. Tuzen, M. Soylak, Biosorption of Cd(Il) and Cr(III)
from aqueous solution by moss (Hylocomium splendens) biomass: Equilibrium,
kinetic and thermodynamic studies, Chem, Eng. J. 144 (2008) 1-9.

[47] F. Partey, D.I. Norman, S. Ndur, R. Nartey, Mechanism of arsenic sorption onto
laterite iron concretions, Colloids Surf, A: Physicochem. Eng. Asp. 337 (2009)
164-172.

[48] S. Goldberg, C.T. Johnton, Mechanism of Arsenic Adsorption on Amorphous
Oxides Evaluated Using Macroscopic Measurements, Vibrational Spectroscopy,
and Surface Complexation Modeling, ]J. Colloid Interface Sci. 234 (2001)
204-216.

[49] A.C.Q. Ladeira, V.S.T. Ciminelli, Adsorption and desorption of arsenic on an
oxisol and its constituents, Water Res. 38 (2004) 2087-2094.

[50] S.K.Maji, A. Pal, T. Pal, Arsenic removal from real-life groundwater by adsorp-
tion on laterite soil, J. Hazard. Mater. 151 (2008) 811-820.

[51] P. Mondal, C.B. Majumder, B. Mohanty, Treatment of arsenic contaminated
water in a batch reactor by using Ralstonia eutropha MTCC 2487 and granular
activated carbon, ]. Hazard. Mater. 153 (2008) 588-599.

[52] B. Kiran, A. Kaushik, Cyanobacterial biosorption of Cr(VI): Application of two
parameter and Bohart Adams models for batch and column studies, Chem. Eng.
J. 144 (2008) 391-399.



	Study on arsenic biosorption using Fe(III)-treated biomass of Staphylococcus xylosus
	Introduction
	Materials and Methods
	Bacteria and media
	Staphylococcus xylosus treatment with iron(III)
	Biosorption studies with As(III) and As(V)
	Langmuir and Freundlich models
	Biomass characterization
	Desorption studies
	Analysis.

	Results and Discussion
	Biomass treatment with Fe(III)
	Optimum conditions for As(III) and As(V) biosorption using Fe(III)-treated Staphylococcus xylosus cells
	As(III) and As(V) biosorption isotherms-Results interpretation
	Potentiometric titration and FT-IR studies
	Desorption of As(III) and As(V) species

	Conclusions
	Acknowledgement
	References


