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Abstract

Removal and recovery of zirconium from dilute aqueous solutions by Candida tropicalis used as biosorbent, was studied by performing
biosorption—desorption tests. This biosorbent was selected after screening a range of microbial species. The process was found to be highly
dependent on initial pH and concentration of metal solution. At optimized experimental parameters, the maximum zirconium biosorption capacity
of C. tropicalis was 179 mg Zr g~! dry weight of biosorbent. The adsorption distribution coefficient value of 3968 ml g~! was obtained for zirconium
biosorption by C. tropicalis. Different theoretical thermodynamic models governing the adsorption behavior of zirconium were also tested.
Zirconium biosorption was found to closely follow the Langmuir model. At low biomass concentrations it was found to follow pseudo-first-order
kinetics. However when higher biomass concentrations were used kinetics was changed to pseudo-second-order. The zirconium bound to the
biomass was stripped out (60.2% at S/L of 1.0 g of zirconium loaded biomass/1 of eluent) using sodium bicarbonate and the biomass could be used

for multiple sorption—desorption cycles.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Biological methods for the removal of heavy metals from
aqueous streams provide an attractive alternative to physico-
chemical processes such as chemical precipitation, chemical
oxidation and reduction, ion-exchange, filtration, reverse osmo-
sis, electrochemical measurement and evaporative recovery.
Microorganisms are known to accumulate metals by two distinct
processes: (i) bioaccumulation, an energy-dependent process
and (ii) biosorption, an energy-independent physical adsorption
[1-3]. These both processes have been investigated to determine
their potential to remove toxic metal ions from polluted waste
waters and to concentrate precious metals [4,5]. Various types
of microbial cells/species including both heterotrophs (bacte-
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ria and fungi) and photoautotrophs (algae and cyanobacteria)
are reported to possess metal binding properties and have been
studied as potential biosorbents for selected metals [6]. Most
biosorption processes use biomaterials, which are abundant in
nature such as marine algae, various parts of plants [7], wastes
produced by industrial and biological processes such as fer-
mentation [8], activated sludge [9] and activated charcoal [10].
High affinity, rapid rate of metal uptake and maximum load-
ing capacity are some of the important factors for the selecting a
biosorbent. Therefore, there is an increased interest in the identi-
fication of some new and better biosorbents that show promising
uptake of metallic ions.

Zirconium is a significant engineering material for nuclear
energy application due to its high transparency to neutrons. Nat-
urally occurring isotopes of zirconium are non radioactive in
nature and some isotopes like Zr”* and Zr®> are produced as
a result of uranium fission and dissolution of ‘“Zircaloy” fuel
cladding. Due to its long half life (1.5 x 10° years) it has impor-
tance in nuclear fuel cycle. Zirconium has become important
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Nomenclature

b Langmuir constant

Ci initial metal ion concentration (mg/1)

Ce equilibrium metal ion concentration (mg/1)

Ct final metal ion concentration (mg/1)

Cdes concentration of metal desorbed into the eluent
(mg/l)

E sorption energy (J/mole)

ki pseudo-first-order rate constant

ko pseudo-second-order rate constant

Kr Freundlich adsorption capacity

K adsorption distribution coefficient

(mg metal g~ ! biosorbent mg~! mI~!)
L ligands on the biosorbents
M metal ions
ML metal-ligand complex
n adsorption intensity
q biosorption capacity (mg/g)

qe amount of biosorption at equilibrium (mg/g)

qdes eluted metal contents per gram of the biosorbent
(mg/g)

Gmax maximum amount of metal ions per unit mass
(mg/g)

qr amount of biosorption at time ‘#’ (mg/g)

|4 volume of metal ion solution (1)

w weight of biosorbent (g)

as secondary metal for carrying out certain kind of industrial
processes such as manufacturing of photoflash bulbs, surgical
equipments, and tanning of leather. Despite its ability to be used
for many different industrial applications, most of the zirconium
produced today is used in water-cooled nuclear reactors. Zirco-
nium has strong corrosion-resistance properties, high melting
point as well as the ability to confine fission fragments and neu-
trons so that thermal or slow neutrons are not absorbed and
wasted, thus improving the efficiency of the nuclear reactor. In
fact, about 90% of the zirconium produced in 1989 was used
in nuclear reactors, either in fuel containers or nuclear prod-
ucts. Pure zirconium metal can be produced by ductile process
which is too expensive for general use. Thus once in solu-
tion it is of great importance if zirconium can be selectively
biosorbed from its solution and can be stripped out in pure
form.

In present studies, our approach has been to characterize a
number of microbial species with respect to effectiveness in
removing zirconium from aqueous solution by resting (washed
and resuspended) cells. On the basis of this characterization
Candida tropicalis (DSM 7524) was chosen for additional
experiments to study the effects of different physical and
environmental parameters on the rate of zirconium uptake
in a well-mixed, single stage-contacting vessel. Although the
removal of zirconium has been reported earlier [11,12], but to our
knowledge it is the first comprehensive report on its biosorption
by C. tropicalis

2. Experimental
2.1. Microorganisms used and growth conditions

All fungal and yeast cultures used in screening studies were
obtained from NIBGE Culture Collection. Fungi were grown
on Vogal’s medium, at 28 &2 °C in Erlenmeyer flasks and in
order to obtain suspended growth having larger surface area,
10-15 glass beads were added to each flask before autoclaving.
Cultures were harvested during the stationary growth phase by
filtration through a nylon cloth. Yeast biomass was harvested
from YPD medium after 3 days of incubation at 28 +2 °C (pH
5.5). Harvested biomass was washed thrice with distilled water
to remove medium remnants [13].

Wet biomass was determined after blotting the freshly har-
vested biomass with commercial grade paper towels to remove
excess water. This wet biomass was stored in a screw capped
bottle at 4 °C. A known weight from this wet biomass was then
dried at 80 °C in an oven for 24 h or to a constant weight and fac-
tor to calculate dry weight from wet weight was determined. This
freshly harvested biomass stored at4 °C was used throughout the
experiments for biosorption studies unless otherwise mentioned.

2.2. Metal solutions

The stock zirconium solution (1000 mg/l) was prepared from
analytical grade zirconyl oxychloride (ZrO,Cl-2H;0) in deion-
ized distilled water (DDW). Zirconium solutions of different
concentrations were prepared by adequate dilution of the stock
solution with DDW. Glassware used was immersed in 10% (v/v)
HNO3 for overnight and rinsed several times with double dis-
tilled water. All other chemicals used were also of analytical
grades.

2.3. Analytical determinations

A spectrophotometric assay based on the reaction of zirco-
nium with xylenol orange was carried out. A solution of xylenol
orange (0.05%) was prepared by dissolving the dry powder in
0.6N HCI. This reagent was added in the ratio of 2:23 (v/v) to
sample solution containing up to 50 g of zirconium/25 ml of
final volume. The solutions were mixed and allowed to stand for
approximately 10 min and absorbance was measured at 535 nm
using 1 cm cell against the reagent blank. The standard calibra-
tion curve was drawn by taking standard solutions of 5, 10, 20,
30, 40 and 50 pg in a similar procedure as the sample. Concen-
tration of zirconium present in unknown sample was calculated
from this standard curve.

2.4. Biosorption trials

Biosorption experiments were carried out in batches with
control samples containing metal ion solution in the absence
of biomass to evaluate the effects of age and storage time of
culture, pH of metal solution, contact time, temperature, shak-
ing speed, biomass concentration, metal solution concentration,
etc. Known amount of biomass was added to the metal solu-
tion. The final volume was 100 ml and metal concentrations
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were as specified in each experiment. The reaction mixtures
were agitated at 100-200 rpm at 28 &2 °C in an orbital rotary
shaker. Periodically, 1.0 ml sample was taken and analyzed for
residual metal concentration determination. Prior to analysis,
sample was centrifuged at 9000 x g for 15 min and cells were
discarded. Residual metal concentration was determined in the
supernatant. These experiments were conducted in triplicate and
average reading was noted.

The amount of metal ion (mg) biosorbed per g (dry weight) of
biomass (q mg/g dry weight) was calculated by the simple con-
centration difference method [4] using following relationship:

G-V
B w

where Cj corresponds to the initial metal ion concentration, and
Ct final metal ion concentration in the supernatant solution when
W (g) the weight of biosorbent was suspended in V (1) volume
of the metal solution. From analysis of zirconium solution in
control flasks (Cj) losses due to the adsorption to flask walls
were found negligible.

@

2.5. Metal elution and regeneration of biomass

Exhausted biomass samples were washed with distilled water
and capabilities of different regenerator solutions including
distilled water, HCI, NaOH, Na,CO3, NaHCO3, (NH4)>SOy4,
(NH4),CO3 and NaEDTA (ethylenediaminetetra-acetic acid
disodium salt) to release the zirconium were examined by mixing
0.05 g of metal bearing samples with 30 ml of regenerator solu-
tion each having concentration of 0.1 M. The mixture was shaken
for 3 h (or mentioned otherwise) at 100 rpm at 28 £ 2 °C. Using
efficient desorbents, pulp densities (solid to liquid ratio) were
optimized for maximum elution. All experiments were carried
out in triplicate.

The regenerated biomass was washed with deionized water
for 3—4 times to remove any traces of eluent and again suspended
in metal containing solutions for the next adsorption cycle and
this sorption—desorption cycle was repeated five times. The gges
were calculated from Cgeg into the eluent as follows:

CaesV
w
The percentage of desorbed metal was established by com-

paring the metal released to the amount of metal previously
biosorbed to the biomass as follows

desorption (%) = 1% » 100 (IIT)
q

y

Gdes =

3. Results and discussion
3.1. Screening studies

Twenty-five microbial species belonging to different types
were screened for their zirconium biosorption potential at initial
pH values of 2, 3 and 4 (beyond pH 4, zirconium precipitated
out in solution). The apparent value of q varied from 4.8 to
202 mg/g dry weight of sorbent. The highest value 202 mg/g

of sorption capacity was observed for Curvularia sp., but it
was not due to true biosorption/bioaccumulation but instead
was due to precipitation in solution. For all the biosorbents
tested, high values of sorption capacities were observed at pH
3 and 4 as compared to those observed at pH 2. In most of the
cases, the apparent high values of sorption capacity were due to
clearly visible precipitation of zirconium in solution. Incubat-
ing zirconium ions solution with Aspergillus flavis, Aspergillus
fumigatus, Aspergillus japonicus, Aspergillus sulphurus, Curvu-
laria sp. and Rhizopus arrhizus resulted in precipitation of
zirconium hydroxides at pH 3 and 4. However, among all the
strains examined C. tropicalis exhibited the maximum uptake
potential (89.9 mg/g dry weight) without any apparent precipi-
tation in the solution at any pH value tested. Therefore, it was
selected for further optimization of process parameters for zir-
conium biosorption. In literature, only few reports on zirconium
bioaccumulation are present; Garnham et al. [11] documented
accumulation of zirconium by microalgae and cyanobacteria.
While Dhami et al. [12] reported zirconium accumulation from
radioactive waste by Rhizopus arrhizus.

Comparison of biosorption by viable and non-viable biosor-
bents, revealed that zirconium biosorption by C. tropicalis was
not influenced by the physical state of the biosorbent. The per-
centage decrease in sorption capacity (2.4%) in shifting from
wet to dry biomass was not significant to draw definite conclu-
sions. Similar behavior has also been reported while studying
biosorption of cadmium by live and dead cyanobacterium Spir-
ulina sp. [14]. Therefore for further studies, wet biomass was
used.

Zirconium biosorption capacity was found to be significantly
influenced by culture age of the biosorbent. The amount of
zirconium accumulated by C. tropicalis was 8042, 82 £3,
83+3,88+3,89+5, 6942 and 33 £3 mg/g dry weight of
cells when 16, 20, 24, 40, 48, 72 and 96 h old cultures were
used, respectively. An increment of 10.5% in sorption capacity
was noticeable when 48 h old culture of C. tropicalis were used;
while 22.1% decrease in biosorption was observed with older
cells (48—72 h) which was followed by a further 52.1% decrease
with 96 h old culture. The decrease in sorption capacity with cul-
ture age may be due to change in chemical composition of cell
wall as well as intracellular components with respect to nature of
biopolymers since some biopolymers are reported to be superior
in metal uptake than others [13,15,16].

Maximum biomass yield of 4.4 4+0.3 g/l dry weight was
obtained when biomass was harvested after 40 h of incubation.
Biomass yields after 16,20 and 24 h of incubation were 2.7 £0.3
3.0+ 0.3and 3.4 £0.2 g/l, respectively. The biomass yield again
decreased to 4.1 + 0.2 g/l when harvesting was made after 48 h
of incubation. Increase in sorption capacity and decrease in
biomass yield were 5.9 and 5.7%, respectively, when biomass
harvested after 48 h incubation was used instead of biomass har-
vested after 40 h. Therefore in subsequent experiments, 40-48 h
old (stationary phase) culture was used.

The extent of zirconium removal from aqueous solution
remained unaffected by the culture storage (4 °C) time up to
almost 4 days, and from 4 to 7 days storage, decrease in sorp-
tion capacity was about4.0%. During next 7 days storage, 19.1%
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further decrease in sorption capacity was observed. Storage of 60
days resulted in 47.4% overall decrease in sorption capacity. The
decrease in biosorption capacity as a result of storage for period
longer than 30-60 days may be due to change in functional
groups involved in biosorption owing to onset of purification [§].
Zirconium uptake increases with increase in shaking rate. The
values of sorption capacities were 28 = 3 mg/g in the absence of
agitation and 61 £3, 89+ 5 and 90 £ 5Smg/g at 50, 100 and
200 rpm, respectively. At a shaking rate of 200 rpm maximum
removal from aqueous solution was achieved and biosorption
capacity remained constant for agitation rate up to 400 rpm. This
may be due to the fact that the increase of agitation rate improved
the diffusion of metal ions towards the surface of biosorbent and
a shaking rate in the range 100-200 rpm is sufficient for all the
binding sites of the biosorbent to be available for bioaccumu-
lation of zirconium. Similar results have also been reported by
Antunes et al. [17] for copper biosorption by Sargassum sp.

3.2. Effect of pH on zirconium accumulation

The adsorption of zirconium to microbial biomass was
strongly affected by initial pH of metal solution; biosorption
capacity firstincreased by increasing the pH from 1 to 3.5, reach-
ing a plateau (91 = 7 mg/g dry weight) at pH 3.5 and then further
increase in pH decreased the biosorptive potential of the biosor-
bent sharply (24 &5 mg/g dry weight). Experiments could not
be conducted at pH values above 4 because of visual precipita-
tion of zirconium hydroxides at these pH values which rendered
the true sorption studies impossible [18]. Further experiments
were conducted at initial solution pH value of 3.5.

3.3. Effect of initial temperature on zirconium accumulation

The values of sorption capacity increased from 20 + 4 mg/g
to a maximum value of 90 & 3 mg/g by increasing temperature
from 10 to 30 °C for zirconium biosorption. The increase was
more pronounced between temperatures 10 and 20 °C (73.9%).
From 20 to 30 °C percentage increases in biosorption poten-
tial was slow (13.5%). Increase in temperature from 30 to
60 °C, resulted in a decrease of sorption capacity to a value of
54 £ 3 mg/g dry weight (39.6% decrease) that almost remained
unchanged for further 10 °C rise in temperature (54 £ 1 mg/g
dry weight at 70 °C). The increase in uptake at increased tem-
perature may be due to either a higher affinity of sites for the
metal or an increase in binding sites on the relevant biomass [19]
and decrease in uptake capacity with a decrease in temperature
has been suggested due to decrease mobility of potential binding
groups/moieties on the biosorbent surface [20].

3.4. Effect of contact time on biosorption capacities

Effect of contact time on zirconium biosorption capacities
was investigated using three different biomass concentrations
of 0.5, 1.0 and 1.5 g/l of biosorbate (Fig. 1A). For an initial
115 mg/l zirconium ions concentration, the rate of zirconium
ions removal was slow, smooth and gradual for first 6h and
from 6 to 24 h it became rapid and 100% removal was achieved

Sorption Capacity q[mg/g]

0 25 50 15 100 125

4.00

3.80 [

3.60 1

340

pH During Biosorption

320

3.00 L L
Contact Time (hours)

Fig. 1. Time course for zirconium biosorption capacities (A) and pH changes
(B) by C. tropicalis (freshly harvested biomass corresponding to () 0.05 g, (@)
0.1 gand (+) 0.15 g dry weight was incubated for the indicated times with 100 ml
of 115 mg/1 zirconium ions solution (pH 3.5) at 100 rpm and 28 +2°C).

after 24 and 48 h for 1.0 and 1.5 g/l of biomass concentration,
respectively. With 0.5 g/l biomass concentration, maximum per-
centage removal achieved was only 40%. The maximum values
of sorption capacities for these concentrations were found to be
93+3, 115+ 1 and 77 &2 mg/g dry weight, respectively.

Zirconium biosorption kinetic studies revealed a different
trend (Fig. 1A) as zirconium uptake rate was comparatively
lower for first 4—6h as compared to next 18-20h till equilib-
rium. A possible explanation for this behavior can be given by
considering that in the beginning, biosorption may be only due
to cell surface binding. However, with passage of time, the dif-
ference in concentration gradient between the solution and the
inside of the microbial cell plays its role and the mechanism of
uptake is not only due to surface binding but it is shared by metal
penetration through the cell wall, thus resulting in a higher metal
uptake [21].

Change in pH of bulk solution during course of zirconium
biosorption was presented in Fig. 1B. No significant change in
solution pH was observed at biomass concentration of 0.5 g/l.
The pH values changes from 3.5 to 3.64 and 3.5 to 3.74 at
biomass concentration values of 1.0 and 1.5 g/l, respectively.

3.5. Effect of biomass concentration

The effect of C. tropicalis cell concentration, on both zirco-
nium biosorption capacity and extent of zirconium removal from
aqueous solution containing 116 mg/1 zirconium for a period of
24 h incubation is depicted in Fig. 2. The extent of zirconium
removal from aqueous solution increased with the increase in
cell concentration and almost 100% of zirconium was removed
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Fig. 2. Zirconium uptake by C. tropicalis as a function of biomass concentration
(@) sorption capacity mg/g and (A) % zirconium removal from the aqueous solu-
tion (C; =116mg/l, pH 3.5, temperature =28 2 °C, agitation rate = 100 rpm,
contact time =24 h).

at cell concentration of 1.5 g/l giving sorption capacity value
of 77+ 5mg/g. In contrast, the values of biosorption capacity
decreased with increase in cell concentrations. The maximum
value of sorption capacity (94 =2 mg/g) was achieved at cell
concentration of 0.19 g/1, but at this concentration the extent of
zirconium removal was only 15.3%. With an increase in biomass
concentration the % removal increases because more biosorbent
(binding sites) are available for the same amount of cations while
specific uptake of metal ions decreased due to lower metal con-
centration in solution after a very fast superficial adsorption on
to the microbial cells [13,17].

3.6. Effect of initial metal ions concentration on
biosorption capacities

Zirconium uptake by C. tropicalis cells was also measured
after incubating five different concentrations (1.0, 1.5, 2.0, 2.5
and 3.0 g/1) of biomass in media amended with concentrations
of zirconium ranging from 50 to 1174 mg/l. It was found that
the amount of zirconium taken up by the cells increased with
an increase in concentration of zirconium from 50 to 200 mg/1
rapidly for all biomass concentrations used (Fig. 3A). Rela-
tively slow increase was observed at concentrations greater than
200 mg/l. The highest concentration of zirconium taken up by
C. tropicalis was 179 £ 6 mg/g dry weight of yeast biomass at
biomass concentration of 1.0 g/l and initial zirconium concen-
tration of 1172 mg/l. The highest values of sorption capacities
attained at other biomass concentrations were 143 £+ 5, 140 + 4,
130+ 7 and 121 £ 4 mg/g for 1.5, 2.0, 2.5 and 3.0 g/1, respec-
tively, at initial zirconium concentration of 1172 mg/l.

The adsorption distribution coefficient (K) which describes
ratio of the equilibrium concentration in solid and aqueous phase
has a unit of ((mg metal g_1 biosorbent)/(mg metal ml~!, solu-
tion)) orml g~! biosorbent and is shown in Fig. 3B for zirconium
biosorption. A high value of distribution coefficient is the charac-
teristic of a good biosorbent. The value of distribution coefficient
was found to be 3968 mlg~! dry weight at C, of 25 mgZr1~!
that decreased to 180 ml g~! at C. of 995 mg Zr1~! at biomass
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Equilibrium Concentration (mg/L)

Fig. 3. Effect of initial zirconium ion concentrations on zirconium biosorption
capacities (A) and distribution coefficient for zirconium biosorption (B) by C.
tropicalis (freshly harvested biomass corresponding to (A) 0.1 g, (@) 0.150, (+)
0.20, (v) 0.25 and (M) 0.30 g dry weights were incubated for 24 h with 100 ml
of zirconium solutions (pH 3.5) having different concentrations at 100 rpm and
28+2°C).

concentration of 1.0 g17!. At low initial zirconium ions con-
centration distribution coefficient approached to infinity due to
the complete removal of zirconium from solution, i.e. Ce =0.
Similar behavior was also observed at other biomass concentra-
tions. C. tropicalis having distribution coefficient value of about
4000mlg~! was also good for zirconium biosorption, since
many industrial separation processes utilized adsorbents with
distribution coefficient as small as 10 ml g~! adsorbent [22].

3.7. Data analysis (application of equilibrium and kinetic
models of adsorption)

3.7.1. Equilibrium models

To examine the relationship between sorbed (g.) and aqueous
concentrations (Ce) at equilibrium, the Langmuir and the Fre-
undlich adsorption isotherms are widely employed for fitting the
data.

For the fitting of experimental data, the linearized form of
Langmuir model is as follows:

I 1 n 1 av)

UE bgmax Ce  qmax
where gmax is the maximum amount of metal ions per unit mass
of biosorbent to form a complete monolayer on the surface. The
ge represents the practical limiting adsorption capacity when the
surface is fully covered with metal ions and allows the compar-
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ison of adsorption performance, particularly in the cases where

0.20

the sorbent did not reach its full saturation in experiments [23]. 2 L
The plot of 1/g. versus 1/C. was employed to generate the L
intercept of 1/(bgmax) and the slope of 1/gmax. The metal spe-
cific uptake (ge) for the construction of sorption isotherms is g3 0kt
determined as follows: e i
Ci—C.

Ge = —3— V) 0.08

The empirical Freundlich equation is 0.05 ) ‘ ; ; ) ‘ .

000 0.04 008 012 016 020 024 028 032
ge = Kr(Co)'/" (VD VCe e
The above equation can be linearized by taking natural logarithm 330
as follows:
5.20
In ge =In Kg + %ln Ce (VID) o 490
(=2

Freundlich constants Kr and 7 can be calculated from intercept = 4.60
and slope of the straight line (obtained by plotting In g vs.In Ce),
respectively. 430

Table 1 compares the values of adsorption capacities (gmax
and Kf) obtained from Langmuir (Fig. 4A), Freundlich (Fig. 4B) 4.001 R R RN R e T
and Dubinin—Radushkevich (Fig. 4C) adsorption isotherms with - o ' T mce ’ N ‘
that of experimental values for zirconium biosorption by C. trop-
icalis. The values of gmax obtained from Langmuir adsorption =000
isotherm were close to that of experimental value for biomass 620
concentrations of 1.0 and 1.5g/l, whereas the values of Kg S8
obtained from Freundlich adsorption isotherms are very low as
compared to experimental values for all biomass concentrations E‘ S 5
used. The values of gmax obtained from Dubinin—Radushkevich = 680
adsorption isotherms were high as compared to experimental i
values for all biomass concentrations used. Therefore it is indi-
cated that zirconium biosorption follows Langmuir adsorption =
isotherms rather than Freundlich and Dubinin—Radushkevich -7.40 . . . . . : . .

isotherms at low biomass concentrations. Nevertheless failure
of any model at higher biomass concentrations demonstrated
that zirconium biosorption is a complex phenomenon involving
multifaceted, diverse binding sites.

Metal binding according to the Langmuir adsorption isotherm
suggests a simple non-interactive monolayer binding to the cell
surface. While the values of intensity of adsorption (1/n) are
<1 suggesting that biosorbents possess heterogeneous surface
with identical adsorption energy in all sites and the biosorp-
tion of zirconium was limited to monolayer and the adsorbed
metal ion interacts only with the active site but not with other.

Table 1

120 150 180 210 240 270 300 330 360 390
(Millions)
E2

Fig. 4. Langmuir (A), Freundlich (B) and Dubinin-Radushkevich (C) plots of
zirconium ions biosorption to C. tropicalis at (A) 1.0 g/1, (@) 1.5 g/1, (+) 2.0 g/1,
(v) 2.5 ¢/l and (M) 3.0 g/l biomass concentrations.

However, this interpretation should be reviewed with caution
as the biosorption isotherm exhibits an irregular pattern due to

[24]:

(a) Complex nature of biosorbent.

Comparison of gmax obtained from Langmuir, Freundlich and Dubinin—Radushkevich adsorption isotherms for zirconium biosorption

Adsorbents concentration (g/1) qe (mg/g) Langmuir Freundlich Dubinin—Radushkevich
Gmax Kr n dmax Eg x 10*

1.0 179+ 6 178.6 0.023 61.16 6.30 241.7 1.47

1.5 143£5 139.3 0.019 30.38 453 199.5 1.34

2.0 140+4 124.3 0.025 29.72 4.53 191.8 1.30

2.5 130+£7 109.1 0.039 30.83 4.96 165.3 1.40

3.0 121+4 101.3 0.048 29.58 5.00 154.3 1.42




114 K. Akhtar et al. / Journal of Hazardous Materials 156 (2008) 108—117

(b) Presence of varied multiple active sites on the biosorbent
surface.
(c) Change of metallic compounds chemistry in a solution.

3.7.2. Kinetic models

To understand the controlling mechanism of biosorption,
kinetic models pseudo-first-order and pseudo-second-order
were used to interpret the experimental data assuming that mea-
sured concentrations are equal to cell surface concentrations.
Lagergren first-order rate equation [25] is represented as follows.
dg;

g = k1(ge — q1)

Integration of equation (VIII) applying boundary conditions,
g:=0att=0 and g;=q; at t=t, resulted in

(VIID)

kit
log ( de ) = (IX)
qe — qr 2.303
or
log ge — (k1)
log(ge — ) = —— 35— X)
Plot of log (ge — g;) versus ¢ should give a straight line.
Pseudo-second-order equation can be expressed as
dg
- = klae—a’ (XD

Integrating and applying the boundary conditions leads to

il ()
e~ Yqr €
or
t 1 1
(@) rme ()

Plot of /g, versus t should give a linear relationship. The val-
ues of k> and ¢ can be obtained from the intercept and slope,
respectively.

Table 2 compares the values of g, obtained from pseudo-
first-order (Fig. 5SA) and pseudo-second-order (Fig. 5B) plots
with that of experimental values for zirconium biosorption. The
values of g, obtained from pseudo-first-order model are close to
that of experimental values while values calculated from pseudo-
second-order kinetic were high as compared to experimental
values for biomass concentration values of 0.5 and 1.0 g/l. At
1.5 g/l biomass concentration value of g, obtained from pseudo-
second-order model was more close to the experimental value

Table 2
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Fig. 5. Pseudo-first-order (A), pseudo-second-order (B) and Weber—Morris (C)
plots of zirconium ions biosorption to C. tropicalis at biomass concentrations of
(A)0.5¢/1, (@) 1.0g/1 and (+) 1.5 g/l biomass concentrations.

as compared to that obtained from pseudo-first-order kinet-
ics. Thus, zirconium biosorption by C. tropicalis followed the
pseudo-first-order kinetics at low biomass concentration that
changes to pseudo-second-order at high concentration of biosor-
bent.

Comparison between adsorption rate constants and ¢, estimated to the Lagergren pseudo-first-order and pseudo-second-order kinetic models for zirconium biosorption

(Ci=116mg/l, pH 3.5, agitation rate = 100 rpm, temperature =28 2 °C)

Biomass concentration (g/1) First-order kinetic

Second-order kinetic Ge, exp (Mg/g)

k1, ads (minil) ge (mg/g) k2, ads (g/mg min) ge (mg/g)
0.5 0.080 89.1 0.0007 120.1 93 +3
1.0 0.075 109.1 0.0006 143.8 115+ 1
1.5 0.129 61.3 0.0026 88.1 A==
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Table 3
Desorption of zirconium from loaded biomass by various desorbents

Desorbents Original pH % elution after
3h 16h

Distilled water 05.04 00.00 00.00
Hydrochloric acid 01.46 00.00 00.00
Sodium hydroxide 12.59 00.00 00.00
Sodium carbonate 11.14 04+£1 05+1
Sodium bicarbonate 08.55 1242 43+4
Ammonium sulphate 05.98 00.00 00.00
Ammonium carbonate 08.22 12+4 2343
Ammonium bicarbonate 08.10 07+£3 09+£2
NaEDTA 04.68 00.00 00.00

0.05 g of zirconium-loaded biomass was incubated with 30 ml (0.1 M) of eluent
at 28 £2°C and 100 rpm.

Application of Weber—Morris equation to kinetic data
revealed that zirconium biosorption did not followed this equa-
tion (Fig. 5C) although straight lines were obtained but these
straight lines were not passing through origin that is prerequisite
of this model.

3.8. Metal elution and regeneration of biosorbents

Regeneration of zirconium-loaded biomasses was attempted
using various potential eluting agents including acids, alkalies
and various salts. Distilled water, HCI, NaOH, (NH4)SOy4, and
NaEDTA gave no zirconium elution even after 16 h of incu-
bation at 30°C and 100rpm from zirconium-laden biomass
(Table 3). NapyCO3 eluted only 5 £ 1% of the sorbed zirconium.
(NH4),CO3 and NH4HCO3 gave 23 +3 and 9 2% elution.
NaHCOs3 showed the maximum eluting efficiency of 43 4%
after 24 h of incubation.

The initial pH of eluting agents used varied from 1.5 (HCI) to
12.6 (NaOH). Plot of pH of eluting agents vs. elution efficiency
gave a clear relationship between pH and eluting efficiency. Up
to pH values of 6, no elution was observed. Elution started at
pH value of 8.1, reaching maximum value (43 £ 4%) at 8.6 and
dropto 5+ 1% at pH 11.1. Again at pH 12.6 (NaOH) no elution
was observed.

3.8.1. Effect of pulp density on maximum elution efficiency

An important parameter for metal biosorption is the solid-to-
liquid ratio (S/L) defined as the mass of metal laden biosorbent
to the volume of the elutant [26]. It is desirable to use the smallest
possible eluting volume to contain the highest concentration of
the metal but at the same time, the volume of the solution should
be enough to provide maximum solubility for the metal desorbed
[27]. During zirconium desorption, studies were conducted to
optimize pulp density (solid/liquid) to obtain maximum elution
efficiency by 0.1 M sodium bicarbonate solution (Fig. 6). Each
of 0.02, 0.04, 0.05, 0.06 and 0.08 g of zirconium-immobilized
biomass was incubated with 50 ml of eluting solution. Analysis
of eluting agent after 8, 16 and 24 h of incubation indicated that
with increase in incubation time, percentage elution increased
with all values of pulp density. The value of percentage elution

70
60 | = - -
50

40

% Elution

7] 24 hours

0.4 0.8 1.0 12 1.6
Pulp Density (g/1)

Fig. 6. Effect of pulp density on zirconium elution from C. tropicalis by sodium
bicarbonate after 8, 16 and 24 h incubation at 100 rpm and 28 +2°C.

decreased with an increased in pulp density for same contact
period. Maximum elution efficiency (60 &= 2%) was obtained at
solid/liquid of 0.4 g of zirconium loaded biomass/l of eluent
after 24 h of incubation and this value was not changed sig-
nificantly up to 1.0 g/l pulp density. Further increase in pulp
density to 1.6 g/l resulted in decrease of percentage elution value
to 46 £3%.

3.8.2. Sorption/desorption cyclic studies

During zirconium sorption/desorption cyclic studies,
biomass at concentration of 0.5g/l of zirconium solution
(concentration 110 mg/l) was used for sorption studies. Elution
studies were carried out using 1.0 g of zirconium-immobilized
biomass/l of 0.1 M sodium bicarbonate solution. Both sorption
capacity and elution efficiency were measured after 24h of
incubation at 28 £2°C and 100rpm (Fig. 7). In first cycle
value of sorption capacity obtained was 91.9 mg/g, and elution
efficiency was 60%. In the second cycle sorption capacity
decreased to 65.5mg/g and elution efficiency was more than
95%. Up to five cycles onward no significant change in sorption
capacity or elution efficiency was observed.

100 100
AomAT A

90 [

1
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% Elution
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Fig. 7. Batch sorption (@) desorption (A) cyclic studies for zirconium biosorp-
tion by C. tropicalis zirconium biosorption: pulp density 0.5 g/l, concentration
110mg/1, pH 3.5. Flasks were incubated for 24h at 100 rpm and 28 £2°C.
Elution studies: pulp density 1.0 g/l, incubated for 24h at 100rpm and 28 &
2°C.
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Table 4
Amount of metal absorbed and released after digestion of the biomass

Biosorbent Initial solution concentration (mg/l) Metal biosorbed (mg/g) Metal Released after acid digestion (mg/g)
C. tropicalis 50 051 £5 048 £ 4
100 098 + 3 096 + 5
200 125 £ 5 120 £ 3
400 165 £ 5 160 + 4
800 171 £ 2 171 £ 2
1000 179 + 4 174 £ 4

Zirconium biosorption: pulp density 1.0 g/1, pH 3.5. Digestion: pulp density 0.05 g/10 ml of acid mixture.

3.9. Mass balance studies

To prove that decrease in concentrations of zirconium ions
in solutions during biosorption experiments were really due to
biosorption, mass balance studies were conducted. Table 4 sum-
marizes the comparison of metal ions biosorbed and released
after digestion. For zirconium biosorption, the differences in
metals ions biosorbed and metal ions released were not signif-
icant for all initial concentrations used (<5 mg/g of biomass).
Also moving from 400 to 1000mg/l initial concentration,
the increase in biosorption capacity was only 14.5 mg/g dry
weight.

Zirconium biosorption/bioaccumulation by various micro-
bial biosorbents has been studied previously. Accumulation of
Zr by algae and phytoplankton has been described as being due
to adsorption [28]. Mann and Fyfe [29] detected no bioaccumu-
lation of Zr in Ankistrodesmus sp. Garnham et al. [11] observed
Zr bioaccumulation values of 18.240.8 umolg™! (Syne-
chococcus PCC 6301), 2.1+0.5umolg™! (Synechocystiss
PCC 6803), 16.0 0.1 wmol g~! (Plectonema boryanum),25.6
+0.7umolg=! (Chlorella emersonii), 22.0+0.6 pmolg™!
(Scenedesmus obliquus), 7.50=40.5 (C. reinhardtii) pmol g~
dry weight of biosorbent after 4 h of contact time. In present
study, C. tropicalis even outperformed anion exchange resin
Amberjet 4200 CI (gmax 86mgZrg~! of resin) [30] in its Zr
biosorption potential (gmax 179 £ 6 mg/g).

4. Conclusions

This work describes the removal and recovery of zirconium
from its aqueous solutions by C. fropicalis under optimized
environmental conditions of pH, temperature, and contact time.

The strain C. tropicalis was found the best zirconium biosor-
bent than other fungal and yeast cultures used and gave the
highest biosorption capacity of 179 +6mgZrg~! at biomass
concentration of 1.0 g/l of zirconium solution. When equilibrium
data in batch mode were fitted to equilibrium models, zirco-
nium biosorption by C. tropicalis exhibited simple monolayer
biosorption pattern as determined by classical Langmuir model.
Moreover, it followed pseudo-first-order kinetics at low biomass
concentrations that changed to pseudo-second-order kinetics at
high biomass concentrations. Recoveries of sorbed zirconium
could be obtained up to 60.2% by desorbing with sodium bicar-
bonate which was capable of regenerating the biomass which
could be used for five cycles. No doubt that few earlier studies
exist where removal of zirconium have been described, but this

is the first comprehensive report on removal and recovery of this
metal by C. tropicalis.

Acknowledgements

AMK gratefully acknowledges the financial support for this
project from IAEA research contract no. 8617/RB. The work
presented here is a part of Ph.D. dissertation of KA. Technical
assistance of Messer Faqir Muhammad and Habib Shah and
typing assistance of Malik Abid Ali are also acknowledged.

References

[1] S.E. Shumate II., G.W. Strandberg, Accumulation of metals by microbial
cells, in: Y.M. Moo, C.N. Robinson, J.A. Howell (Eds.), Comprehensive
Biotechnology, vol. 4, Pergamon Press, New York, 1985, pp. 235-247.

[2] A.M. Khalid, A.M. Shemsi, K. Akhtar, M.A. Anwar, Uranium biosorption
by Trichoderma harzianum entrapped in polyester foam beads, in: A.E.
Torma, J.E. Wey, V.I. Lakkshmanan (Eds.), Biohydrometalurgical Tech-
nologies, Fossil, Energy, Materials, Bioremediation, Microbial Physiology,
Volume II, The Minerals, Metals and Materials Society, PA, USA, 1993,
pp. 309-317.

[3] A. Kapoor, T. Viraraghavan, D.R. Cullimore, Removal of heavy metals
using fungus Aspergillus niger, Biores. Technol. 70 (1999) 95-104.

[4] B. Volesky, Z.R. Holan, Biosorption of immobilized Saccharomyces cere-
visiae with successive copper adsorption—desorption cycles, Biotechnol.
Lett. 18 (1995) 531-536.

[5] E. Valdman, L. Erijman, F.L.P. Pessoa, S.G.F. Leite, Continuous biosorp-
tion of Cu and Zn by immobilized waste biomass Sargassum sp., Process
Biochem. 36 (2001) 869-873.

[6] M. Tsezos, Z. Georgousis, E. Remoudaki, Mechanism of aluminum inter-
ference on uranium biosorption by Rhizopus arrhizus, Biotechnol. Bioeng.
55 (1) (1997) 16-27.

[7] M.A. Hanif, R. Nadeem, H.N. Bhatti, N.R. Ahmad, T.M. Ansari, Ni(II)
biosorption by Cassia fistula (Golden Shower) biomass, J. Hazard. Mater.
B139 (2007) 345-355.

[8] L.N. Vianna, M.C. Andrade, J.R. Nicoli, Screening of waste biomass from
Saccharomyces cerevisiae, Aspergillus oryzae and Bacillus lentus fermen-
tations for removal of Cu, Zn and Cd by biosorption, World J. Microbiol.
Biotechnol. 16 (2000) 437-440.

[9] Y. Sag, B. Tatar, T. Kutsal, Biosorption of Pb(II) and Cu(II) by activated
sludge in batch and continuous-flow stirred reactors, Biores. Technol. 87
(2003) 27-33.

[10] M. Nadeem, A. Mahmood, S.A. Shahid, S.H. Shah, A.M. Khalid, G. Mckay,
Sorption of lead from aqueous solutions by chemically modified carbon
adsorbents, J. Hazard. Mater. B138 (2006) 604-613.

[11] G.W. Garnham, G.A. Codd, G.M. Gadd, Accumulation of zirconium by
microalgae and cyanobacteria, Appl. Microbiol. Biotechnol. 39 (1993)
666-672.

[12] P.S. Dhami, V. Gopalakrishnan, R. Kannan, A. Ramanujam, N. Salvi, S.R.
Udupa, Biosorption of radionuclides by Rhizopus arrhizus, Biotechnol.
Lett. 20 (3) (1998) 225-228.



K. Akhtar et al. / Journal of Hazardous Materials 156 (2008) 108117 117

[13] K. Akhtar, M.W. Akhtar, A.M. Khalid, Removal and recovery of uranium
from aqueous solutions by Trichoderma harzianum, Water Res. 41 (2007)
1366-1378.

[14] H. Doshi, A. Ray, I.L. Kothari, Biosorption of cadmium by live and dead
Spirulina: IR spectroscopic, kinetics and SEM studies, Curr. Microbiol. 54
(2007) 213-218.

[15] W.Y. Baik, J.H. Bae, K.M. Cho, W. Hartmeier, Biosorption of heavy metals
using whole mold mycelia and parts thereof, Biores. Technol. 81 (2002)
167-170.

[16] M.T. Gonzalez-Munoz, M.L. Merroum, N.B. Omar, J.M. Arias, Biosorp-
tion of uranium by Myxococcus xanthus, Int. Biodeterior. Biodegrad. 40
(1997) 107-114.

[17] W.M. Antunes, A.S. Luna, C.A. Henriques, A.C.A. Costa, An evalua-
tion of copper biosorption by brown seaweed under optimized conditions,
Electron. J. Biotechnol. 6 (3) (2003) 175-184.

[18] G.Y. Guo, Y.L. Chen, W.J. Ying, Thermal, spectroscopic and X-ray diffrac-
tional analyses of zirconium hydroxides precipitated at low pH values,
Mater. Chem. Phys. 84 (2-3) (2004) 308-314.

[19] D. Park, Y.S. Yun, J.H. Jo, J.M. Park, Mechanism of hexavalent chromium
removal by dead fungal biomass of Aspergillus niger, Water Res. 39 (2005)
533-540.

[20] L. Bengtsson, B. Johansson, T.J. Hacket, L. McHale, A.P. McHale, Stud-
ies on the biosorption of uranium by Talaromyces emersonii CBS 814.70
biomass, Appl. Microbiol. Biotechnol. 42 (1995) 807-811.

[21] T.Y. Peng, T.W. Koon, Biosorption of cadmium and copper by Sac-
charomyces cerevisiae, Microb. Utilisation Renewable Resour. 8 (1993)
494-504.

[22] J.P. Chen, W.R. Chen, R.C. Hsu, Biosorption of copper from aque-
ous solution by plant root tissues, J. Ferment. Bioeng. 81 (1996) 458-
463.

[23] Z. Aksu, Equilibrium and kinetic modeling of cadmium(II) biosorption by
C. vulgaris in a batch system: effect of temperature, Sep. Purif. Technol.
21 (2001) 285-294.

[24] R.S. Prakasham, J.S. Merrie, R. Sheela, N. Saswathi, S.V. Ramakrishna,
Biosorption of chromium(VI) by free and immobilized Rhizopus arrhizus,
Environ. Pollut. 104 (1999) 421-427.

[25] S. Lagergren, About the theory of so-called adsorption of soluble sub-
stances, Kungliga svenska Vetenskapsakademiens, Handlingar 24 (4)
(1898) 1-39.

[26] T.A. Davis, B. Volesky, R.H.S.F. Vieira, Sargassum sea weed as biosorbent
for heavy metals, Water Res. 34 (17) (2000) 4270-4278.

[27] K. Vijayaraghavan, J.R. Jegan, K. Palanivela, M. Velan, Copper removal
from aqueous solution by marine green alga Ulva reticulata, Electron. J.
Biotechnol. 7 (1) (2004) 61-71.

[28] I.C. Smith, B.L. Carson, Trace Metals in the Environment Zirconium, vol.
3, Ann Arbor Science Publishers, Michigan, 1978.

[29] H. Mann, W.S. Fyfe, Algal uptake of uranium and some other metals:
implications for global geochemical cycling, Precamb. Res. 4 (1985) 433—
439.

[30] A. Favre-Reguillon, K. Fiaty, P. Laurent, L. Poriel, S. Pellet-Rostaing,
M. Lemaire, Solid/liquid extraction of zirconium and hafnium in
hydrochloric acid aqueous solution with anion exchange resin-kinetic
study and equilibrium analyses, Ind. Eng. Chem. Res. 46 (2007)
1286-1291.



	Removal and recovery of zirconium from its aqueous solution by Candida tropicalis
	Introduction
	Experimental
	Microorganisms used and growth conditions
	Metal solutions
	Analytical determinations
	Biosorption trials
	Metal elution and regeneration of biomass

	Results and discussion
	Screening studies
	Effect of pH on zirconium accumulation
	Effect of initial temperature on zirconium accumulation
	Effect of contact time on biosorption capacities
	Effect of biomass concentration
	Effect of initial metal ions concentration on biosorption capacities
	Data analysis (application of equilibrium and kinetic models of adsorption)
	Equilibrium models
	Kinetic models

	Metal elution and regeneration of biosorbents
	Effect of pulp density on maximum elution efficiency
	Sorption/desorption cyclic studies

	Mass balance studies

	Conclusions
	Acknowledgements
	References


