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Abstract

The biosorption characteristics of uranium(VI) onto Catenella repens (a red alga), were evaluated as a function of pH, biosorbent size, time,
biomass dosage, initial uranium concentration and temperature. Within the pH range studied (1.5-7.5), 4.5 was the optimum pH for the uptake
of uranium(VI) by C. repens. Reduction in particle size did not increase the biosorption capacity. The metal removal was rapid, with more than
90% of total biosorption taking place in 30 min, and equilibrium was attained in 45 min. The maximum metal loading capacity of the alga was
303 mg/g. Within the temperature range studied (15-55 °C), there was no significant change in biosorption, under optimal conditions. Adsorption
process could be well defined by both the Langmuir and Freundlich isotherms with 7> of 0.94 and 0.96, respectively. The kinetic data fitted the
pseudo-second-order kinetic model with the 7> value of 0.99. At a low pH of 2.5, where most of the biomasses show either no or less metal uptake,
a good (>15%) metal loading capacity of 25% was achieved. Therefore biosorption characteristics were also evaluated at pH 2.5.

© 2008 Published by Elsevier B.V.
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1. Introduction

The use of conventional treatment methods such as chemical
precipitation, reverse osmosis, ion-exchange, filtration, and
evaporative recovery are most effective for treatment of
liquid effluents containing high concentration of metal ions.
However these technologies become expensive or inefficient
for treatment of effluents containing metal ions in the range of
100 mg/1 [1]. It is therefore important to develop new methods
for metal removal and recovery from such effluents, and thus
reduce the concentration of these metal ions to low levels.
Treatment of such high volume dilute waste is important
since concentrations of metal ions at this level are potentially
toxic and hazardous to the human beings. The concentration
of these metal ions has to be reduced to meet the legislative
standards. Furthermore, removal and recovery of economically
important metal ions from these waste streams may reduce the
loss of metal ions due to the limitation in processing methods.
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Biosorption is one of the promising technologies that can be
utilized for such purposes. It involves the use of dead and
live biomass to bind and concentrate heavy metals from very
dilute aqueous solutions [2]. Biosorption involves a number of
passive, metabolism independent, accumulation processes, and
may include physical and chemical adsorption, ion-exchange,
coordination, complexation, chelation and micro-precipitation.
Cell walls of biomass consist of polysaccharides, proteins and
lipids, which offer various functional groups like carboxylate,
hydroxyl, sulphate, phosphate, etc. for the binding with metal
ions [3-7]. Biosorbents viz., wastes from agricultural and
industrial activities, naturally available seaweeds and specially
propagated biomass of bacteria, yeast and fungi have been sug-
gested as some of the useful materials for biosorption process
[8]. For uranium uptake, biosorbents showing efficient metal
uptake (>15% loading capacity) across the pH range 4-5.5 are
common [4-7]. Previously, we have reported uranyl ion removal
using biosorbents of different origins viz., bacteria, fungi and
plant biomass [9-12]. All these biosorbents exhibited good
uranium loading capacity, that is, more than 15% in the acidic
range at pH 5-5.5. Similar studies have been reported by Yang
and Volesky [7] using marine brown alga, Sargassum fluitans
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Nomenclature

b Langmuir constant (I/mg)

C metal ion concentration after biosorption at any
time ¢ (mg/1)

Co initial metal ion concentration (mg/1)

Ce equilibrium metal ion concentration (mg/1)

h initial rate of uptake (mg/g)min

ki pseudo-first-order rate constant (min~')

ko pseudo-second-order rate constant (g/(mg min))

K Freundlich biosorption capacity

n biosorption intensity

q biosorption capacity (mg/g)

qe amount of biosorption at equilibrium (mg/g)

Gmax maximum loading capacity (mg/g)

qr amount of biosorption at time 7 (mg/g)

t time (min)

% volume of the metal ion solution (1)

w dry weight of biosorbent (g)

wherein the optimum pH of uranium uptake was 4. Effluents
from nuclear industry, containing uranium have a variable pH
(acidic to alkaline). To the best of our knowledge there are no
reports in the literature on biomass exhibiting good performance
(>15% loading capacity) at low pH. Hence use of these biosor-
bents for biosorption technology in treating such wastewaters
becomes technically non-feasible. The fact that algae are
naturally abundant, autotrophic, found in all kinds of aquatic
bodies with different environmental condition including pH and
have shown uranium removal capacity led us to focus our study
on biosorbent of algal origin. To the best of our knowledge this
is the first comprehensive report on the biosorption of uranium
by Catenella repens a red alga. Being photosynthetic, this alga
does not require expensive carbon sources for its cultivation and
culturing. Natural occurrence of this biomass on sea coasts and
estuarine waters makes this biomass a cheap source of biosorbent
material. It can be collected in bulk from sea coasts, processed
and used directly to serve the purpose of uranium biosorption.

1.1. Materials

1.1.1. Collection of biomass

Biomass of red alga C. repens was collected from the estuar-
ine waters near the sea coast of Ratnagiri (Maharashtra, India).
The biomass after collection was washed thoroughly with tap
water. This was followed by washing three times with deionised
water and finally by glass distilled water in order to get a clean
biomass that is free from silt, sand, diatoms and other epiphytic
organisms. After cleaning the biomass was dried at an ambient
temperature of 25 + 3 °C and stored as whole biomass at room
temperature.

1.1.2. Chemicals
UO; (NO3),2-6H20 (Merck, Germany) was used to prepare
the uranium(VI) solution. The pH of the uranium solu-

tion was adjusted to required values by using 1M NayCOs3
or 1 M HNOs.

1.2. Methods

Unless otherwise indicated, for all the biosorption exper-
iments 50mg of dry biomass was introduced into 50ml of
uranium solution having an initial uranium concentration of
100 mg/l, in 150ml conical flasks. After 2h of shaking at
150 rpm and 30 °C, the supernatant was separated by centrifu-
gation (10,000 rpm for 10min) and used for estimating the
dissolved uranium concentration. Estimation of uranium(VI)
was done by arsenazo(III) method [13]. Briefly 0.5 ml sample
was mixed with 0.1 ml of oxalic acid (4%) and 0.1 ml of arse-
nazo(II) (0.05%) and diluted with hydrochloric acid (4 M) to
a total volume of 2.5 ml before analyzing at a wavelength of
650 nm. The data presented in the result represents the average of
triplicate readings =+ standard error. Statistical tests for Analysis
of variance (One-way ANOVA and Tukey’s significance test)
were carried out on the experimental results using OriginPro
7.5 software. All experiments were performed using powdered
biomass having particle size between 250 pm and 500 pm, at
pH 2.5 and 4.5. For each of the experiments, solutions without
biomass were used as controls.

The biosorption equilibrium of uranium per unit algal
biomass (mg of U/g dry weight of algal biomass) was calculated
using following expression:

(G- OV

W ey

qe
where ‘Co’ and ‘C’ are the concentrations of uranium (mg/l) in
the solution before and after the biosorption, respectively, ‘V’
the volume of uranium solution used in liters and ‘W’ is the
amount of biomass used in grams.

1.2.1. Effect of pH on the uranium biosorption

The range of pH studied was from 1.5 to 7.5. Uranium solu-
tion was continuously stirred while adjusting the pH until a
constant required reading was observed.

1.2.2. Effect of particle size on uranium biosorption

Dried whole biomass was powdered with help of mortar and
pestle and was passed through sieves of different mesh sizes to
get the particle sizes <250 pm, and 250-500 pm.

The particles which could pass through the mesh size of
250 pm were regarded as the particles having the size less than
250 pm. Whereas the particles less than 500 pum and higher than
250 wm were those that could pass through the mesh size of
500 pwm but were retained by the mesh size of 250 pum. Biomass
without powdering was also used for the experiment as whole
biomass.

1.2.3. Effect of contact time on uranium biosorption

For sorption kinetic studies, 0.5 ml of sample was withdrawn
periodically, centrifuged at 10,000 rpm for 10 min, and the dis-
solved uranium concentration was estimated.
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1.2.4. Effect of biomass concentration on uranium
biosorption

Biosorption of uranium was investigated for the following
biomass concentrations, 0.1 g/1, 0.5 g/1, 1 g/1, 1.5 g/l and 2 g/1.

1.2.5. Effect of initial uranium concentration

The effect of initial uranium concentrations of 100 mg/l,
200 mg/1, 400 mg/1, 600 mg/l and 800 mg/1 on uptake of uranium
by the biomass was studied.

1.2.6. Effect of temperature on uranium biosorption

Temperature effects were investigated at five different
temperatures 15+2°C, 25£2°C, 35+£2°C, 45+2°C and
55+2°C.

2. Results and discussions
2.1. Effect of pH on uranium biosorption

Initial pH plays an important role in the biosorption of
uranium from the aqueous solutions. It influences both, the spe-
ciation of uranium in the aqueous solution, and the binding sites
present on the surface of biomass [14]. The effect of pH on
biosorption of uranium onto C. repens was studied in order to
find out the optimum pH for the biosorption process, and to
find out whether the biomass was able to show a good uranium
uptake at extreme pH values. The percent removal of uranium
was 22+ 1.8 at pH 1.5, 64 £2.5 at pH 2.5, 79 2.8 at pH 3.5,
76 +2atpH5.5,24+2atpH 6.5, 14 £ 1 at 7.5 and a maximum
of 90 £ 1.4 was observed at pH 4.5. Uranium biosorption at dif-
ferent pH values was significantly different (P <0.05, ANOVA).
Percent removal of uranium versus pH was plotted (Fig. 1),
which resulted in a bell shaped curve.

The reason suggested for the decreased biosorption at pH
1.5 could be because at this pH there is a high concentration of
H* and H30%, which compete with other ions (uranyl) for the
binding sites on the surface of the biomass [15]. The reason for
increased biosorption at pH 4.5 could be due to the presence of
ligands like carboxyl, amino, and phosphate on the surface of
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Fig. 1. Effect of pH on uranium(VI) biosorption: V=50 ml, W= 50 mg, agitation
speed = 150 rpm, contact time =2 h, temperature =30 °C, Cp = 100 mg/1.

biomass, which have pK values in the range of 3-5 [5]. Decrease
in the uptake of uranium at higher pH could be due to the for-
mation of uranyl carbonate complexes, as the initial pH of the
solution was adjusted with NapyCO3, and also, atmospheric CO;
plays a role in the formation of uranyl carbonate complexes
above pH 6 [16]. At higher pH values the aqueous carbonate
competes with surface binding sites for uranyl ions and reduces
the availability of uranium for biosorption [17]. Also at higher
pH formation of solid schoepite (4UO3-9H,0O) takes place which
decreases the dissolved uranium concentration in solution, and
consequently leads to the reduced sorption of uranium onto the
biomass [18]. As optimum pH for biosorption process was found
to be 4.5, all the subsequent experiments were conducted at this
pH. Percent removal of uranium at a low pH of 2.5 was 64 £2.5
(from 100 mg/l initial uranium concentration) which was an indi-
cation for the possible use of this biomass at pH 2.5. Hence all
the experiments were also conducted at pH 2.5.

2.2. Effect of particle size on uranium biosorption

Biosorption of uranium was same for whole biomass and
powdered biomass having the particle size of 250-500 pm
(Fig. 2). A decrease in biosorption was observed for the particle
size <250 pm.

At pH 2.5, g for whole biomass was found to be
64 £2.8 mg/g, and decreased to 51 £2.1 mg/g for powdered
biomass of particle size <250 pm.

At pH 4.5, g. for the whole biomass was 92 & 1.4 mg/g and
decreased to 82+ 1.7 mg/g for powdered biomass of particle
size <250 wm.

For both the pH values biosorption by the investigated particle
sizes was significantly different (P <0.05, ANOVA). However,
the difference between g, for whole biomass and biomass having
particle size 250-500 wm was not significant (P> 0.05, Tukey
test). Decreasing the particle size increases the surface area, and
is generally expected to increase the biosorption [3]. The reason
suggested for the same g, value for whole biomass and pow-
dered biomass of 250-500 wm particle size could be, because,

S BN BN
9 N Y/

Fig. 2. Effect of particle size on uranium(VI) biosorption: V=50ml,
W=50mg, temperature =30 °C, agitation speed =150 rpm, contact time=2h,
Co =100 mg/1.
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Fig. 3. Habit of C. repens (whole biomass). Dichotomous branching—a mor-
phological characteristic of this alga.

the different particle sizes investigated had the same thickness
(dimension which determines the diffusion distance), since the
size grading by standard sieves works on the two dimensions of
length and breadth only [19]. However the reduced metal uptake
by lower particle size (<250 wm), reported in our studies could
be due to the damage to the binding sites by grinding, which con-
sequently would have resulted in reduced availability of binding
sites for the uranium.

Fixed-bed reactors are commonly used for the continuous
removal of uranium. When the biosorbent in the bed is in pow-
dered form, it causes an excessive compression of the bed [16].
The use of whole biomass for designing a continuous process can
eliminate the cost of immobilization, which can be an additional
advantage besides the higher biosorption by whole biomass.
Thallus of C. repens is characterized by dichotomous branching
(Fig. 3), which may help in decreasing excessive compression
of the bed.

2.3. Effect of contact time on uranium biosorption

The study of effect of contact time on the biosorption of ura-
nium by C. repens revealed that the equilibrium state could be
achieved in 45 min with the g, of 65 +2.1 mg/g at pH 2.5, and
91 £ 1.7mg/g at pH 4.5. After the equilibrium was achieved,
ge remained constant (studied for 24 h, data not shown). The
initial stage of sorption was rapid, followed by a slow stage.
In first 15 min of contact, g. of 52 +2.1 mg/g at pH 2.5, and
72 £+ 1.8 mg/g at pH 4.5 could be achieved. The plot of g versus
time is shown in Fig. 4. This figure also indicates that sorption
took place in two stages, first one was rapid surface adsorption
and the second one was a slow intracellular diffusion [3,20]. The
higher rate of biosorption in initial stage of biosorption could be
due to electrostatic interactions, between metal ions and surface
ligands on the algal biomass. These binding sites present on sur-
face of the biomass start binding to uranyl ions as soon as they
come in contact with each other. As time progresses availability
of binding sites reduces, thus reducing the rate of biosorption.
Rapid sorption that we have observed is considered as a good
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Fig. 4. Time kinetics of uranium(VI) biosorption: V=50ml, W=50mg, tem-
perature = 30 °C, agitation speed = 150 rpm, Cop = 100 mg/1.

characteristic of a biosorbent, as it allows short solution—sorbent
contact time, and also allows the use of shallow contact beds of
sorbent materials in column applications [1]. For all the sub-
sequent studies it was ensured that enough time for contact of
biomass with uranyl solution was provided. Therefore, for all of
the subsequent studies instead of presenting the data for 45 min
contact time, data for 2 h has been presented.

2.4. Effect of biomass concentration on uranium
biosorption

The effect of biomass concentration on the biosorption of
uranium studied at pH 2.5 and 4.5 is shown in Fig. 5. Biomass
concentration appeared to influence the biosorption process. The
ge was found to decrease concomitantly with the increments in
biomass concentration.

AtpH 2.5, highest value of g. (259 &£ 6.6 mg/g) was observed
at the biomass concentration of 0.25 g/1. The observed g. for the
biomass concentration of 1 g/l was 67 +3.9 mg/g. On further
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Fig. 5. Effect of biomass concentration on uranium sorption: V=50 ml, temper-
ature =30 °C, agitation speed = 150 rpm, Cp = 100 mg/I.



632 S.V. Bhat et al. / Journal of Hazardous Materials 158 (2008) 628—-635

increasing the biomass concentration to 2 g/1, the decrease in g
was not too steep, as can be seen in Fig. 5.

Same trend was followed at pH 4.5. The highest value of g,
observed was 308 7.4 mg/g at 0.25 g/l of biomass concentra-
tion.

At high biomass concentration, there would have been a fast
superficial adsorption onto the surface of biomass, which would
have resulted in a low metal ion concentration in the solution.
At a low metal ion concentration, the metal ion sorbed is low,
because of the lower driving force (by a lower concentration
gradient pressure). Thus an efficient use of sorptive capacity of
the biosorbent is not reflected [18].

2.5. Effect of initial uranium concentration on uranium
biosorption

The effect of initial uranium concentration on the biosorption
is shown in Fig. 6. The plot shows two phases. In the first phase
a steep increase in g is seen at both the pH values studied,
and in the second phase increase was slow. The steep increase
in the g. was observed for the initial uranium concentration of
100-400 mg/1.

The highest value of g. was 221 4+ 7 mg/g at pH 2.5, with C,
of 378 mg/l, and 278 £+ 2 mg/g at pH 4.5 with a C, of 522 mg/1
present in the solution.

The biomass concentration being constant (1 g/l) the num-
ber of binding sites was same. However, the number of uranyl
ions increased with the concomitant increase in uranium con-
centration. At low uranium concentrations solution, saturation
of biomass by uranyl ions could not be achieved as the number of
uranyl ions was smaller than the number of binding sites present
on the biomass. Increasing the concentration of uranium in the
solution was expected to result in the increase of g, till the sat-
uration of biomass was attained. Once the binding sites present
on the biomass got saturated with the uranium, the availability
of binding sites for the uranium decreased. This could explain
why the initial stage was fast, and slowed down as the saturation
was achieved.

300 1

—&—pH 4.5
250 - ——pH25

200 -

150 -

qe (mg/g)

100 -

50 4

O T T T 1
0 200 400 600 800

uranium concentration (mg/l)

Fig. 6. Effect of initial uranium(VI) concentration on sorption: V=50ml,
W=25mg, Cyp=100-800mg/l, temperature =30 °C agitation speed = 150 rpm,
contact time=2h.
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Fig. 7. Effect of temperature on uranium biosorption: V=50ml, W=25mg,
Co =100 mg/l, agitation speed = 150 rpm, contact time =2h.

The difference in metal loading capacity of C. repens at pH
2.5 and 4.5 could be because, the different functional groups
(carboxylates, hydroxyl, sulphate, phosphate, etc.) present on
surface of the biomass, ionize at pH around their pK values
[21,4]. Thus, the functional groups which are in ionized form
at pH 4.5 may not be ionized at pH 2.5. Therefore at pH 2.5
and 4.5, number of binding sites available for the sorption of
uranium would not be same.

2.6. Effect of temperature on biosorption of uranium

The plot of effect of temperature on the biosorption of ura-
nium by C. repens is shown in Fig. 7. The g. at pH 2.5 was
67 =2 mg/l in the temperature range of 15-45°C. When the
temperature was increased from 45 °C to 55 °C, g. decreased to
25.6 = 1.4 mg/g, suggesting the sorption process was an energy
dependent mechanism [21]. These results suggested a weak
interaction between uranyl ions and binding sites of biomass at
pH 2.5. These weak interactions could be due to Vander-waal’s
interactions, hydrogen bonding, etc., which are broken at high
temperatures. This could be the reason, that at a high temperature
of 55 °C, a steep decrease in uranium uptake was observed.

The uranium uptake at pH 4.5 seemed to be an energy inde-
pendent mechanism, as it was not affected by temperature across
the range of 15-55°C at pH 4.5. Statistical analysis (ANOVA)
showed that the biosorption across the studied temperature range
at pH 2.5 was significantly different (P <0.05). Further, sta-
tistical analysis by Tukey test revealed, that, it was only the
biosorption at 55 °C, which was significantly different from the
biosorption at other temperatures. At pH 4.5, biosorption stud-
ied across the temperature range was not significantly different
(P>0.05).

2.7. Kinetic modeling

Kinetics of uranium uptake was modeled using the pseudo-
first-order and pseudo-second-order Lagergren equation. The
pseudo-first-order reaction of Lagergren for sorption can be
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expressed as follows:

dg

5 = faGe—an 2
where g and g, are the amount of metal sorbed per unit weight
(mg/g dry weight) of biosorbent at equilibrium and at any time
t (min), respectively and k; is the rate constant of pseudo-
first-order sorption (min~!). The integrated form of the above
equation after applying the boundary conditions, for =0, g; =0,
becomes

k
log(ge — 1) = log(ge) — (23103> , 3

The value of the rate constant (k1) and g. for the pseudo-first-
order sorption reaction can be obtained by plotting log(ge — q;)
Versus f.

The pseudo-second-order rate of Lagergren [22] can be
expressed as follows:

dg 2

— =k - 4
” 2(ge — q1) “
where k; (g/(mg min)) is the rate constant for the pseudo-second-
order sorption. The integrated linear form of Eq. (4) can be

represented as follows:

! ! +—(]’>t 5
q (g3  \qe

The pseudo-second-order rate constant (k) and g, can be calcu-
lated from the intercept and slope of the linear plot of #/q; versus
t.

The plots for pseudo-first-order kinetics, log(ge — g;) ver-
sus ¢, and pseudo-second-order kinetics, #/q; versus ¢ are shown
in Fig. 8a and b, respectively. The kinetics data could be well
described by pseudo-second-order plot.

The observed experimental values for ge, and the values
obtained from the plots of pseudo-first-order, and pseudo-
second-order kinetics are shown in Table 1. The * value of
pseudo-first-order rate kinetics was 0.97 at pH 2.5 and 4.5,
and for pseudo-second-order rate kinetics was 0.99 at pH 2.5
and 4.5. The observed experimental g. values were close to
the values of g. obtained from the slope of the linear plot for
the pseudo-second-order rate kinetics (#/q; vs. ), as shown in
Table 1. Therefore, the pseudo-second-order rate kinetic model
best described the experimental data.

The initial rate of uptake (k) was calculated using the
expression h=kyqe2. It was found to be 26.7 (mg/g)min and
43.4 (mg/g)min, at pH 2.5 and 4.5, respectively.

Table 1
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Fig. 8. (a) Pseudo-first-order plot (log(ge — g¢) vs. H): V=50 ml, W=50 mg, tem-
perature =30 °C, agitation speed =150 rpm, contact time=2h, Cp =100 mg/l.
(b) Pseudo-second-order plot (t/q; vs. t), V=50ml, W=50mg, tempera-
ture =30 °C, agitation speed = 150 rpm, contact time=2h, Cp =100 mg/1.

2.8. Equilibrium modeling

Adsorption curve data were fitted to linearised Langmuir
and Freundlich adsorption isotherms [23,24]. The Langmuir
isotherm is a means to interpret hyperbolic adsorption data. It is
basically the same equation used in Michaelis—Menten enzyme
kinetics, and describes the adsorption of metal ions to a finite
number of ligand sites in a single layer on the cell surface.

Linearised form of Langmuir isotherm can be represented as
follows:

Ce

1 1 Ce
= - + 6
qe {<Qmax> (b>} gmax ©)

Pseudo-first-order, pseudo-second-order, and experimental values for C. repens at pH 2.5 and 4.5

pH Experimental, ge (mg/g) Pseudo-first-order Pseudo-second-order Initial rate, 7 (mg/g)min
ki (min™') e (mglp) 7 ko (x107 min™") e (mgly)

2.5 67.2 0.068 52.1 0.97 5.5 69.4 0.99 26.7

4.5 93.7 0.087 84.0 0.97 4.89 94.3 0.99 434
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Fig. 9. (a) Langmuir isotherm: W=50mg, Cp =100 mg/l, temperature =30 °C,
agitation speed=150rpm, contact time=2h. (b) Freundlich isotherm.
W=50mg, Cp =100 mg/l, temperature = 30 °C, agitation speed = 150 rpm, con-
tact time=2h.

Where ‘gmax’ is the maximum metal uptake (mg/g) and ‘b’
the ratio of adsorption/desorption rates related to energy of
adsorption. The linearised form of Freundlich equations is as
follows:

1
Inge = In K¢ + —(In Ce) (7
n

where ‘g.’ is the equilibrium metal uptake capacity (mg/g), and
‘C,’ is the residual uranium concentration in the solution (mg/1).
The constant ‘K¢’ represents Freundlich constant and it is a mea-
sure of adsorption capacity and ‘1/n’ the intensity of adsorption.
The Langmuir and Freundlich isotherms for the biosorption of
uranium onto C. repens at pH 2.5 and 4.5 are given in Fig. 9a and
b, respectively. The 2, b and gmax values at both the pH values
are shown in Table 2. The metal loading capacity (gmax) Was cal-
culated from the slope of the plot C./g. versus C. and was found
to be 256 mg/g and 303 mg/g at pH 2.5 and 4.5, respectively.
The data fitted both the Langmuir (+*>=0.94) and Freundlich
(r* =0.96) isotherm at pH 4.5. However at pH 2.5, data fitted
Langmuir (r2 =0.97) better than Freundlich (r2 =0.89) isotherm.

Table 2
Values obtained from Freundlich and Langmuir isotherms

pH Langmuir isotherm Freundlich isotherm
gmax (mg/g) b ”? K n 2

2.5 256.4 0.01 0.97 012 1.47 0.89

4.5 303.0 0.12 0.94 43.18 3.50 0.96

‘Ky” and ‘n’ were calculated from the intercept and slope of the
plot In g. versus In Ce. ‘n’ was 1.4 and 3.5, at pH 2.5 and 4.5,
respectively. The value obtained for ‘n’ in the range 1 <n< 10,
being the suggestive of a beneficial adsorption [5] indicated a
beneficial biosorption by C. repens at both the pH values. There
are reports on biosorbents for uranium having higher gmax val-
ues as compared to the gmax achieved in this study [5]. But
to the best of our knowledge, there are no reports on uranium
sorbents from biological origin having a good metal loading
capacity (>15%) at pH 2.5. Yang and Volesky [7] reported Sar-
gassum, abrown alga having a uranium loading capacity of 15%
at pH 2.6. Kalin et al. [5] while reviewing the use of algae and
microbes, for the removal of uranium from mining waste waters,
reported the uranium loading capacity of 0.28% for Chlorella
at pH 3.5, 0.42% for Rhizopus arrhizus at pH 3.5, and 0.2% for
Penicillium spp. at pH 3.5. A biosorbent having a metal loading
capacity of more than 15% is considered as a good biosorbent.
The metal loading capacity reported in our study at pH 2.5 is
>25%. As compared with the existing biosorbents, the use of C.
repens at low pH may lead to an efficient and cost effective treat-
ment method for uranium removal from aqueous wastes having
a low pH.

3. Conclusions

This work describes the potential of a red sea weed C. repens
with regard to the following points:

e The common occurrence of C. repens in estuarine waters, and
its photosynthetic property makes it a cost effective biosor-
bent.

e Biosorption of uranium(VI) onto C. repens was very fast. The
equilibrium could be achieved in 45 min of contact time.

e There are many reports on biosorbent materials for ura-
nium(VI), which have performed efficiently with a metal
loading capacity of more than 15% at pH 4-5. But among
the reported biosorbent materials for uranium(VI) uptake, to
the best of our knowledge, none have performed with an effi-
cient metal loading capacity (>15%) at pH 2.5. This study
is reporting a low cost biosorbent material for uranium(VI)
uptake from aqueous medium having a metal loading capac-
ity of 25% at pH 2.5 and the ability of uranium removal from
aqueous medium across the pH range of 2.5-5.5.

e The biomass works more efficiently as whole biomass, and
there is no need of powdering the biomass. This is an added
advantage for this biosorbent material. While using the fixed-
bed reactors for continuous removal of uranium(VI), the use
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of whole biomass is preferred, because it decreases the com-
pression of the bed.

C. repens thus seems to be a promising biosorbent for the
removal of uranium(VI) from dilute aqueous solutions having
low pH.

References

[1] B. Volesky, Biosorption of Heavy Metals, CRC Press, Boca Raton, 1990.

[2] L.E. Macaskie, The application of biotechnology of the treatment of wastes
produced from the nuclear fuel cycle: biodegradation and bioaccumula-
tion as a means of treating radionuclide-containing streams, Crit. Rev.
Biotechnol. 11 (1991) 41-112.

[3] M.N. Zafar, R. Nadeem, M.A. Hanif, Biosorption of nickel from protonated
rice bran, J. Hazard. Mater. 143 (2007) 478-485.

[4] T.A. Davies, B. Volesky, A. Mucci, A review of the biochemistry of heavy
metal biosorption by brown algae, Water Res. 37 (2003) 4311-4330.

[5] M. Kalin, W.N. Wheeler, G. Meinrath, The removal of uranium from min-
ing waste water using algal/microbial biomass, J. Environ. Radioactiv. 78
(2005) 151-177.

[6] J. Wang, C. Chen, Biosorption of heavy metals by Saccharomyces cere-
visiae: a review, Biotechnol. Adv. 24 (2006) 427-451.

[7] J. Yang, B. Volesky, Biosorption of uranium on Sargassum biomass, Water
Res. 33 (1999) 3357-3363.

[8] E. Veglio, F. Beolchini, Removal of toxic metal by biosorption: a review,
Hydrometallurgy 44 (1997) 301-316.

[9] P. Sar, S.K. Kazy, S.F. D’Souza, Radionuclide remediation using a bacterial
biosorbent, Int. Biodeter. Biodegr. 54 (2004) 193-202.

[10] K.C. Bhainsa, S.F. D’Souza, Biosorption of uranium(VI) by Aspergillus
fumigatus, Biotechnol. Tech. 13 (1999) 695-699.

[11] K.C. Bhainsa, S.F. D’Souza, Uranium(VI) biosorption by dried roots of
Eichhornia crassipes (water hyacinth), J. Environ. Sci. Health A 36 (2001)
1621-1631.

[12] P. Sar, S.F. D’Souza, Biosorptive uranium uptake by a Pseudomonas strain:
characterization and equilibrium studies, J. Chem. Technol. Biotechnol. 76
(2001) 1286-1294.

[13] S.B. Savvin, Analytical use of arsenazolIl: determination of thorium, zir-
conium, uranium and rare earth elements, Talanta 8 (1961) 673.

[14] G. Uslu, M. Tanyol, Equilibrium and thermodynamic parameters of sin-
gle and binary mixture biosorption of lead (II) and copper (II) ions onto
Pseudomonas putida: effect of temperature, J. Hazard. Mater. B 135 (2006)
87-93.

[15] P. Sar, S.F. D’Souza, Biosorption of thorium (IV) by a Pseudomonas
biomass, Biotechnol. Lett. 24 (2002) 239-243.

[16] A. Krestou, D. Panias, Uranium (VI) speciation diagrams in the
U0,%/C0O32~/H,0 system at 25 °C, Eur. J. Miner. Process. Environ. Pro-
tect. 4 (2004) 113-129.

[17] M. Wazne, X. Meng, G.P. Korfiatis, C. Christodoulatos, Carbonate effects
on hexavalent uranium removal from water by nanocrystalline titanium
dioxide, J. Hazard. Mater. 136 (2006) 47-52.

[18] S. Saxena, M. Prasad, S.F. D’Souza, Radiionuclide sorption onto low-cost
mineral adsorbent, Ind. Eng. Chem. Res. 45 (2006) 9122-9128.

[19] E.S. Cossich, C.R.G. Tavares, T.M.K. Ravagnani, Biosorption of chromium
(III) by Sargassum sp. Biomass, Electron. J. Biotechnol. 5 (2002) (ISSN:
01717-3458).

[20] D.P. Mungasavalli, T. Viraraghavan, Y.C. Jin, Biosorption of chromium
from aqueous solutions by pretreated Aspergillus niger: batch and column
studies, Colloid Surface A. 301 (2007) 214-223.

[21] G. Bayramoglu, G. Celik, M.Y. Arica, Studies on accumulation of ura-
nium by fungus Lentnus sajor-caju, J. Hazard. Mater. 136 (2006) 345—
1345.

[22] Y.S. Ho, G. McKay, Pseudo-second order model for sorption processes,
Process Biochem. 34 (1999) 451-465.

[23] 1. Langmuir, The adsorption of gasses on plane surfaces of glass, mica and
platinum, J. Am. Chem. Soc. 40 (1918) 1361-1403.

[24] H. Freundlich, Ueber die adsorption in Loesungen, Z. Phys. Chem. 57
(1907) 385-470.



	Biosorption characteristics of uranium(VI) from aqueous medium onto Catenella repens, a red alga
	Introduction
	Materials
	Collection of biomass
	Chemicals

	Methods
	Effect of pH on the uranium biosorption
	Effect of particle size on uranium biosorption
	Effect of contact time on uranium biosorption
	Effect of biomass concentration on uranium biosorption
	Effect of initial uranium concentration
	Effect of temperature on uranium biosorption


	Results and discussions
	Effect of pH on uranium biosorption
	Effect of particle size on uranium biosorption
	Effect of contact time on uranium biosorption
	Effect of biomass concentration on uranium biosorption
	Effect of initial uranium concentration on uranium biosorption
	Effect of temperature on biosorption of uranium
	Kinetic modeling
	Equilibrium modeling

	Conclusions
	References


