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Abstract Simultaneous biosorption of uranium(VI) and
nickel(Il) ions onto Ca-pretreated Cystoseira indica bio-
mass was studied and compared with single uranium or
nickel biosorption in a fixed-bed column. Results of single
biosorption showed the breakthrough and exhaustion time
increase with the increase of the flow rate and inlet metal
concentration for both metal ions. Also, it was observed
that there was an optimum flow rate of 1.4 mL min~'
(surface loading of 0.792 cm minfl) for both metal ions in
the column. Results from both single and binary systems
showed the adsorption capacity of C. indica for both metal
ions increases with the increasing inlet concentration of
each component and C. indica had a stronger affinity for
uranium than nickel ions. The binary system results
showed that the presence of the second component affected
the adsorption of the first one by C. indica so the antago-
nistic action was observed. Also, the inhibitory effect of
uranium ions on the nickel adsorption was greater than
nickel ions on the uranium adsorption. The uranium and
nickel breakthrough curves under different conditions were
described by the Thomas, Yoon-Nelson and Yan models.
Among these models, the Yan model appeared to describe
the experimental results better.
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List of symbols

Variables

a Yan empirical parameter

C, Effluent uranium concentration at time of t
(mg L™

Co Influent metal concentration (mg L_l)

K, Rate constant (L mg7l minfl)

ktn Thomas rate constant (L min~! gfl)

Kyvn  Yoon-Nelson rate constant (L min~! gfl)

M Dry weight of biosorbent (g)
m,q  The quantity of metal retained in the column (g)

my Metal mass desorbed (g)

M Total amount metal sent to column (g)

0 Flow rate (L min~')

q0 Maximum uptake capacity (mg g~ ")

t Service time (h)

ty Breakthrough time (h)

t. Bed exhaustion time (h)

tos Time at which the effluent concentration is half the

influent (h)
V. Effluent volume (L)
v Linear velocity (cm min~ ")

Greek letters
7;  The time required for 50% of i adsorbate breakthrough

)

Introduction

An expansion of several industrial sectors leads to an
increasing demand for the usages of heavy metals. Despite
an advance in pollution control techniques, heavy metals
still could find their ways to the environment particularly
through wastewater discharge or leachate of solid waste.
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The abatement of wastewater containing heavy metals can
be achieved via several techniques such as precipitation,
evaporation, etc. However, these common treatment pro-
cesses have been shown to be quite expensive and inef-
fective for low strength wastewaters [1]. Among these, the
adsorption technique is considered to be very important
because of its cost effective treatment, easy operation,
narrow space for building the plant, no chemical reagents
needed and no sludge produced [2]. The search for an
uncostly and easily available adsorbent has led to the
investigation of materials of agricultural and biological
origin, along with industrial byproducts, as adsorbents [3].
Biosorption, the process of passive cation binding by dead
or living biomass, represents a potentially cost effective
way of removing toxic metals from industrial wastewaters
[4]. Biosorption is the ability of certain types of microbial
biomass to accumulate heavy metals from aqueous solu-
tions [5]. The potential of biosorption depends on the metal
uptake capacities, selectivity, and ease of metal recovery
and economics [6]. Biosorption has been successfully used
in the treatment of metal contaminated water using low
cost materials, such as, marine algae, bacteria, fungi,
industrial wastes and several other materials [7]. Of the
many types of biosorbents recently investigated for their
ability to sequester heavy metals, the brown algal biomass
has proven to be highly effective as well as reliable and
predictable in the removal of, for example, Pb*", Cu™,
Cd>™, UO,>™, Ni** and Zn** from aqueous solutions [8].
Most separation and purification processes that employ
sorption technology use continuous flow columns. In bio-
sorption applications, a fixed bed column is an effective
process for continuous wastewater treatment, as it makes
the best use of the concentration difference known to be a
driving force for heavy metal biosorption and allows more
efficient utilization of biosorbent capacity and results in a
better quality of the effluent [9].

A number of fixed-bed column investigations have been
conducted in single systems for uranium [10-14] and
nickel [5, 15-22] removal using various adsorbents,
adsorbent bed depths, liquid flow rates, inlet metal ion
concentrations and size of adsorbents. Results of these
studies have generally indicated that operational conditions
can influence the removal efficiencies of column, the
adsorption capacity of adsorbent and the position and shape
of breakthrough curves. However, according to the author’s
survey, there is no research on the simultaneous biore-
moval of U(VI) and Ni(Il) ions using biomaterials in fixed-
bed columns to date. Among brown algal biomasses in this
paper, the Cystoseria indica was chosen as biosorbent
because it is not only very abundant in coastal area of The
Persian Gulf, Iran but also cheap. In our previous resear-
ches single biosorption for U(VI) and Ni(II) from aqueous
solution by C. indica in batch mode was studied and it was
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observed that the biomass of C. indica could be as an
adsorbent to bind both metal ions [23-25]. The aim of this
study was to develop a new and cheap technology for the
removal of heavy metals pollutions from wastewater and
other aqueous system. Uranium and nickel were selected as
representative heavy metals in this study because they are
widely used in various industries and often released into
the environment from mining and milling facilities. The
objective of this work was to investigate the simultaneous
biosorption of U(VI) and Ni(Il) ions onto Ca-pretreated C.
indica biomass and to compare the binary biosorption
results with single biosorption results in a fixed-bed col-
umn. Also the effect of important parameters, such as the
flow rate, the inlet metal ion concentration and the effect of
coexistence ions on the effluent metal ion concentration
were examined and compared with predictions of the
Thomas, Yoon-Nelson and Yan models.

Materials and methods
Preparation of biosorbent

The brown algae, C. indica obtained from The Persian Gulf
on the coast of Qeshm, Iran was extensively washed with
distilled water and sun-dried on the beach and in an oven at
50 °C overnight. The dried biomass was ground in a lab-
oratory blender and sorted using the standard test sieves.
The batch of biomass with particle size 1.0-1.25 mm was
selected for subsequent Ca-pretreatment. Ca-pretreatment
of the biomass was carried out as follows: a sample of 10 g
of biomass was treated with 0.1 M CaCl, solution
(1000 mL) for 12 h under slow stirring.

Biosorption experiments

All of the experiments were performed in a fixed-bed
column at room temperature (25 + 2 °C). The column was
a simple glass tube with a bore of 1.5 cm and a length of
10 cm. Two plastic sieves both with pore size of 0.5 mm
were installed at the top and bottom of this column. The
experiments were conducted by pumping a metal solution
in up flow mode through the fixed-bed column with a
peristaltic pump (Watson Marlow Pumps, Model 205U). A
weight of 1 g of the dry biosorbent (equal to 4 cm bed
height) was packed within the column. The porosity (bed
void volume to bed volume ratio) of the wet biosorption
bed was 41% in the fixed-bed column. Liquid samples of
the column effluent were collected at predefined time
intervals and were analyzed for residual heavy metal
(U032 and Ni*") concentration by an inductively coupled
plasma spectroscopy (ICP, Varian, Model Liberty 150 AX
Turbo). The ICP analyses were conducted at wavelength of



Binary biosorption of uranium(VI) and nickel(IT)

503

385.95 and 221.84 nm, respectively. The synthetic solu-
tions were all prepared by the use of deionized water and
analytical grade salts of UO, (NOs3),-6H,O and Ni
(NO3),-6H,0 (Merck supplied). The pH of influent solu-
tions was measured with a pH meter (Metrohm, Model
780) and adjusted by using 0.1 M HCI and/or 0.1 M NaOH
solution. The optimum pH values for single biosorption of
U(VD and Ni(II) onto C. indica biomass obtained were 4
and 6, respectively in our previous studies [23, 26].
Therefore, in this study the pH of influent solutions was
adjusted to 4 and 6 for investigation of flow rate effect on
single biosorption of U(VI) and Ni(Il), respectively and to
4 for investigation of inlet metal ion concentration effect
on single and binary biosorption of both metal ions. The
metal ions solution containing uranium and/or nickel in
different concentrations from 30 to 90 mg L™' were
applied to the column. Operation of the column was
stopped when the effluent metal concentration reached a
constant value (equal to the influent metal concentration).

Modeling and analysis of column data

Design and optimization of fixed-bed columns are difficult
to carry out a priori without a quantitative modeling
approach. From the perspective of process modeling, the
dynamic behavior of a fixed bed column is described in
terms of the effluent concentration—time profile, i.e. the
breakthrough curve. The time for breakthrough appearance
and the shape of the breakthrough curve are very important
characteristics for determining the operation and the
dynamic response of a biosorption column. The general
position of the breakthrough curve along the time (or
effluent volume) axis depends on the capacity of the col-
umn with respect to the bed height, flow rate and feed
concentration. The breakthrough curve would be a step
function for favorable separations, i.e. there would be an
instantaneous jump in the effluent concentration from zero
to the feed concentration at the moment the column
capacity is reached [26-29]. The breakthrough time (%) is
the time at which metal concentration in the effluent
reached 5% of the influent value and the bed exhaustion
time (z.) is the time at which metal concentration in the
effluent exceeded 95% of the influent value. Also, the
effluent volume (V,) that is the volume of metal solution
passed into the column (mL) can be calculated as follows
[21, 26]:

Ve=0 Xt (1)
where ¢ is time (min) and Q is the volumetric flow rate
(mL min~"). The breakthrough curves indicate the loading

behavior of algal biomass for U(VI) and/or Ni(Il) (i
component) to be removed from solution in a fixed-bed and

is usually expressed in terms of normalized concentration,
defined as the measured effluent concentration of metal
ions, C; (mg L~ divided by the inlet concentration of
metal ions, Cp; (mg L") as a function of time (f) or
throughput volume for a given bed height. The area above
the plot of normalized concentration of i component
versus time obtained by numerical integration, can be
used to find the total adsorbed quantity of i component,
myq; (mg) for a given feed concentration and flow rate as
follows:

t=t,

0 x Coji &
i = : 11— ar 2
i = 000 / ( covi> @

t=0

Dividing the metal mass adsorbed (m,q4;) by the mass of
alga in the bed, M (g) leads to the equilibrium uptake
capacity of the biosorbent (g;) [21, 30, 31].

My i
P = 3
%= (3)

Total amount of i component sent to column, M ;
(mg) can be found from Eq. 4

Coi X O X te

1000 4)

Myotal i =

Total removal percent of i component can be calculated
from Eq. 5

Ad(%) =

My i

x 100 5
Myotal i ( )
For binary mixture, total removal percent of U(VI) and
Ni(II) can be also found from the ratio of total adsorbed
quantity of both U(VI) and Ni(II) ions to the total amounts
of U(VI) and Ni(II) sent to column, as follows:

2Mai 0 (6)
Z Miotal i

Finally, total equilibrium uptake capacity of U(VI) and
Ni(Il) in the column is defined by Eq. 7 as the total amount
of two components sorbed per the mass of alga in the bed.

Z Mad i (7)

M

The mathematical modeling has a key role in the scale
up procedure from laboratory experiments through pilot
plant to industrial scale [16]. Developing a model to
describe accurately the dynamic behavior of adsorption in a
fixed bed system under given specific operating conditions
is inherently difficult. Because of the concentration of the
adsorbate as the feed moves through the bed, the process
does not operate at steady state. The fundamental transport
equations derived to model the fixed bed with theoretical
rigor are differential in nature and usually require complex
numerical methods to solve. Various simple mathematical

Adtotal (%) =

Gtotal =
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models have been developed to predict the dynamic
behavior of the column. These models are useful for the
sizing and optimization of the industrial scale processes
[32]. Below, the three simple models are described. To
choose them, the conditions of application of each one of
them and their use for the study of biosorption in a column
have been considered by the majority of researchers.

The Thomas model

One of the most general and widely used models to
describe the behavior of the biosorption process in fixed-
bed columns is the Thomas model which is derived from
the equation of the mass conservation in a flow system
[33]. The main limitation of Thomas model is that its
derivation is based on the second order kinetics and
considers that sorption is not limited by the chemical
reaction but controlled by the mass transfer at the inter-
face. This discrepancy can lead to errors when this method
is used to model biosorption processes in specific condi-
tions [26]. This model can be described by the following
expression:

G 1

': M i X kTh i Co,i Xkthixt
C0,1 1+€Xp< XQO.QX Thi _ Co, TO(;-S_X

(3)
)

where kry,; is the Thomas rate constant (L min~! gfl) of i
component and ¢p; is the maximum uptake capacity
(mg gfl) of i component. The model parameters kry,; and
go,i can be estimated by non-linear fitting of Eq. 8 to the
experimental data of breakthrough curves.

The Yoon and Nelson model

Yoon and Nelson [34] have developed a relatively simple
model addressing the adsorption and breakthrough of
adsorbate vapors or gases with respect to activated char-
coal. This model assumes that the rate of decrease in the
probability of adsorption for each adsorbate molecule is
proportional to the probability of sorbate sorption and the
probability of sorbate breakthrough on sorbent [35].The
Yoon and Nelson equation to each component in a single
and in a binary system is expressed as:

G exp(Kyni X & — Kyni X 1)
Coi 14exp (KYN,i X é — Kyn;i % ‘Ei)

©)

where kyn; is the Yoon and Nelson rate constant of i
component (hfl), 7; the time required for 50% of i adsor-
bate breakthrough (h), and t is the sampling time (min).
The calculation of theoretical breakthrough curves for i
component requires the determination of the parameters
kYN,i and Ti.
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The Yan model

The Yan model is based on statistical analysis of experi-
mental data and some simplifications [36]. This model can
be represented by:

(@ 1
Coi - 0.001xCo; xQ @ (10)
1+ ((7qmw ) x t)

where a; and g ; are the model parameters. Yan model has
a relative importance because it normally describes the
complete breakthrough curves with great accuracy. How-
ever, it is difficult to relate the empirical parameter “a”
with the experimental conditions, so the scale up of the
system is impossible [30].

Results and discussion
The effect of flow rate

The feed flow rate is an important variable affecting bio-
sorption process of heavy metals in fixed-bed columns
because the transfer process, especially at a low metal
concentration, is usually under the mass-transfer-controlled
mode. Therefore, in order to investigate the effect of feed
flow rate on the single-component biosorption of U(VI) and
Ni(II) ions by C. indica, the inlet metal concentration in the
feed was held constant at 30 mg L™ while the flow rate
was changed from 0.7 to 2.1 mL min~'. The empty bed
contact time (EBCT) of metal ions through the column
changed from 10 to 3.5 min. The plots of the ratio of
effluent to influent metal ion concentrations versus time at
different feed flow rate for the adsorption of U(VI) and
Ni(II) are presented in Fig. 1a and b, respectively. Also the
results of the breakthrough curves analysis are given in
Table 1. As expected, the breakthrough curves shifted
towards a lower time scale and became steeper with
increasing flow rate for both metal ions. Also, the break-
through time and exhaustion time decreased from 55.15 to
11.72 h and from 255.14 to 110.4 h, respectively for U(VI)
ions and from 12 to 1.4 h and 72 to 45 h, respectively for
Ni(II) ions as the flow rate increased from 0.7 to
2.1 mL min~"'. This indicates a shorter column active life
at a higher feed flow rate. This behavior may be due to
insufficient residence time of the solute in the column,
which causes the metal ion solution to leave the column
before equilibrium occurs. Indeed, according to the batch
experiments, the time required to reach an equilibrium state
between C. indica and U(VI) and Ni(Il) ion solutions is
approximately 2 h for both ions [23, 24]. As can be seen
from Table 1, the uranium and nickel adsorption columns
containing 1 g (dry weight) of the biomass could purify
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Fig. 1 The experimental and predicted breakthrough curves of single
U(VI) (a) and single Ni(II) (b) obtained at different flow rates

2.32 and 0.5 L of 30 mg L™' metal solution at 0.7 mL
min~' feed flow rate before breakthrough, respectively.
The highly treated solution volume of uranium with respect
to nickel showed that this alga had the greatest sorption
capacity for U(VI).

On the other hand, the results showed that in the range
of low flow rates (high residence times), the overall rate of
metal ions removal in the fixed-bed column was controlled
by external mass transfer limitations. In this range, the
metal uptake capacity was strongly influenced by increas-
ing flow rate from 0.7 to 1.4 mL min_l, so that, its value
for uranium and nickel increased from 175.7 to
238.6 mg g~ ' and from 44.4 to 52.0 mg g~ ', respectively.

Generally, when the biosorption process is under
external mass-transfer-controlled mode, a higher flow rate
leads to a higher metal biosorption rate since the liquid film
resistance to mass transfer of metal ions from the bulk
liquid to the biosorption surface is reduced with an increase
in the liquid flow rate. The external mass-transfer-con-
trolled mode in fixed-bed columns was reported by other
investigators [17, 37]. However, above a certain flow rate,
the uranium and nickel removal capacity starts to decrease
and the overall rate of metal sorption by C. indica biomass
is controlled by diffusion limitations of the solute into the
pores of sorbent. Similar observation was reported by other
investigators [1, 3, 38—40].

As can be seen from Table 1 when the flow rate was
increased from 1.4 to 2.1 mL min~", the liquid residence
time in the column decreased from 5 to 3.5 min, resulting
in less metal ions adsorbed to the biomass, and hence, the
uranium and nickel removal capacity was decreased from
238.6 to 1659 mg g~ and from 52.8 to 46.3 mg g ',
respectively. By comparing the breakthrough curves of
U(VI) and Ni(II) ions we observed that the maximum metal
removal capacity was obtained at optimum residence time
(or liquid flow rate) of 5 min (1.4 mL min~') at
30 mg L~! influent metal concentration for both U(VI) and
Ni(II) ions. Moreover, the removal of U(VI) changed with
liquid flow rate at a higher rate than that of Ni(Il).
Therefore, it was possible to choose an appropriate flow
rate in order to separate uranium ions from nickel ions by a
C. indica fixed-bed column.

The effect of initial concentration of metal ions

One of the parameters that strongly affect the metal
removal capacity as well as the general position of the
breakthrough curve is the initial metal ion concentration.
The breakthrough curves of single uranium(VI) and single
nickel(II) obtained by changing initial metal ion concen-
tration from 30 to 90 mg L™ at 0.7 mL min~" flow rate
are shown in Fig. 2a and b, respectively. Also, the break-
through curves analysis of single U(VI) and Ni(Il) ions are
presented in Table 2. The breakthrough time decreased

Table 1 Column data and parameters obtained at 30 mg L™" inlet metal ion concentration and different flow rates for single biosorption of

U(VI) and Ni(II) onto C. indica biomass

Metal ion Q (mL min™ ") t, (h) t. (h) Ve at t, (L) Ve at t. (L) Uptake capacity (mg gfl) Ad (%)
UVl 0.7 55.15 255.14 2.32 10.72 175.71 63

1.4 40.87 158.75 343 13.33 238.64 67

2.1 11.72 110.40 1.47 13.91 165.93 45
Ni(Il) 0.7 12 72 0.504 3.02 44.42 57

1.4 1.5 70 0.126 5.88 52.05 37

2.1 1.4 45 0.176 5.67 46.33 30
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Fig. 2 The experimental and predicted breakthrough curves of single
U(VI) (a) and single Ni(I) (b) obtained at different inlet metal ion
concentrations

with an increase in initial concentration for both compo-
nents. As shown in Fig. 2, breakthrough occurred after
10.66 h and 3.65 h at 90 mg L™ initial concentration of
U(VI) and Ni(Il) ions, respectively, when the breakpoint
time appeared after 55.15 h and 12 h at an initial concen-
tration of U(VI) and Ni(II) ions 30 mg L, respectively.
Also, as shown in Table 2, the treated volume (or exposure
time) was the greatest (10.72 and 3.02 L for U(VI) and
Ni(II), respectively) at the lowest inlet concentration since
the lower concentration gradient caused a slower transport

due to a decreased mass transfer coefficient. As influent
concentration increased, the breakthrough curve became
steeper and shifted towards the origin for both U(VI) and
Ni(Il) ions as the binding sites became more quickly sat-
urated in the system at higher initial concentrations.
Comparing the case for uranium ions adsorption with that
of nickel ions adsorption, it was found that the break-
through curves for nickel ions were steeper and also
breakthrough of nickel occurred faster than uranium. As
shown in Table 2, the removal capacity of U(VI) and Ni(II)
was increased from 175.7 to 334.3 mg g~ ' and from 44.4
to 53.4 mg g~ with increasing of initial metal ion con-
centration from 30 to 90 mg L™, respectively, while the
removal percent of U(VI) and Ni(I) decreased. This result
is in agreement with that reported by Han et al.[38], and
Aksu’s [32] studies. The data in Table 2 also indicated that
the dynamic capacity of column for uranium(VI) was sig-
nificantly greater than that of the nickel(Il) due to higher
affinity of the sorbent for uranium(VI). In other words,
these results showed that the adsorption potential of col-
umn for U(VI) and Ni(Il) ions on C. indica was in the
following order: uranium(VI) > nickel(II).

The competitive adsorption of U(VI) and Ni(Il) ions

Industrial wastewater usually contains more than one toxic
heavy metal ion. Therefore, the effect of competition of
multiple metal ions for a limited number of binding sites on
biosorption of individual ions was also evaluated. The
simultaneous biosorption of U(VI) and Ni(Il) ions on C.
indica in the fixed-bed column was investigated as a
function of different combinations of metal ion concen-
trations in the bimetal solutions. In all simultaneous bio-
sorption experiments, the feed flow rate was held constant
at 0.7 mL min~"'.

Comparison of individual breakthrough curves of U(VI)
and Ni(Il) ions obtained in the mixtures containing
30 mg L™ U(VI) ions and 30 mg L™" Ni(I) ions, and
containing 90 mg L™" U(VI) ions and 90 mg L™ Ni(II)
ions are shown in Fig. 3. For both mixtures the break-
through curves demonstrated that the adsorption capacity

Table 2 Column data and parameters obtained at 0.7 mL min~' and different inlet metal ion concentrations for single biosorption of U(VI) and

Ni(Il) onto C. indica biomass

Metal ion Cy (mg Lfl) t, (h) t. (h) Ve at 1, (L) Vegr at t. (L) Uptake capacity (mg gfl) Ad (%)
Ul 30 55.15 255.14 2.32 10.72 175.71 63

60 13.44 216.65 0.56 9.09 194.08 33

90 10.66 209.1 0.48 8.78 334.34 49
Ni(Il) 30 12 72 0.5 3.02 44.42 57

60 4.01 53.25 0.17 223 49.73 40

90 3.65 29.1 0.15 1.22 53.47 51
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Fig. 3 The experimental and predicted breakthrough curves U(VI)
and Ni(IT) obtained in the binary mixtures containing 30 mg L™
U(VI) and 30 mg L! Ni(II) and containing 90 mg L' U(VI) and
90 mg L™ Ni(II)

of the column is different for each component and the data
reflect the order of affinity of the biomass very well. A
higher adsorption capacity of C. indica for U(VI) ions in
comparison with Ni(II) ions may be explained on the basis
of difference in ionization of U(VI) and Ni(Il) ions in
aqueous solution and degree of interaction between com-
ponents and biomass surface [32]. For the mixture con-
taining lower inlet concentrations of both components
(30 mg L™ U(VI) and 30 mg L' Ni(Il)), breakthrough
curves were more dispersed and breakthrough occurred
considerably later than that of other mixture containing
higher inlet concentrations of both components. For
30 mg L™" U(VI) and 30 mg L' Ni(Il) containing the
mixture, initially, both U(VI) and Ni(II) ions were adsorbed
non-selectively due to the competition of both elements for
the same binding sites in the biomass so a pollutant-free
effluent was produced. With continued treatment, firstly
Ni(II) ions began to leave the column followed by U(VI)
ions. 176 mg U(VI) and 20.3 mg Ni(Il) was adsorbed per
gram of C. indica biomass in this case(total column
capacity was 196.3 mg g~'). An increase in influent con-
centration of each pollutant appeared to increase the
sharpness of the breakthrough curve of each. For
90 mg L~" U(VI) and 90 mg L~ Ni(1) containing mix-
ture, the column capacity of biosorbent was 208.8 mg
U(VI) and 47.6 mg Ni(II) per gram of dried biomass (total
capacity was equal to 256.4 mg g~ ') for this binary sys-
tem. As shown in Fig. 3 adsorption affinity of the tested
metals is U(VI) > Ni(Il) which is the same affinity as
indicated by the results under non-competitive conditions.

The breakthrough curves of Ni(II) ions obtained at
increasing initial U(VI) ion concentrations in the range of
0-90 mg L~! and in constant initial Ni(Il) ion concentra-
tions of 30 and 90 mg L™" are shown in Fig. 4a and b,
respectively. As shown in Fig. 4, much sharper break-
through curves but lower adsorption capacities for Ni(Il)

(a) CONi=30 mg l'l

-3
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-

_.-'."_".:;::.'3:_'"""""'
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Fig. 4 The experimental and predicted breakthrough curves of Ni(Il)
at a constant inlet Ni(Il) ion concentration of 30 mg L' (a) and
90 mg L™' (b) in the absence and in the presence of increasing inlet
U(VI) ion concentrations

ions are obtained in higher concentrations of U(VI) ions.
The general position of the breakthrough curve along the
time axis depends on the capacity of the column with
respect to the feed concentration. This is set by the equi-
librium [41]. As can be seen in Fig. 4, with a decrease in
the inlet concentration of U(VI) ions the breakpoint time
and the volume of the feed that can be processed increase
and the breakthrough curves shift to the right.

For studies the inhibitory effects Ni(I) ions on the
biosorption of U(VI) ions by C. indica biomass, the
breakthrough curves of U(VI) ions obtained in increasing
initial Ni(I) ion concentrations in the range of
0-90 mg L~ and in constant initial U(VI) ion concentra-
tion of 30 and 90 mg L' are shown in Fig. 5a and b,
respectively. Similar breakthrough curves were obtained
both in the single U(VI) and U(VID)-Ni(II) binary system;
the breakthrough curves of uranium became steeper as the
concentration of Ni(Il) ions in the feed increased. Further,
the extent of inhibition in biosorption of uranium was also
enhanced with increasing Ni(II) ion concentration. The
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Fig. 5 The experimental and predicted breakthrough curves of U(VI)
at a constant inlet U(VI) ion concentration of 30 mg L™! (a) and
90 mg L™ (b) in the absence and in the presence of increasing inlet
Ni(II) ion concentrations

data obtained for U(VI) and Ni(II) biosorption by C. indica
biomass in binary mixtures prepared in changing concen-
trations are given in Table 3 in terms of the equilibrium
capacity and removal percents of individual U(VI) and
Ni(Il) ions as well as the total equilibrium capacity and
total removal percents of both metal ions. The results in
Table 3 indicated that the presence of U(VI) ions has a

very lessening effect on the uptake capacity of Ni(Il) ions.
In 30 mg L' constant inlet Ni(II) concentration, the
reduction of nickel uptake in the presence of 30, 60 and
90 mg L~" U(VD) ion concentrations was 54.3%, 57.5%
and 57.8%, respectively. When inlet Ni(I[) concentration
was held constant at 90 mg L~!, the same inlet U(VI) ion
concentrations reduced the nickel uptakes as 4.8%, 6.4%
and 10.9%, respectively. Due to these results it can be said
that the inhibitory effect of U(VI) ion on the equilibrium
nickel uptake is dominant in higher initial U(VI) ion con-
centrations. The results also indicated that the equilibrium
uptake of U(VI) generally decreased with increasing con-
centrations of Ni(Il) ions in the feed. For example, in a
30 mg L' of constant inlet U(VI) concentration, in the
absence of nickel and in the presence of 90 mg L™" nickel
in the feed, equilibrium capacity of U(VI) were found as
175.7 and 171.2 mg g~ ', respectively. The decrease in the
uptake of U(VI) was 2.5% in the presence of 90 mg L™ of
Ni(II) ions. When inlet U(VI) concentration was held
constant at 90 mg L™, the effect of 90 mg L~" inlet Ni(II)
concentration resulted in a 37.5% reduction in U(VI)
uptake. Moreover, the results of Table 3 indicated that a
maximum reduction of 57.8% in the adsorption capacity of
Ni(IT) was observed when U(VI) was present; and a max-
imum reduction of 37.5% in the adsorption capacity of
U(VI) was observed when Ni(Il) was present. Therefore, it
can be said that the presence of U(VI) ions very greatly
affected the uptake of Ni(Il) than that of the presence of
Ni(Il) ions in U(VI) containing solution.

The presence of two or more metals may invoke syn-
ergistic or antagonistic responses from an organism. Since
the uptake of each metal was strongly influenced and
greatly reduced by the presence of other metal, it can be
concluded that the combined action of Ni(II) and U(VI)
ions is antagonistic. The most logical reason for the
antagonistic action is claimed to be the competition for
adsorption sites on the cells. The adsorption capacity of
U(VI) was also consistently greater than that of Ni(Il) for
both single-ion adsorption and co-adsorption with the

Table 3 Comparison of the individual and total uptake capacities and individual and total removal percent of U(VI) and Ni(Il) ions at
0.7 mL min~"! flow rate and different inlet metal ion concentrations for binary biosorption of U(VI) and Ni(II) onto C. indica biomass

Cou (mg L™ Coni (mg L") qu (mg g™") gni (mg g~ ") Grota (Mg g~ ) Ady (%) Ady; (%) Adorar (%)
30 30 176.00 20.31 196.31 61.53 6.68 33.28
60 30 209.91 18.86 228.77 37.58 7.03 27.67
90 30 298.34 18.74 317.08 50.17 10.23 40.76
30 90 171.24 50.89 222.13 56.84 5.73 18.68
60 90 187.24 50.06 237.3 41.68 7.93 21.97
90 90 208.79 47.63 256.42 47.06 10.34 28.35
30 60 173.86 49.59 223.45 59.86 8.21 24.98
90 60 218.69 27.12 245.81 39.68 7.71 27.23
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Table 4 Thomas, Yoon-Nelson and Yan model parameters at 0.7 mL min~' flow rate and different inlet metal ion concentrations for single
biosorption of U(VI) and Ni(Il) onto C. indica biomass

Metal ion Q (mL min™") C, (mg L™ Experimental data Yan model Yoon-Nelson model Thomas model
Texp (h)  Qexp (Mg gil) R a 4o R T Ky~ R 4o Kt

Ul 2.1 30 46.55 165.93 0.983 2.599 143 0.99 46.8 0.0552 0.99 221.3 0.0061
1.4 30 113 238.64 0.978 3.78 231.6 0994 108.1 0.0423 0.994 241.8 0.0265
0.7 30 164.8 175.71 0.963 4357 166.6 0987 1574 0.0265 0.987 281.8 0.0067
0.7 60 69.29 194.08 0.991 3318 176.7 0998 68.21 0.0513 0.998 1879 0.0131
0.7 90 72.26 334.34 0.99 1.65 2556 0945 90.68 0.026 0.945 2953 0.0056

NiII) 2.1 30 9.93 46.33 0.998 1957 31.78 0984 11.33 0.2537 0.984 39.18 0.1542
1.4 30 8.92 52.05 0.998 1.446 29.24 0953 1891 0.1199 0.953 38.41 0.0826
0.7 30 38.44 44.42 0.985 2.64 40.09 0984 39.7 0.075 0.984 43.22 0.0487
0.7 60 17.11 49.73 0.997 2207 3833 0988 18.98 0.1594 0.988 45.02 0.0473
0.7 90 7.25 53.47 0.998 2948 43.62 0996 14.68 0.2383 0.996 53.09 0.0464

bimetal solution. A general rule in heavy metal biosorption
is that the more significantly changed the ions, the greater
the affinity. On the other hand, the electronegativity of
nickel is 1.91, which is higher than uranium electronega-
tivity of 1.38. The cell wall of C. indica algae has oxygen-
containing groups (negative sites) such as carboxylic, sul-
fonic and hydroxyl group [8]. The electron clods on oxygen
atoms of those groups tend to repel the species with a
higher electronegativity more forcibly. Thus, a lot of Ni(IT)
ions might be repelled by the negative sites on the cell wall
of C. indica. Biosorption of U(VI) to the active sites on the
biomass was, therefore, more favorable than Ni(Il) ions,
initially. U(VI) already adsorbed on C. indica might pose a
physical blockage for the attachment of Ni(II) to the active
sites on the surface of C. indica, resulting in the lower
percentage removal of Ni(Il) in co-biosorption with U(VI)
ions.

Determination of kinetic parameters from column data
modeling

The design and optimization of a fixed-bed sorption col-
umn involves the employment of mathematical models,
which must be used to describe and predict the experi-
mental breakthrough curves, in order to make the scale up
of the process possible [30]. Because of this, the experi-
mental breakthrough curves have been fitted to each one of
the models mentioned previously with the aim to describe
the behavior of the column for biosorption of U(VI) and
Ni(Il) onto C. indica in the single and binary component
systems and to determine the corresponding kinetics
parameters. The experimental breakthrough curves have
been fitted to the models through non-linear regression,
using the MATLAB software. The values of the parameters
for single and binary mixture systems are given in Tables 4
and 35, respectively.

Single biosorption modeling

As can be seen in Table 4 for single-component systems,
the Thomas model does not adequately reproduce in some
cases the experimental g, values, allthough the regression
coefficients of the model are greater than 0.945 in all cases.
Also, the Thomas model cannot predict the optimum flow
rate observed in the experimental data. However, the
Thomas model predicts the Ni(II) adsorption better than
U(VI) adsorption onto C. indica biomass. As indicated in
Table 4, the kinetics constant of the Thomas model, Ky,
decrease from 0.049 to 0.046 (1 min~" gfl) as the inlet
concentration of Ni(I) ions increases from 30 to
90 mg L™', which agrees with that obtained by other
researchers. Lin et al. [20] found that for Ni(II) adsorption
by IRC748 resin, the Thomas constant decreases from
0.087 to 0.024 (1 min~' g=") when the inlet nickel con-
centration increases from 277.6 to 1109.4 mg L™'. The
mono metal experimental data were also fitted to Yoon-
Nelson model to determine the model constants of Kyy and
7 at different flow rates and in inlet metal concentrations.
As indicated in Table 4, the regression coefficients of the
Yoon-Nelson model are similar to Thomas model since the
expression of the Yoon-Nelson model is mathematically
analogous to the equation that represents the Thomas
model. Table 4 shows that the calculated t values from the
Yoon-Nelson model are quite close to those found exper-
imentally for U(VI) adsorption, but the model dose not
reproduces the experimental 7 values in some cases for
Ni(Il) adsorption. However, the Yoon-Nelson model can
generally predict the trend of t value changes in all con-
ditions examined for both U(VI) and Ni(Il) ions. On the
other hand, the Yoon-Nelson constant, Ky varies from
0.051 to 0.026 h™" and from 0.075 to 0.238 h™" when the
inlet concentration of U(VI) and Ni(I) increases from 30 to
90 mg L', respectively. These results agree with other
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Table 5 Thomas, Yoon-Nelson and Yan model parameters at different flow rates and inlet metal ion concentrations for binary biosorption of

U(VI) and Ni(IT) onto C. indica biomass

(Co,us Coni) (mg Lil)

(30,30) (60,30) (90,30) (30,90) (60,90) (90,90) (30,60) (90,60)
Experimental values qu (mg g 176 209.91 298.34 171.24 187.42 208.79 173.86 218.69
gni (mg g7 h 20.31 18.86 18.74 50.89 50.06 47.63 49.59 27.12
1y (h) 148.59 77.43 57.25 124.48 66.76 56.33 129.97 50.82
i (h) 20.39 12.01 12.99 12.34 11.34 11.61 3.61 223
Thomas model U 9o 283.3 185 230.1 146.7 175.4 198.3 2925 201.4
Kt 0.0066 0.0107 0.0124 0.0175 0.0136 0.013 0.0054 0.0096
R’ 0.847 0.99 0.996 0.987 0.991 0.995 0.961 0.991
Ni(II) qo 27.12 12.66 16.39 41.57 33.12 34.78 10.13 6.099
Kt 0.0871 0.1454 0.2155 0.0548 0.065 0.0612 0.186 0.2979
R 0.996 0.997 0.999 0.999 0.998 0.998 0.94 0.95
Yoon-Nelson model U(vI) T 238.9 79.56 61.6 127.8 71.61 60.59 231.8 51.65
Kyn 0.0112 0.0355 0.066 0.0285 0.0473 0.0604 0.0097 0.0533
R 0.847 0.99 0.996 0.987 0.991 0.995 0.961 0.991
Ni(II) T 21.25 11.33 13.97 12.29 9.628 10.23 3.857 2.451
Ky~ 0.1575 0.2307 0.3388 0.2635 0.3177 0.2955 0.6925 1.053
R? 0.996 0.997 0.999 0.999 0.998 0.998 0.94 0.95
Yan model U(vlD 9o 132.5 168.3 204.4 141.9 161.7 173.3 146.4 149.2
a 4.88 2.241 3.189 3.243 2.99 2.932 2.325 1.856
R 0.987 0.99 0.999 0.997 0.999 0.999 0.9398 0.999
Ni(II) 9o 25.01 9.08 15.08 29.07 23.33 24.08 5.18 10.44
a 3.016 2.408 3.464 2.597 3.035 3.118 0.804 1.21
R? 0.991 0.995 0.999 0.999 0.999 0.997 0.965 0.955

researchers studying different solute-sorbent systems [26,
32, 42, 43]. For example, Calero et al. [35], studying
Cr(Ill) sorption by olive stone, indicated that the Kyn
constant varies between 0.381 and 250 h™' when the
concentration increases from 10 to 100 mg L™". The Yan
model is also used to describe column biosorption data.
The model parameters (a and ¢,) are given in Table 4. As
can be seen in Table 4, the regression coefficients of the
Yan model are greater than 0.963 in all cases. Also, the gq
values of the model are very close to those found experi-
mentally for both U(VI) and Ni(II) ions. If all the models
used are compared, it can be concluded that the Yan model
is the one which best reproduce the breakthrough curves
for all conditions examined in this study for both U(VI) and
Ni(Il) ions. The breakthrough curves predicted by the Yan
model for mono-metal systems were shown in Figs. 1 and
2. As can be seen from these figures, the predicted break-
through curves showed reasonably good agreement with
the experimental curves. These results, in terms of both the
value of the parameters and the reproduction of the
experimental data through the Yan model are similar to
those found by other researchers working on different
sorbate-sorbent systems [16, 35, 40, 43, 44].

@ Springer

Binary biosorption modeling

In order to model the effect of coexistence ions on the
adsorption of C. indica biomass, the experimental data for
binary-component metal ions (U(VI)-Ni(I)) were fitted to
the Thomas, Yoon-Nelson and Yan models. As can be seen
in Table 5, the regression coefficients of the Thomas,
Yoon-Nelson and Yan models are greater than 0.847, 0.847
and 0.939, respectively for U(VI) ions adsorption and
0.940, 0.940 and 0.955, respectively for Ni(Il) ions
adsorption, in all conditions examined in this study. Also, it
is observed that the Thomas model rate constant (Kty,) for
both metal ions increased with the increasing inlet metal
ion concentration. In addition, the Yoon-Nelson model rate
constant (Kvyy) follows the same trend as that of the Tho-
mas model rate constant. The same results were observed
by Aksu et al. [32] for studying the binary biosorption of
phenol and Cr(VI) onto immobilized activated sludge in a
packed bed column. They noticed that this behavior is
because the driving force of mass transfer in the liquid film
is increased. The data in Table 5 indicated that there are
either negligible or significant differences between the
experimental and predicted values of ¢; and t; for binary
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mixture. These deviations are not surprising, considering
that both kinetic parameters of each component depended
on the assumed breakthrough curve function which was
derived for a single-component adsorption and used for
binary mixture. Moreover, the Thomas and Yoon-Nelson
equations predicted a non-zero effluent concentration at
t =0 which contradicted real conditions. The model
parameters (a;, go ;) of the Yan equation have been given in
Table 5 for both metal ions. Comparing the maximum
uptake capacities (g, o) of U(VI) and Ni(II) on C.indica
biomass predicted by the Yan model with the experimental
uptake values (geyp), it is observed that the predicted values
agree well with the experimental data for both metal ions.
These results coincide with Yan et al. [36] observations.
They concluded that the use of the Yan model minimizes
the error resulting from the use of the Thomas model,
especially at lower or higher time periods of the break-
through curve. The dynamic behavior of the column for
each component in binary mixtures predicted with the Yan
model was shown in Figs. 3, 4, and 5. Among these
models, the Yoon-Nelson with higher regression coeffi-
cients values ranging from 0.939 to 0.999 could describe
the breakthrough data better than the Thomas and Yoon-
Nelson models for both U(VI) and Ni(Il) ions in the binary
mixture.

Conclusions

From experimental results of the single and binary bio-
sorption of U(VI) and Ni(Il) ions onto Ca-pretreated C.
indica biomass in a fixed-bed column, the following con-
clusions can be drawn:

1. The breakthrough and exhaustion time decrease with
the increase of the flow rate for both metal ions in a
single aqueous solution. The same effect is shown
when the inlet metal concentration increases. Also, the
breakthrough curves become steeper and shift to the
left with increasing flow rate or inlet metal concentra-
tion for both metal ions. In addition, it is observed that
the controlled-rate step shifts from external to internal
mass transfer limitations, as the flow rate increase and
an optimum flow rate equal to 1.4 mL min~' is
obtained for both metal ions. Moreover, the effect of
flow rate on the single component biosorption shows
that it is possible to choose an appropriate flow rate in
order to separate U(VI) ions from Ni(Il) ions by a C.
indica fixed-bed column.

2. The data obtained in the single systems indicate that
the adsorption capacity of C. indica for both metal ions
increases with the increasing inlet concentration of
each component and also, the uptake capacity of C.

indica for U(V]) ions is higher than that of Ni(Il) ions.
The same behavior is observed in the binary systems.
From the single and binary biosorption data, it was
concluded that the algae C. indica presents greater
adsorption affinity for U(VI) compared with Ni(II).

3. The data obtained in the binary systems indicate that
the presence of the second component decreased the
capacity of the first component and by increasing the
inlet concentration of the second component in the
binary mixture, the breakthrough curve of the first
component becomes steeper and shifts to the left. So, it
is concluded that the combined action of U(VI) and
Ni(Il) ions is antagonistic. Also, it was observed that
the presence of U(VI) ions greatly affected the uptake
of Ni(Il) ions rather than that of the presence of Ni(Il)
ions in U(VI) containing solution.

4. Thomas, Yoon-Nelson and Yan models were applied
to the experimental data obtained from the single and
binary biosorption of U(VI) and Ni(Il) ions onto C.
indica. Among these models, the best fit of the U(VI)
and Ni(II) breakthrough curves, obtained under differ-
ent experimental conditions tested, was achieved with
the Yan model in both single and binary systems.

5. This study indicated that the Ca-pretreated C. indica
biomass could be used as an efficient biosorption bed
in the fixed-bed columns for the removal of U(VI) and
Ni(I) ions bearing wastewater streams because, C.
indica is an inexpensive, easily available biomaterial
with high adsorption capacity for both metal ions.
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