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Abstract—Ca-pretreated Cystoseira indica algae was used as a biosorbent for the biosorption of U(VI) and Fe(II) ions
in single, binary and multi-component systems by using a packed bed column. Experiments were conducted to study
the effect of important design parameters such as bed height and flow rate. FTIR and XRF analyses and pH and Ca**
ion concentration recordings showed that the biosorption of U(VI) and Fe(II) proceeded through ion-exchange mech-
anism. BDST, Thomas and Modified dose-response models were used for predicting breakthrough curves and for esti-
mations of the parameters necessary for the design of a large-scale packed bed column.
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INTRODUCTION

The separation and recovery of valuable radionuclides and heavy
metals from aqueous solution have acquired great significance.
Uranium is the most vital element for nuclear energy programs
and is available in the leach solution of various uranium ores as well
as in the uranium chemical conversion facilities effluents. Leach-
ing is a process through which the ore is placed in contact with a
suitable solvent; as a result, some components of the ore minerals
are dissolved in it. This leaching process produces vast quantities
of complex, dilute uranium solution and a variety of other heavy
metal ions such as iron due to the characteristics of the ore mines.

Different procedures such as chemical precipitation [1], mem-
brane separation [2], electrochemical treatment [3], reverse osmo-
sis [4], solvent extraction [5] and ion-exchange [6] can be used for
heavy metal separation and recovery from aqueous solution. These
common technologies suffer from some restrictions such as high
operational and capital costs, incomplete metal removal, weak
selectivity, high energy consumption and the generation of toxic
slurries [3]. Biosorption represents an alternative to conventional
processes. It can be used to describe the adsorption of heavy met-
als from an aqueous solution by a passive binding to non-living
biomass [7]. Biosorption has many advantages including low capi-
tal and operating costs, selective removal of metals, biosorbent
regeneration and metal recovery potentiality and being absolutely
free from sludge generation [8]. Generally, metal biosorption in-
cludes complex mechanisms of ion exchange, chelation, adsorp-
tion by physical forces, and ion entrapment in inter- and intra-
fibrillar capillaries and spaces of the cell structural network. Several
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similar studies showed that non-living microorganisms can be eftec-
tive in the adsorption of heavy metal ions such as blue-green algae
[9,10], red algae [11,12] and brown algae [8,13,14]. The biomass
used in this work, Cystoseira indica, brown algae was obtained from
the coast of Chabahar, Iran. For increasing the metal loading capac-
ity of biosorbent, raw algae can be pretreated with calcium solu-
tion. This process will result in a change in surface ions and will
increase the biomass biosorption capacity in comparison with un-
treated algae, since the biosorption is usually an ion exchange pro-
cess [15].

Although equilibrium batch adsorption studies provide useful
information on the application of adsorption, most separation and
purification processes that employ sorption technology use contin-
uous flow columns. High driving force (due to concentration gra-
dient), which improves biosorption efficiency and mass transfer
performance, is an important feature of the continuous flow sys-
tem [16]. Operating conditions such as pH, feed concentration, vol-
umetric flow rate and bed height are key process parameters, which
could be used for comparison, process design, and scale-up pur-
poses. The dynamic behavior of a continuous flow column is eval-
uated in terms of breakthrough curve (effluent solute concentration
versus time) [17].

Mathematical modeling of data available from sorption process
facilitates scale-up potential and is necessary for optimal process
design and operation. Also, biosorption process modeling is use-
ful for predicting the process performance under different condi-
tions. Hence, several models, namely Thomas [18], Modified dose-
response [19] and Bed Depth Service Time (BDST) [20] have
often been used in the studies; the first two models predict the ser-
vice time for a given metal ion concentration and the information
thus obtained is useful in the BDST model to predict bed height.

The main objective of this study was to investigate the biosorp-
tion of U(VI) from single, binary and multi-component systems
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including U(VI) and Fe(II) in a packed bed column by the Ca-pre-
treated C. indica algae biomass. The effects of operational condi-
tions such as bed height, flow rate and presence of interfering ions
were examined. For a suitable design of the biosorption column,
an accurate prediction of the breakthrough curve is needed. Hence,
the experimental data obtained from the continuous flow systems
were fitted to the above-mentioned models for U(VI) biosorp-
tion. Also, biosorption mechanism was investigated by FTIR and
XRF analyses before and after biosorption and by recording the
Ca(Il) ion and pH of column effluent stream.

MATERIALS AND METHODS

1. Preparation of Biosorbent

C. indica brown algae used in the experiments was obtained
from the coast of Chabahar, Iran. After being rinsed thoroughly
and frequently with deionized water, it was sun dried. The sam-
ples were crushed and sorted using a sieve to select the batch of
biomass with particle size of 1-2 mm. Since our previous study illus-
trated that the uptake capacity of uranium by calcium pretreated
C. indica was greater than raw C. indica algae [15], the selected bio-
mass was treated with 0.1 M CaCl,-2H,O solution for more active
binding sites embedded in the cell wall and removal of surface
impurities. Pretreatment of C. indica was undergone by adding
10 g biomass to 0.1 M CaCl,-2H,O solution (1,000 mL) in the batch
system. Then, it was stirred slowly for 3h at 150 rpm and 25°C.
Next, pretreated biomass was rinsed several times with deionized
water to remove excess calcium ions. Finally; the Ca-pretreated bio-
mass was dried in an oven at 70 °C overnight.
2. Stock Solutions of Metal Ions

A stock solution of U(VT) with a concentration of 0.5g L™ was
prepared by the use of deionized water and analytical grade salts
of UO,(NO;),-6H,0O (Sigma-Aldrich). A stock solution of Fe(II)
with a concentration of 1.8 g L™ was prepared by utilizing deion-
ized water and analytical grade salts of FeCl,-4H,0 (Sigma-Aldrich).
The working solutions of mono-metal ions were prepared by
diluting stock solutions of mono-metal ions with deionized water.
The working solutions of binary-metal ions were prepared by
mixing one liter of each stock solution of mono-metal ions. The
initial metal concentrations were 250 and 900 mg L', respectively
for U(VI) and Fe(Il) in single and binary-metal ion systems. The
multi-component solutions were prepared by dissolving the weighed
amounts of uranyl nitrate, iron chloride, zinc chloride, cerium chlo-
ride, yttrium chloride, ytterbium chloride, lanthanum chloride, nickel
nitrate, copper nitrate and cobalt nitrate (Sigma-Aldrich) in deion-
ized water. All experiments were performed at 25°C and an ini-
tial pH of 4. This pH value was considered as the optimum pH
value for U(VI) biosorption [15]. The pH of solutions was mea-
sured with a pH meter (Metrohm, Model 780) and adjusted by
using 0.1 M HCl and/or 0.1 M NaOH. The samples collected peri-
odically were analyzed for the remaining U(VI) and Fe(Il) ions
concentration by an inductively coupled plasma spectroscopy
(ICP, Varian, Model Liberty 150 AX Turbo).
3. Operation of Packed Bed Column and Instrumentation

A glass column with an internal diameter of 1.5 cm and a length
of 10 cm was employed in the column experiments. Columns were
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packed with modified biosorbent and for supporting the biosor-
bent in the column, glass wool (1 cm depth) was fitted onto the
two ends of the column. The metal solution was passed through
the column in upward direction with the help of peristaltic pump
(Watson Marlow Pumps, Model 205U). To obtain biosorption
equilibrium data, the experiments were performed in the packed
bed column to complete biosorbent saturation. Note that the satu-
ration occurs when the outlet metal concentration reaches a con-
stant value (equal to the inlet concentration).

FTIR and XRF were analyzed to find the main biosorption mech-
anism. FTIR spectra of Ca-pretreated biomasses and biomasses
loaded with U(VI) and Fe(II) were taken by a Bruker Vector 22
FTIR spectrometer in the region of 400-4,000 cm™". Also, Ca-pre-
treated biomasses and biomasses loaded with U(VI) and Fe(II)
were analyzed using an X-ray fluorescence analyzer (XRF) Model
ED 2000 Oxford Instruments Corporation.

4. Modeling and Analysis of Column Data

Packed bed biosorption studies are usually explained through the
concept of the S-shaped experimental curves called breakthrough
curves, which are plotted as outlet concentration (C,)/ input con-
centration (C,) vs. time. The breakthrough curves have very im-
portant characteristics for process design and determining the
operation life span of the bed and the dynamic response of bio-
sorption in a packed bed column, because they directly affect the
feasibility and economics of the sorption phenomenon. Column
operating conditions such as inlet concentration, flow rate and bed
height are very effective on experimental breakthrough curves [15].

The breakthrough time (t;, the time at which metal concentra-
tion in the effluent reaches 5% of the influent value) and bed ex-
haustion time (t,, the time at which metal concentration in the efflu-
ent exceeds 95% of the influent value) were determined to charac-
terize the breakthrough curves [15].

The uptake capacity (q,,) of the biosorbent by the column was
calculated as follows:

R eRe! ( C,
Qe 7500 o l_cq)dt g

where g, is the amount of metal removed (mg metal g biosor-
bent), C, is the influent metal concentration (mg L"), C, is the
effluent metal concentration at time of t (mg L"), Q is the volu-
metric flow rate (mL min™), m, is the amount of dried biosorbent
packed in the column (g) and t is the time (min).

The effluent volume (Ve) can be calculated as follows [15]:

V,=Qxt, )

The total amount of metal sent to column (M,,,,;) can be calculated
as follows [15]:

QxCyxt,

MrataI: 1000

©)

The removal efficiency (% RM) of metal at saturation of the col-
umn was calculated as follows [13]:

m_X
9% RM = = drotal 40 @)

total

BDST is one of the most commonly used models to describe and
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design the heavy metals sorption by means of the packed bed sys-
tem. This model, regardless of inter-particle resistance and resis-
tance to foreign film, is defined on the basis of the surface reaction
and assumes that the metal ions are directly absorbed on the adsor-
bent surface [21]. The BDST equation expresses a linear relation-
ship between the bed height (Z) and breakthrough time, in terms
of process concentrations and adsorption parameters, often called
service time at the bed, given by:

Z 1 (C )
= =0_
t= Cov KaColn C, 1 (5)

where N, is the biosorption capacity of the bed (mg L"), K, is the
rate constant (L mg ™' min™"), C, is breakthrough ion concentration
(mg/L) and v is the linear velocity calculated by dividing the flow
rate by the column section (cm min™"). The value of biosorption
capacity of the bed and the rate constant were computed from the
slope and intercept of BDST plot assuming initial concentration
and the linear velocity as constant. The bed biosorption capacity
shows the time required for the adsorption zone to move a unit
length through the biosorbent, and the rate constant shows the
rate of solute transfer from the liquid phase to the solid phase. If
Ka is small, a long bed will be required to delay breakthrough, but
as Ka increases, a progressively smaller bed is needed to delayed
breakthrough [22].

The Thomas model has been mostly used to describe the per-
formance of the sorption process in a packed bed column. Also,
this model has been used to predict the breakthrough curve of
metal sorption by several investigators [8,15,18]. The same model
derived from equation of mass conservation in a flow system [23]
assumes that the adsorption equilibrium follows the Langmuir
model kinetics of adsorption—desorption without any axial disper-
sion in the adsorption column with the assumption that the rate
of driving force obeys second-order reversible reaction kinetics
[20,24]. The expression by Thomas for an adsorption column is
given as follows:

& : ©

Co 1+ exp (M%km B VCOkTh)

Q Q

where V is the volume (/) of metal solution passed into the column,
Ky, is the Thomas rate constant (L min~' g ), q, is the maximum
uptake capacity (mg g ). The model parameters ky, and q, can be
estimated by non-linear fitting of Eq. (6) to the experimental data
of breakthrough curves.

Yan et al. [19] have proposed the modified dose-response model
for the modeling of breakthrough curves of the packed column
metal biosorption process. This model minimizes the error that
results from the use of the Thomas model, especially with lower
and higher breakthrough curve times [25].

Cop— L @)

C_0: ( AVARCS
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where a,,;, and b,,;, are the modified dose-response model constants.
All the above-mentioned models were fitted to the experimen-
tal breakthrough curves using the non-linear regression method,
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Fig. 1. Comparison of the experimental and predicted breakthrough
curves for (a) U(VI) and (b) Fe(II) biosorption from single-
component system by Ca-pretreated C. indica at different
bed heights and flow rates according to the Modified dose-
response model (initial uranium(VI) concentration=250 mg
I''; initial iron(IT) concentration=900 mg I "'; pH 4).

and their suitability was assessed on the basis of R”.
RESULTS AND DISCUSSION

1. Study of Biosorption from Single Metal Solutions

To evaluate the performance of continuous biosorption pro-
cess, the flow rate plays an important role. The influence of flow
rate on the biosorption of U(VI) by Ca-pretreated Cystoseira indica
algae was investigated by keeping the influent metal concentration
(250 mg L") and the bed height (1 cm) constant and varying the
flow rate (3.2, 5.2 and 7.2 mL min ™).

The results of experiments on the effect of flow rate are shown
in Fig. 1(a), and the results of the breakthrough curve analysis are
given in Table 1. The results show that the breakthrough time de-
creases from 333 to 78 min, as flow rate increases from 3.2 to 7.2
mL min "', also the breakthrough curve becomes steeper. This is
because in the high flow rate of the solution the residence time of
the solute in the column is not enough to progress mass transfer
and U(VI) ions escape the column before the equilibrium is
attained. The removal efficiency of U(VI) for the packed bed bio-
sorption column was found to decrease from 51.51% to 28.86%
with an increase in the flow rate. It was because the contact time
for U(VI) biosorption was very short at higher flow rates. The results
indicate that the uptake capacity value increased from 337.29 to
363.87mg g ' with increasing the flow rate from 3.2 to 52 mL
min . Then it reduced to value 286.61 mg g' in the flow rate 7.2
mL min . Two important factors could be effective on the amount
of uptake capacity.

With an increase in the flow rate, disturbances (mixing) as the
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Table 1. Column data and parameters obtained for single, binary and multi-component systems

Experimental conditions

Experimental parameters of breakthrough curve

Flow rate  Bed height t t, Uptake capacity ~ Uptake capacity
Metal . . . 1 %RM
(ml/min) (cm) (min)  (min) (mgg) from mdr model

Single system

U(VI) 3.2 4 333 1390 337.29 321.44 51.51
52 4 148 1370 363.87 339.21 36.11
7.2 4 78 532 286.61 288.74 28.86
52 6 319 1784 381.14 368.29 41.01
52 8 643 2440 433.03 415.79 45.28

Fe(II) 52 4 - 60 55.18 54.98 33.33
52 8 10 168 73.49 72.23 30.75

Binary system

U(vI) 32 4 37 1103 165.31 168.05 31.21
52 4 34 1056 223.58 225.63 28.16
7.2 4 20 515 199.95 208.52 37.74
52 6 69 1552 227.14 245.89 27.82
52 8 87 2496 257.21 241.37 27.95

Fe(II) 52 4 - 44 54.84 56.14 44.94
52 8 6.5 108 62.04 64.11 41.53

Multi-component system

Bandar Abbas leach solution, U(VI) 5.2 8 38 1220 130.05 129.19 29.29

Saghand leach solution, U(VI) 5.2 8 5.5 201 30.09 32.01 40.12

first factor increase and the thickness of the liquid film surround-
ing the C. indica biosorbent particle as a resistance for the mass
transfer decreases. Thus, reducing the film transfer resistance, in-
creases in the mass transfer rate and this factor causes the growth
of the uptake capacity by increasing the flow rate from 3.2 to 5.2
mL min'. On the other hand, by increasing the flow rates, the reten-
tion time for U(VI) ions to interact with the biosorbent as the sec-
ond factor decreases and U(VI) ions have little time to diffuse into
the biosorbent sites or pores through intra-particle diffusion. In
this case, the U(VI) metal ion uptake is limited by internal mass
transfer. This factor can be the cause of the uptake capacity reduc-
tion by the increasing flow rate from 5.2 to 7.2 mL min . The same
observations have been reported elsewhere [15,26]. So, the flow rate
52mL min' was selected as the optimum flow rate for further
experiments.

The influence of changing bed height on biosorption of U(VI)
in the packed bed column was also investigated at flow rate 5.2 ml
min " and initial concentration of U(VI) 250 mg L™ and the results
of which are shown in Fig. 1(a). The mass for 4, 6 and 8 cm of bed
heights was about 1.75, 2.62 and 3.5 g of Ca-pretreated C. indica,
respectively. The influence of bed height was well pronounced in
terms of breakthrough time (t,) and exhaustion time (t,), as both
increased with an increase in the bed height (Table 1). The bio-
sorption capacity of U(VI) increased with an increase in the bed
height from 363.87 mg g ' to 433.03 mg g ', which could be due
to an increase in the residence time of the U(VI) ions and also
provided more number of binding sites and ionic groups of bio-
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mass available for biosorption of U(VI) metal ions [27]. On the
other hand, at the low bed height, axial dispersion phenomena
predominated in the mass transfer, reduced the diffusion of metal
ions [28].These results are in agreement with that reported ones
by other researchers [15,29].

Considering that the main objective of this work was U(VI)
biosorption as a more precious metal from real solutions, the bio-
sorption of Fe(I) was studied in the optimal conditions of U(VI)
biosorption. Fig. 1(b) illustrates the breakthrough curves of Fe(Il)
at initial concentration 900 mg L' and flow rate 5.2 ml min~' and
bed heights 4 and 8 cm. As seen, the breakthrough time and uptake
capacity values for Fe(Il) biosorption are smaller than those of
U(VI) biosorption in similar conditions (Table 1). Higher uptake
capacity of U(VI) than that of Fe(II) was just in agreement with
the greater affinity of U(VI) than that of Fe(II) for binding to active
sites of Ca-pretreated C. indica algae. The binding strength of a metal
ion to the biomass is dependent upon other different factors such
as some physical and chemical properties of U(VI) and Fe (II) ions.

This might be attributed to the difference between the ionic
radius of UO;" (102.5 pm) and Fe** (78 pm). The ionic radius of
U(VI) ions is larger than that of Fe (I) and thus a stronger physi-
cal affinity for U(VI) is expected at the adsorption sites on the cells
(30].

Moreover, higher atomic weight of UO3" ions generated higher
momentum energy, which to the best of our knowledge, could be
helpful for help of the U(VI) biosorption by increasing the probabil-
ity of effective encounter between U(VI) and the cellular walls [31].
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Also, the Pauling electronegativity of U(VI) is 1.38 while the
Pauling electronegativity of Fe(II) is 1.83. the higher electronegativ-
ity, the lower binding tendency of metal ions to the negative sites
on algae will be resulted [18].

Another factor that influenced the biosorption capacity of metal
ions was the ability of metals to form hydroxy complexes in aque-
ous solutions. Hydrolysis reactions of U(VI) and Fe (II) metal ions
can be expressed by the following equations.

UOX+H,0=UO,0H"+H" pK=538 ®)

Fe*' +H,0=FeOH'+H' pK=9.5 )

Lower hydrolysis constant (pK) value will lower the degree of sol-
vation of metal ions; thus the metal ion can diffuse easily and has
a stronger binding strength. Since U(VI) has a lower pK, there is a
lower resistance to reach the active sites of the Ca-pretreated C.
indica algae [32].
2. Study of Biosorption from Binary Metal Solutions
Continuous column studies were carried out to observe metal
uptake by Ca-pretreated C. indica algae at three different flow rates
of 32,52 and 7.2 mL min ™' and bed heights of 4, 6 and 8 cm from
the binary metal ion system comprising of U(VI) and Fe(II) with
inlet concentration 250 and 900 mg L', respectively. The break-
through curves of the U(VI) biosorption from binary mixtures for
various flow rate are plotted in Fig. 2(a) and analysis results are
summarized in Table 1. As expected, with the increasing flow rate,
the breakthrough curves are steeper and the breakthrough time
decreases. In addition, with an increase in the flow rate from 3.2 to
52 mL min~' mixing increases and the thickness of the liquid film
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Fig. 2. Comparison of the experimental and predicted breakthrough
curves for (a) U(VI) and (b) Fe(II) biosorption from binary-
component system by Ca-pretreated C. indica at different
bed heights and flow rates according to the Modified dose-
response model (initial uranium(VI) concentration=250 mg
I'"; initial iron(IT) concentration=900 mg I"'; pH 4).

surrounding the biosorbent particle decreases and consequently
the mass transfer rate increases. On the other hand, at a high flow
rate (7.2 mL min "), the residence period of metal ions in the col-
umn is short and thus U(VI) ions run away from the column
before achievement of the equilibrium. This leads to decreasing
U(VI) uptake capacity. When the process is subjected to external
mass transfer control, a higher flow rate decreases the liquid film
resistance and when the process is subjected to internal mass trans-
fer control, a slower flow rate favors the biosorption. As the con-
trolled-rate step shifted from external to internal mass transfer
limitations, the uptake capacity of U(VI) reached to optimum
point 223.58 mg g in flow rate of 5.2 ml min ", This behavior is sim-
ilar to what was seen in biosorption from single metal solutions.
As obvious, when Fe(II) was added to the solution of U(VI), the
breakthrough time (min) of U(VI) reduced from 333, 148 and 78
to 37, 34 and 20 for flow rate 32, 5.2 and 7.2 ml min"', respectively.
Also, the uptake capacity of U(VI) (mg g ) for binary component
system compared with single component system decreased from
337.29, 363.87 and 286.61 to 165.31, 223.58 and 199.95 for flow
rate 3.2, 5.2 and 7.2 ml min ", respectively. Although the inlet molar
concentration of Fe(Il) ion is 15 times greater than inlet molar
concentration of U(VI) ions, the uptake capacity of U(VI) decreased
only 51%, 43% and 26% at flow rates of 3.2, 5.2 and 7.2 ml min™',
respectively. The observed decrease in the biosorption of U(VI) in
the presence of Fe(II) ions could be explained by the competition
between metal ions for the same biosorption sites [29]. Similar to
the single component system, the flow rate 5.2 ml min~' was the
optimum flow rate in binary component system.

The breakthrough curves of the U(VI) metal biosorption from
binary mixtures for various bed heights are shown in Fig. 2(a).
The breakthrough time of the U(VI) reduced from 148, 319 and
643 to 34, 69 and 87 for the bed height 4,6 and 8 cm, respectively
(Table 1). When Fe(IT) was added to the solution of U(VI), the
uptake capacity of uranium (mg g ') decreased from 363.87, 381.14
and 433.03 to 223.58, 227.14 and 257.21 for the bed height 4, 6
and 8 cm, respectively. Similar to the single component system, of
the three bed heights tested, 8 cm gave the best results.

The breakthrough curves of Fe(II) were investigated for a binary
component system in two conditions. These conditions include
the flow rate 5.2 ml min" and bed heights 4 and 8 cm. The results
of the experiments are shown in Figs. 2(b) and the results of the
breakthrough curve analysis are given in Table 1. Initially, there are
many active sites on Ca-pretreated C. indica biomass, so both U(VI)
and Fe(II) are biosorbed by the algae. However, with the ongoing
process, U(VI) progressively displaces Fe(II) ions that were previ-
ously biosorbed. The release of Fe(II) ions results in outlet concen-
trations of the metal that is higher than the concentrations of the
feed solution. This observation is not rare in a multi-component
system because of a chromatographic concentrating effect. These
types of breakthrough curves (characterized by an overshoot) are
indicative of the phenomenon of sequential exchange in which a
more selective cation can remove another previously exchanged
cation from the site. Similar results have been reported by other
researchers [33-35].

Fig. 3 shows the breakthrough curves of U(VI) and Fe(Il) on a
Ca-pretreated C. indica biomass fixed-bed column in the binary

Korean J. Chem. Eng.(Vol. 33, No. 7)



2210 A. Talebian et al.

1.2
1 —o—mn
0.8
Y 06 -
&) L
0.4 ’
0.2 ' —s+—uranium
—&—iron
0 T T T T
0 500 1000 1500 2000 2500 3000

Time(min)

Fig. 3. Breakthrough curves of U(VI) and Fe(II) on a Ca-pretreated
C. indica packed bed column in the binary-component sys-
tem (bed heights=8 cm; flow rate=5.2 ml min™"; pH 4).

system for flow rate 5.2 ml min~" and bed height 8 cm. Tt could be
seen that both of the two metal ions could be removed com-
pletely at the beginning. First, Fe(II) flowed out of the column at
5min and was followed by U(VI) at the time of 27 min. The
whole biosorption process could be divided into three phases: (1)
complete biosorption phase (0-5min)—both of the metal ions
could be removed completely in this phase due to the large num-
ber of active sites; (2) separation phase (5-27 min)—with the occu-
pation of the active sites, Fe(Il) begun to flow out of the column,
while U(VI) was still completely biosorbed by the modified bio-
sorbents. The two metal ions could be separated totally in this
phase; and (3) saturation phase (>27 min)—both of the metal ions
flowed out of the column due to the full occupation of the active
sites. Since Fe(II) first flowed out of the column in the binary sys-
tem, the modified biosorbents had high biosorption affinity with
U(VI). In a single component system under continuous condi-
tion, the uptake capacities were 433.03 and 73.49 mg g ' for U(VI)
and Fe(II), respectively. In a binary component system, the uptake
capacity decreased to 257.21 and 62.04 mg g for U(VT) and Fe(TI).
These results suggested that there was an antagonistic effect in the
competitive biosorption process under the binary system. The Ca-
pretreated C. indica biomass displayed a high selectivity toward
one metal ion with an affinity order of U(VI)>Fe(II), which made
it possible to separate the metal ions step by step through design-
ing a proper experiment condition. The adsorption selectivity of
the Ca-pretreated biomass may be improved by using the differ-
ent complexing agents such as EDTA (ethylene diamine tetra
ascetic acid) and sodium carbonate in the fixed-bed column.

Similar observations were reported by Yu et al. [36] for different
binary component systems. Their dynamic competitive adsorption
experiments showed that the modified leaf had higher adsorption
affinity for Cu(II) than for Cd(II) and Zn(1I) [36].
3. Study of Biosorption from Multi-metal Solutions

Since the real solutions often contain several metal ions simulta-
neously, the feasibility of Ca-pretreated C. indica for biosorption of
U(VI) ion from real multi-metal solutions was also tested using
uranium mining ore leach solutions of Saghand and Bandar Abbas
of Iran. The compositions of these leach solutions are given in
Table 2. Both simulated leach solutions were passed separately
through the column in optimized conditions (bed height 8 cm and
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Table 2. Concentration of metal ions in the leach solutions

Bandar Abbas
leach solution

Concentration (mg L) 251 700 18 35 12 27
Saghand leach solution U  Fe La  Ce Y Yb
243 830 1290 1080 1090 80

Fe Zn Co Ni Cu

Concentration (mg LY

02! © Banda Abbas leach solution
— mdr model- Banda Abbas leach solution
+ Saghand leach solution
ol i i L L |=— mdr model- Saghand leach solution |
0 200 400 600 800 1000 1200 1400 1600 1800
Time(min)

Fig. 4. Comparison of the experimental and predicted breakthrough
curves for U(VI) biosorption from multi-component system
by Ca-pretreated C. indica according to the modified dose-
response model (bed heights=8 cm; flow rate=5.2 ml min
pH4).

flow rate 5.2 ml min"). The breakthrough curves of U(VI) bio-
sorption from these multi-metal leach solutions are shown in Fig.
4 and the data analyses are given in Table 1. The breakthrough and
exhaustion points are found to be premature as far as biosorption
of U(VI) in multi-component system were concerned (Table 1).
Also, the uptake capacity of U(VI) by Ca-pretreated C. indica bio-
mass decreased when real solutions passed through the column. It
was due to the presence of the considerable other kinds of heavy
metal jons in the leach solutions which compete in occupying the
binding sites. As can be seen from Table 1, the uptake capacity of
U(VD) from Saghand leach solution compared with the single
component system decreases from 433.03 to 30.09mg g (93%
reduction). In the light of these results, it is concluded that the bio-
sorbent was not found to be very efficient for the biosorption of
U(V]) ions from real solution with high concentration of other
metal jons. On the other hand, the uptake capacity of U(VI) from
the Bandar Abbas leach solution is 130 mg g™ which shows that
Ca-pretreated C. indica can be fairly efficient for the biosorption of
U(VI) ions.
4. Model of Column Data

The BDST model can be used to estimate the required bed depth
for a given service-time. The model parameters were estimated by
plotting of service time against the bed height at a flow rate of 5.2
ml min~" for single and binary component systems, under which
the effluent U(VI) concentration reached 12.5mg "' (C/C,=0.05).
The equation of linear relationship was derived with R’ value around
0.97. The rate constant (Ka) is 3.16x10° L mg ™" min™' (single) and
7.28x10*L mg ' min™' (binary) and the biosorption capacity of
the bed (NO) is 91,083 mg L™ (single) and 9,752 mg L™ (binary).
The BDST model parameters can be useful to scale up the pro-
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Table 3. Parameters obtained from the non-linear fit of breakthrough data to the Thomas and modified dose-response models for single,

binary and multi-component systems

Experimental conditions

Thomas model Modified dose-response model

Q Z Qo Qo 2 b4 2

Metal R R

€ (mimn') (m) (mgg') (mgg’) B 0

Single system

U((vI) 3.2 4 2709 270.9 0.98 4111 1.795 0.99
52 4 280.1 280.1 0.97 3.257 1.776 0.99
7.2 4 260.7 260.7 0.99 3.172 1.737 0.99
52 6 318.5 318.5 0.97 3.894 3.228 0.99
52 8 411.6 411.6 0.99 5.721 5.467 0.99

Fe(II) 52 4 41.27 41.27 0.98 1.837 0.069 0.99
52 8 51.01 51.01 0.96 1.884 0.175 0.99

Binary system

U(VI) 3.2 4 121.3 121.3 0.98 1.736 0.751 0.99
52 4 138.4 138.4 0.96 1.616 0.852 0.99
7.2 4 171.8 171.8 0.98 1.877 1.053 0.99
52 6 141.1 141.1 0.95 1.636 1.237 0.98
52 8 180.1 180.1 0.95 2.075 2.260 0.99

Fe(II) 52 4 42.72 42.72 0.98 1.966 0.071 0.99
52 8 52.79 52.79 0.98 2.749 0.194 0.99

Multi-component system

Bandar Abbas leach solution, U(VI) 52 8 87.29 87.29 0.95 1.628 0.951 0.99

Saghand leach solution, U(VI) 52 8 289 28.9 0.98 1.771 0.308 0.98

cess for other flow rates without further experimental data.

The experimental data were fitted to the Thomas model to
specify the uptake capacity (q,) and model constant (kg;,) for sin-
gle, binary and multi-component systems (Figure not shown). The
model constants ky, and q, along with correlation coefficients (R’)
for both metal ions are presented in Table 3. As the bed height
increased in both metal ions, the value of ky;, decreased and the
value of q, increased under both single and binary systems. Also,
for both metal ions, the rate constant (k) which characterizes the
rate of solute transfer from the liquid to the solid phase and the
maximum uptake capacity (q,) increased with an increase in the
flow rate for both single and binary systems. Similar observations
were reported [18,37].

The best fits were seen when the modified dose-response model
(Figs. 1, 2 and 4) was compared with the Thomas model as shown
in Table 3, with correlation coefficients (R?) above 0.98. Moreover,
it can be seen that in most cases, the experimental uptake capaci-
ties are very close to those calculated by the modified dose-response
model (Table 1). As can be seen, the values of a,,;, and b,,;, of dose-
response model increase with increasing bed height, but with
increasing flow rate, the values of a,,;, and b, do not follow a spe-
cific trend. These results are in agreement with those obtained in
the other references [26,38].

5. Biosorption Mechanism
To obtain information on the nature of possible interactions be-

(b)

Transmittance (%)

1454

1045

3900 3400 2900 2400 1900 149 900 00

Wave number (cm)

Fig. 5. FTIR analysis of Ca-pretreated C. indica algae before (a) and
after (b) biosorption of U(VI) and Fe(II).

tween the functional groups of Ca-pretreated C. indica biomass and
the metal ions, a comparison between the FTIR spectra before

Korean J. Chem. Eng.(Vol. 33, No. 7)
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Table 4. Biosorption bands attributed to functional groups present in Ca-pretreated C. indica

Biosorption band

Wave number . )
Vibration assignment

(em™)

3435 Stretching of O-H bonds of hydroxyl groups from alcohols, phenols and carboxylic acids or stretching of NH, [39-41]
2926 Symmetric or asymmetric stretching of C-H bonds of aliphatic compounds [40,42]

2354 Stretching vibrations of N-H or stretching vibrations of C=O from ketones [43]

1633 Asymmetric Stretching of C=O bond from carboxylic acids or amides [39,43]

1446 Asymmetric Stretching of C=0 bond from carboxylic acids [42]

1066 Stretching of C-OH bonds from alcohols or carboxylic acids [39,40]

and after biosorption of U(VI) and Fe(Il) was made (Fig. 5). The
shift of some functional group bands represents a functional group
involved in the adsorption process. Table 4 shows the functional
groups attributed to each biosorption band. The carboxylic groups
are generally the most common acidic functional groups in the
brown algae [7]. The peak at 1,446 cm™" represents the carboxyl-
ate salt COO-M, where M defines the metal cations such as Na',
K', Ca™ and Mg™* that may naturally exist in the biomass; also by
modifying algae, calcium ions collect on the functional group.
Henceforth, the ion-exchange mechanism is effective [44]. Based
on similar studies, the carboxylate ions may coordinate with Fe(II)
and U(VI) ions as chelating (bidentate) complexes [45]. Shifting
frequency of the groups -OH, -NH, and -CO apparently binds these
groups with U(VI) and Fe(II) through ion exchange mechanism,
as well as the electrostatic forces of attraction between the nega-
tive charges of biosorbent surface and the positive charge of Fe(II)
and U(VI) ions [46].

A comparison of the results of Fe(Il) and U(VI) biosorption
based on percentages changes, before and after the addition of bio-
sorbent can reflect the qualitative transformation and migration

Table 5. XRF analysis on the Ca-pretreated C. indica before and
after biosorption of U(VI) and Fe(II)

Element wt%
Before biosorption After biosorption

MgO 116 0.00
ALO, 345 1.38
Sio, 16.57 7.54
P,0, 0.78 0.00
SO, 19.73 8.50
cl 0.31 0.97
K,O 0.76 0.47
CaO 49.81 3.87
TiO, 0.21 0.12
Fe,O, 1.60 20.91
Zn 0.39 0.00
Br 1.03 0.12
Sr 0.90 0.31
1 0.17 0.26
uo, 0.00 52.36
710, 0.14 0.28
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mechanisms of the elements and enable us to speculate the bio-
sorption mechanism of Fe(IT) and U(VI) by Ca-pretreated C. indica
biomass. The results of XRF analysis on Ca-pretreated C. indica
biomass before and after biosorption of Fe(Il) and U(VI) are
shown in Table 5. As seen, after biosorption of Fe(Il) and U(VI),
the weight percentage of calcium element in the biomass decreased
significantly. On the other hand, after biosorption of Fe(II) and
U(VI), the contents of iron and uranium elements in the Ca-pre-
treated C. indica biomass increase from 1.6% and 0.0% to 20.91%
and 52.36%, respectively. It confirms the replacement of calcium
ion in binding sites with U(VI) and Fe(II) ions. This observation
also proves that ion exchange is the main mechanism of metal
ions biosorption by this biomass.

The amounts of the Ca(II) ion released from the Ca-pretreated
C. indica algae and pH of effluent stream vs. time for single com-
ponent system of U(VT) with inlet concentration 250 mg L', flow
rate 5.2 ml min~' and bed height 6 cm are shown in Fig. 6. During
the biosorption in the packed bed column, Ca(II) ions deposited
in the algal biomass were observed to be released considerably. Since
the binding affinity between the functional groups and U(VI) ions
is greater than that between Ca(II) ions and functional groups, the
release of Ca(II) ions suggests again that ion exchange could play a
significant role as a biosorption mechanism as the U(VI) ions
could replace Ca(Il) in the algal structure. As shown in Fig. 6, in
the period of time before breakthrough of U(VI) biosorption (319
min), the U(VI) was adsorbed onto C. indica almost efficiently

70

60 ——Ca(ll) —m—pH 6
o~
50 5
% 40 Tt a 4
3 =
£ 130 3
E
E 20 2
8
T 10 1
0+ T T T T 0
0 500 1000 1500 2000 2500
Time (min)

Fig. 6. Profile of calcium ion concentration and pH from effluent col-
umn (inlet concentration of U(VI) 250 mg L', flow rate 5.2
ml min "' and bed height 6 cm).
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and the amount of Ca(Il) ions in the effluent stream was high
showing no obvious variation. After breakthrough time of U(VI)
biosorption, concurrent with the decreasing of biosorption rate,
the amount of Ca(Il) ions in the effluent stream reduced rapidly
and the concentration of Ca(Il) approached to zero in the exhaus-
tion time of biosorption process. This result was confirmed with a
pH diagram. As can be seen, the pH of solution increased rapidly
as the Ca(II) ions increased in effluent stream. Then, by reduction
in calcium binding sites as well as by a decrease in biosorption rate,
the effluent pH decreased gradually until the effluent pH became
equal to the influent pH (about 4) at the point of complete exhaus-
tion of the biosorption bed. Ion exchange has been considered to
be the main biosorption mechanism by many researchers [8,13,32].

CONCLUSIONS

Biosorption of uranium and iron by Ca-pretreated Cystoseira
indica biomass was studied using a continuous packed bed col-
umn. Breakthrough profiles were obtained at different bed heights
and flow rates. The results indicate that the maximum uptake
capacity of U(VI) biosorption, 433.03 and 257.21 mg g ' for sin-
gle and binary component systems, respectively, was obtained at
flow rate of 5.2 ml min™" and bed height of 8 cm. As the controlled-
rate step shifted from external to internal mass transfer limitations,
the flow rate of 5.2 ml min~' with an optimum uptake capacity of
U(VI) was created. During the column testing, the reduction in
uptake capacity of the biomass in the binary component systems
compared to single component systems refers to an antagonistic
effect. Due to the difference in the biosorption affinity, the whole
process could be divided into three phases: complete biosorption
phase, separation phase and saturation phase. The results show
that the algal biomass had a higher affinity for U(VI) ions than for
Fe(II) ions; consequently, an overshoot on Fe(II) breakthrough pro-
files was manifested. Also, it was observed that the uptake capacity
of U(VI) from leach solutions compared with the single compo-
nent system decreased dramatically.

BDST model well correlated the relationship between service
time and bed height for U(VI) and iron (II) biosorption in a packed
bed of biomass, which is essential in column process design. On
the other hand, the modified dose-response model compared with
the Thomas model can successfully predict the breakthrough pro-
files specified under varying experimental conditions. The constants
of these models were obtained with high regression coefficients
greater than 0.98.

FTIR studies show that most effective mechanisms in the U(VT)
and Fe(II) biosorption processes could be determined as an ion-
exchange, electrostatic interaction and complexation. Also, the ion
exchange was confirmed to be one of the main mechanisms respon-
sible for U(VI) and Fe(II) biosorption according to XRF analysis
before and after biosorption and monitoring of pH and Ca(II) con-
centration in the column effluent.
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NOMENCLATURE

a,4 :modified dose-response model constant
b, :modified dose-response model constant
C, :input concentration [mg L]

C, :breakthrough concentration [mg/L]

C, :outlet concentration [mg L]

K, :rate constant [L mg ' min']

ky,  :thomas rate constant [L min~' g ']

M,y : total amount of metal sent to column [g]
m, :dry weight of biosorbent [g]

N, :biosorption capacity of the bed [mg L]
Q  :flow rate [mL min ']

Quw  : Uptake capacity [mg metal g biosorbent]
Q  :the maximum uptake capacity [mg g ']

T  :time [min]

t, : breakthrough time [min]
t, : exhaustion time [min]

V  :volume []]

Ve :effluent volume [mL]
% :linear velocity [cm min™']
Z  :bed height [cm]
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