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ABSTRACT

Testing and evaluation of sorption kinetics, isotherms, and thermodynamics for cellulose/HO,Sb,
nanocomposite surface were demonstrated. Saturation capacity of La*, Co*, and Cs* onto cellulose/
HO,Sb, nanocomposite was calculated at different pH and initial metal concentrations. Kinetic
(pseudo-first-order, pseudo-second-order, and intraparticle diffusion) and isotherm (Langmuir,
Freundlich, and Dubinin—Radushkevich [D-R]) models were applied to the prepared nanocomposite.
Kinetic data are well fitted with pseudo-second-order kinetic model. From Dubinin-Radushkevich
isotherm model, the sorption process is controlled by chemical adsorption for both La* and Co?,
while for Cs*is controlled by physical adsorption. According to the value of adsorption capacities,
cellulose/HO,Sb, seems to be a better sorbent for La* than Co* and Cs* with high removal efficiency
for the studied metal ions. Separation of La* ions using chromatographic column packed with

cellulose/HO,Sb, was achieved successfully.
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1. Introduction

Low-level radioactive liquid wastes (LLW) are increasing
everyday according to nuclear technology expansion.
There are different techniques for the treatment of liquid
radioactive waste, for example, ion exchange [1-4], solvent
extraction [5], biodegradation, and adsorption techniques [6].
Adsorption technique is preferred than the others because of
its simplicity and affordability.

Organic and inorganic materials are the basis of this
technique; however, organic sorbents exhibit large capacity
with low radiation stability. Impregnation is one of the favored
techniques to improve the properties of the organic sorbents,
increasing their sorption capacity, selectivity, radiation sta-
bility, and uniformity. Different organic substances are
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commonly utilized for the sorption process such as polysac-
charides (Alginic acid and cellulose), proteins (keratin, casein,
and collagen), and carbonaceous materials (e.g., charcoals).

When designing an adsorbing composite, it is better to
predict the rate at which the reaction will occur. Calculation
of the equilibrium adsorption data can be done by many
approaches, for example, Langmuir, Freundlich, and
Dubinin-Radushkevich (D-R) isotherm models. Monolayer
formation of adsorbed metal ion on the adsorbent surface can
be discussed by Langmuir isotherm model. Freundlich iso-
therm model is used to explain the adsorption characteristics
for the heterogeneous surface, while Dubinin-Radushkevich
isotherm model is discussing the mechanism of energy
distribution on a heterogeneous surface with Gaussian
energy distribution.
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Thermodynamic parameters such as standard enthalpy
change (AH®), standard entropy change (AS°), and standard
Gibbs free energy change (AG®) should be calculated to indi-
cate adsorption reaction type using equilibrium constant
values at various temperatures.

It is important to recognize the adsorption kinetics,
which defines the possible mechanism of metal ion transfer
from the bulk solution to the adsorbent surface. Sorption
kinetics is conducted through the next procedures: (a)
transference of solute in the bulk of the solution; (b) diffusion
of solute across the liquid film which surrounds the sorbent
particles; (c) flow of solute in the liquid contained in the pores
of adsorbent particle and along the pore walls (intraparticle
diffusion); (d) adsorption and desorption of solute, for
example, (adsorbate metal ions) on/from the sorbent sur-
face. To analyze the kinetic sorption process, pseudo-first,
second-order, and diffusion-based models were applied [7].

The present study concerns the investigation of both
kinetic and isotherm models for the prepared sorbent
cellulose/HO,Sb,, in addition, testing the efficiency of the
prepared composite in the removal of the studied metal
ions by column experiment. Finally, the conditions for the
regeneration process has been obtained for the reuse of the
prepared composite

2. Experimental
2.1. Reagents

The chemicals used for the preparation of the sorbent
material were obtained from BDH (England) and Loba
Chemie (India). All supplementary reagents and chemicals
are of analytical grade purity and used without any further
purification. Metal ion solutions of different concentrations
were prepared from their pure metal salts.

2.2. Sorbent preparation and characterization

Cellulose/HO,Sb, composite was previously prepared
and characterized by Abdel-Galil et al. [8].

2.3. Capacity measurements

Capacity of cellulose/HO,Sb, was measured for La*,
Co*, and Cs" ions with repeated batch technique in different
metal ion concentrations (100 to 800 mg L) and differ-
ent solution pH values (1 to 6.5) at V/m = 100 mL g™'. The
mixture was shaken in a thermostatic shaker (Kottermann
D-1362, Germany) at 400 rpm at 25+1°C for 2 hr until
equilibrium reached [8]. After solid separation, the resid-
ual concentration of La*, Co* ions were measured with
inductive coupled plasma (ICP) spectrophotometer, while
the residual concentration of Cs* ions was measured with
atomic absorption spectrophotometer (AAS). Saturation
capacity (mg g™') was calculated as follows:

% uptak
Capacity(mg/g) _ [ % uptake xC, v 1)
100
in which C is the initial concentration of the metal ion
in mg L™, V is the volume of the solution in L, and m is th
massin g.

2.4. Kinetic experiments

Kinetic experiments were done by adding 5 mL of metal
ion solution of 50 mg L™ to 0.05 g of prepared compositeat a
V/m ratio of 100 mL g™ and different temperatures (298, 318,
and 338 K) and shaking speed of 400 rpm using a thermostatic
shaker. Samples were taken from the shaker at preset time
(5-300 min). To avoid colloidal suspension, the sorbents were
filtered from the solution through 0.454 pum filter paper. The
concentration of La*, Co?, and Cs* ions was measured in the
supernatant, while the adsorption capacity at equilibrium,
g,(mg g™) was calculated.

2.5. Adsorption isotherm experiments

Adsorption isotherms of La*, Co*, and Cs' ions in the
presence of cellulose/HO,Sb, were conducted for 5 mL
solutions added to 0.05 g sorbent at V/m = 100 mL g™. The
adsorption isotherms for the selected ions were measured
at different concentrations (50-400 mg L™). The mixture was
shaken for 2 hr at different temperatures (298, 318, and 338 K)
in a shaker bath. After equilibrium, solutions were filtered
using filter paper. The concentration of La*, Co*, and Cs*
ions was measured instrumentally as shown above. All tests
were repeated for three times to reduce the error percent; the
estimated error was about +3%.

2.6. Continuous flow experiment

Chromatographic column breakthrough examination
was achieved in this manner; 1 g of the cellulose/HO,Sb, of
particle size <100 pm was packed in a glass column (1.4 cm
diameter and 5 cm height) to give a bed height of 2.2 cm?
volume. Volume of 400 mL of the desired neutral solutions
(pH = 5.5 (containing 100 mg L™ of the metal chloride
[M(CI), where, M = La*, Co*, and Cs'])) was passed through
the column beds at a flow rate of 5-6 drop min™. Equal por-
tions were collected and the concentration was measured
by using ICP spectrophotometer and AAS. Breakthrough
capacity values can be estimated as:

C.
s0%) % m (2)

Breakthrough capacity(mg/g) =V

where V- is the effluent volume at 50% breakthrough in
mL, C, is the concentration of feed solution in mg L', andmis

the amount of the column bed in g.

3. Results and discussion
3.1. Saturation capacity

Saturation capacity of La*, Co*, and Cs* ions onto cel-
lulose/HO,Sb, composite was measured experimentally via
repeated batch sorption technique.

The capacity of cellulose/HO,Sb, for the studied metal
ions at different concentrations is summarized in Table 1. It
is clear that the capacity of cellulose/HO,Sb, for La*, Co*,
and Cs' ions increased as the initial concentrations of metal
ions raised from 100 to 800 mg L. In the concentration range
between 100 and 400 mg L), the capacity of the prepared
composite for La**, Co*, and Cs* ions was greatly increased.
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Table 1
Cellulose/HO,Sb, capacity of the studied metal ions at different
concentrations

Concentration (mg L™) Capacity (mg g™)

La® Co* Cs*
100 21.27 17.33 16.00
200 35.46 31.09 25.50
300 60.00 40.50 30.90
400 82.46 52.80 35.50
600 88.26 55.50 44.20
800 91.80 55.90 45.85

On the other hand, at high concentrations 600-800 mg L
slight increase in the capacity was observed. At low concen-
trations, the active sites were available for quick binding.
At higher concentrations, the binding sites available for
adsorption decreased and hence slow diffusion of the studied
metal ions to the nanocomposite surface occurred [9]. It was
found that the capacity of cellulose/HO,Sb, for the studied
metal ions takes the order; La* > Co* > Cs'. This sequence
is in accordance with the ionic radii of the sorbed ions; the
ions with smaller ionic radii are easily adsorbed and move
faster than those with greater ionic radii [8,10]. In addition,
multivalent ions possess a greater complexing ability than
the mono and divalent one [11]. El-Naggar et al. [12,13]
report similar conclusion. Cellulose/HO,Sb, capacity for La*,
Co*, and Cs' ions was determined as a function of pH at a
constant concentration (800 mg L) of the metal ions. The
data obtained are recorded in Table 2. The data show that
the capacity of cellulose/HO,Sb, for the studied metal ions
increases with increasing the pH of the solution. This may
be due to the decrease of the [H]" in solution that facilitates
the release of H* from the surface of composite in solution
and this stimulates the adsorption process. Therefore, by
increasing the percent uptake of the metal ions, the capacity
consequently increases [6].

3.2. Sorption kinetics

To determine the kinetics of the sorption process and
investigate the mechanism of metal ions sorption, two dif-
ferent sorption kinetic models were applied; reaction-based
models and diffusion-based models [14].

Table 2
Cellulose/HO,Sb, capacity of the studied metal ions at different
pH values and constant concentration (800 mg L)

pH Capacity (mg g™)

La* Co? Cs*
1 19.33 17.10 14.80
2 26.68 23.70 19.10
3 55.50 45.80 33.60
4 86.70 50.20 40.50
5.5 91.80 55.90 45.85

3.2.1. Reaction-based models
3.2.1.1. Pseudo-first-order

Lagergren [15] proposed a method for adsorption
analysis in which the pseudo-first-order kinetic equation is
given as:

In(q,-q,)=Ing, -kt 3)

where g, and g, (mg g”) are the adsorbed quantity of ions
per sorbent unit mass at equilibrium and at any time,
t, respectively, and k, is the pseudo-first-order rate con-
stant in g mg™” min™. By plotting In (q,— g,) vs. t, straight
lines are obtained as shown in Fig. 1(a). The values of
pseudo-first-order rate constants, k, and equilibrium
adsorption capacities, g, can be acquired from the slope and
intercept, respectively. The parameters of pseudo-first-order
model and the linear regression correlation coefficient R? are
summarized in Table 3.

3.2.1.2. Pseudo-second-order

The second-model used to describe the sorption of La*,
Co*, and Cs* on cellulose/HO,Sb, is pseudo-second-order
kinetic model. It is given in [16,17] as:

t 1 t
t_1 .t 4
9, k& 4. @

Both g, and k, are calculated from the slope and intercept
of the plots t/g, versus t, respectively as shown in Fig. 1(b).
The constant k, is used to calculate the initial sorption rate
h (mg g™ min™), as t—0 as follows:

h=kyq’ ®)

where k, (g mg” min™) is the pseudo-second-order rate
constant, g, is the adsorption capacity at equilibrium and g, is
the adsorption capacity at time .

Pseudo-second-order rate constants k, the calculated
h values, and the corresponding linear regression correla-
tion coefficients R* are given in Table 3. According to the
correlation coefficient (R?) values in the two models, 0.998,
0.998, and 0.997 for La*, Co*, and Cs*, respectively, in
pseudo-second-order model and 0.889, 0.854, and 0.918 for
La*, Co*, and Cs', respectively, in the pseudo-first-order
model, it is clear that the kinetic data are fitted well by
pseudo-second-order model. Moreover, the difference
between the calculated and measured g, is very small for
pseudo-second-order model; however, the difference is large
in the pseudo-first-order model [18]. From the above results,
it is concluded that the sorption process of La*, Co*, and Cs*
ions from aqueous solution using cellulose/HO,Sb, can be
interpreted using pseudo-second-order model.

The half-adsorption time (f,,) is the time required
to uptake half of the maximal amount of adsorbate at
equilibrium [18], it is given as:

1

ko, ©

t1/2
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Fig. 1. Pseudo-first and pseudo-second-order kinetic for adsorption of La*, Co*, and Cs' ions on cellulose/HO,Sb, at 298 K.

Table 3

Adsorption rate constants, estimated g, and coefficients of correlation associated for La*, Co*, and Cs* ions according to the

pseudo-first and pseudo-second-order kinetic models

Pseudo-first-order

Pseudo-second-order

q.(exp)

(mgg") 5 q

Cation Temp. (K)
(g mg' min™) (mgg")

R? SD

kZ qﬂ h 2 tl/z
(gmg'min®) (mgg?) (mggimin?) \ 0 (min)

0.037 3.27
0.029 3.53
0.033 1.30

0.89
0.854
0.918

La* 298
Co* 298
Cs* 298

4.99
478
2.35

0.633
0.004
0.004

0.003  8.66
0.004 10.77
0.008 8.52

0.022 517 0.596
0.010 4.90 0.454
0.042 2.47 0.290

0.998
0.998
0.997

The values of ¢, were decreased from 8.66 to 1.86, 10.77
t0 2.69, and 8.52 to 7.66 for La**, Co*, and Cs?, respectively, as
the reaction temperature increased from 298 to 338 K.

The activation energy of metal ion sorption was calcu-
lated from the pseudo-second-order constants (k,) by the
Arrhenius equation [19,20].

1n@)=hqAﬂ—R; @)

where E is the activation energy in k] mol”, T is the
temperature in K, and R is the gas constant (8.314 ] mol™ K™),
and A° is the temperature independent Arrhenius constant
called the frequency factor. A linear relationship was obtained
between In(k,) and 1/T as shown in Fig. 2.

From the slope of the linear plot, the activation energy
for the adsorption of La*, Co*, and Cs' ions on cellulose/
HO,Sb, was calculated and it was found to be 43.30, 29.37,
and 16.00 k] mol™ for La*, Co*, and Cs" respectively, and the
correlation coefficients are higher than 0.99. The positive values
of E, indicate that rise in temperature favors the adsorption
and the adsorption process is an endothermic process [18].

3.2.2. Diffusion-based models

To illustrate the intraparticular diffusion of the system,
the relationship between specific sorption (g,) and the square
root of time ("2 was evaluated based on the following
expression [21]:

Y ° La}4

3

LnK,

=5 I | 1 | L | L | L
0.0029 0.0030 0.0031 0.0032 0.0033

/T

0.0034

Fig. 2. Plots of In k, against reciprocal temperature of La*, Co*,
and Cs*ions on Cellulose/HO7Sb3_

q, =Kt +C 8)

where g, (mg g™) is the amount of metal ions sorbed at time ¢
(min), K., is the intraparticle diffusion rate constant, and C is
a constant. When mixing metal ion solution with adsorbent,
metal ions transfer from the solution through liquid film
between the solution and the adsorbent occurs into the pores
inside the particles.
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The intraparticle diffusion plotted in Fig. 3 shows
multi-linearity in the diffusion of the La*, Co*, and Cs" ions
within cellulose/HO,Sb, as a function of time. The intra-
particle diffusion model shows that the sorption process of
La*, Co*, and Cs" occurs in three stages. The first stage is
attributed to the diffusion of ions from the solution to the
outer surface of the adsorbent. The second stage defines the
regular sorption, where intraparticle diffusion is rate limiting
and the third stage is caused by the final equilibrium due to
extremely low sorbate concentration remained in the solution
and the reduction of interior active sites [22]. The intraparticle
diffusion constants for the three stages (K 1, K, ;2, and K, 3)
are given in Table 4.

When the line passes through the origin (C = 0), the
intraparticle diffusion will be the only rate control step
[18,23]. If the line does not pass through the origin, this
implies that intraparticle diffusion is not the exclusive rate
control step but also other processes may control the rate of
sorption [18].

3.3. Adsorption isotherms

In order to evaluate the nature of the sorption process
of La*, Co*, and Cs* ions on cellulose/HO,Sb, whether it
is physical or chemical, the Langmuir, Freundlich, and
Dubinin-Radushkevich (D-R) models were applied.

® The Langmuir model suggests that there is no interaction
between metal ions after being adsorbed on a homog-
enous monolayer form on the adsorbent surface [24].
By plotting of C /g, vs. C, it gives linear relationship, in
which C, is the equilibrium concentration of the adsor-
bate ions, g, is the amount of ions adsorbed per gram of
sorbent (mg g™) at equilibrium. The Langmuir constants
Q and b were obtained from the slope and intercept of the
linear plot, respectively, Fig. 4(a), and are summarized
in Table 5. Based on the adsorption capacities, cellulose/
HO,Sb, seems to be a better sorbent for La* than the other
studied cations.
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Fig. 3. Intraparticle diffusion kinetics for adsorption of La*, Co*,
and Cs" ions on cellulose/HO7Sb3_

Table 4
Changes in the values of the intraparticular diffusion coefficients
for La*, Co*, and Cs* ions

Cation Intraparticle diffusion rate constant (K,,)
First stage Second stage Third stage
(K1) (K,2) (K. 3)

La* 0.314 0.171 0.003

Co* 0.387 0.221 0.002

Cs* 0.335 0.069 0.009

e Freundlich isotherm [25] was used to describe char-
acteristics for the heterogeneous surface, reversible
and non-ideality, of adsorption process regardless the
creation of monolayer. This empirical model is applied
for multilayer adsorption, with non-uniform distribution
of adsorption heat and affinities over the heterogeneous
surface. Plotting the log value of g, vs. logC, generates a
linear relationship, with a slope of 1/n and an intercept
equal to log K, as shown in Fig. 4(b). Here, 1/n ranges
between 0 and 1 is a measure of the adsorption intensity
or surface heterogeneity, and K, (mg g™) is the adsorption
capacity of the studied sorbent. The corresponding value
of K,and 1/n together with the correlation coefficients (R?)
are listed in Table 5.

¢ Dubinin-Radushkevich isotherm was applied to express
the adsorption mechanism with a Gaussian energy distri-
bution onto a heterogeneous surface [26]. Fig. 4(c) shows
the plot of In gq, vs. €%, gives a straight line with slope
of -K” and an intercept of In X’. Where ¢ is the Polanyi
potential = RT In(1 + 1/C), X/ is the adsorption capacity
of the sorbent in mg g™, and K’is a constant related to the
adsorption energy in mol? kJ. The regression parame-
ters and correlation coefficient (R?) are listed in Table 5.
This approach is usually applied to differentiate between
the physical and chemical adsorption of metal ions with
its mean free energy, E per molecule of adsorbate for
eliminating adsorbed metal ions from its location in the
sorption space to the infinity. It can be calculated by the
following equation:

-1/2

E=(-2K) ©)

If (E < 8 k] mol™), the sorption mechanism is physical. If
(8 <E <16 k] mol™), the sorption is governed by ion exchange.
If (16 < E <40 kJ mol™), the sorption process is controlled by
chemical adsorption process [4].

The correlation coefficient (R? determined from
Langmuir isotherm for the La* and Co? is greater than that
determined from Freundlich and D-R isotherm. In addition,
it was found that E = 59 and 20 k] mol™ for La* and Co%,
respectively, this confirms that the sorption of La* and Co*
is governed by chemical adsorption. On the other hand, the
calculated value of R? obtained from Freundlich isotherm for
Cs* is greater than that obtained from Langmuir and D-R
isotherm. Furthermore, the calculated value of E < 8 k] mol™,
confirms that the sorption of Cs*ions on cellulose/HO,Sb, is
physical adsorption.
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Fig. 4. Langmuir, Freundlich, and D-R adsorption isotherms for the adsorption of La*, Co*, and Cs" ions on cellulose/HO,Sb,

Table 5

Isotherm models and calculated parameters for adsorption
of La*, Co*, and Cs* ions on cellulose/HO,Sb, at reaction
temperature =298 K

Isotherm model Parameters La* Co* Cs*
Langmuir Q... (mggl) 2186 2121 1431
b (Lmg™) 0.159 0.071 0.005
R? 0.998 0.997 0.978
R, 0.015 0.34 0.333
Freundlich 1/n 0.251 0.324 0.603
kf (mg g™ 625 390 3.03
R? 0.994 0.993 0.999
Dubinin-Radushkevich X' (mgg™) 16.34 1291 7.80
K’ (mol?k]J?) 0.143 1.20 1.54E-4
E (kf mol™) 59.0 20.41 1.80
R? 0.662 0.737 0.784

The thermodynamic parameters were evaluated using
Van’t Hoff equation and the standard enthalpy change AH®,
standard Gibbs free energy change AG®° and standard
entropy change AS° are determined using Egs. (10)—(13) [27,28]:

AG®=-RTIn(K,) (10)

K. =Q,.b (11)

AS°  AH°
In(K,)= - 12
(K )= %7 (12)
AG® =—nRT (13)

where K_(L g™) is the sorption equilibrium constant, R is
the gas constant (8.314 J mol™ K), and T is the absolute
temperature (K), and n represents the Freundlich constant.
The values of enthalpy change (AH®) and entropy change
(AS°) are presented for La* and Co? in Fig. 5(a) and for Cs*in
Fig. 5(b). The obtained results are given in Table 6.

The positive value of AS° confirms that there is an increase
in the randomness on the solid/solution interface during the
sorption process. This result can be explained as follows:

During the sorption process, the adsorbate metal ions
shift the adsorbed solvent molecules to have more
translational entropy than the lost by the adsorbate, thus
permitting randomness in the system [22].

¢ The positive value of AH® indicates that the sorption
process is endothermic in nature. Decreasing in the
AG® values shows the spontaneous and feasibility of
adsorption process with increasing temperature [29].

4. Application

4.1. Breakthrough curves (column system)

Capacity and sorption isotherms obtained from the
batch study do not give a perfect scale-up data for industrial
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Fig. 5. Effect of temperature on the sorption of (a) both La * and Co* and (b) Cs* onto cellulose/HO,Sb,.
Table 6
Thermodynamic parameters for adsorption of La*, Co*, and Cs*ions on composite
Cation Reaction temperature (K) K, AH® (k] mol™) AG® (k] mol™) AS° (Jmol™ K7)
La* 298 3.47 21.05 -2.48 0.079
318 4.65 -4.06
338 8.66 -5.64
Co* 298 1.50 15.80 -0.58 0.055
318 2.08 -1.68
338 3.18 -2.79
Cs* 298 0.07 9.79 -3.78 0.015
318 0.10 -4.17
338 0.14 -4.30
systems, since sorption in a column is not usually in a state : : : : : : :
of equilibrium. Consequently, there is a need to make flow
test using column prior to scale-up. Once working adsorp- Lo -~ .« Lo W@Wwﬂ m
tion experiments through columns, the breakthrough curve L g Co £ 8 -
(a plot of metal ion concentration in the effluent to the feed 08 A o AAA A
solution C/C, vs. effluent volume V mL) is very beneficial. =T Fal ]
At 95% of effluent concentration, the column reaches to L I Xe 4
saturation (column exhaustion) [30]. To carry out the column 0.6 A &g
. : 6 - ° —
experiment, a glass column of fixed bed depth =5 cm was of A g
packed with 1.0 g of cellulose/HO,Sb.. O B A =Y 7
After conditioning the column with distilled water, La™, 04 " |
Co*, and Cs" solution with initial concentration of 100 mg L™ ’ M E@ .o
passed through the column (flow rate = 5-6 drops per min). B @212@&& 4
The resulted breakthrough curves are presented in Fig. 6. 02 |- AAAAM -
The values of breakthrough capacity for the studied cations AAM
can be evaluated from Fig. 6 and found to be 27.7, 25, and @&;@z& “.‘#'. T
20.5 mg g™ for La*, Co*, and Cs", respectively 0.0 L | L |

The elution outlines for La*, Co*, and Cs* ions are plotted
in Fig. 7 for cellulose/HO,Sb,, the elution of these metal ions is
studied in nitric acid solutions (0.01-0.5 M). Fig. 7 shows that,
alarge peak for La® ion is obtained and smaller peaks for Co*
and Cs" at 90 mL of elution using 0.01 M HNO, followed by

0 100 200 300 400
Column volume (ml)

Fig. 6. Breakthrough curves of mixture of La*, Co*, and Cs*ions
on cellulose/HO7Sb3 in pH=5.5 and 25+1°C.
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Fig. 7. Elution curves for the mixture of La*, Co?*, and Cs* with
0.01, 0.05, 0.1, and 0.5 M HNO, from Cellulose/HO7Sb3 (0.5 cm
diameter x 5 cm length and 5-6 drops min™ flow rate).

large peak for La*, Co*, and Cs* at ~210 mL elution using
0.05 M HNO, as a second eluent. At 0.1 M HNO,, a large peak
for La* at 310 mL elution and no peak for Co* and Cs". So
La® ions can be separated from the mixture of the studied
metal ions using 0.1 M HNO,. At 0.5 M HNO,, no peaks were
found and the adsorbed ions are almost completely removed
(100%). Therefore, we can expect reusing the column after the
regeneration process.

5. Conclusion

It is possible to conclude that cellulose/HO,Sb, has
high capacity for La*, Co*, and Cs* at different pH and
concentrations. From the applied kinetic models, the data are
well fitted with pseudo-second-order model for all studied
metal ions. In addition, the D-R isotherm model suggests
the chemical adsorption behavior of sorption process for La*
and Co?. On the other hand, for Cs* metal ion it is controlled
by physical adsorption. The (+ve) value of AH® indicates
that the sorption process is endothermic. The decrease in the
AG°® values indicates the spontaneous of sorption process.
Finally, breakthrough curves show that the breakthrough
capacity for La*, Co*, and Cs* is 27.7, 25, and 20.5 mg g!
respectively. Additionally, cellulose/HO,Sb, was employed to
separate La* ions from La**, Co*, and Cs* mixture using 0.1 M
HNO,. The optimum condition for column regeneration is to
use 0.5 M HNO, removing all adsorbed metal ions.
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