
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

Preparation and Evaluation of Fullers Earth Beads for Removal of Cesium
from Waste Streams
Shameem Hasana; Tushar K. Ghosha; Dabir S. Viswanatha; Sudarshan K. Loyalkaa; Bhaskar Senguptab

a Nuclear Science & Engineering Institute and Particulate Systems Research Center, University of
Missouri-Columbia, Columbia, Missouri b School of Chemical Engineering, Queens' University Belfast,
Northern Ireland, UK

To cite this Article Hasan, Shameem , Ghosh, Tushar K. , Viswanath, Dabir S. , Loyalka, Sudarshan K. and Sengupta,
Bhaskar(2007) 'Preparation and Evaluation of Fullers Earth Beads for Removal of Cesium from Waste Streams',
Separation Science and Technology, 42: 4, 717 — 738
To link to this Article: DOI: 10.1080/01496390601173952
URL: http://dx.doi.org/10.1080/01496390601173952

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496390601173952
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Preparation and Evaluation of Fullers Earth
Beads for Removal of Cesium from

Waste Streams

Shameem Hasan, Tushar K. Ghosh, Dabir S. Viswanath, and

Sudarshan K. Loyalka

Nuclear Science & Engineering Institute and Particulate Systems

Research Center, University of Missouri-Columbia, Columbia, Missouri

Bhaskar Sengupta

School of Chemical Engineering, Queens’ University Belfast, Northern

Ireland, UK

Abstract: Fullers earth beads and cylinders were prepared using chitosan and sodium

silicate as binders, respectively, for removal of cesium ion from aqueous solutions. The

cost of the adsorbent is expected to be significantly lower as the raw materials are low

cost materials and readily available. The adsorbents were characterized by SEM, EDS,

and x-ray microanalysis. Adsorption capacity of the beads was evaluated under both

batch and dynamic conditions. The adsorption capacity for Fullers earth beads was

found to be 26.3 mg/g of adsorbent at 293 K when the liquid phase concentration of

cesium was 1000 mg/L. The adsorption capacity of Fullers earth cylinder was found

to be higher than that of beads, however, it was concluded that the alkaline nature of

the cylinder precipitated out cesium increasing its capacity. The capacity of Fullers

earth beads decreased by almost 62% when 1 mol/L NaCl and 2.25 mmol/L of

strontium were present in the solution. The Freundlich, the Langmuir isotherm

equations, and a modified Polanyi’s equation were used to correlate the data. The

isosteric heats of adsorption suggested the heterogeneity of the surface and multilayer

coverage. The first order reversible kinetic model adequately described the dynamic
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system during the adsorption process. The adsorption (k1) and desorption (k2) rate

constants were evaluated from the dynamic model.

Keywords: Chitosan, fullers earth, cesium, adsorption, regeneration

INTRODUCTION

Hundreds of storage tanks across the United States contain radioactive wastes

that need to be remedied. The major radionuclides present in the tank are

Cs-137 and Sr-89. The composition of these wastes is rather complex.

Some of these wastes contain either high concentrations of sodium nitrate

or sodium hydroxide, which could be disposed of as low level wastes if the

radioactivity is reduced below the concentration level set by the US Nuclear

Regulatory Commission (NRC) as described in 10CFR Part 61.

Chemical precipitation, evaporation, and ion exchange processes are

generally used for the removal of Cs-137 and Sr-89 from the low and

intermediate level waste solutions before discharging them into the environment

(1). Lateef et al. (2) provided a review of various methods including solvent

extraction, liquid membrane separation, and ion exchange process for extraction

of cesium and strontium from waste solutions. Among these methods, the ion

exchange appeared to be the most effective in controlling radioactive wastes.

In an attempt to find a suitable ion exchange resins for the removal of cesium

and strontium from waste solution, several investigators have tried a number

of inorganic, organic, and bio-adsorbents, with a varying degree of success

(3–6). Dozol et al. (5) provided a review of various methods for removal of

cesium from waste streams. They concluded that calix[4]arenas could be a

very good material for removal of cesium from both acidic and alkaline

solutions. Instability to radiation and highly basic nature of the solution cause

decomposition of these adsorbents to undesirable, hazardous byproducts

making these adsorbents unsuitable for removal of radionuclides (7).

Sing and Misra (8) reported that inorganic resin metal, hexacyanoferrate,

can be used as a highly selective ion exchange resin for the removal of cesium

from a variety of salt and acidic solutions. A similar observation was made

by Harjula et al. (9) However, the cost of metal cyanoferrate for use on an indus-

trial scale was found to be too high (8). Anthony et al. (10) developed a crystal-

line silicotitanate (CST) for removal of radioactive cesium from aqueous nuclear

wastes. Zheng et al. (7) reported that CST is stable to radiation, highly selective

for cesium relative to sodium, potassium, rubidium, and protons, and performs

well in acidic, neutral, and basic solutions. Lee et al. (11) investigated a number

of ion exchange resins using actual liquid wastes from the Department of Energy

(DOE) storage sites. The sorbents initially tested included resorcinol formal-

dehyde resin (RF), CS-100 resin, Superlig 644C resin, granular potassium

cobalt hexacyanoferrate, and granular crystalline silicotitanate (CSTs). Their

study indicated that CST materials performed better than any of the other
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materials under the experimental conditions tested in the laboratory. The

adsorption capacity of various materials for cesium is summarized in Table 1.

As can be seen from the table, the distribution coefficient (Kd) varied from 13

to 100,000 mL/g. However, the results using CST or other adsorbents from a

field test are not available, and also the cost of these adsorbents could be a

major factor for treatment of these wastes. Therefore, development of a low

cost adsorbent is highly desirable.

In this work we prepared Fullers earth beads using chitosan as a binder

and Fullers earth cylinder using traditional sodium silicate binder. Fullers

earth is a low cost material that occurs naturally. However, Fullers earths in

its natural form, even the granules, are very soft and are crushed easily

making it unsuitable for use in an adsorption column. Chitosan is found to

be an excellent adsorbent for a number of heavy metals including Cr, Cd,

Cu, and As (12). Interestingly, chitosan was found to have negligible adsorp-

tion capacity for Cs. Therefore, the role of chitosan here is only as a binder.

Adsorption capacity of Fullers earth based adsorbents for Cs was evaluated

under both batch and dynamic conditions. The equilibrium adsorption data

Table 1. Adsorption of cesium on different adsorbent materials

Adsorbents

Concentration of

Naþ in the solution

(mol/L)

Kd (mL/g)

for cesium

adsorption References

Hydrous crystalline sodium

silicotitanate

5.1 (NaNO3) 900–1000 (3)

Hydrous crystalline

silicotitanate

5.7 150–100,000 (7)

Chabazite 4.9 N/A (24)

Clinoptilolite 4.99 7 (25)

Bauxite 4.99 65 (26)

Bentonite 4.99 1200 (27)

Chabazite (Na-modified) 14.3 (mg/L) 80000 (28)

Montmorillonite 5 36 (29)

Sodium titanate 4.99 13 (25)

Hydrous crystalline sodium

silicotitanate

5.1 10000 (10)

Pharmacosiderites (KtiGe) 5 19 (25)

Potassium titanosilicate

(KtiSi gel)

5 52 (25)

Sodium nonatitanate (NaTi) 5 13 (25)

Fe(II) hexacyanocobaltate (III) 1M HNO3 9800 (1)

Resorcinol formaldehyde resin 1 19260 (30)

Fullers earth bead 1 110 Present work

Fullers earth beada 1 400 Present work

aBased on Fullers earth only (chitosan free basis).
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were correlated using the Freundlich, the Langmuir isotherm equations, and a

modified Polanyi’s potential theory (13).

EXPERIMENTAL

Materials

Fullers earth, which mainly contains calcium and magnesium silicate, was

obtained from Fisher Scientific Co., NJ, USA. Fullers earth adsorbent was

prepared both as spherical beads using chitosan as a binder and as small

cylinders using traditional sodium silicate (14% NaOH, and 27% SiO2, 59%

H2O) solution as a binder.

Preparation of Chitosan Coated Beads

Fullers earth powder of 35 mesh was first soaked with 0.2 mol/L oxalic acid for

4 h. This helped to introduce various functional groups onto Fullers earth, which

in turn helped adhesion of chitosan onto Fullers earth later during the bead

making process. Following this, it was washed with distilled water and dried

in an oven for 12 h. Although washing with distilled water was not necessary,

it was done to maintain a desired ratio of oxalic acid to chitosan which was

found to be important for the performance of beads as adsorbent. Higher con-

centration of oxalic acid will require a greater concentration of NaOH and a

greater amount of water during the bead making process. 60 g of acid washed

Fullers earth was mixed with 30 g of chitosan flakes in a beaker with 1L,

0.2 mol/L oxalic acid. The mixture was stirred for 4 h while heating at 313–

323 K (40–508C) to obtain a homogeneous mixture. The spherical beads of

Fullers earth were prepared by drop-wise addition of the mixture into a

0.7 mol/L NaOH precipitation bath. The beads were washed with deionized

water to a neutral pH and freeze dried for subsequent use. A detailed description

of the bead preparation method is discussed by Hasan et al. (14).

When sodium silicate was used as a binder, 10 gram of Fullers earth

powder was mixed with 200 mL of 20 wt (%) of sodium silicate binder.

The mixture was then passed through an extruder to make cylinder as it

cannot be processed to make beads in the same manner as was done for

chitosan-binder. These cylinders were heated at 708C for 12 h in a

vacuum oven. The dried cylinders were further cut into small pieces and

heated at 4008C in a furnace for another 12 h. It was then washed

thoroughly by deionized water to remove remaining sodium silicate from

the surface. However, all of the sodium silicate could not be removed

even after washing 8 times using a total of 3 L water. It had a significant

effect on the adsorption capacity and has been discussed later. Finally,

the cylinders were dried at 708C in vacuum oven and were ready for

further use.
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Experimental Procedure

Equilibrium batch adsorption studies were carried out by exposing the beads to

aqueous solutions of cesium of different concentrations in 125 mL Erlenmeyer

flasks to a pre-determined temperature. About 0.25 g beads were added to

100 mL of solution. This amount of beads and solution assured that an equili-

brium condition was reached, i.e., all of the cesium was not adsorbed by the

beads, which would have made it difficult to determine the equilibrium

point. The pH of the solutions was adjusted by adding either 0.1 mol/L hydro-

chloric acid or 0.1 mol/L sodium hydroxide. The flasks were placed in a

constant temperature shaker bath for a specific time period. Following the

exposure of beads to cesium, the samples were collected at predetermined

time intervals. The solutions were filtered and the filtrates were analyzed for

cesium by an Atomic Absorption Spectrometer. The adsorption isotherm at a

particular temperature was obtained by varying the initial concentration of

cesium ions. The amount of cesium adsorbed per unit mass of adsorbent

(Qe) was calculated using the following equation:

Qe ¼
ðCi � CeÞV

M
ð1Þ

RESULTS AND DISCUSSION

Characterization of the Beads

The physical properties of the beads are given in Table 2. The amount of

chitosan present in the beads was determined by a thermogravimetric

analyzer by heating the beads at a rate of 108C/min up to a temperature of

8008C in the presence of air. Chitosan started to burn out at 2008C and a

Table 2. Physical properties of Fullers earth based adsorbents

Adsorbents

Properties Fullers earth beads Fullers earth cylinders

Particle diameter, dp (m) 2.2 � 1023 1.8 � 1023 m (dia) and

1 cm long

Particle density, r (kg/m3) 272 2

Particle porosity, 1p 2.2 � 1023 2

Shape Spherical Cylindrical

Chitosan content, (wt%) 32 2

Surface area, (m2/g) 48.5 1.59

Pore volume, (m3/kg) 1.03 � 1024 4.7 � 1026

Average pore diameter, (m) 8.26 �1029 1.08 �1027
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complete burn out occurred around 5008C. It was found that 32% of the

chitosan was present on Fullers earth. The surface area, pore volume, and

the pore diameter were evaluated by nitrogen adsorption/desorption at 77 K

using a Micromeritics ASAP 2010 surface analyzer. The adsorbents were

outgassed at 378 K under a vacuum of ,10 mmHg for a minimum period

of 24 h.The Fullers earth adsorbent was further investigated by scanning

electron microscopy (SEM) and Energy dispersive (EDS) x-ray microanalysis.

The SEM micrographs of these adsorbents are shown in Fig. 1a and 1b. The

SEM micrographs were taken using backscatter electrons with an accelerating

potential of 20 keV. The SEM micrograph of the outer surface of Fullers earth

beads shown in Fig. 1a appears to be porous in nature. The texture of cylind-

rical shaped Fullers earth adsorbent was significantly different from that of

Fullers earth beads (Fig. 1b) due mainly to the presence of sodium silicate

binder. The surface morphology of the adsorbents following adsorption of

cesium also changed significantly as can be seen from Fig. 2a and 2b. Both

the adsorbents became lumped after the adsorption of cesium. This may be

due to the complex formation of cesium with the adsorbent.

The EDS x-ray microanalysis of the center of the bead after exposure to

cesium solution is shown in Fig. 3. This suggests that cesium could diffuse to

the interior of the bead and chitosan did not block the diffusion process. The

characteristic peak for cesium is observed at 4.3 keV. There are also peaks

at 1.05, 1.478, and 1.41 keV that were characteristics of Ka peak for sodium,

aluminum and magnesium, respectively that are constituents of Fullers earth (15).

The BET (Brunauer-Emmett-Teller) surface area of chitosan, Fullers earth,

Fullers earth beads, and Fullers earth cylinders was found to be 1.36, 103.4, 48.5,

and 1.59 m2/g, respectively. It appears that chitosan blocked a number of pores

in Fullers earth, and the chitosan film was not porous enough to retain the original

porosity of Fullers earth. The drop of surface area was significant in the case of

Fullers earth cylinder since sodium silicate formed a nonporous coating on

Fullers earth. The pore size distribution of Fullers earth beads and Fullers

earth cylinders is shown in Fig. 4. The average diameter of the pores in Fullers

earth beads and Fullers earth cylinders is 0.02 mm to 0.15 mm, respectively.

There are few pores in the 0.38 mm diameter range. The pore volume of

Fullers earth beads was significantly greater than Fullers earth cylinders. It

was 0.103 cm3/g for the beads, whereas it was 0.0047 cm3/g for the

cylinders. It appears that chitosan or sodium silicate did not block the larger

pores. As discussed further, larger pores may be responsible for the adsorption

of cesium and there may be an optimum pore diameter for the adsorption of

cesium. Although the surface area and pore volume of Fullers earth beads are

significantly lower than other adsorbents such as activated carbon, chabazite,

and montmorillonite, the adsorption capacity of Fullers earth beads or

cylinders is comparable with them. It may be noted that the high surface area

of activated carbon or other materials is due to the presence of micropores,

which appears to be ineffective for adsorption of cesium. Therefore, it is not

surprising that activated carbon has very low capacity for cesium.
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Effect of pH on Cesium Uptake

The effect of pH on adsorption of Cs by Fullers earth beads and cylinders is

shown in Fig. 5. In these experiments, the initial pH of Cs containing

solution was adjusted to the desired value using either HCl or NaOH

Figure 1. Scanning electron micrograph of a) Fullers earth beads prepared using

chitosan as a binder, b) Fuller’s earth cylinder prepared using sodium silicate as a

binder.
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solution. To the pH adjusted cesium solution, adsorbents were added. No

attempt was made to maintain a constant pH of the solution using a buffer

solution. It was noted that at the end of 24 h exposures, the pH of all the

solutions increased, but the final pH of solutions exposed to Fullers earth

Figure 2. Scanning electron micrograph of; a) Fuller’s earth beads and b) Fullers

earth cylinders following exposure to CsCl solution.
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cylinder was much higher compared to when beads were used. The final pH of

solutions when cylinder was used were in the range of 11.5 to 12.0. The

adsorption of cesium ion should result in a release of Hþ ion. This should

normally reduce the pH of the solution. However, Kaminski and Modrze-

jewska (16) noted that the exchange of released Hþ ions occurs between the

surface of the beads and solution resulting in the increase of pH of the

Figure 3. EDS x-ray microanalysis of Fullers earth beads exposed to cesium chloride

solution (concentration of cesium: 1.5 mmol/L; temperature: 303 K).

Figure 4. Incremental pore volume versus pore diameter of unexposed (B) Fullers

earth cylinders, and (O) Fullers earth beads.
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solution. A similar phenomenon should be also expected for cesium adsorp-

tion resulting in a higher pH of the final solution. Interestingly, Fullers earth

cylinders showed a greater capacity for cesium than the beads even though

cylinders had much lower pore volume. The adsorption of cesium increased

on both adsorbents with the increase of pH of the aqueous solution up to a

value of 6.5. The adsorption capacity started decreasing for beads at higher

pH, but kept on increasing for cylinders at higher pH and at a faster rate

above a pH of 9.0. The maximum uptake of cesium from aqueous solution

was observed on Fullers earth cylinders at a pH 11. At pH higher than 7,

cesium could undergo a reaction with hydroxyl ion in the solution and precipi-

tate out. It may be assumed that Fullers earth cylinders that were prepared

using sodium silicate as a binder might have helped surface precipitation of

cesium due to the alkaline nature of the cylinders. As noted earlier, while

preparing cylinders using sodium silicate as a binder, sodium silicate could

not be removed from the cylinders even after several washes. The

remaining sodium silicate increased the pH of the solution making it

alkaline. The greater increase of pH of the solution in the presence of the

cylinder-adsorbent seems to support this hypothesis. From the pH studies, it

appears that Cs was mainly physiadsorbed on beads making it possible to

regenerate and use repeatedly. Removal of cesium by precipitating it out of

the solution was not the objective of this study. Therefore, Fullers earth

cylinders were not further evaluated in this study. Although Fig. 5 shows

that pure Fullers earth has a higher capacity than Fullers earth beads, it

should be noted that the bead contained only 68% Fullers earth and the rest

was chitosan binder. In our present study, since pure chitosan did not

adsorb any cesium, the adsorption capacity on the basis of Fullers earth

only should be 32% higher than that shown in Fig. 5. The present capacity

is in the same range as other natural adsorbents such as chabazite and

Figure 5. Effect of pH on cesium adsorption by (W) Fuller earth cylinder, (B) Fullers

earth, (4) Fullers earth beads. (Initial cesium concentration: 1 mmol/L).
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montmorillonite. However, it is lower than synthetic silicotitanate based

adsorbents. Although we have not done any direct cost comparison, the

present adsorbent could be economical as all the raw materials are cheap

and readily available. It also requires minimal processing compared to the

preparation of silicotitanate based adsorbents.

XPS Analysis of Cesium Adsorbed onto Fullers Earth Beads

Figure 6 shows the binding energies of various components with Fullers earth

as noted during XPS analysis. Peaks were obtained at binding energies 283,

398, 530.5, 101, 73, and 723.5 eV that correspond to C-1s, N-1s, O-1s, Si-

2p, Al-2p, and Cs-3d, respectively. The XPS spectrum (Fig. 6) of the

exposed bead also showed the presence of Cs-3d and Cs-4d peaks. The Cs-

3d peaks showed two peaks; around 725.9 eV (Cs-3d5/2) and 736.5 eV

(Cs-3d31/2). Cs-3d photoelectrons consist of Cs-3d5/2 and Cs-3d1/2 peaks

that are the core level electrons and came essentially from the outer surface,

while Cs-4d electrons originate from the inner core of beads (17).

Table 3 shows the Cs-3d5/2 binding energy with other elements. It may

be concluded, based on the data given in Table 3 and Fig. 6, that cesium was

present in the Fullers earth bead mainly as Csþ and a small amount as CsOH.

Adsorption Isotherms of Cesium on Fullers Earth Beads

The equilibrium adsorption isotherms of cesium on Fullers earth beads were

determined at three temperatures—293, 303, and 313 K in the concentration

Figure 6. XPS spectrum of Fullers earth beads exposed to cesium chloride. Expanded

view of XPS spectrum for cesium portion.
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range of 0.38 mmol/L to 7.52 mmol/L and the equilibrium adsorption data

are given in Table 4. As mentioned in the previous section, the maximum

adsorption capacity of cesium on these beads occurred at a pH of 6.5.

Therefore, the equilibrium isotherms experiments were carried out at a pH

of 6.5, if not stated otherwise. The concentration profiles during cesium

uptake by the beads from various concentrations of the solution are shown

in Fig. 7. Almost 60% of cesium was adsorbed during the first 240 min of a

run, and then the equilibrium was attained monotonically at 360 min in

most of the runs. The adsorption isotherm data obtained at pH 6.5 showed

Type I behavior. This suggests a monolayer adsorption of cesium on the

bead. However, as discussed later, the heat of adsorption data indicated that

the adsorbent is heterogeneous in nature. Therefore, the equilibrium adsorp-

tion data were correlated using both the Langmuir and the Freundlich

isotherm equations. As can be seen from Table 4, the Langmuir equation

provided the best fit of the data. The maximum absolute error was +5%

when the Langmuir equation was used. The values of the constants for both

the Freundlich and Langmuir equations at various temperatures are listed in

Table 4. Although the adsorbent was heterogeneous in nature as indicated

by the heats of adsorption, the shape of the curve was Type I and the math-

ematical form of the Langmuir equation is best suited for this type of curve.

Also, it is possible that the adsorbent had not reached saturation capacity.

The multi-layer adsorption characteristics are more pronounced at the

higher concentration or near the saturation capacity.

Effect of Cations on Cesium Uptake by Fullers Earth Beads

Sodium, strontium, and chloride are major ions present in great quantities in

most of the radioactive waste tanks. Therefore, it will be more economical

if any removal of cesium could be accomplished in the presence of these

ions. The uptake of cesium was further investigated in the presence of NaCl

in the concentration range of 0 to 1 mol/L and strontium concentration of

2.25 mmol/L. The uptake of cesium is found to decrease with the increase

of NaCl concentration in the solution. When NaCl concentration was

Table 3. Absolute binding energy of different cesium compounds

Sample Cs3d5/2 (eV) References

Cs 724.5 (14)

Cs-H 725.1 (25)

CsOH 725.0 (25)

CsCl 723.8 (25)

Cs-Fullers earth beads 725.98 Present work
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Table 4. Cesium uptake by Fullers earth bead at different temperatures

Initial

concentration

of cesium

(mmol/L)

Liquid phase

concentration

of cesium at

equilibrium

(Ce, mmol/L)

Uptake

by the

adsorbent at

equilibrium

(Q, mmol/g)

Kd

(mL/g)

Data correlation by

Langmuir parameters Freundlich parameters

b

(mmol)

Q0

(mmol/g)

Absolute

error

(%)

Maximum

positive

error (%)

Maximum

negative

error (%) K 1/n

Absolute

error (%)

Maximum

positive

error (%)

Maximum

negative

error (%)

293K

0.414 0.323 0.0361 111.63 3.45 � 1025 0.229 3.77 5 5.2 0.077 0.5322 10.9 11.2 16.8

0.827 0.654 0.0692 105.75

2.105 1.812 0.1173 64.73

3.985 3.571 0.1654 46.32

7.368 6.902 0.1865 27.02

303K

0.414 0.323 0.0361 111.63 4.16 � 1025 0.198 3.86 3.35 8.3 0.074 0.5004 12.96 16.9 18.1

0.752 0.602 0.0602 100

1.654 1.391 0.1053 75.68

3.834 3.421 0.1504 48.35

7.368 6.955 0.1654 23.78

313K

0.414 0.323 0.0361 111.63 5.07 � 1025 0.177 5.00 6.05 10.4 0.073 0.468 14.04 18.3 19.7

0.752 0.602 0.0602 100

1.654 1.395 0.1038 74.39

3.834 3.477 0.1428 41.08

7.368 6.992 0.1503 21.51
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increased from 0 to 1 mol/L keeping strontium concentration same, the

amount of cesium uptake decreased by almost 62%. This suggests that

either the waste stream needs to be diluted or Naþ should be removed prior

to treatment by Fullers earth beads.

Effect of Temperature on Cesium Uptake by Fullers Earth Beads

The adsorption isotherms obtained at various temperatures were used to gain a

better understanding of the adsorption mechanism. From the variation of Kd

with temperature, the integral heat of adsorption can be calculated from the

van’t Hoff’s equation.

ln Kd ¼
DSo

R
�
DHo

RT
or

dln Kd

dT
¼

DHo

RT2
ð2Þ

The slope of a plot of ln Kd vs 1/T provides the value of DH8 which was

23.627 kcal/mol suggesting exothermic nature of the adsorption process.

The Kd values at different temperature is given in Table 4. An estimation of

the variation in isosteric heat of adsorption with coverage can be calculated

from the Calusius-Clapeyron equation.

DHiso ¼ �R
@ ln Ce

@ð1=TÞ

� �
q

ð3Þ

Figure 7. Effect of time and concentration on cesium removal by Fullers earth bead.

The initial concentrations of the solution were (B) 7.52 mmol/L, (O) 3.76 mmol/L,

(V) 1.5 mmol/L, (4) 0.752 mmol/L, (V) 0.376 mmol/L, and (A) 0.075 mmol/L,

respectively.
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The heat of adsorption at different loadings is shown in Fig. 8. The heat of

adsorption of cesium decreased with the increase of loading that can be attrib-

uted to heterogeneity of the surface and multi-layer coverage. It is also evident

from Fig. 8 that, as expected, the heat of adsorption approached the integral

heat of adsorption at higher loading. This suggests that the surface became

saturated with cesium and the heat of adsorption was approaching its equili-

brium value.

Data Correlation

The Polanyi potential theory was modified to correlate the adsorption data at

various temperatures and to check the consistency of the data. The Polanyi

theory assumes that the adsorbent exerts long-range attractive forces on the

gas or vapor surrounding it. These attractive forces generate a potential field

which decreases as the distance between the gas and adsorbent surface

increases. The theory has been used widely to correlate gas phase adsorption

data. However, a number of researchers have extended the theory to the

adsorption of solutes from the aqueous phase on to solid by expressing the

potential in terms of saturation and equilibrium concentration. Wohleber

and Manes (18) applied the modified theory of Hansen and Flacker (19) to

correlate the adsorption data of totally miscible organic solutes in aqueous

solution. Hasanian and Hines (20) correlated the adsorption data of butyric

and hexanoic acid onto a macroreticular resin (XAD-2) with a limited

success and concluded that the potential theory may not be applicable for

such systems. However, no attempts were made to correlate adsorption data

of metal ions from aqueous solution on a solid adsorbent. Hasany et al (21)

used the Dubinin-Radushkevich (D-R) equation to correlate cadmium (II)

Figure 8. Isosteric heats of adsorption for cesium uptake on Fullers earth beads.
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adsorption data on CdS. In order to apply the D-R equation, they calculated the

potential using Polany’s theory. A good fit to the data was reported. The

adsorption potential (1) for the cesium ion uptake was calculated from

the following equation.

1 ¼ RT ln
as

a

� �
ð4Þ

The activity was expressed in terms of mole fraction and activity coefficients

(as ¼ xsgs). The activity coefficient of cesium ion in the solution was calcu-

lated using Davis equation given by Guibal et al. (22).

loggi ¼ �0:5109

ffiffi
I
p

I þ
ffiffi
I
p � 0:3I

� �
ð5Þ

I ¼ 0:5
X

i

CiZ
2
i ð6Þ

As can be seen from Fig. 9, an excellent fit to the data was obtained. A single

characteristic curve was obtained for three temperatures as suggested by the

Polanyi theory. Therefore, the equilibrium data can be calculated at various

temperatures from the single characteristic equation.

Breakthrough Curve

Experimental breakthrough curves for cesium adsorption from a column

packed with Fullers earth beads are shown in Fig. 10. Each run was

continued for 15 hours using a Cs inlet concentration of 100 mg/L. The bed

became saturated during this time period and breakthrough of cesium

occurred after about 4 bed-volume. After 4 bed-volumes, the effluent concen-

tration increased slowly and attained the inlet influent concentration at around

Figure 9. Characteristic curve for cesium uptake on Fullers earth beads.
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50 bed volumes. Although cesium broke through the column after 4 bed

volume, by increasing the amount of adsorbent in the bed, the breakthrough

time can be increased. The gradual increase of effluent concentration as

shown in Fig. 10 with bed volumes, indicates slower adsorption kinetics.

Following an adsorption run, the bed was regenerated by passing NH4Cl

solution through the bed at a rate of 3.5 mL/min. Different concentrations of

NH4Cl solution were used to study the effect of NH4Cl concentration and

volume required for complete regeneration of the bed. Three adsorption and

regeneration cycles were conducted using the same bed to check the degra-

dation of the adsorbent due to repeated use. As can be seen from Fig. 10,

no significant difference in the breakthrough characteristics was observed

during the three adsorption cycles. A 0.01M of NH4Cl was used to regenerate

the column after first adsorption cycle. Approximately 6.0 bed volume was

required to regenerate the column. In the second cycle, 1.5 bed volumes of

0.05M NH4Cl solutions could regenerate the same column. The use of 0.1M

NH4Cl solution further reduced the amount and time for the regeneration of

the same column. Figure 11 shows the concentration profile of cesium

during regeneration in Cycle 1, 2 and 3.

Surface Kinetics

The beads contain about 68% of Fullers earth, which are active binding sites

for cesium. Also SEM micrograph (Fig. 2) of beads exposed to cesium shows

that the binding sites in the bead are distributed randomly. Therefore, a global

approach for kinetic evaluation is more appropriate for this bead. For the case

Figure 10. A comparison of experimental and theoretical breakthrough curves for

cesium from a column packed with Fullers earth beads [(V) 1st cycle, (*) 2nd

cycle, (4) 3rd cycle, and solid line: theoretical curve]. (Column height: 12.7 cm;

Inlet concentration: 0.746 mmol/L; Flow rate: 3.5 mL/min).
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in which a first-order reversible surface kinetic describes the change in solute

concentration of the solid phase, the rate of uptake can be written as.

@qA

@t

� �
¼ k1CA � k2qA ¼ k1 CA �

qA

Kd

� �
½Kd ¼ k1=k2� ð7Þ

The mass balance equation for solute A based on the assumption that the resist-

ance to the mass transfer is external, adsorption occurs onto the surface of the

adsorbent, internal mass transfer occurs through the fluid phase which occupies

the pores of the adsorbent, and internal mass transfer also occurs along the solid

surfaces of the pores of the adsorbent, can be written as

�
1pn

1� 1p

@CA

@Z

� �
t

�
1p

1� 1p

@CA

@t

� �
z

¼
@CAS

@t

� �
z

ð8Þ

The axial diffusion is neglected.

Introducing rs ¼ rb/(1 2 1P), and qA ¼ CAS/rS, and if the fluid content

of the bed is small compared to the total volume of fluid throughput, then

Equations (7) and (8) reduce to:

@Q

@t
¼ X � Q ð9Þ

and

@X

@j
¼ �X þ Q ð10Þ

Figure 11. Regeneration of the column following adsorption of Cs by different con-

centration of NH4Cl (V) 0.01M NH4Cl, (B) 0.05M NH4Cl, and (O) 0.1M NH4Cl.

(Flowrate of NH4Cl: 3.5 mL/min).
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where,

j ¼
k1rbZ

1pn
ðbed length parameterÞ

t ¼
k1

Kd

t �
Z

n

� �
ðtime parameterÞ

X ¼
CA

CA0

Q ¼
qA

q1
A

The solution was given by Rosen (23) and was used to predict the break-

through curves shown in Fig. 10. In the Rosen model, the kinetic parameters k1

and k2 were unknown. The values of k1 and k2 were determined by using a trial

and error approach using Mathematica software. The best fit values for k1 and

k2 were found to be 0.3694 min21 and 12.79 � 1023 min21, respectively

which provided a correlation of the data within + 5% of the experimental

values. With these values of k1 and k2, the predicted breakthrough curve is

shown in Fig. 10 along with the experimental data for all three adsorption

cycles. As can be seen from the figure, an excellent fit to the experimental

data was obtained with these values of k1 and k2. The values of k1 and k2

suggest that the forward rate, i.e., the adsorption process is much faster

compared to the desorption rate.

CONCLUSION

Fullers earth based adsorbents were prepared using chitosan and sodium

silicate as binder for adsorption of cesium in a dynamic column. However,

the sodium silicate binder made the solution alkaline causing precipitation

of cesium rather than physisorption. Therefore, Fullers earth beads prepared

using chitosan beads were used for detailed evaluation for their capacity for

cesium. Scanning electron micrographs showed that beads were porous. The

equilibrium adsorption capacity of cesium was determined at different temp-

erature using aqueous solution of CsCl of different concentrations and at

different pH. The adsorption of cesium increased with the increase of pH of

the aqueous solution up to a value of 6.5. The maximum adsorption

capacity of cesium on chitosan coated Fullers earth beads at a pH of 6.5

and 308C temperature could be about 26.3 mg/g of bead from a solution con-

taining 1000 mg/L of CsCl as calculated from the Langmuir isotherm

equation. Breakthrough data from a column was used to calculate the

kinetic parameters of first-order reversible surface kinetic model. The best

fit values for k1 and k2 for cesium adsorption on Fullers earth beads were

found to be 0.3694 min21 and 12.79 � 1023 min21, respectively.
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NOMENCLATURE

as Activity of cesium ion at equilibrium concentration (mmol/L)

a Activity of cesium at equilibrium at any concentration (mmol/L)

CA Concentration at the bed outlet, mmol/L

CA0 Concentration of the inlet influent, mmol/L

CAS Concentration of the liquid phase at equilibrium, mmol/L

Ci Initial concentration of cesium ion in solution, mg/L, or

mmol/L

Cs Equilibrium concentration of the cesium ion at saturation at a

particular adsorption temperature (mmol/L),

Ce Equilibrium concentration of cesium ion at equilibrium (mmol/L,

or mg/L)

Kd Distribution coefficient, mL/g

k1 Kinetic parameter as defined in Equation 5, min21

k2 Kinetic parameter as defined in Equation 5, min21

M Mass of the adsorbent, g

Qe Amount adsorbed per unit mass of adsorbent, mg/g or mmol/g

qA Uptake of the solid phase, mg/g or mmol/g

qA
1 Uptake of the solid phase at saturation, mg/g or mmol/g

t Time, min

v Linear flow velocity (assumed constant), cm/sec

V Volume, L

x Mole fraction

Z Distance from column entrance, cm

DS8 Entropy change for the process, cal.deg.mol21

DH8 Isoteric enthalpy change for the process, cal.mol21

R Gas constant, cal. mol21. K21

T Absolute temperature, K

DHiso Enthalpy change for the process, cal.mol21

I Ionic strength, mol/L

Zi Ionic charge of component I in Equation 6

q Uptake, mmol/g

1P Bed porosity

1 Adsorption potential (kcal.mol21),

rs Particle density, g/cm3

rb Bed density, g/cm3
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