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ABSTRACT

The adsorption and desorption of beryllium on zeolite 4A and

bentonite has been studied using batch sorption studies.

Parameters such as time of equilibrium, effect of pH, and effect

of adsorbent dose on adsorption were studied. The adsorbents

exhibited good sorption potentials for beryllium with a peak value

at pH 5.0. The adsorption followed the Freundlich and Langmuir

adsorption models. About 75% and more removal occurred within

20 min, and an equilibrium was attained at around 90 min for both

adsorbents. Beryllium adsorption by zeolite 4A is higher than

zeolite 13X and bentonite. The desorption studies were carried out

using sodium chloride solution, and the effect of NaCl

concentration on desorption was studied. Maximum desorption

of 87% occurred with 10% NaCl.
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INTRODUCTION

Addition of beryllium through waste discharges into natural bodies of

water poses serious environmental hazards due to its high toxicity. Beryllium is

used in x-ray tubes, in nuclear weapons and nuclear reactors, inertial guidance

components, space optics, and microelectronics (1). Some of the industries

discharging beryllium in their effluents are manufacturer of nuclear reactors,

aircraft, and rockets. Inhalation of soluble compounds of beryllium dust or

aerosols is a serious health hazard. Beryllium, as other carcinogenic metals, is

geneotoxic in several in vitro mammalian cell assays (2) and decreases the

fidelity of DNA synthesis in many other test systems (3). Acute pulmonary

beryllium disease involving bronchitis, pneumonitis, and alveolar interstitial

oedema is produced following inhalation of soluble beryllium compounds.

Retention of beryllium within the lungs leads to the development of a disease

condition called “berylliosis”. It causes heart diseases, non-healing ulcers, and

lung cancer and could increase the occurrence of bone tumors (4). Consequently,

removal of beryllium from water and waste water assumes importance.

The conventional methods for heavy-metal removal from water and waste

water include reduction, precipitation, ion exchange, and adsorption. Among all

the methods, adsorption is highly effective and economical. The use of various

adsorbents such as cellulose (5), coal and peat (6), and silicagel-morin (7) have

been reported for the removal of beryllium from aqueous solutions.

In this article, the authors studied the removal of beryllium from aqueous

solutions using zeolite 4A, zeolite 13X, and bentonite. Zeolites are complex

inorganic polymers based on an infinitely extending three-dimensional, four-

cornered network of AlO4 and SiO4 tetrahedra. The structure can be considered to

arise from the isomorphous substitution of Si by Al in the crystal lattice of SiO2.

The tetrahedra are linked to each other by sharing of oxygen atoms to give rise to

building blocks of cubic, hexagonal, octagonal, and polyhedra (8,9). The AlO4 in

the structure gives rise to an anionic charge in the framework. This is balanced

by the cations that occupy nonframework positions, which can be exchanged

with other ions. Zeolites may be represented by the empirical formula

Mn/2O·Al2O3·xSiO2·y H2O (10), where generally x is equal to or greater than 2

because AlO4 tetrahedra are joined only to SiO4 tetrahedra, and n is the cation

valence. The ion-exchange capacity of the zeolites therefore depends on their

framework Si/Al ratio and decreases with increase in Si/Al ratio. Bentonite is a

clay mineral in which Na replaces Ca in montmorillonite clay. The clays carry a
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net negative charge due to the broken bonds around the edges of the silica–

alumina units that would give rise to unsatisfied charges, which would be

balanced by the adsorbed cations. Substitutions within the lattice structure of

trivalent aluminum for quardrivalent silicon in the tetrahedral sheet and of ions of

lower valence particularly magnesium for trivalent aluminum in octahedral sheet

result in unbalanced charges in the structural units of clay minerals (11). The

above factors dictate largely that zeolite 4A, zeolite 13X, and bentonite are good

adsorbents for the removal of beryllium in aqueous solutions.

In view of the environmental significance, the authors have studied the

adsorption of beryllium on zeolite 4A, zeolite 13X, and bentonite under different

experimental conditions in order to ascertain their use as adsorbents to remove

the beryllium from effluents before they are discharged into water bodies.

MATERIALS AND METHODS

All the chemicals used were of analytical reagent grade. Deionized double

distilled water was used throughout the experimental studies. Stock beryllium

solution (1 mg/mL) was prepared by dissolving 19.6543 g of BeSO4·4H2O in

1000 mL of deionized double distilled water. Working standards were prepared

by progressive dilution of stock beryllium solution using deionized double

distilled water. Adsorbents zeolite 4A, zeolite 13X, and bentonite were obtained

from Indian Petro Chemicals Limited, Vadodara, India. The chemical

composition of adsorbents are shown in Table 1.

Table 1. Chemical Compositiona of Zeolite

4A and Bentonite

Adsorbents

Constituents Zeolite 4A Bentonite

SiO2 34.1 44.0

Al2O3 28.3 16.0

Na2O 17.0 2.2

Fe2O3 — 12.5

TiO2 — 1.0

MgO — 2.4

CaO — 2.6

H2O 20.7 —

a All the values are in percentage by weight.
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A varian spectrAA, atomic absorption spectrometer with beryllium hollow

cathode lamp and nitrous oxide–acetylene flame was used for determining

beryllium concentrations. This technique offers a detection limit of 0.05mg/mL

for the determination of beryllium. An Elico model LI-129 pH meter was used for

pH measurements. A mechanical shaker (Macro Scientific Worksw, Delhi, India)

was used.

Procedure

Adsorption Studies

A number of stoppered reagent bottles containing equal volumes (100 mL)

of beryllium solution of varying concentrations were taken, pH was adjusted to

the desired value by adding ammonia solution (1:1) or HCl (1+1). A weighed

amount (5.0 g) of the adsorbent was introduced into each reagent bottle. The

bottles were shaken at room temperature (30 ^ 18C) using a mechanical shaker

for a prescribed time to attain equilibrium. The adsorbent was then removed by

filtration. The concentration of beryllium in aqueous solution was determined

according to the standard method (12). Blank solutions were treated similarly

(without adsorbent) and the recorded concentration by the end of each operation

was taken as the initial one.

Effect of Counter Ions on the Adsorption of Beryllium

Ions like Ca, Mg, and Fe are the common ions that are present in water

generally. The effect of these ions on the adsorption of beryllium on zeolite 4A

and bentonite are studied. This is accomplished by adding 10 mg each of Ca, Mg,

and Fe to 10 and 20 mg/100 mL of beryllium solution, and the adsorption studies

were carried out as described in the previous section.

Desorption Studies

The desorption studies were carried out with varying concentrations of

NaCl solution. The adsorbents, which are removed from filtration, were taken in

stoppered reagent bottles. To this, 100 mL of NaCl solution was added. The

bottles were shaken at room temperature (30 ^ 18C) using a mechanical shaker.

The adsorbent was then removed by filtration. The above-mentioned method was

used to determine the concentration of beryllium desorbed in the aqueous

solution.
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ADSORPTION ISOTHERM MODEL

To quantify adsorption capacity of zeolite 4A, 13X, and bentonite for the

removal of beryllium from water, the data were fitted into the Freundlich and

Langmuir adsorption isotherm models (13) as given below.

Freundlich model:

G ¼ KCn
e

Langmuir model:

G ¼ CembCe=ð1 þ bCeÞ

where G (mmol/g) and Ce (mmol/L) are the concentrations of beryllium in the

adsorbed and liquid phases, respectively at equilibrium, K and n are the

Freundlich constants, Cem and b are the Langmuir constants.

Diffusion constant (D/r 2):

Adsorption uptake was used to calculate the apparent diffusivity, D/r 2,

using the well-known equation (10)

Mt=M1 ¼ 1 2 6=p2
X

1=n2 expð2Dn2p2t=r 2Þ

where Mt and M1 are the amount adsorbed at time t and infinity, D the diffusivity

constant, and r the zeolite crystallite size or bentonite particle size. The diffusion

constant D/r 2 was calculated from the uptake data using the above-mentioned

equation by a nonlinear regression.

RESULTS AND DISCUSSION

Sorption Isotherms

Adsorption isotherms of beryllium on the three adsorbents measured at

308C are shown in Fig. 1. The shape of the isotherms on the three adsorbents is

identical indicating a similar type of adsorption process. It is expected that in all

the three adsorbents the process of adsorption is through ion exchange. The

adsorption capacity for the three adsorbents fall in the order zeolite

4A . 13X . bentonite. Zeolite 4A with its lowest Si/Al ratio of 1 has got the

highest theoretical ion-exchange capacity. Zeolite 13X with Si/Al ratio of 1.25

has got lower theoretical capacity than zeolite 4A. The adsorption data was

analyzed in terms of the Freundlich and Langmuir isotherm models. The data is

well represented by Freundlich model as shown in Fig. 1(a) and Langmuir model
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in Fig. 1(b). The fitted constants for Freundlich and Langmuir models are

summarized in Table 2.

The theoretical exchange capacity of hydrated zeolite powders of Type A

and X are 5.5 and 4.7 meq/g, respectively. The ion-exchange capacity of

bentonite clay as reported by the supplier is 0.8 meq/g. The observed beryllium

adsorption capacity for zeolite 4A and 13X are lower than those of theoretically

estimated substantially. The observed beryllium adsorption capacity obtained by

Langmuir fit (0.37 and 0.36 mmol/g for 4A and 13X, respectively) are only 12

and 14% of their theoretical capacity. Beryllium with its smaller ionic size

(radius 0.31 Å) and high charge density ðe=r ¼ 6:5Þ compared to other group II

Figure 1. (a) Freundlich adsorption isotherms of beryllium at pH 5.0. (b) Langmuir

adsorption isotherms of beryllium at pH 5.0.
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metal ions is know to form [Be(H2O)2]2+ ion. The enthalpy of hydration for Be2+

is also the highest (22494 kJ/mol). Hence it is the hydrated Be2+ that is

adsorbed and not Be2+. The larger [Be(H2O)2]2+ may not be able to enter the

smaller sodalite or b-cages. The adsorption of beryllium may take place only in

super cage or a-cage. For divalent ions, the reported (10) order of ion exchange

selectivity is

Srð1:15Þ . Bað1:35Þ . Cað0:99Þ @ Mgð0:65Þ

It is difficult to exchange the ions with a lower ion-exchange selectivity.

Be, though not reported in the literature, can be expected to have lower

selectivity than Mg, which explains the lower capacity observed in the present

study.

The observed beryllium capacity of 0.35 mmol/g (from Langmuir fit) for

bentonite adsorbent compares well with the capacity reported by the supplier.

Such an observation can be ascribed to layered structure of bentonite and its

property to swell in aqueous solutions allowing free exchange of cations.

Results relating to desorption of beryllium by NaCl are given in Table 3.

The results showed that with increase in concentration of NaCl the desorption

also increased but attained a constant with 10% NaCl. The desorption of

beryllium from zeolite 4A is more when compared to bentonite. This shows that

bentonite, which expands freely, allows internal diffusion of Be2+ ions and

hence the desorption process becomes difficult when compared to zeolite 4A.

Hence the regeneration capacity of zeolite 4A is more (87%) with 10% NaCl

than bentonite.

Table 2. Fitted Constants for Freundlich and Langmuir Models

Adsorbent K n r 2 s

Values of Freundlich constants

NaA 0.1742 0.4343 0.993 0.008

NaX 0.1497 0.4399 0.989 0.010

Bentonite 0.1284 0.4645 0.993 0.007

Cem (mmol/g) B r 2 s

Values of Langmuir constants

NaA 0.373 1.2273 0.976 0.016

NaX 0.363 0.9090 0.989 0.010

Bentonite 0.353 0.6431 0.971 0.014
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Sorption Kinetics

The kinetics of sorption describing the contact time in the removal of

beryllium is one of the characteristics defining efficiency of sorption. The rates of

uptake of beryllium by the adsorbents are shown in Fig. 2. The fractional uptake

overlapped for all the three adsorbents. The rates of adsorption of beryllium are

rapid in all the three adsorbents. For example, over 80% uptake is completed

within 20 min and equilibrium is attained at around 90 min. The value of the

diffusion constant, D/r 2, calculated from the fractional uptake data is therefore

the same ðD=r 2 ¼ 8:3 £ 1024 sec1Þ for all the three adsorbents. This shows that

the diffusional resistance is similar in all the three adsorbents.

Effect of PH on Adsorption

The effect of pH on the adsorption of beryllium from water on all the three

adsorbents measured at 308C is shown in Fig. 3. It can be observed that the

adsorption of beryllium is dependent on the pH of the solution. Adsorption of

beryllium increased with increase in pH in all the adsorbents. At low pH, for

example at pH ¼ 1; the beryllium uptake is very small. It is known that mineral

acids affect the structure of zeolites and clays. The extent of the damage to their

structure depends on the pH of the acids. The structure of zeolites and clays

particularly with low Si/Al ratio may collapse in the presence of acids with pH

lower than 5, but the severity would be more at pH below 3. In fact, pH less than 5

Table 3. Desorption Experiments

Adsorbent Initial Concentration

Be+2 mg/100 mL

Desorptiona

with 5% NaCl

Desorptiona

with 10% NaCl

Desorptiona

with 15% NaCl

Zeolite 4A 3 70 75 75

5 73 77 78

10 74 82 82

15 79 86 85

20 81 87 86

Bentonite 3 63 68 67

5 64 67 67

10 67 74 73

15 72 81 82

20 63 70 70

a All values are per cent (%) recovery of beryllium.
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is not recommended for zeolites (14). The loss in adsorption capacity at lower

pH can therefore be ascribed to the collapse in the structure of these adsorbents.

Both zeolites and clays are very stable at higher pH, and do not affect the

adsorption of beryllium at pH above 5. Therefore, the role of pH on the

Figure 2. Effect of contact time and initial concentration of beryllium (initial

concentration of beryllium 3 mg/100 mL, pH 5.0).

Figure 3. Effect of pH on beryllium removal at 308C (initial concentration of beryllium

3 mg/100 mL, contact time 120 min).
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adsorption of beryllium, other than the damage to the structure of the adsorbent,

may not be significant.

Studies on Dosage

Data relating to the percentage (%) removal of beryllium by zeolite 4A and

bentonite dosage at pH 5 is shown in Fig. 4. The figure indicates that the

adsorption increased with increasing adsorbent dose up to a certain value and

then there was no further increase of adsorption. It is evident from these plots that

a minimum of 5 g of adsorbent is required for the maximum removal of

beryllium, (3 mg/100 mL) at pH 5.

Effect of Counter Ion

Presence of counter ions such as Ca, Mg, and Fe can affect the adsorption of

beryllium. The effect of the counter ion was studied by adding 10 mg/100 mL of

Figure 4. Effect of adsorbent dose on percentage removal of beryllium (initial

concentration of beryllium 3 mg/100 mL, contact time 120 min, pH 5.0).
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the counter ion under investigation. The effect of the counter ions on the

adsorption of beryllium is studied at two initial beryllium concentrations viz., 10

and 20 mg/100 mL. The data is summarized in Table 4, showing that Mg exhibited

the highest effect on the adsorption of beryllium both on Zeolite 4A and bentonite.

The decreasing order of the counter ion effect is Mg . Fe . Ca. However, all the

counter ions exhibited lesser effect on bentonite than on zeolite 4A.

CONCLUSIONS

Adsorption of beryllium by zeolite 4A, zeolite 13X, and bentonite was

found to proceed in accordance with Freundlich and Langmuir adsorption

isotherm equations. The adsorption of beryllium by zeolite 4A, zeolite 13X, and

bentonite follow in the order of zeolite 4A . 13X . bentonite. The adsorption

capacities depend on solution pH, and the maximum adsorption of beryllium by

zeolite 4A, 13X, and bentonite at concentrations up to 3 mg/100 mL/5 g of

adsorbent was attained at pH 5. The maximum percentage desorption of

beryllium with 10% NaCl was 87%.
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