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bstract

The adsorption characteristics of zinc ion from aqueous solution on the lateritic clay were investigated through batch and column mode of
peration. The system variables were optimized to evaluate the maximum extent of zinc adsorption as well as for the purpose of modeling. A
odel equation correlating zinc adsorption with input concentration was described. The adsorption behavior can well be described by Freundlich

sotherm model rather than Langmuir isotherm model. The favorable and spontaneous nature of adsorption was indicated from the thermodynamical
arameters. The capacity was determined from isotherm parameters in batch mode and breakthrough parameters in column mode. The bed depth

ervice time (BDST) model was utilized to predict column efficiency corresponding to different bed heights. Elution performance of retained zinc,
sing HNO3 of definite composition, was examined from elution profile. Efficiency of the process was determined through repetitive operation
ycles of retention and elution. Effectiveness of the process was judged through estimation of efficiency versus the cost of operation.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Metal ions are probably the oldest toxins known to mankind
nd since they are not subjected to biodegradation and for all
ractical purposes they have infinite residence time in differ-
nt environment compartments. However, the degree of toxicity
aries greatly depending on the metal itself and its mode of action
n the specific organism [1]. The introduction of heavy metals
n water is of serious concern as they not only change the natural
uality but also pose threat to aquatic lives. The ever increasing
emand of water of high quality, moreover, has caused consid-
rable attention to be focused towards the recovery and reuse of
aste water and, therefore, the removal and recovery of metal

on from industrial effluent is of great significance.
The main industrial use of zinc is for manufacturing of zinc
hite, several useful alloys such as brass, German silver, delta
etal and as the anode material in galvanic cells. Lithographic

lates are also made of zinc. Zinc has a secondary drinking

∗ Corresponding author. Tel.: +91 33 25823883; fax: +91 33 25828282.
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ater standard of 5.0 mg dm−3 principally because of its bit-
er metallic taste [2]. The average human body contains about
g of zinc, which is essential for the normal activity of DNA
olymerization and for protein synthesis. Zinc toxicity from
xcessive ingestion is uncommon but gastrointestinal distress
nd diarrhea has been known following ingestion of beverages
tanding in galvanized cans or from use of galvanized utensils.

ith regard to industrial exposure, zinc fume fever resulting
rom inhalation of freshly formed fumes presents the most sig-
ificant effect. Edema of the lungs from fumes of zinc chloride
ZnCl2 smoke) is sometimes fatal. Soluble and astringent acid
alts, such as ZnSO4 in large doses (about 10 g), have caused
nternal organ damage and death [1]. The plants grown on zinc
nriched soil also show various abnormalities and disorders like
eduction of growth, inhibition of photosynthesis and respiration
ogether with interruption of metabolism linked to the transport
rocesses. Removal and recovery of zinc is necessary in the con-
ext of minimization of toxicity and improvement of analytical

etermination via preconcentration.

Liquid–liquid extraction, one of the useful technologies for
he removal of metal ions from aqueous samples involves large
olume of solvent, tedious process and large through output.

mailto:mitali_ku@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2007.04.027
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olid phase extraction or adsorption, on the other hand, is
aining popularity, primarily because of its simplicity and avail-
bility of a wide variety of adsorbent viz. natural, synthetic as
ell as the biomaterial. Natural adsorbents like soil, clay and
ineral [3–6] has the advantage of easy availability and low

ost. Similarly, use of waste materials [7–10] has benefit of low
ost and overcoming disposal problem via utilization. Synthetic
dsorbents like activated carbon [11], ion exchange material
12], chelate impregnated silica [13,14] and polymer matrices
15,16] are popular due to high removal capacity. A number
f reports on the adsorption of Zn(II) on the sludge [17,18]
nd bioadsorbents [19–21] are available. Recently, zinc(II)
emoval from water with purified carbon nanotubes [22], TiO2
110)–electrolyte interface [23] and manganese nodule leached
esidues [24] is reported. As the recent progress in chemical anal-
sis of trace metal ions is mainly connected with the evaluation
nd improvement of various separation and trace concentra-
ion methods, the present study reports the adsorption behavior
f zinc(II) from aqueous solution on some naturally occurring
ateritic clay.

. Experimental

.1. Materials

All the chemicals were of analytical-reagent grade. A stock
olution (1000 mg dm−3) of Zn(II) was prepared by dissolving
inc sulphate (purity 99%; E. Merck, India) in doubly distilled
ater. The laterite soil was collected from Bankura District, West
engal, India. It was washed several times to remove the earthy
atter and finally with distilled water. It was then air dried and

round manually to obtain desired particle sizes using scientific
olecular sieves (Geologists’ Syndicate, Calcutta, India). X-ray

iffraction (XRD) data was obtained by a diffractometer (Rigaku
iniflex ME 200CY2, Japan) with powdered sample using Cu
� radiation. The as-received laterite sample, without further
rinding and size classification, is subjected to morphological
haracterization through scanning electron microscopy (SEM)
nalysis with an Environmental Scanning Electron Microscope,
hilips, (model ESEM XL-30, Netherlands) at 25 kV. The zero
oint charge of laterite was determined potentiometrically using
n Orion pH/mV meter (model no. 701) with glass (Fischer 13-
39-3) and calomel (Fischer 13-639-52) electrode. An atomic
bsorption spectrophotometer (Varian AA1407, USA) was used
or determination of metal ions. The characteristic features are
amp current 5.0 mA, wavelength 213.9 nm, slit width 1.0 mm
sing an air-acetylene flame with the observation at 10 cm above
he burner. The quality assurance and standardization of determi-
ation was made with standard metal ion solution (Certipure®;
. Merck, Germany).

.2. Adsorption studies
Batch experiment was performed to obtain rate, equilibrium
nd isotherm data. The flask containing 20 cm3 of Zn(II) solu-
ion (20–200 mg dm−3) at the required pH was shaken with
aterite (1.0 g) in a mechanical shaker until the equilibrium is

c
e
(
a
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ttained. The amount of Zn(II) in the supernatant was deter-
ined by atomic absorption spectroscopic measurement [25].
he amount of Zn(II) adsorbed (qe) per gram of laterite (mg g−1)
as determined by the equation:

e = X − Y

Z
(1)

here X is the amount of Zn(II) added (mg), Y the amount of
n(II) remained in supernatant (mg) and Z is the mass of laterite

g).
Column experiment was performed for retention and subse-

uent elution. The column (0.6 cm × 60.0 cm) was packed with
aterite of uniform size following the procedure of Fornwalt and
utchins [26]. The mass of the laterite required was 0.87 g cm−1

f the column bed with packed bed density of 1.03 g cm−3

nd void volume of 1.61 cm3. Zn(II) solution at a definite pH
between 2.0 and 8.0) was percolated at a uniform flow rate
controlled by a flow controller) through the column. The pro-
ess was optimized for the feed Zn(II) concentration, flow rate
nd height of laterite column. The effluent was collected from
he column end at regular interval of time and Zn(II) concentra-
ion was determined. After washing the column with de-ionized
ater, an eluting solution (HNO3) of definite composition was
assed through at uniform flow rate. The metal ion concentration
n the eluate, after diluting to the desired volume, was determined
y AAS.

. Results and discussion

.1. Characterization of laterite

Laterite sample was characterized through physico-chemical
nalysis together with SEM image (Fig. 1) and XRD pat-
ern (Fig. 2) analysis. The chemical composition of laterite is
escribed elsewhere [27]. SEM has identified a morphologi-
al class of spherical particles containing encapsulated smaller
pheres [28]. Plerosphere formation here is truly the result of
ncapsulation during particle formation rather than filling of
ruptured cenosphere. Subsequent examination of the etched

articles indicated the presence of numerous smaller particles
ithin the plerospheres. XRD pattern indicates the presence of

rystalline iron oxides such as goethite, hematite, lepidocrocite
s well as amorphous iron oxides together with �-quartz and
-alumina. The zero point charge (pHZPC) determined by poten-

iometric titration of laterite sample in presence of electrolyte is
ound to be 3.08.

.2. Optimization of operational variables during batch
tudy

The adsorption of Zn(II) on laterite is dependent on both the
nitial Zn(II) concentration and the agitation time. The effect
f agitation time on adsorption of Zn(II) at different initial

oncentrations is presented in Fig. 3. It is observed that at
ach concentration, there is an increase in the amount adsorbed
mg g−1) by increasing the agitation time. This is due to the
vailability of large vacant adsorbent sites as well as a high
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ig. 1. Scanning electron micrographs for laterite. The bar indicates (a) 20 �m
nd (b) 200 �m.

oncentration gradient between the solution and the solid phase
29]. The extent of Zn(II) uptake gradually slows down that ulti-
ately reaches a maxima indicated by a flat plateau. The time

80 min) corresponding to the maximum adsorption is consid-
red as the equilibrium adsorption time. The adsorption profiles

or different concentrations show similar shape, only differing
n the extent of adsorption. With the increase in Zn(II) con-
entration from 20 to 100 mg dm−3 the percent of adsorption
ecreases from 71 to 57%. The adsorption percent (p) decreases

Fig. 2. XRD pattern of laterite.

e
s
o

u
(
Z
m

w
t
t
c

p
e
b
(

ig. 3. The influences of agitation time and concentration of adsorbate on
dsorption of zinc(II) on laterite in aqueous solutions at 293 K.

xponentially with increased Zn(II) concentration (C0) and can
e expressed as:

= 106.7 C−0.155
0 (2)

uch model equation can be used to predict extent of Zn(II)
emoval at the solution condition of pH and temperature. Singh
t al. [30] made similar type of correlation for dye adsorption
n fly ash.

The effect of agitation speed on the extent of Zn(II) adsorp-
ion was investigated with variation of agitation speed from
00 to 400 rpm under equilibrium time and initial solute con-
entration (20 mg dm−3). It is observed that with increase in
gitation speed, adsorption increases from 41 to 71%. It may be
hought that as the speed increases resistance to mass transfer
rom bulk to the adsorbent phase decreases resulting in increased
dsorption rate [29].

Adsorption experiment performed with laterite of three dif-
erent particle sizes (+1.0 to −0.8, +0.8 to −0.5 and +0.5
o −0.3 mm) at the selected equilibrium condition indicates
hat adsorption increases from 27 to 71% as the particle size
ecreases. With smaller particles, as the surface area increases,
he solute finds more accessible sites for adsorption [29].
lthough, with even the finer particles increased adsorption is

xpected, it sometimes creates operational complications, e.g.
eparation of finer laterite particle during filtration in batch
peration and chocking of laterite bed during column operation.

The laterite dose was varied from 0.2 to 1.2 g per 50 cm3

nder equilibrium agitation time and initial solute concentration
20 mg dm−3). It is observed that as the dose of laterite increases
n(II) adsorption increases from 31 to 71% and reaches the
aximum value corresponding to a dose of 1.0 g.
The effect of temperature on the extent of Zn(II) adsorption

as investigated in the solution temperature range from 293
o 313 K at equilibrium. It is found that the percent of adsorp-
ion increases from 66 to 82% corresponding to an initial zinc
oncentration of 100 mg dm−3 (Fig. 4).

The adsorption pattern of Zn(II) on laterite with change in

H is presented in Fig. 5. The adsorption is found to be influ-
nced by solution pH, as surface charge of laterite is governed
y pH. The surface charge is assessed by the zero point charge
pHZPC) or the isoelectric point (IEP). pHZPC and IEP are the
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Fig. 4. The influences of agitation time and temperature of adsorbate on adsorp-
tion of zinc(II) on laterite in aqueous solutions at 100 ppm.

Fig. 5. The influences of pH on adsorption of zinc(II) on laterite in aqueous
solutions at 20 ppm and 293 K.
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Scheme 1. pH dependent surface charge on laterite.

ame if background electrolyte does not adsorb on the surface,
s in case with laterite. The metal oxides present in laterite form
quo complexes with water and develop charged surface through
mphoteric dissociation [31]. It is evident from Scheme 1 that at
H < pHZPC, the surface charge is positive, at pH = pHZPC, the
urface charge is neutral and at pH > pHZPC, the surface charge
s negative [32].

Thus, at lower pH (below pHZPC), as more of the surface

ites are positively charged, adsorption of Zn(II) ion is inhib-
ted by electrostatic repulsion. Zn(II) adsorption is found to be
nhanced by increasing pH. An increase in Zn(II) adsorption is
bserved from 28 to 70% for increase in pH from 2.0 to 4.0.

r
C
a
(

able 1
valuation of equilibrium and isotherm parameters for interaction of zinc(II) in aque

emperature (K) Q (mg g−1) b.102 (dm3 mg−1) (R2) r
20 (mg dm−3)

93 5.60 2.25 0.9520 0.681
03 5.37 3.53 0.9026 0.586
13 6.87 4.29 0.9493 0.583
ig. 6. (a) Langmuir and (b) Freundlich adsorption models applied for interac-
ion of zinc(II) in aqueous solution on laterite.

igher adsorption is found to occur in the pH region 4.0–5.2.
he extent of Zn(II) adsorption decreases significantly beyond
pH 5.2.

.3. Mathematical modeling of the adsorption isotherm

Several equilibrium models have been developed to describe
dsorption isotherm relationships that play a functional role in
redictive modeling procedure for analysis and design of an
dsorption system [33]. The Langmuir and Freundlich isotherm
re used most frequently to describe the adsorption data. The
asic assumptions underlying Langmuir model describes the
deal localized monolayer formation and is generally expressed
n linear form as:

Ce

qe
= 1

Qb
+ Ce

Q
(3)

here Ce is the equilibrium Zn(II) concentration (mg dm−3),
e the equilibrium amount of Zn(II) on laterite (mg g−1) and Q
mg g−1) and b (dm3 mg−1) are the Langmuir isotherm constants

elated to the capacity and the energy, respectively. A plot of
e/qe against Ce (Fig. 6a) should yield a straight line with Q
nd b obtained from the intercept and the slope, respectively
Table 1).

ous solution on laterite

Kf (dm3 g−1) 1/n (R2)
50 (mg dm−3) 100 (mg dm−3)

0.461 0.299 2.07 0.696 0.9998
0.362 0.221 3.19 0.629 0.9952
0.317 0.189 2.49 0.680 0.9998
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showing adherence to the pseudo first order rate law (Table 2).
However, adsorption, being a complex phenomenon, generally
follows a pathway comprising of a combination of the surface
and the pore diffusion. The extent of a particular diffusion to the

Table 2
Evaluation of kinetic parameters and regression coefficients for interaction of
zinc(II) in aqueous solution on laterite

2 2
Fig. 7. Plot of van’t Hoff curve.

The Freundlich isotherm model, on the other hand, is assumed
o be associated with heterogeneous sites and can be expressed
n linear form as:

n qe = ln Kf +
(

1

n

)
ln Ce (4)

here Kf (mg g−1) and 1/n signify capacity and the inten-
ity, respectively. The intensity value less than 1 indicates the
avorable situation (Table 1). A plot of ln qe against ln Ce
hould yield a straight line with slope 1/n and intercept ln Kf
Fig. 6b).

The best isotherm equation to use in a particular instance is the
ne that better fits the experimental data. As indicated from the
egression coefficient values (R2) Freundlich model sufficiently
escribes the Zn(II)-laterite interaction. The isotherm criteria
ay further be described by a dimensionless quantity ‘r’, the

onstant separation factor [34], defined as:

= 1

1 + bC0
(5)

here C0 is the initial concentration and b is the Langmuir
sotherm constant. The feasibility criteria of the process can be
udged indicating unfavorable (r > 1), irreversible (r = 0), favor-
ble (0 < r < 1) or linear (r = 1) pattern. The calculated ‘r’ values
between 0.189 and 0.681) in the studied concentration range
ndicate favorable case of adsorption at the selected operational
onditions.

.4. Evaluation of thermodynamic parameters

In order to study the feasibility of the process, thermodynamic
arameters viz. �G, �H and �S of the process are calculated
ollowing the equations [35]:

G = −RT ln b (6)

ln b = −�H

T
+ �S (7)

he negative value of �G (9.10 kJ mol−1 at 293 K) indicates that
he adsorption process is favorable and spontaneous. �H and
S are obtained from slope and intercept, respectively (Fig. 7),
rom the van’t Hoff plot (R ln b against 1/T). The positive val-
es of �H (23.19 J mol−1) and �S (48.22 J mol−1 K−1) denote
hat the process is endothermic and random in nature. The high

T

2
3
3

Fig. 8. Plot of Lagergren curves.

egression value indicates the validity of the van’t Hoff equation.
he endothermic nature may also be predicted from increased
dsorption with increased temperature.

.5. Kinetics and rate parameters

The kinetic feasibility of Zn(II)-laterite interaction is indi-
ated by the shorter (<30 min) t1/2 (the time required for 50%
dsorption) value. In order to find out the applicability of rate
aw kinetic data was fitted to a pseudo first order rate expression,
.e. the Lagergren [36] rate equation expressed as:

n(qe − qt) = ln qe − K1t (8)

here qe and qt are the amount of Zn(II) (mg g−1) on laterite
t equilibrium and at time t, respectively, K1 is the first order
ate constant. A plot of ln(qe − qt) against time (t) should yield
straight line (Fig. 8) with K1 obtained from the slope.

The data may be fitted to the pseudo second order expression
xpressed as:

t

qt
=

(
1

K2

) (
1

q2
e

)
+ t

qe
(9)

pplying the boundary conditions of t = 0–t and qt = 0–qt. A plot
f t/qt against t should yield a straight line with K2, the second
rder rate constant, and is obtained from the intercept.

The applicability of a particular rate expression was evaluated
rom the goodness of data fit and regression coefficient value. In
he present situation, the Lagergren first order equation gives a
igher regression value compared to the second order equation
emperature (K) K1 R K2 R Kd

93 0.0307 0.9011 0.0668 0.4225 0.3518
03 0.0372 0.8984 0.0354 0.3434 0.3704
13 0.0339 0.9369 0.0722 0.8230 0.4055
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presented in Table 3. As the feed Zn(II) concentration increases,
the breakthrough time decreases. Sharp BTC is obtained for
high Zn(II) concentration, while the BTC corresponding to low
Zn(II) concentration flattens. The effect of bed height on Zn(II)
Fig. 9. Plot of Weber Morris curves.

otal process may be estimated by a plot following Weber and
orris equation [37] expressed as:

t = Kd
√

t (10)

here Kd, the rate constant of pore diffusion, is obtained from the
lope of the linear portion of the plot qt versus

√
t. The Weber and

orris plot (Fig. 9) reveals an initial curved portion (indicative
f boundary layer effect, i.e. surface adherence) followed by a
inear portion (indicative of intraparticle or pore diffusion). The
lope of the linear portion yields Kd, while the intercept of the
lot signifies the extent of boundary layer effect. The larger the
ntercept the greater is the contribution to the surface adherence
38] in the rate limiting step. It is found that Kd value increases
ith increased temperature (Table 2).The activation energy (E)
f the pore diffusion is calculated [31] from the linear plot of ln
d versus 1/T following Arrhenius equation:

n Kd = ln A − E

RT
(11)

he goodness of the data fit is indicated by the high regression
oefficient (R2 = 0.9685) value of the Arrhenius plot (Fig. 10)
nd the E value is found to be 5.36 J mol−1.

.6. Optimization of operational parameters during column

tudy

The operation and performance of a column is known to be
nfluenced by several operational parameters viz. concentration

Fig. 10. Plot of Arrhenius curve.

F
o
1

ig. 11. Effect of flow rate on retention capacity of zinc(II) in aqueous solution.

nd flow rate of the feed solution as well as column bed height.
ptimization of such variables is essential to evaluate the col-
mn performance. The flow rate for the Zn(II) solution through
he column was varied up to 10.0 cm3 min−1 for a fixed Zn(II)
oncentration (100 mg dm−3) and laterite bed height (20 cm). It
s found that up to a flow rate 5.0 cm3 min−1 column retention
apacity remains unchanged and decreased thereafter (Fig. 11).
n(II) retention on laterite packed column was investigated with
ifferent Zn(II) concentrations viz., 20, 50 and 100 mg dm−3.
he characteristic shape and position of breakthrough curve

BTC) on the volume axis for a fixed laterite bed length of 20 cm
s presented in Fig. 12a. The parameters like breakthrough vol-
me and time (Vb, tb), exhaustion volume and time (Vx, tx) are
ig. 12. Plot of BTC (a) at different concentrations and at a fixed bed height
f 20 cm and (b) at different bed heights and fixed zinc(II) concentration of
00 ppm.
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Table 3
Evaluation of characteristic parameters for retention of zinc(II) from aqueous solution on fixed bed laterite column

C0 (mg dm−3) D (cm) Vx Vb tx tb f Overall column capacity (mg)
(cm3) (cm3) (min) (min)

20 20 5625 3895 1125 779 0.89 108.7
50 20 2700 1835 540 367 0.40 109.0

100 10 620 490 124 98 0.38 53.9
100 20 1360 675 272 135 0.61 109.3
1 362 172 0.78 199.9
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represents the variation of column capacity as a function of oper-
ation number. It is found that, although, efficiency decreases
00 30 1810 860

low rate: 5.0 cm3 min−1; f: fractional equilibrium capacity in the interaction re

etention was investigated with laterite columns of different bed
epths viz., 10, 20 and 30 cm. It is seen in Fig. 12b that as the
ed height increase BTC becomes gentler. The breakthrough
nd exhaustion parameters are indicated in Table 3. Bed depth
ervice time (BDST) model [39] that deals with the movement of
n adsorption wave front through the adsorbent bed, expressed
s:

=
[

N

C0F

]
D −

(
1

kC0

)
ln

[
C0

Ct
− 1

]
(12)

s tested. Here, N and k are the constants related to adsorp-
ion capacity and rate constant, respectively. A plot of service
ime (t (min)) against bed depth (D (cm)) yields a straight line
Fig. 13) with regression coefficient 0.9643. The column capac-
ty at complete exhaustion was determined by taking the total
rea at the point where the effluent plot joins the exhaustion
oint of BTC and dividing the value by the weight of adsor-
ent in the column. It is found that the column capacity (per
of laterite) is approximately 1.2 times greater than the batch

apacity.

.7. Elution study

Elution becomes evident for the purpose of recovery of the
etained metal ion in the column as well as the regeneration of
he exhausted column bed for further use. Thermal regeneration
n a multiple hearth furnace is the most common method used

articularly for carbon column. However, in this approach, some
dsorbent is lost during each cycle and recovery of the adsor-
ate is not possible. Chemical regeneration by a suitable solvent
s a definite alternative. Almost quantitative recovery of Zn(II)

Fig. 13. Plot of BDST curve.

w
c

F
z

Fig. 14. Elution curve of retained zinc(II) from laterite column.

80.5%) was observed with 1% HNO3 (80 cm3) as the eluting
gent. The elution curve (Fig. 14) shows that the first 40 cm3 of
NO3 leads to 55.2% elution followed by elution of 25.3% with

he rest 40 cm3.

.8. Column efficiency

In order to find out the adsorption efficiency of laterite col-
mn retention–elution cycles were repeated. The column was
ashed with 10 cm3 fractions of distilled water at a fixed flow

ate after the elution and was again fed with zinc solution. Fig. 15
ith repetition of cycles, it remains within 85% even after eight
ycles.

ig. 15. Effect of cycle number on laterite column capacity for removal of
inc(II) from aqueous solution.
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.9. Cost estimation and relative efficiency of the process

The removal efficiency of metal ions [27] was calculated as:

E = C0 − Ce

C0
× 100 (13)

here C0 and Ce represent initial and equilibrium metal ion con-
entration, respectively. The removal efficiency of the laterite as
ell as cost of operation is compared with that of activated car-
on (considered as a universal and most efficient adsorbent for
reatment of metal bearing waste). The use of active carbon is
imited due to its high cost. In several parts of India, laterite
btained as natural geomaterial is available in plenty and the
stimated cost is approximately US $25 tonne−1 (only transport
ost is necessary) while that of the cheapest variety of commer-
ially available carbon is approximately US $285 tonne−1. The
n(II) adsorption capacity of laterite (5.57 mg g−1) is found to
e comparable to activated carbon as reported by Larsen and
chierup (6.2 mg g−1) [40], more efficient than Filtrasorb-400
arbon (4.0 mg g−1) but less efficient than Nuchar-SN carbon
66 mg g−1) [41]. Thus, considering the removal efficiency lat-
rite can be used as cost effective adsorbent for Zn(II) removal
rocess and may be a good replacement for commercially avail-
ble carbon.

. Conclusion

Laterite, the naturally occurring geomaterial exhibits promis-
ng adsorption characteristics for the removal of Zn(II) and can
e used as an alternative to active carbon, for the treatment of
etal bearing wastewater. The process is feasible thermodynam-

cally as indicated by negative free energy change and positive
ntropy change. The process is endothermic in nature and fol-
ows pseudo first order rate law. Freundlich adsorption isotherm
s found to be fitted best. The column capacity is found to be
igher than the batch capacity. The bed depth service time model
s found to be applicable. Effective elution is made with 1%
NO3 and 90% column efficiency is retained for six consecutive

etention–elution cycles.
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