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bstract

Multi-component sorption studies were carried out for attenuation of divalent heavy metal cations (Pb2+, Cu2+ and Zn2+) by a low-cost mineral
dsorbent from the aqueous solution. Kinetic and equilibrium batch-type sorption experiments were conducted under variable conditions for multi-
omponent using low-grade (<12%P2O5) phosphate rock. Percentage of multiple heavy metal species removal increases with decreasing initial
etals concentration and particle size. The equilibrium data were well described to a lesser extent by Freundlich model but Langmuir model seemed

o be more appropriate with the fixation capacity obtained at room temperature for Pb2+, Cu2+ and Zn2+ was 227.2, 769.2 and 666.6 �mol g−1,
espectively. Two simple kinetic models were tested to investigate the adsorption mechanism. Rate constants have been found nearly constant at

ll metal concentrations for first order. The comparison of adsorption capacity of low-grade phosphate rock decreases in multi-component system
s compared to single component due to ionic interactions. X-ray powder diffraction (XRPD) technique was used to ascertain the formation of
ew metal phases followed by surface complexation. Used adsorbents have been converted into a value added product by utilizing innovative
ero-waste concept to solve the used adsorbents disposal problem and thus protecting the environment.
2007 Elsevier B.V. All rights reserved.
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. Introduction

High concentration of heavy metals in surface water is gen-
rally associated with the disposal of industrial wastes. Metals
ontaining industrial effluents constitute a major source of
etallic pollution of the hydrosphere [1]. The metals are of

pecial concern because they are non-degradable and therefore
ersistent. Lead is a more toxic element for human and animal
ives. The presence of even low levels of lead in water is a concern
rimarily because it tends to bioaccumulate in the food chain.
umerous techniques and treatment technologies have been

eveloped for the clean-up of waters contaminated with metals
nd trace metals. Among the available techniques, sorption has
een used as one of the most practical methods. A sorbent must

∗ Corresponding author. Fax: +91 755 2587042/2488985.
E-mail addresses: prasadmurari56@yahoo.co.in,
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e eco-friendly, cost-effective, industrially viable and efficient
or a wide range of concentration of different pollutant metals.
hough activated carbon [2], silica gel [3] and activated alumina

4] are popular and effective adsorbents, their use is restricted for
eing not cost-effective. Mineral apatites (hydroxyapatite and
uorapatite) and different types of clays [5–7] have been utilized
uccessfully for the removal of heavy metal ions such as lead,
inc and cadmium both collectively and separately in aqueous
olutions using sorption techniques. Synthetic hydroxyapatite
nd high-grade (>30%P2O5) rock phosphates have been used in
astewater treatment and has a very high capacity for removing
ivalent heavy metal ions from water [8,9]. But hydroxyapatite
nd high-grade rock phosphates are not reported commercially
iable because of their high costs. Therefore, recent studies have
ocused on the search of an inexpensive and efficient adsorbent.
For quite some time we are involved in utilizing inexpen-
ive minerals such as low-grade phosphate rock, pyrophyllite,
tc. very effectively as adsorbents for divalent heavy metal ions
resent as single species in aqueous solution [10,11]. Continuing
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dx.doi.org/10.1016/j.jhazmat.2007.10.019


2 ardou

o
o
l
l
a
b
d
v
l

t
c
s
a
o
t
i

2

2

c
p
B
m
t
q
s
s
p
c

g
i
T
t
K
c
a
i
c

T
P

P

P
S
S
H
C

fl
a
i
e
T
s
a

2

s
(
w
d
C
a
p
c
t

2

t
s
d
e
s
e

t
f
a
i
m
c
t
s

22 M. Prasad et al. / Journal of Haz

ur activities in this direction, we have taken up the studies
n multi-component adsorption where heavy metals are col-
ectively (Pb + Cu + Zn) present in the aqueous system using
ow-grade phosphate rock of Jhabua, Madhya Pradesh, India as
dsorbent which is considered as waste for fertilizer industries
ecause of its very low phosphate values. Jhabua phosphorite
eposits of sedimentary origin were located by Geological Sur-
ey of India in 1973. There is a large unexploited deposit of
ow-grade phosphate rock at Jhabua.

The overall objectives of the present study were (i) to inves-
igate the effects of adsorbent particle size, initial sorbate
oncentration and temperature; (ii) to evaluate the observed
orption capacity of rock phosphate, based on theoretical
pproach using adsorption isotherms; (iii) to ascertain the effect
f ionic interaction; (iv) to elucidate the sorption mechanism; (v)
o utilize Zero-waste concept for conversion of used adsorbents
nto value added products.

. Material and methods

.1. Sorbent

Representative samples of low-grade rock phosphate (fran-
olite) from Jhabua (Madhya Pradesh) were collected for the
resent study with the help of M.P. State Mining Corporation,
hopal, India. The samples (1.0 kg) were ground by Denver ball
ill and sized by wet sieve analysis separately for experimen-

al work. The representative ground sample after coning and
uartering was subjected to wet chemical analysis. Based on
orption characteristics, the mineral sample of −105 + 75 �m
ize range was used for adsorption studies. The mineral sam-
le of −105 + 75 �m size range was stored in desiccators until
ommencement of sorption experiments.

The physical properties such as porosity, hardness, specific
ravity, surface area, porosity, CEC (Cation Exchange Capac-
ty) and chemical composition of the adsorbent are shown in
able 1. The CEC value comes about 3.74 meq g−1 by addi-

ion of all the four exchangeable monovalent (Na: 0.770 and
: 0.159 meq g−1) and divalent (Ca: 2.594, Mg: 0.215 meq g−1)
ations. The high CEC value results from the presence of higher
mount of divalent EC (Exchangeable Cation, mainly calcium)
n mineral adsorbent sample. X-ray diffraction analysis of fran-
olite mineral sample reported the presence of mainly calcite,

able 1
hysical properties and chemical composition of the mineral adsorbent

hysical properties Chemical composition

orosity (%) 49 P2O5 12.50
urface area (m2/g) 7.285 SiO2 26.50
pecific gravity 2.7 CaO 32.60
ardness 4.5 Fe2O3 1.59
ation Exchange Capacity (meq g−1) 3.74 Al2O3 6.08

MgO 0.06
TiO2 0.49
F 1.06
L.O.I.a 19.12

a Loss on ignition.
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uorapatite and quartz as described elsewhere [12,13]. Dolomite
nd iron oxide are the other associated gangue minerals present
n minor amounts. The bulk chemical composition of min-
ral sample was analyzed by wet chemical method (Table 1).
he surface area and adsorption average pore width of the
elected fraction of rock phosphate sample were 7.285 m2 g−1

nd 95.7779 Å, respectively.

.2. Analytical techniques

X-ray analysis of finely ground sorbent (rock phosphate)
ample was done with the help of a Philips X-ray machine
Model PW 1710). The surface area and adsorption average pore
idth of the selected fraction of rock phosphate sample were
etermined by the N2 gas BET analysis using a Micromeritics
hemisorption ASAP 2020. Electric rotary shaking machine
nd Systronic digital pH meter were used for equilibration and
H measurement of the solutions. Heavy metals analysis were
arried out by using a GBC-902 Atomic Absorption Spectropho-
ometer (AAS).

.3. Sorption experiments

All reagents used were of analytical (Merck) grade. Test solu-
ions of heavy metal ions for both cases of single and multiple
pecies adsorption were prepared from their nitrate salts by serial
ilution of stock lead, copper and zinc ion solution (1000 mg l−1

ach) using deionized distilled water (Milli-Q, Milipore). Blank
olution of deionized distilled water was analyzed by AAS to
nsure that it did not contain lead, copper and zinc ions.

For preparing multiple species (Pb + Cu + Zn) stock solution,
he amounts of nitrate salts of all the three metal ions required
or a particular concentration were calculated and the appropri-
te amounts of each salts were taken to a standard flask (1 l)
n the molar ratio of 1:1:1 and made up the solution up to the

ark. The concentration (mg l−1) referred in the multi-metal
ase, is the mixed concentration referred to individual concen-
ration of the same value. After adsorption experiments, filtered
olution was acidified with HNO3 for AAS analysis of cations.
inetic and equilibrium batch-type sorption experiments were

onducted under variable conditions for multi-component. For
ll batch types of sorption experiments, blank experiments were
arried out with the same experimental procedure to check
he extent of adsorption by the glass flasks. The kinetic and
quilibrium experiments were performed in different batches.
.5 g adsorbent mineral samples were equilibrated separately
ith 100 ml solutions of different concentrations (10, 50, 100

nd 500 mg l−1) of multi-component (Pb2+ + Cu2+ + Zn2+). The
uspensions were shaken on a mechanical shaker fitted with
hermostat at room temperature (30 ◦C) for 10 min followed by
0 min quiescent contact time. Suspensions were then filtered
hrough Whatmann filter paper (No. 42). The filtrates were ana-
yzed for Pb2+, Cu2+ and Zn2+ final concentration. For arriving

t the required quiescent time needed for attainment of adsorp-
ion equilibrium, the quiescent time was varied between 10 and
0 min at intervals of 5 min for different initial lead, copper and
inc ion concentration. The equilibrium was observed to reach
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ithin 30 min time. Three random tests were done for different
oncentrations to check the reproducibility of the results. For
ach set of experiments the pH of solution just before adding
he adsorbent and after shaking with adsorbent were recorded.
o imposition of any ionic strength was imposed during course
f experiments, i.e. all the experiments were carried out under
atural conditions.

.4. Kinetic studies in multi-metal scenario

In order to determine kinetic sorption parameters, the
btained kinetic sorption data were fitted to the Lagergren rate
quation which is one of the most widely used sorption rate
quations [14].

og(qe − qt) = logqe · kad · t

2.303
(1)

here kad (min−1) is the rate constant of pseudo-first-order
dsorption, qe (�mol g−1) is the amount of metal ion sorbed
t equilibrium and qt (�mol g−1) is the amount of metal ion
orbed at any time t (min) on the adsorbent surface.

The experimental data were also fitted for pseudo-second-
rder adsorption. The second-order rate expression and can be
xpressed as [15]:

t

qt

= 1

k1q2
e

+ t

qe
(2)

Equilibrium relationships between adsorbent and adsorbate
re described by sorption isotherms usually as the ratio between
he quantity sorbed and that remaining in the solution at a
xed temperature. Experimental sorption isotherm data are often
escribed and modeled by the relations developed by Langmuir
nd Freundlich. The data obtained were fitted to Langmuir and
reundlich adsorption isotherms, respectively.

The Langmuir equation is expressed in a linear function as
ollows:

Ce

qe
= 1

Q0 · b
+ Ce

Q0
(3)
here qe (�mol l−1) is the amount of metal ions adsorbed at
quilibrium, Ce (�mol l−1) is the equilibrium concentration of
etal ions, Q0 and b are Langmuir constants related to mono-

ayer sorption capacity and sorption energy, respectively.

i
m
F
d

able 2a
ffect of initial ions concentration on attenuation of heavy metal ions present as mult

nitial ions concentration
Pb + Cu + Zn) (mg l−1)

Final ions
concentration (mg l−1)

%
Attenuation

Pb Cu Zn Pb Cu

5.0 0.007 0.06 1.94 99.8 98.8
10.0 0.03 4.7 4.3 99.7 53.0
50.0 11.0 20.0 30.5 78.0 61.0
00.0 53.0 51.5 75.0 47.0 48.5

onditions: 0.5 g (−105 + 75 �m) of phosphate rock, 100 ml of initial solution volum
orption. pH2 refers to pH of test solution after shaking for 10 min. pH3 refers to pH
s Materials 154 (2008) 221–229 223

The Freundlich model is described by the following linear
quation:

ogqe = logKF + 1
n

logCe (4)

Both KF and n are empirical constants being indicative of
he extent of adsorption (sorption capacity) and the degree of
on-linearity between solution and concentration.

. Results and discussion

.1. Effect of adsorbent particle size

Particle sizes ranging from as coarse as −420 �m to as
ne as −53 �m were considered for the present set of experi-
ents under the conditions of 0.5 g of mineral adsorbent, 100 ml

f 100 mg l−1 lead solution and 30 min as conditioning time.
t is observed that percent attenuation increases (25.5–93.0)
ith decrease in fineness or particle size (−420 + 210 to
105 + 75 �m). Percent attenuation is independent of fineness

elow particle size of −105 + 75 �m which is in accordance with
he author’s earlier work [13].

.2. Effect of initial sorbate concentration

In order to investigate the effects of initial heavy metal ions
oncentration on their removal, four different sorbate mixed con-
entrations (5, 10, 50 and 100 mg l−1) were prepared and tested
ith phosphate rock adsorbent (−105 + 75 �m in size) for sorp-

ion studies. Fresh stock of multi-metal solution was prepared
or each set of multi-metal sorption experiments (four concen-
rations). The results are shown in tabular form (Table 2a). The
emoval percentage of each heavy metal ions decreased with
ncreasing concentration. This behavior is well known as ‘load-
ng effect’ which describes the extent to which the total number
f sorption sites is occupied by the sorbate. However, the removal
apacity of sorbent (or the uptake of each metal ions by adsor-
ent) increased with initial metal ions concentration. It is in
greement with findings of Prasad et al. and Jang-Soon et al.
10,16].

Distribution coefficients (Kd) were calculated for each metal

on to assess the effect of initial ion concentration for the case of

ulti-metal and single-metal ion as depicted in Tables 2b and 2c.
or each metal ion (Pb, Cu and Zn), the values of coefficients
ecreases gradually with increase in concentration. This behav-

iple species (Pb2+ + Cu2+ + Zn2+)

Removal capacity (mg
metal/g adsorbent)

pH

Zn Pb Cu Zn pH1 pH2 pH3

61.2 0.998 0.988 0.612 5.87 6.66 7.11
57.0 1.998 1.06 1.14 5.23 6.48 6.97
39.0 7.80 6.0 3.9 4.31 5.74 6.02
25.0 9.40 9.7 5.0 2.39 3.26 3.98

e, 30 min as conditioning time. pH1 refers to initial pH of test solution without
of filtrate solution after sorption experiment.
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Table 2b
Distribution coefficient for multi-metal solution

Initial ions concentration
(Pb + Cu + Zn) (mg l−1)

Distribution coefficient, Kd

Pb Cu Zn

5.0 713.2 82.3 1.57
10.0 332.3 1.12 1.32
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50.0 3.54 1.5 0.63
00.0 0.866 0.961 0.33

or of sorbent may be attributed to ‘loading effect’ as discussed
bove. However, the value of distribution coefficient, Kd, has
arger values for the case of single-metal in comparison to multi-

etal. This may be attributed to higher removal capacity of rock
hosphate for the case of single-metal ion case with respect to
ulti-metal ion case.

.3. Solution pH behavior

The present study was carried out in natural conditions, i.e.
o effort was made to control the solution pH during the exper-
ments and also no ionic strength was imposed. The initial pH
pH1) of metal solutions, pH of test solution after shaking for
0 min (pH2) and final pH (pH3) of filtrate at sorption equilib-
ium were measured for each metal concentration. As shown in
ables 2a–2c, the pH values of all the test solutions decreased
ith increase in metal concentration, but in the identical metal

oncentration, they increased gradually after equilibration with
orbent. The decrease of pH at higher metal concentration may
e due to metal–ion complexation which produces more H+ ions
nd this can cause more phosphate rock dissolution followed by
dsorption through ion-exchange.

.4. Modeling of the kinetics (half life and order of
eaction)

Perusal of the literature has revealed majority of the adsorp-
ion kinetic studies by mineral adsorbents to be governed by
seudo-first-order rate and diffusion controlled mechanism [17].
or the present investigation, the sorption kinetic rates and metal
ecoveries were estimated by both pseudo-first- and second-

rder models. To check the validity of these two models, the
inetics were studied for different initial metal concentrations
48.2, 241.0 and 482.0 �mol l−1 for lead, 157.3, 786.2 and
573.0 �mol l−1 for copper and 152.9, 764.5 and 1527 �mol l−1

able 2c
istribution coefficient for single-metal solution

nitial ions
oncentration (mg l−1)

Distribution coefficient, Kd

Pb Cu Zn

5.0 1665.6 124.0 37.46
10.0 1249.0 99.0 32.3
50.0 415.6 9.0 4.0
00.0 13.28 5.25 3.2
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or zinc) as shown in Table 3. All the above different concen-
rations of individual metals expressed in �mol l−1 refers to 10,
0 and 100 mg l−1 of each metal concentration.

The ‘half-life time’ was chosen as the basis for the most
uitable model for the present case because it is well known that
or first-order reaction kinetics, half-life time remains constant
hatever the initial sorbate concentration is under consideration.
ach kinetic parameter was evaluated for first- and second-order

eactions as shown in Table 3. Half-life time was found to be
early constant with the increasing metal concentration (8.35,
.24 and 9.74 for Pb2+, 8.3, 8.67 and 9.5 for Cu2+ and 7.05, 7.88
nd 8.31 for Zn2+) thus validating the assumption of first-order
orption mechanism rather than a second-order one. Half-life
as checked also for second order. A lot of variation (from 0.319

o 1.4 for Pb2+, from 0.25 to 1.21 for Cu2+ and 1.41 to 29.7
or Zn2+) was observed for increasing concentration of metal
ons.

The straight line fits of the pseudo-first-order [log (qe − qt)
ersus t, Eq. (1)] and pseudo-second-order [t/qt versus t, Eq. (2)]
odel are shown in Figs. 1 and 2, respectively. The regression

oefficients for these plots are very good. The rate constants, kad,
or pseudo-first-order rate equations are found nearly constant
or all the divalent metal ions under consideration.

.5. Metal adsorption isotherms

Equilibrium sorption studies were performed to get the
aximum metal adsorption capacities of the adsorbent in the

oncentration range from 144.6 to 482.0 �mol l−1 for lead, 471.9
o 1573.0 �mol l−1 for copper and 458.7 to 1529.0 �mol l−1 for
inc solutions at 303, 313, 323 and 333 ◦K. The adsorption data
ere analyzed by a regression analysis to fit the Freundlich

nd Langmuir isotherm models. Both these isotherms plots
Figs. 3 and 4) represented and were in good agreement with
he experimental data and suggested that the metal ions sorbed
orm a monolayer coverage on the adsorbent surface. The coef-
cients of these two models were computed using linear least
quare fittings as shown in Table 4. The Langmuir parameters
Q0’ and ‘b’ and the Freundlich parameters ‘KF’ and ‘1/n’ were
omputed with the respective determination of correlation coef-
cients, R2. The constant, KF, has comparatively higher values
or lead than copper and zinc at all the temperatures studied
n the present investigation. The values of monolayer sorption
apacity, Q0, increases with temperature for lead, copper and
inc.

On comparison it appeared that the equilibrium data were
lso well described to a lesser extent by Freundlich model but
angmuir model seemed to be more appropriate. As expected
ith the kinetic studies, the maximum fixation capacity, ‘Q0’,
as obtained at 333 ◦K for Pb2+ to be 416.6 �mol g−1, for Cu2+

o be 1666.6 �mol g−1 and for Zn2+ to be 2000.0 �mol g−1.
A comparison of Langmuir and Freundlich constants for sin-

le (in the absence of other metal ions) and multi-component

dsorption (in the presence of other metal ions) of Pb(II), Cu(II)
nd Zn(II) has been shown in Table 5. Both Freundlich and
angmuir constants (KF and Q0) representing sorption capacity

or the case of single component have higher values than multi-
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Table 3
Kinetic parameters for metal adsorption onto the mineral adsorbent

Metal First order Second order

C0 (�mol l−1) kad (min−1) R2 vo (�mol g−1 min−1) k1 (g min−1 �mol−1) qe (�mol g−1) R2

Pb2+ 48.2 0.0711 0.995 6.37 6.5 × 10−2 9.897 0.997
Pb2+ 241.0 0.0829 0.970 6.05 2.95 × 10−3 45.21 0.980
Pb2+ 482.0 0.0750 0.979 7.47 2.226 × 10−3 57.93 0.977
Cu2+ 157.3 0.0799 0.952 0.808 5.4 × 10−4 38.69 0.946
Cu2+ 786.25 0.0725 0.970 7.89 5.075 × 10−4 124.73 0.941
Cu2+ 1573.0 0.0833 0.963 19.38 5.24 × 10−3 192.2 0.969
Zn2+ 152.9 0.0928 0.998 0.751 2.20 × 10−4 58.35 0.935
Zn2+ 764.5 0.0879 0.912 5.344 9.24 × 10−4 76.03 0.928
Zn2+ 1529.0 0.0833 0.940 5.105 2.84 × 10−4 134.0 0.916

Table 4
Langmuir and Freundlich parameters for metal adsorption onto the mineral adsorbent

Temperature (◦K) Pb2+ Cu2+ Zn2+

Q0 (�mol g−1) b × 105 (l mol−1) R2 Q0 (�mol g−1) b × 105 (l mol−1) R2 Qo (�mol g−1) b × 105 (l mol−1) R2

Langmuir
303 227.2 9.66 0.981 769.2 7.29 0.998 666.6 5.6 0.989
313 285.7 2.75 0.974 909.1 1.95 0.991 1111 1.09 0.825
323 384.6 1.159 0.992 1111.1 0.958 0.986 1111 0.66 0.923
333 416.6 0.79 0.995 1666.6 0.402 0.880 2000 0.20 0.974

Temperature (◦K) Pb2+ Cu2+ Zn2+

1/n KF (l g−1) R2 1/n KF (l g−1) R2 1/n KF (l g−1) R2

Freundlich
303 0.237 54.07 0.996 0.438 33.18 0.995 0.370 40.85 0.992
3
3 9
3 1

c
t

3

b
m
t
a
T
b

i
t
s

T
C
(

M

P
C
Z
P
C
Z

13 0.413 15.13 0.931 0.67
23 0.542 6.72 0.941 0.67
33 0.562 5.03 0.913 0.88

omponent adsorption. Single component adsorption data refers
o the work as described elsewhere [18].

.6. Effect of ionic interaction

Adsorption in multi-component systems is much complicated
ecause of the solute–surface interactions and competition of
etal ions with each other. The results in Table 5 clearly show
he presence of other metal ions by decreasing the constant (KF
nd Q0) values which reflects the interference of competing ions.
he effect of ionic interaction [19] on the sorption process may
e represented by the ratio of the sorption capacity of one metal

t

able 5
omparison of Freundlich and Langmuir isotherm constants for single and multi-comp

30 ◦C)

etal ions Systems Freundlich constants

KF 1/n R2

b Pb alone 58.26 0.461 0.971
u Cu alone 43.47 0.445 0.991
n Zn alone 42.64 0.427 0.981
b Pb + Cu + Zn 54.07 0.28 0.792
u Pb + Cu + Zn 33.18 0.438 0.995
n Pb + Cu + Zn 37.15 0.37 0.992
5.82 0.980 0.726 3.06 0.952
3.93 0.980 0.888 1.33 0.962
1.32 0.963 0.986 3.77 0.986

on in the presence of the other metal ions, Qmix, to the sorp-
ion capacity of same metal ion when it is present alone in the
olution, Q◦, such that for:

Qmix

Q◦ > 1
he sorption is promoted by the presence of other metal ions,

Qmix

Q◦ = 1

onent adsorption of Pb2+, Cu2+ and Zn2+ on phosphate rock at room temperature

Langmuir constants

Kmix
F /KF Q0 b × 105 R2 Qmix/Q◦

282.90 98.36 1.00
790.27 76.83 0.937
716.0 55.25 0.962

0.928 227.2 90.66 0.981 0.803
0.763 769.2 70.29 0.998 0.973
0.871 666.6 50.6 0.989 0.931



226 M. Prasad et al. / Journal of Hazardous Materials 154 (2008) 221–229

F
m

t

t

T
o
p
(
a
c
d
c
r

F
m

s
a

3

s
a
a
p

ig. 1. Lagergren first-order kinetic plot for sorption of mixed divalent heavy
etal species.

here appears no observable net interaction,

Qmix

Q◦ < 1

he sorption is suppressed by the presence of other metal ions.
The values of Qmix/Q◦ are found to be <1 as shown in

able 5. These results are consistent with the sorption isotherms
btained for Pb(II), Cu(II) and Zn(II) in the absence and
resence of various metal ions. Qmix increased in the order
Zn(II) < Cu(II) < Pb(II)) for the adsorption of Pb(II), Cu(II)
nd Zn(II) in multi-component system. Overall, it may be con-

luded that the adsorption capacity of low-grade phosphate rock
ecreases in multi-component system as compared to single
omponent. A comparison of removal capacities of phosphate
ock in single as well as in multi-component sorption has been

[

m
l

ig. 2. Lagergren second-order kinetic plots for sorption of mixed divalent heavy
etal species.

hown in Fig. 5. Single component sorption studies refer to
uthor’s previous work [13].

.7. Sorption mechanism

Sorption is the loss of a chemical species from an aqueous
olution to a continuous solid phase. Two of the principle mech-
nisms of sorption include adsorption, the two-dimensional
ccumulation of matter at the mineral–water interface; and
recipitation, the three-dimensional growth of a solid phase

20].

Processes such as adsorbent dissolution, cation-exchange,
etal complexation on adsorbent (phosphate rock) surface, fol-

owed by a new metal phase precipitation have been proposed
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ig. 3. Freundlich sorption isotherms for mixed divalent heavy metals at dif-
erent temperatures (absorbent mass = 10 g l−1, V = 100 ml, equilibration time,
= 30 min).

n order to describe the uptake of different metals from aqueous
olution by synthetic hydroxyapatite (HA) and rock phosphate
21–23,8].

All the three metal ions (lead, copper and zinc) form ampho-
eric hydroxide because of their dual nature of acid–base
eactions [24] as explained below:

b(H2O)2(OH)2 + 2H3O+ = Pb(H2O)4
2+ + 2H2O

n(H2O)2(OH)2 + 2H3O+ = Zn(H2O)4
2+ + 2H2O

+ 2+
u(H2O)2(OH)2 + 2H3O = Cu(H2O)4 + 2H2O

In the present study of sorption of heavy metal ions,
nitially the pH of the solution is governed by the
oncentration of lead/copper/zinc nitrate solution leading

t
s
t
P

ig. 4. Langmuir sorption isotherms for mixed divalent heavy metals at dif-
erent temperatures (absorbent mass = 10 g l−1, V = 100 ml, equilibration time,
= 30 min).

ossibly to the formation of Pb(H2O)2(NO3)2/Zn5(OH)8
NO3)2·2H2O/Cu5(OH)8 (NO3)2·2H2O which slowly get con-
erted into Pb(H2O)4

2+/Zn5(OH)8/Cu5(OH)8 species. Further,
s the pH changes from acidic to alkaline side, as explained in
ables 2a–2c, involving exchange as well as release of calcium

ons from the phosphate rock, these species finally change into
b(OH)2/Zn(OH)2/Cu(OH)2 form, which is the most preferred
etrahedral coordination of lead, copper and zinc in aqueous
olution [25] and makes it possible that surface complexa-
ion adsorption and co-precipitation occur during removal of
b/Zn/Cu by phosphate rock.
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Simultaneously, it appears that cation substitution (ion-
xchange) is taking place in the present studies of adsorption

ut it is more pre-dominant at lower concentration, i.e. at con-
iderably higher pH of metal solution where more amount of
dsorbent (rock phosphate) is available. It has also been found
hat removal of thorium from dilute solution (lower concentra-

ig. 6. X-ray diffraction patterns of phosphate rock (A) before treatment, (B)
0 mg l−1, (C) 50 mg l−1 and (D) 100 mg l−1 of mixed (Pb + Cu + Zn) heavy
etal solution.
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ion) takes place mostly through ion-exchange [26]. However
t higher concentration, hydrolysis of thorium ions occurs and
horium hydroxide precipitation becomes more dominant.

These results can be explained alternatively by a
issolution–precipitation mechanism. More rock phosphate
issolved at lower pH, i.e. at considerably higher metal concen-
rations, and thus there were more P reacting with Pb, Cu and Zn
o form fluoropyromorphite/copper fluoride phosphate/hopeite,
espectively, as shown by X-ray diffraction peaks in Fig. 6.

Hence, surface complexation/co-precipitation, ion-exchange
nd dissolution–precipitation may occur during the heavy metal
emoval by phosphate rock, while, in different pH conditions,
re-dominant mechanism is different.

It is for reader’s kind information that used adsorbents have
een converted into a value added product by utilizing innova-
ive Zero-waste concept to solve the used adsorbents disposal
roblem and thus protecting the environment. The details of this
rocess have been described elsewhere [27].

. Conclusion

The following points can be summarized from the above
tudies:

I. In comparison to high grade rock phosphate and hydrox-
yapatite which are relatively much costlier and have major
applications for fertilizer manufacture and biological pur-
poses respectively, low grade rock phosphate which is
considered presently as a waste, has been found a suitable
adsorbent.

II. The adsorption capacity of low-grade phosphate rock
decreases in multi-component system as compared to single
component.

II. Ion-exchange coupled with complexation mechanism has
been found as the most probable mechanism responsible
for metals uptake by sorption process.
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