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a b s t r a c t

The viability of some heavy ions removal from phosphoric acid solution by means of impregnated char-
coal with triphenylphosphine sulphide extractant has been demonstrated in this work. Factors affecting
removal of Cu2+, Cd2+, Zn2+and Pb2+ include initial concentration of ions, volume of the aqueous solution
to weight of adsorbent ratio (V/m), concentration of the extractant loaded onto charcoal and temperature.
The removal percent of these ions is increased by decreasing values of V/m ratio and increasing tempera-
eywords:
emoval
eavy metals

mpregnated charcoal
riphenylphosphine sulphide

ture for all ions. The sorption isotherms data fit Langmuir, Freundlich and Dubinin–Radushkviech (D–R)
models. The values of the mean free energy, Ea, of sorption is in all cases in the range 9.1–25.6 kJ/mol,
which are within the ranges of chemical sorption reaction. The sorption reaction was found to obey a
pseudo second-order rate model.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Phosphoric acid is generally produced in Egypt by the wet pro-
ess method, where the hydroxyl appetite mineral is treated mainly
ith sulfuric acid. Wet process phosphoric acid (WPA) contains a
umber of organic and inorganic impurities that affect on the grade
f the acid. Some of these inorganic impurities are heavy ions such
s copper, cadmium, zinc and lead which are considered as haz-
rdous substances. The presence of these impurities is the reason
or about 95% of the acid produced by the wet process is directly
sed as fertilizers and not in other applications as foodstuff, phar-
aceutics and sugar industry [1].
Removal of heavy ions from phosphoric acid has been studied

sing many techniques, such as precipitation [2], liquid membranes
3], liquid–liquid extraction [4,5] and solid–liquid extraction [6].

This technique provides the best use of advantages of both
iquid–liquid extraction and solid–liquid technologies. The solvent
mpregnated materials are characterized by their high binding
apacity, selectivity and enhanced mobility of the extractant in

he solid surface [7]. Numerous extractants [8–12] were used
y this technique such as organophosphorus extractants like
i(2-ethyl hexyl phosphoric acid (HDEHP), CYANEX-272, PC-88A;
eutral extractants like tri-n-butyl phosphate (TBP) and also basic

∗ Corresponding author. Tel.: +20 2 555 3747; fax: +20 2 462 0796.
E-mail address: bosycat 19902000@yahoo.com (E.A. El-Sofany).

d
8

2

b
c

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.10.037
xtractants like tri-n-octylamine (TOA). These extractants were
mpregnated onto different supports like XAD series Amberlite
esins, silica gel, kiesselguhr and activated carbons.

In this contribution, the removal of Cu(II), Cd(II), Zn(II) and Pb(II)
ons form phosphoric acid solutions by triphenylphosphine sul-
hide impregnated onto charcoal has been investigated by batch
inetics and equilibrium studies.

. Experimental

.1. Chemical and reagents

All chemicals and reagents used were of AR grade. Copper,
admium, zinc and lead were prepared using analytical grade
uSO4, CdSO4, ZnSO4 and PbNO3 obtained from Winlab, Eng-

and. Analytical grade phosphoric acid solution (Adwic) was used.
riphenylphosphine sulphide (TPPS) obtained from Aldrich and
hloroform was purchased from Adwic. Activated charcoal supplied
y LOBA Chemie. The concentrations of the heavy ions studied were
etermined using atomic absorption spectrometry (AAS) model Z-
100, Hitachi, Japan.
.2. Preparation of the solid phase

TPPS in (chloroform) solution was impregnated onto charcoal
y dry method technique which is widely used [13]. In this con-
ern, 50 mL of the impregnated solutions were mixed with 10 g of

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:bosycat_19902000@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2008.10.037
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The effect of TPPS concentrations on the removal percent of the

studied ions is shown in Table 1. It was noticed that as the con-
centration of TPPS increased from 0.05 to 0.1 M a slight increase in
the removal percent was observed. The order of removal is as follow

Table 1
Effect of extractant concentration on the removal percent of Zn2+,Cd2+, Cu2+ and Pb2+

ions onto impregnated charcoal.
24 E.A. El-Sofany et al. / Journal of Ha

harcoal. The resulting slurry is gently stirred for 2 h and chloro-
orm was then evaporated at ambient temperature (25 ± 1 ◦C). The
olid materials were dried at 70 ◦C before use.

.3. Procedure

Cu, Cd, Zn and Pb solutions were prepared by dissolution of
ertain weights of their salts in 3.5 M phosphoric acid to obtain
olutions containing 1.0 g/L for each ion. Ions concentrations were
etermined by AAS.

Batch sorption experiments were performed by shaking 0.05 g
f the impregnated charcoal with 5.0 mL of the ion solution in a
hermostated shaker bath at (25 ± 1◦C). All the experiments were
arried out in triplicate and the mean values were presented.

The amount of the ion uptake was calculated by the difference
etween the equilibrium concentration and the initial concentra-
ion. The amount of ion retained in the solid phase qe (mg/g) was
alculated using the relation:

e = (Co − Ce)
[

V

m

]
(1)

here Co and Ce are the initial and equilibrium concentrations
mg/L) of ions solution, respectively, V is the volume of solution
L) and m is the weight (g) of the adsorbent.

The removal percent of ions from the aqueous phase is calcu-
ated from the relation:

% = Co − Ce

Co
× 100 (2)

. Results and discussion

.1. Infrared spectroscopy

The impregnation process of TPPS on charcoal is mainly due to a
ombination of pore filling as well as surface adsorption i.e. extrac-
ants fill almost all porous system for charcoal. This suggestion is
onfirmed using detailed investigation of quantitative IR spectro-
copic characterization of charcoal before and after impregnation
tep.

The spectrum of untreated charcoal is shown in Fig. 1a, and the
pectrum of charcoal loaded with triphenylphosphine sulphide is
hown in Fig. 1b.

Fig. 1a shows the characteristic conjugated polynuclear aro-
atic compounds band at 1567 cm−1. This figure also shows C H

nd O H bending bands at 1111 cm−1, also, bands in the range of
22–450 cm−1 arising from out of plan C H bending modes of aro-
atic structures.
As shown in Fig. 1b and comparing with Fig. 1a, It could be

bserved that addition of triphenylphosphine sulphide shows a
ew P S stretching band at 870 and 550 cm−1. Also P Ph bands
t 1527 and 1105 cm−1 and a stretching band of benzene cycle C H
t 3764 cm−1. All of these bands confirmed that TPPS is typically
mpregnated on charcoal.

.2. Batch investigation

The removal of Cu, Cd, Zn and Pb ions were tested experimen-
ally to investigate the adsorption capacities of the impregnated
harcoal. The factors affecting removal percent of the studied ions
re, V/m, ion concentrations, extractants concentration and tem-

erature.

.2.1. Removal kinetics
The removal kinetics of Cu, Cd, Zn and Pb ions at a concentra-

ion of 50 mg/L for each on the impregnated charcoal are studied as

M

C
C
Z
P

ig. 1. (a) Infra-red spectrum of charcoal. (b) Infra-red spectrum of charcoal impreg-
ated with TPPS.

function of shaking time at different time intervals ranged from
5 min to 2 h. As shown in Fig. 2a and b the equilibrium of the four
lements is reached after 60 min for the impregnated charcoal sys-
em at different concentration of extractant. From the figures, it was
ound that the removal of the ions is increased with increasing shak-
ng time until a steady state is attained after 60 min. The kinetic data
ndicates that no significant change in the removal percent after the
h.

.2.2. Volume to weight ratio
The effect of V/m on the removal percent of Cu, Cd, Zn and Pb

ons from 3.5 M phosphoric acid is studied in the range from 25 to
00 to evaluate the optimum resin weight to achieve a high removal
apability. As shown in Fig. 3a and b the removal percent increases
s V/m ratio decrease from 200 to 25. The V/m ratio was kept at
00 during all the experiments whereas there is no increase in the
emoval percent less than this ratio.

.2.3. Extractant concentration
etal ion Removal%, 0.05 M TPPS Removal%, 0.1 M TPPS

u2+ 25.46 27.45
d2+ 31.89 43.7
n2+ 21.8 36.74
b2+ 8.47 9.12
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ig. 2. (a) Effect of shaking time on the removal of Cd, Cu, Zn and Pb by 0.05 M TPPS
mpregnated onto charcoal. (b) Effect of shaking time on the removal of Cd, Cu, Zn
nd Pb by 0.1 M TPPS impregnated onto charcoal.

d > Zn > Cu > Pb. The removal of lead is too low by this impregnated
ystem compared with the other ions.

.2.4. Removal capacity
The removal capacity of the impregnated charcoal was deter-

ined using the batch process by equilibrating 0.05 g of charcoal
ith 5 mL of 3.5 M phosphoric acid solution containing various con-

entrations of the ions ranged from 50 to 500 ppm. As shown in
ig. 4a and b, as the concentration increase the removal percent is
ecreased. The maximum removal of the four ions was obtained at
oncentration 50 mg/L and a gradual decrease was observed with
he increase of the concentration of the studied ions. The removal
apacity of the impregnated charcoal was found to be 1.59, 1.27, 1.08
nd 0.42 mg/g for Cd, Cu, Zn and Pb, respectively in case of 0.05 M
PPS impregnated onto charcoal. In case of 0.1 M TPPS the removal
apacity was found to be 2.18, 1.37, 1.84 and 0.46 mg/g for Cd, Cu,
n and Pb, respectively.

.2.5. Effect of temperature

The effect of temperature on the removal of Cu, Cd, Zn and Pb

ons from 3.5 M phosphoric acid by impregnated charcoal was stud-
ed in the range 25–65 ◦C. From the results shown in Fig. 5a and b,
t is clear that increasing the temperature leads to increase in the
emoval percent of the four ions. This behavior indicates that the
emoval of the studied ions from 3.5 M phosphoric acid by impreg-
ated charcoal with the TPPS is an endothermic process.

s
t
v
i
g
i
a

ig. 3. (a) Effect of V/m on the removal of Zn, Cd, Cu and Pb by 0.05 M TPPS impreg-
ated onto charcoal from 3.5 M phosphoric acid. (b) Effect of V/m on the removal of
n, Cd, Cu and Pb by 0.1 M TPPS impregnated onto charcoal from 3.5 M phosphoric
cid.

.3. Sorption isotherms

Several common sorption isotherm models such as Freundlich,
angmuir and Dubinin–Radushkviech (D–R) isotherm models were
onsidered to fit the obtained isotherm data.

.3.1. Freundlich isotherm model
Freundlich equation is derived to model the multilayer sorption

nd for the sorption on heterogeneous surfaces. The logarithmic
orm of Freundlich equation is written as follow:

og qe = log Kf + 1
n

log Ce (3)

where Kf is the constant indicative of the relative adsorption
apacity of the adsorbent (mg/kg) and 1/n is the constant indica-
ion of the intensity of the adsorption process. The illustration of
og qe versus log Ce is shown in Fig. 6a and b which suggest that the
orption of the four studied ions obeys Freundlich isotherm over
he entire range of sorption concentration studied. The numerical

alues of the constants 1/n and Kf are computed from the slope and
ntercepts by means of a linear least square fitting method and are
iven in Table 2. The Freundlich intensity constant (1/n) for all cases
s less than unity, indicating a concentration dependant sorption for
ll ions onto all impregnated charcoal.
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Fig. 4. (a) Effect of metal concentration on the removal of Zn, Cd, Cu and Pb by
0
m
o

3

o
s
e
t

F
i
o
3

w
b
t
(
t

l
resented in Fig. 7a and b confirming that this expression is
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.05 M TPPS impregnated onto charcoal from 3.5 M phosphoric acid. (b) Effect of
etal concentration on the removal of Zn, Cd, Cu and Pb by 0.1 M TPPS impregnated

nto charcoal from 3.5 M phosphoric acid.

.3.2. Langmuir isotherm model
Langmuir sorption isotherm models the monolayer coverage

f the sorption surfaces and assumes that sorption occurs on a
tructurally homogeneous adsorbent and all the sorption sites are
nergetically identical. The linearized form of the Langmuir equa-

ion is given by

Ce

qe
=

[
1

Q ob

]
+

[
1

Q o

]
Ce (4)

i
T
s
v

able 2
reundlich and Langmuir parameters for the sorption of Zn, Cd, Cu and Pb onto impregna

etals Adsorbent Freundlich model parameters

1/n Kf (mg/kg) R2

n2+ 0.05 M TPPS 0.18 501.4 0.9
0.1 M TPPS 0.54 281.8 0.9

d2+ 0.05 M TPPS 0.16 812.8 0.9
0.1 M TPPS 0.23 891.2 0.9

u2+ 0.05 M TPPS 0.13 630 0.9
0.1 M TPPS 0.35 323 0.9

b2+ 0.05 M TPPS 0.33 112.2 0.9
0.1 M TPPS 0.29 144.5 0.9
ig. 5. (a) Effect of temperature on the removal of Zn, Cd, Cu and Pb by 0.05 M TPPS
mpregnated onto charcoal from 3.5 M phosphoric acid. (b) Effect of temperature
n the removal of Zn, Cd, Cu and Pb by 0.1 M TPPS impregnated onto charcoal from
.5 M phosphoric acid.

here qe is the amount of solute sorbed per unit weight of adsor-
ent (mg/kg), Ce is the equilibrium concentration of the solute in
he bulk solution (mg/L), Qo is the monolayer adsorption capacity
mg/kg) and b is the constant related to the free energy of adsorp-
ion (b = a e−�G/RT).

The graphic representation of (Ce/qe) versus Ce gives straight
ines for all ions sorbed onto impregnated charcoal as rep-
ndeed a reasonable representation of chemisorptions isotherm.
he numerical value of constants Qo and b evaluated from the
lope and intercept of each plot are given in Table 2. The
alue of saturation capacity Qo corresponds to the monolayer

ted charcoal.

Langmuir model parameters

Qo (mg/kg) b × 10−3 (L/mg) R2

9 1831.5 2.5 0.99
9 9433.9 7.07 0.99

9 2885 2.9 0.996
9 4184 2.3 0.996

9 17421 8.2 0.99
96 3703.7 7.29 0.99

9 1169.5 9.3 0.99
9 1030.9 1.28 0.99
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3.4. Sorption kinetic modeling

It is well recognized that the characteristic of the sorbent sur-
face is a critical factor that affect the sorption rate parameters

Table 3
D–R isotherm parameters of the sorption of Zn, Cd, Cu and Pb ions onto impregnated
charcoal.

Metal ion Adsorbent ˇ (mol2 kJ2) qm (mmol/g) R2 E (kJ/mol)

Zn2+ 0.05 M TPPS −0.00077 0.0216 0.99 25.6
0.1 M TPPS −0.006 0.179 0.99 9.1

Cd2+ 0.05 M TPPS −0.0017 0.035 0.99 17.2
0.1 M TPPS −0.002 0.05 0.99 15.8
ig. 6. (a) Frundlich isotherm plots for removal of Zn2+, Cd2+, Cu2+, Pb2+ by 0.05 M
PPS impregnated onto charcoal. (b) Frundlich isotherm plots for removal of Zn2+,
d2+, Cu2+, Pb2+ by 0.1 M TPPS impregnated onto charcoal.

overage and defines the total capacity of the adsorbent for a spe-
ific metal ion.

.3.3. Dubinin–Radushkviech isotherm (D–R isotherm)
To study the nature of the sorption processes, the D–R isotherm

as also verified in the form [14]:

n qe = ln qm − ˇε2 (5)

here qm is the maximum amount of ion that can be sorbed onto
nit weight impregnated charcoal, i.e. sorption capacity (mg/kg),
the constant related to the sorption energy (mol2/kJ2); and ε is

he polanyi potential = RT ln(1 + 1/Ce), where R is the gas constant
kJ/mol K), and T is the solute temperature (K).

The mean free energy of sorption is the free energy change when
ne mole of ion is transferred to the surface of impregnated charcoal
rom infinity in the solution and it is calculated from:

= (2ˇ)−1/2 (6)
The D–R plots of ln qe versus ε2 for the sorption of Zn, Cd, Cu and
b ions onto impregnated charcoal are given in Fig. 8a and b. These
inear plots indicate that the D–R isotherm expression is followed
or each metal ion. Linear regression analysis using paired of ln qe

nd ε2 resulted in the derivation of qm, ˇ, E and the correlation factor

C

P

ig. 7. (a) Langmuir isotherm plots for removal of Zn, Cd, Cu and Lead from phos-
horic acid by 0.05 M TPPS impregnated onto charcoal. (b) Langmuir isotherm plots
or removal of Zn, Cd, Cu and Pb from phosphoric acid by 0.1 M TPPS impregnated
nto charcoal.

R2). These parameters are listed in Table 3. The values of the mean
ree energy, Ea, of sorption is in all cases in the range 9.1–25.6 kJ/mol,
hich are within the ranges of ion exchange reaction.
u2+ 0.05 M TPPS −0.002 0.038 0.99 15.8
0.1 M TPPS −0.0029 0.056 0.99 13.1

b2+ 0.05 M TPPS −0.0035 0.0096 0.99 12.0
0.1 M TPPS −0.002 0.0063 0.99 15.8
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ig. 8. (a) D–R isotherm for removal of Zn2+, Cu2+, Cd2+ and Pb2+ from phosphoric
cid by 0.05 M TPPS impregnated charcoal. (b) D–R plots for removal of Cd2+, Cu2+,
n2+ and Pb2+ from phosphoric acid by 0.1 M TPPS impregnated onto charcoal.

nd that diffusion resistance plays an important role in the over-
ll transport of the ions. To describe the changes in the sorption
f metal ions with time, two simple kinetic models were tested.
he rate constant of each metal ion removal from the solution by
mpregnated charcoal was determined using pseudo first-order and
seudo second-order rate models. Lagergreen pseudo first-order
xpression is written as [15]:

og (qe − qt) = log qe = K1

2.303
t (7)

here qe is the concentration of the ion sorbed at equilibrium
mg/kg), qt is the concentration of the ion sorbed at time t (mg/kg)
nd K1 is the over all rate constant.

It was observed that the sorption of all ions followed the Lager-
reen equation. From the slopes of the plots, as shown in Fig. 9a and
the values of the first-order rate constants (K1) and the theoret-

cal sorption capacities (qe) were evaluated. The calculated values
f K1 and qe with the linear correlation coefficients (R2) of each
lot are listed in Table 4. Straight lines obtained from the pseudo
rst-order kinetic plots suggest the applicability of this model to fit

he experimental data over the initial stage of the sorption process
15–45 min). But it is also required that the theoretically calculated
quilibrium sorption capacities, qe should be in accordance with
he experimental sorption capacity values. As can be shown from
able 4, although the linear correlation coefficients of the plots are

T
v
s
t
t

ig. 9. (a) Lagergreen plots for removal of Zn2+, Cd2+, Cu2+ and Pb2+ from phosphoric
cid by 0.05 M TPPS impregnated onto charcoal. (b) Legergreen plots for removal of
n2+, Cd2+, Cu2+ and Pb2+ from phosphoric acid by 0.1 M TPPS impregnated onto
harcoal.

o good, the qe (calculated) values are not in agreement with qe

experimental) for all studied sorption process. So, it could suggest
hat the sorption of the four studied ions onto impregnated charcoal
s not a first-order rate reaction.

The pseudo second-order rate model is expressed as [16,17]:

t

qt
= 1

K2q2
e

+ 1
qe

t (8)

here K2 is the rate constant of pseudo second-order equation
kg/mg·min)).

The kinetic plots of t/qt versus t for zinc, cadmium, copper and
ead ions sorption onto impregnated charcoal with different extrac-
ants are represented in Fig. 10a and b. The relations are linear
nd the values of the correlation coefficients (R2) suggest strong
elationships between the parameters and also explain that the
rocess of sorption of ions follows the pseudo second-order kinetic
odel. The products K2qe

2 is the initial sorption rate represented
s h = K2qe

2. The kinetic parameters of this model are calculated
rom the slope and intercept of the linear plots and are given in

able 4. The correlation coefficients (R2) have an extremely high
alues and its calculated equilibrium sorption capacity (qe) is con-
istent with the experimental data. So, it is possible to suggest
hat the sorption of all ions onto impregnated charcoal followed
he pseudo second-order kinetic model and that the overall rate
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Table 4
The calculated parameters of the pseudo first-order and pseudo second-order kinetic models for Zn2+,Cd2+, Cu2+ and Pb2+ ions sorbed onto impregnated charcoal.

Metal ion Adsorbent First-order kinetic parameters Second-order kinetic parameters

K1 (min-1) qe calc mg/kg) qexp (mg/kg) R2 K2 (kg/(mg min)) qe calc (mg/kg) h (mg/kg min) R2

Zn2+ 0.05 M TPPS 0.0359 1621.8 1085 0.999 9.6 × 10−5 1000 9.6 0.99
1 M TPPS 0.0221 1832.3 1840 0.99 1.04 × 10−5 1832.3 34.9 0.99

Cd2+ 0.05 M TPPS 0.0359 1931.9 1590 0.998 1.4 × 10−5 1555.5 33.87 0.99
0.1 M TPPS 0.0276 1348.9 2185 0.995 1.02 × 10−5 2182.5 48.5 0.99

Cu2+ 0.05 M TPPS 0.042 1995.2 1270 0.99 7.4 × 10−6 1204.9 10.7 0.99
1 M TPPS 0.039 1380.3 1350

Pb2+ 0.05 M TPPS 0.039 588.8 420
1 M TPPS 0.064 147.9 460
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ig. 10. (a) Pseudo second-order plots for removal of Zn2+, Cu2+, Cd2+ and Pb2+ from
hosphoric acid by 0.05 M TPPS impregnated charcoal. (b) Pseudo second-order
lots for removal of Zn2+, Cu2+, Cd2+ and Pb2+ from phosphoric acid by 0.1 M TPPS

mpregnated charcoal.

onstant of each sorption process appears to be controlled by the
hemical sorption process [17].
. Conclusion

The results of Zn2+, Cd2+, Cu2+ and Pb2+ ions sorption reported,
howed that impregnated charcoal with triphenyl phosphine sul-

[

[
[

0.998 1.9 × 10−5 1305 32.3 0.99

0.999 3.3 × 10−5 423.4 5.9 0.99
1.00 5.9 × 10−4 433.9 11.0 0.99

hide is an efficient sorbent media for the removal of these ions
rom aqueous phosphoric acid solutions. The removal of these four
ons by the sorbent material takes place via a particle diffusion

echanism, Langmuir, Freundlich and D–R isotherm models are
he best choice to describe the observed equilibrium data. The sorp-
ion of all ions is an endothermic process and the results show that
mpregnated charcoal can be fruitfully employed for the removal
f these ions in a wide range of concentrations.
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