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Abstract

Removal of Cu(ll) and Pb(Il) by adsorption onto activated carbon was examined in single- and binary-component aqueous solutions
representative of contaminated solutions containing heavy metals. Reversibility of adsorption of the heavy metals on the activated carbon
was evaluated by desorption experiments. The number of the maximum adsorption sites and adsorption equilibrium constants of Cu(ll) and
Pb(ll) were estimated by the results of single-component systems assuming the Langmuir adsorption model. The adsorption sites per gram of
activated carbon resulted in similar values for Cu(ll) and Pb(ll) from the isotherms. The adsorption constant for Pb(ll) was nearly 1.8 times
greater than that of Cu(ll). Rate constants of adsorption and desorption were also estimated from the kinetic analysis. Using the single set of
common parameters obtained from the single-component systems, the experimental results for a binary-component system were quantitatively
predicted. Competitive adsorption of Cu(ll) and Pb(ll) on the same adsorption sites was confirmed by both experimental and predicted results
of adsorption in the binary mixture.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Adsorption is also an attractive option for heavy metal
removal. Activated carbof10-14] polymerg15,16] metal
High concentrations of toxic heavy metals have been oxides[17,18]and other low-cost adsorbents, such as agri-
observed in river sedimenfd], agricultural soil[2] and cultural byproductg19,20], have been used as adsorbents.
acidic leachatg3] in Japan as well as many other regions Most studies, however, were conducted using aqueous
in the world. Such contamination has generally been causedsolutions containing a single-component of heavy metals.
by mining [2] and landfills[4]. For example, more than A relatively small number of studies have examined the
two to three hundred milligrams of zinc, lead and copper adsorption of two- or multi-component solutions of heavy
per kilogram were found in agricultural soil in Japan, be- metals[13,21-24] However, studies of multi-component
cause chemical properties of these metals are similar to eactsystems will be required to apply the use of adsorbents to
other[5]. treat solutions containing more than a single heavy metal. In
Numerous studies have been conducted to eliminate toxicthis study, Cu(ll) and Pb(ll) were employed as heavy metals
heavy metals from the aqueous solutions. Precipitation by to examine the adsorption kinetics onto activated carbon for
controlling pH in the solutiorj6,7] and ion exchang§,9] both single- and multi-component systems, because Cu(ll)
are widely used for reducing the level of contamination. and Pb(ll) exhibit relatively strong adsorption affinity for
activated carbofil1] and metal oxidef25]. The Langmuir
* Corresponding author. Tel.: +81 43 290 3129; fax: +81 43 200 3120.  Model has been widely applied to describe the adsorption of
E-mail addressmachida@faculty.chiba-u.jp (M. Machida). heavy metals on adsorbents. Therefore, the same model was
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used to evaluate the adsorption and desorption of Cu(ll) and(a) the adsorption conditions, especially pH that strongly
Pb(Il) in both single- and binary-component systems. affects the adsorption, are the same for Cu(ll) and Ph(ll);
(b) adsorption rate is controlled by binding Cu(ll) or Pb(Il)
onto adsorption sites;

2. Experimental materials, methods and kinetic (c) adsorption and desorption occur at the same time; and
analysis (d) both Cu(ll) and Pb(ll) adsorb in a mono layer onto the
GAC as a first-order reaction with respect to metal con-

Granular activated carbon (GAC) derived from coconut centrations.

shell (Mitsubishi Chemical DIASORB W10-30) was used for ) )

the adsorption of Cu(ll) and Pb(ll) from agueous solutions. Based on the assumptions, the rate of adsorption for Cu(ll)
The activated carbon was boiled twice with de-ionized water €@ be represented as folloy9]:

and dried in an oven at 12C for 6 h prior to use. The prop- d[Scy
erties of the activated carbon include a specific surface area
of 1000n? g1, a methylene blue decolorizing activity of
180mL g1, an iodine adsorption capacity of 1100 nglg where § and [ ] are the concentrations of available and oc-

] = kaps.cuCculS] — kpescul Scul 1)

and a pH of 6.0 at 20C in de-ionized water. cupied surface sites by the Cu(ll) ion in mmoi'gn the acti-
Stock solutions of Cu(ll) and Pb(1l) were prepared by dis- vated carbon, respectivelyc, is the metal ion concentration
solving reagent grade Cu2H,0 and PbGl in de-ionized  in the aqueous solutions in mmott, and thekaps cu and

water, respectively. The influence of solution pH on the re- Koes,cuare the adsorption and desorption rate constants on
moval of Cu(ll) and Pb(ll) was examined by adding HCI the adsorption sites of the activated carbon in L mrhdi-t
aqueous solution to Cu(ll) and Pb(ll) solutions. Adsorption and I, respectively. The adsorption equilibrium constant
of the heavy metals was carried out by batch experiments. Theof Cu(ll), Kcu,e can be represented as folloj@29)]:

50 mL aqueous solutions of the heavy metals bearing 100 mg

of the activated carbon in 100 mL conical glass flask were ag- K¢y e =
itated for a week to examine pH dependency for the adsorp- kpescu

tion. One liter aqueous solutions bearing 2 g activated carbon  \when the system attains an equilibrium state, adsorption
were used for the measurement of the rate of adsorption. ate pecomes zero, and Hd) can be converted to E¢3),

The initial concentrations of Pb(ll) and Cu(ll) in the solu- \yhich is widely known as the Langmuir equilibrium equa-
tion were varied from 0.05 to 0.3 mmofi. All experiments tion:

were carried out at 100 rpm in agitation at“ZD. Desorp-
tion was also observed by adding 50 mL de-ionized water to Ceue _ Ccue 1 A3)
100 mg of the activated carbon onto which Cu(ll) and Pb(Ill) [Scule Xmcu KcueXm.cu

was previously adsorbed. The pH of the solutions was always

less than 6.1 throughout the experiments to prevent prempna—the equilibrium amount on the GAC, respectively, dcu

tion of metal hydroxidefl0,21,26] The specific surface area . . . . )
: is the number of the maximum available adsorption sites for
of the activated carbon was measured by a surface area ana:-

lyzer (BECKMAN COULTER Model 3100) using the B.E.T,  COPPer- The relationship between the aqueous concentration
K and the concentration on the occupied surface sites of acti-

method[27]. The pH of the aqueous solutions was measured vated carbon can be written as folloje]:

using a pH meter (HORIBA Model D-21). The concentra- '

tions of the heavy metals in the solution were determined by M

an atomic absorption spectrometer (HITACHI Model 180-30) Ceu= Ccuo — [SCU]V (4)

after the solution was separated from the GAC with a decanta-

tion technique. The amounts Cu(ll) and Pb(ll) adsorbed onto

the GAC were calculated by difference.

The Langmuir isotherms were employed to evaluate the
adsorption equilibrium between metal ions and the surface
adsorption sites. Our preliminary kinetics study showed that
adsorption rate for Pb(ll) was found not to be limited by dif-
fusion but to be controlled by binding heavy metal ions onto < Ccuo — Ccue
adsorption sites under the imposed conditif#8. For the Cue =
kinetic[:) analysis, the conventioF;\al Langmuirtf:ﬁdel was also CeuelXmeuM/V = (Ceuo — Ceuel)
used to predict the adsorptions of single- and binary-mixture  The concentration of available surface sites for Cu(ll) ad-
of Cu(ll) and Pb(ll) by making the following assumptions sorption, [, is related to concentration of occupied surface
according to the previous kinetics study, pH dependency ex- sites by Cu(ll), Bcy], as follows:

periment, and the Langmuir isotherms obtained in the present
study: [S] = Xm.cu— [Scdl (6)

kaps,cu

()

whereCcy eand [Scy  are the equilibrium concentration and

whereCcy and Cgy o are the concentration at a given time
and the initial concentration in mmofit, M is the amount of
activated carbon in grams, aids the volume of the solution
in liters. TheKe values were calculated from the following
equation, which was derived from Ed4), (2) and(4) using

experimental rate data for the single-component systems.

(%)
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Eqg.(1) can be written as a function d&{,], based on Eqs. 40
(2), (3) and(5), as follows: ® Cu(ll) adsorption
d[S ] M o A Pb(ll) adsorption
Cu. o~
=k Ccuo — [Scul — :
o pEs,cuikcue ( cuo — [Scu] v > <
x (Xm,cu — [Scul) — kpescul Scul ) 5
®
=
Integration of Eq(7) gives the aqueous concentration of 2
the heavy metal at a given time as follows:
B2 - D*(1-ePhym
CCU = CCU,O - 2 ( )( )7Dt (8) L 1 1
A{(B+ D) —(B— D)e P}V 20 30 40 50 60 70
whereA is the kpes clcu,dM/V, B the kpes cdKcu,e&Ccu,0 pH at equilibrium
+Kcu,eXm,cuM/IV + 1), C thekpes clKeu,€Ceu,0Xm,cu, andD _ _ _ .
the (82 _ 4AC)1/2. Fig. 1. Adsorption of Cu(ll) and Pb(ll) onto activated carbon as a function

of pH at 20°C. Initial metal concentrations, 0.28 mmott for Cu(ll) and

Sincekoes,cu (0 kaps,cy) was the only parameter that Pb(Il). Solution volume, 50 mL; GAC, 100 mg.

could not be determined from the isothermsss cywas de-
termined by iterating Eq(8) until the best fit was obtained

to the experimental results. The kinetic parameters for the
Pb(ll) adsorption were also determined in the same way as

for the Cu(ll) adsorption. The adsorption of Cu(ll) and Pb(ll) metal adsorption rate does not change much even if the pH

onto the activated carbon in the binary mixture was predicted ' . . . .
by using the kinetic parameters obtained from the single- _drlfts between 5.5 and 6.0, i.e., as long as hydrochloric acid

component systems. Changes in Cu(ll) and Pb(ll) concentra-"> nqt added to the solution from ourprevious S"@]:

tions on the activated carbon in the binary mixture as func- | F|g.. 2 shows that the Langmuir isotherms exhibit good
tions of [cy] and [Spp] were represented as shown in Egs. !mearlty. The Langmuir parameters_f&g aqd?(m tabulated .

(9a)and(9b), respectively, in which the Langmuir adsorption in Table 1correspond to the adsorption affinity onto the acti-
sites ofXm cu andXm ppWere assumed to be identical for the

of 0.28 mmol L. Up to pH 6.0, metal adsorption also ap-
proached saturation of the adsorption sites of the GAC for the
conditions described in the kinetic experiments. However, the

- - - . 6.0
binary mixture experiment: —
d[Sc 50 | 4Pbadsorption
[ g d_ kaps,cuCcu(Xm,cu — [Scul — [Spr]) O Cu desorption
t i A Pb desorption
—koesculScul (92) =
o 30
d[Spt] 3
T - kaps,PoCPb(Xm,pb — [Scul — [SPul) Y
—kpes P Spt] (9b) "

0.0 . L .
0.00 0.05 0.10 0.15 0.20 0.25

C. ,mmol/L

Since the above equations could not be converted to an
integral form by numerical analysis, the changes in concen-
trations of Cu(ll) and Pb(ll) as a function of time were cal-

culated by the fourth-order Runge—Kutta rOUt[Be]' Fig. 2. Langmuir isotherms of the single-component adsorption and desorp-

tion of Cu(ll) and Pb(ll) onto activated carbon at“ZD. Solution volume,
50 mL; GAC, 100 mg. Solid lines: adsorption isotherm by a least square

3. Results and discussion method.

. . Table 1

Fig. 1shows changes in removal rates of Cu(ll) and Pb(ll) Langmuir parameters for adsorption of Cu(ll) and Pb(ll)
as a function of solution pH measured after adsorption equi- y, -0, cu(ll) Pb(I)
librium was attained. The resulting data for metal removal
. Isotherms

gt pH around .6.0 were apcumulated in a narrowlpll-! range "~y mmolg-l) 0.056 2052
in the adsorption equilibrium state, although the initial pH k. (Lmmol 1) 12 21
ranged from 5.1 to 5.8. Metal removal was enhanced from Kinetics
pH 5.0 to 6.0 in which Pb(ll) was always adsorbed onto the ~ Adsorption:kaps, (L mmol~*h~1) 0.20 020

Desorptionkpes, (1) 0.017 Q0096

GAC to a greater extent than Cu(ll) for metal concentrations
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vated carbon and the maximum concentration of adsorptionwhich corresponds to 0.040 and 0.045 mnot gn the GAC,
site, respectively. The adsorption affinity for Pb(Krb(i),e respectively. The results indicate that more than 70% of the
is about 1.8 times greater than that for Cu(Kgyqiy,e- The adsorption active sites were occupied by Cu(ll) or Pb(Il) un-
maximum concentration of adsorption sites for Cu(ll) and der the conditions of the study.
Pb(”) are approximately the same, indicating that the num- The K¢ values were calculated using Ecs) and the
ber of adsorption sites per gram of the activated carbon is experimental data iffig. 3. As previously mentioned, since
close for both Cu(ll) and Pb(1[81-33] Furthermore, it can koes (or kaps) was the only parameter that can not be
be assumed that the Cu(ll) and Pb(ll) are adsorbed on thedetermined from the isotherms, thegs was determined
same sites as described in the binary mixture experiment. by iterating in increments of 0.000Th until the best fit
The experimental plots of the desorption data for Cu(ll) was obtained. For the kinetic analysis, the adsorption rate
and Pb(ll) are linear plots for the range in metal ion con- constant fokaps was assumed to be the same for both Cu(ll)
centrations considered as also showrfig. 2, indicating and Pb(ll), because no significant difference in behavior
that adsorption of Cu(ll) and Pb(ll) onto activated carbon is petween Cu(ll) and Pb(ll) in the solutions is expected,
reversible. Hence, the surface adsorption sites are assumeg|though the ionic radii for P and C&#* in the solution
to be energetically homogeneous under the conditions usedare 1.12 and 0.74, respectively{10]. Thekaps should not
although two-sitg28,29,34]or multi-site model435] also  be influenced by the properties of activated carbon surface,
have been proposed for the adsorption of heavy metals ontoyhereas the desorption rate constadgks, is strongly in-
activated carbons. The adsorption of Pb(ll) and Cu(ll) is in fluenced by the surface properti@d]. The resulting values
the form of a mono layer, and the adsorption sites are pro- of kaps andkpgs are shown inrable % the rate constant for
posed to exist on the relatively external surface of the GAC. desorption for Pb(ll) is nearly 1.8 times smaller than that for
Based on the Langmuir isotherm fits, the Cu(ll) and Pb(Il) cu(l).
ions, which are assumed to exist as’Cand PB* ions, re- Fig. 4shows changes in aqueous concentrations of Cu(ll)
spectively[10,21,36] covered less than 0.5% of the B.E.T. and Pb(ll) as a function of time. Competitive adsorption be-
surfape area of the activated carbon even at maximum ad-tween Cu(ll) and Pb(ll) is apparent for the binary mixture. In
sorption. comparison with the results for the single-component system
Fig. 3shows changes in aqueous concentrations of Cu(ll) shown inFig. 3, the adsorption rates for Cu(ll) and Pb(ll) in
and Pb(ll) as a function of time in the single-component sys- the binary mixture are slower than those in single-component
tem. The initial rates of adsorption were fast and then gradu- system. The equilibrium concentrations of Cu(ll) and Pb(I1)
ally decreased toward the equilibrium concentration. The ad- in the binary system are also lower than those in the single-
sorption equilibriumwas achieved within afew days. The pre- component systems, as expected.
diction of the experimental results for the single-component  The Langmuir equations given by (9a) and (9b) were used
adsorption was conducted using E8). An average value of  to quantitatively predict the experimental results for Cu(ll)
0.054 mmol g* was used as the maximum number forthe ad- and Ph(ll) in the binary mixture using the parameters ob-
sorption sitesXm, to predict the Cu(ll) and Pb(ll) adsorption,  tained from the kinetic analysis in the single-component sys-
since theXm cuandXm,ppvalues are close to each other. The tems. An average value &%, of 0.054 mmol g* was used
differences between the initial and the equilibrium concen- for these predictions. As shown by the solid linesFig. 4,
trations of Cu(ll) and Pb(ll) were 0.20 and 0.23 mmofi.

0.35

@ Cu in Cu-Pb binary-component

4 A Pb in Cu-Pb binary-component
O.SO‘

0.35

® Cu single-component
L A Pb single-component

0.25

0.20 1

Aqueous concentration, mmol/L

Aqueous concentration, mmol/L

0.15

0 20 40 60 80 100 120 140
0.15 . : : . . : Time, h
0 20 40 60 80 100 120 140

Time, h Fig. 4. Changes in aqueous concentration of Cu(ll) and Pb(ll) in binary
mixture as a function of time. Solution volume, 1.00L; GAC, 2.00g. Solid
Fig. 3. Changes in aqueous concentrations of Cu(ll) and Pb(ll) in single- lines: the aqueous concentration predicted by Bggand(9b), dotted lines:
component adsorption as a function of time. Solution volume, 1.00L; GAC, adqueous concentration at adsorption equilibrium calculated frorKdfg
2.00g. Solid lines: predicted by E¢g) for Cu(ll) or Pb(ll). andKe ppobtained in single-component systems.
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the experimental results for the binary mixture can be pre-
dicted although a slight deviation of 0.005 mmoftgform

the experimental results is observed for Cu(ll) at equilib-
rium [38]. The excess Cu(ll) adsorption may be attributed
to a slightly largerXy for Cu(ll) than that for Pb(ll), re-
sulting in Cu(ll) adsorption onto the sites not occupied by
Pb(ll).

4. Conclusions

The simultaneous adsorption of Cu(ll) and Pb(ll) onto ac-

tivated carbon was examined by employing the conventional

Langmuir equation in which the parameters obtained from
the adsorption of Cu(ll) and Pb(ll) in the single-component
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[12] K. Kadirvelu, M. Kavipriya, C. Karthika, M. Radhika, N. Vennila-
mani, S. Pattabhi, Bioresour. Technol. 87 (2003) 129-132.

[13] J.P. Chen, M. Lin, Water Res. 35 (2001) 2385-2394.

systems were used. The following conclusions were obtained[14] M.O. Corapcioglu, C.P. Huang, Water Res. 21 (1987) 1031-1044.

from the study.

1. The activated carbon is covered by a mono layer of Cu(ll)

and Pb(ll) ions, and the number of maximum adsorption

[15] S. Deng, R. Bai, J.P. Chen, J. Colloid Interface Sci. 260 (2003)
265-272.

[16] G.N. Manju, K.A. Krishnan, V.P. Vinod, T.S. Anirudhan, J. Hazard.
Mater. B91 (2002) 221-238.

site for Cu(ll) on the activated carbon is as great as that [17] H-A. Elliott, C.P. Huang, Water Res. 15 (1984) 849-855.

of Pb(ll) from the Langmuir isotherms.

The adsorption of Cu(ll) and Pb(ll) onto the activated
carbon is reversible from the desorption experiments.
The adsorption affinity of Pb(Il) onto adsorption sites is

nearly 1.8times as great as that of Cu(ll) due to the smaller

desorption rate constant of Pb(ll).
The simultaneous adsorption of Cu(ll) and Pb(ll) can be

quantitatively predicted using a single set of parameters

obtained from the isotherms and kinetic analysis in the
single-component systems. Hence, it is proposed that th
Cu(ll) and Pb(ll) competitively adsorb onto the same ad-
sorption sites on the activated carbon.
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