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bstract

Crosslinked carboxymethyl konjac glucomannan (CMKGM) with degrees of substitution (DS) 0.265 and 0.550 were prepared through reaction
f monochloroacetic acid (MCA), konjac glucomannan (KGM) and epichlorohydrin and used to adsorb Cu2+, Pb2+ and Cd2+ ions from the aqueous
olutions. Regardless of the metal ion species, the adsorption capacity rapidly reached equilibrium within 20 min and adsorption followed second-
rder kinetic equation. The effect of pH on adsorption was apparent, the appropriate range was 5–6. The adsorptions of three metal ions are well
ollowed as the Langmuir adsorption isotherm. The maximum adsorption capacity (Qm) and Langmuir constant (b) of CMKGM (DS = 0.550) for

b2+ were 41.7 mg/g and 0.305 mg/L. These values were higher than those for Cu2+ and Cd2+. Among the tested ions, the order of adsorption
apacity was Pb2+ > Cu2+ > Cd2+ in mass basis. The regeneration study indicates that CMKGM could be used repeatedly without significantly
hanging their adsorption capacities and desorption percentage.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Environmental pollution caused by toxic heavy metal in
ndustrial effluents is one of the most pressing problems in the
orld. Strict legislation on the discharge of these toxic products
akes it necessary to develop various efficient technologies for

he removal of pollutants from wastewater [1]. Different tech-
ologies and processes are currently used. Biological treatments
2], membrane processes [3], advanced oxidation processes [4],
hemical and electrochemical techniques [5,6] and adsorption
rocedures [7–9] are the most widely used for removing metals
rom industrial effluents. Among all the treatments proposed,
dsorption using sorbents is one of the most popular methods. It
s now recognized as an effective, efficient and economic method

or water decontamination applications and for separation to
nalytical purpose.

∗ Corresponding author. Tel.: +86 10 68912659.
E-mail address: wuwh@bit.edu.cn (W. Wu).
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Recently, numerous approaches have been studied for the
evelopment of cheaper and more effective adsorbents con-
aining natural polymers. Polysaccharides which are abundant,
enewable and biodegradable resources, have the capacity to
ssociate by physical and chemical interaction with a wide vari-
ty of molecules [10,11]. But much attention was focused on
hitin [12,13], starch and cyclodextrin [14].

Konjac glucomannan (KGM) is a high molecular weight
ater-soluble non-ionic polysaccharide found in tubers of the

morphophallus konjac. KGM is a linear random copolymer
f �-(1 → 4) linked d-glucose and d-mannose in the molar
atio of 1:1.6 with a low degree of acetyl groups [15,16]. It
s more attractive for industrial use because of its renewability,
iodegradability and low cost. At present, many investigation
elated to KGM are focused on isolating and characterizing prop-
rties of solution and solid, it is mainly used in biochemical,
edical and food fields [17–20]. The investigation of konjac
lucomannan used to adsorb metal ions have not been reported
o far.

The objective of the present study is focused on the devel-
pment of konjac glucomannan modified by monochloroacetic

mailto:wuwh@bit.edu.cn
dx.doi.org/10.1016/j.jhazmat.2006.06.114
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cid and epichlorohydrin for removal of heavy metal ions. The
hree metal ions selected in this study were copper, lead and
admium ions because of their environmental significance. The
ffects of pH, adsorbent dose, initial concentration of Cu2+,
b2+ and Cd2+, adsorption time and temperature on adsorption
apacity were investigated. The characterization of isothermal
dsorption and adsorption kinetics were also studied in order to
rovide a new method and theoretical evidences for wastewater
reatment.

. Materials and methods

.1. Reagents

Konjac glucomannan, refined powder was dried at 60 ◦C in
acuum oven before used; epichlorohydrin, monochloroacetic
cid and sodium hydroxide (analytical reagent-grade) were used
s received; Cu(NO3)2·3H2O, Pb(NO3)2 and Cd(NO3)2·4H2O
ultra pure grade) were also used as received.

.2. Preparation of crosslinked carboxymethyl konjac
lucomannan (CMKGM)

Fifteen grams konjac glucomannan was dispersed in 60 mL
sopropyl alcohol, 15 g NaOH solution (45 wt.% in mass basis)
as added dropwise over 20 min while stirring at 50 ◦C. After
.5 h, the required amount of 80 wt.% monochloroacetic acid
as then added gradually. Mechanical stirring was continued for
h at 50 ◦C. At this point, the mixture was adjusted to pH 11.0
ith 1 mol/L NaOH and crosslinking agent, epichlorohydrin was

dded and crosslinking reaction was kept for 2 h at 40 ◦C. The
ixture was then allowed to cool, neutralized with hydrochloric

cid, washed with 50 wt.% alcohol to remove impurities, filtered
nd dried. The degree of substitution (DS) of carboxymethyl
roup was determined as Ref. [21].

.3. Measurement of heavy-metal ions

Stock solution (1000 mg/L) of Cu2+, Pb2+ and Cd2+ ions were
repared by using ultra pure grade Cu(NO3)2·3H2O, Pb(NO3)2
nd Cd(NO3)2·4H2O. The stock solution was then diluted to give
tandard solutions of appropriate concentration. The designated
rosslinked carboxymethyl konjac glucomannan (0.0625–0.5 g)
as added to the copper nitrate, lead nitrate and cadmium
itrate solution (50 mL), respectively, and stirred continuously.
o avoid metal precipitation at high pH and the competition by
ydrogen ions at low pH, the pH value of the solution was main-
ained at 5 by adding nitric acid (69.5%, ultra pure) except for
hose experiments for studying the pH effect before the addition
f CMKGM. Sixty minutes was selected as the optimum contact
ime for konjac glucomannan to form a complex with the metal
ons, centrifuged for 5 min at 1500 rpm, the supernatant (dilute
t if necessary) was used for the residual metal analysis. The

esidual metal ion content in the supernatant was measured by
tom adsorption spectrophotometer (a model WFX-IE2 made in
hina) at the maximum adsorption wavelength (324.2, 283.3 and
28.8 nm for Cu2+, Pb2+ and Cd2+, respectively). The adsorption

2

u
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apacity Q (mg/g) of CMKGM was calculated as follows

= (C0 − Ct)V

m
(1)

here C0 and Ct are the concentrations of Cu2+, Pb2+ and Cd2+

ons before and after adsorption, respectively (mg/L), V the total
olume of the aqueous solution (L), and m is the dry weight of
MKGM (g).

.4. Adsorption kinetics

For kinetic measurements, 0.5 g CMKGM was added into
0 mL solution containing heavy metal ions with the initial con-
entrations 200 mg/L under the condition of pH 5. Then 0.5 mL
f the supernatant was withdrawn at a given time interval by
sing a 1 mL pipette and used for the residual metal analysis and
he pH was measured. In order to examine the controlling mech-
nism of adsorption process such as mass transfer and chemical
eaction, the first- and second-order equations were used to fit
he experiment data. The first-order kinetic equation and second-
rder kinetic equation are expressed as (2) and (3), respectively
22]:

n(qe − qt) = ln qe − k1

2.303
t (2)

t

qt

= 1

k2q2
e

+ t

qe
(3)

here qe and qt are the amounts of metal ions adsorbed on adsor-
ent (mg/g) at equilibrium and at time t, respectively, and k1 is
he rate constant of first-order adsorption (min−1). The straight-
ine plots of ln(qe − qt) against t were used to determine the rate
onstant k1; k2 is the rate constant of second-order adsorption
g mg−1 min−1), it can be obtained from the straight-line plots
f t/qt against t.

.5. Adsorption isothermals

Keeping the other conditions constant and changing the Cu2+,
b2+ and Cd2+ initial concentration, adsorption behavior of
etal ions onto CMKGM surface was described by Langmuir

sotherm plots and Freundlich isotherm plots. The equations are
hown as Eqs. (4) and (5) [23,24]:

Ce

Qe
= Ce

Qm
+ 1

Qb
m

(4)

n Qe = ln kf +
(

1

n

)
ln Ce (5)

here Ce is the equilibrium concentration of the metal ion in
olution (mg/L), Qe the equilibrium adsorption capacity (mg/g),
m the monolayer saturated adsorption capacity (mg/g), and b,

f, n are the constants.
.6. Desorption of heavy metal ions

In order to determine the reusability of the CMKGM, consec-
tive adsorption–desorption cycles were repeated three times.
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Fig. 1. Kinetics of the adsorption of Cu2+, Pb2+ and Cd2+ ions.

esorption of heavy metal ions were performed by using
.1 mol/L HCl solution. The CMKGM loaded heavy metal ions
ere placed in this desorption medium and stirred at 600 rpm for
0 min at room temperature. The final metal ion concentration in
he aqueous phase were determined and the desorption percent-
ges of metal ions were calculated by the following expressions:

ercentage of desorption = mr

m0
× 100% (6)

here mr is the amount of metal ions desorbed (mg) and m0 is
he amount of metal ions adsorbed (mg).

. Results and discussion

.1. Adsorption kinetics

Fig. 1 shows the time profiles of metal ions adsorption onto
rosslinked CMKGM with the initial concentration of 200 mg/L.
dsorption equilibrium of Cu2+, Pb2+ and Cd2+ ions onto
MKGM can be obtained in about 20 min, the equilibrium time
s independent on DS of carboxymethyl group and metal ion
pecies. The adsorption capacity of CMKGM (DS = 0.550) is
igger than that of CMKGM (DS = 0.265). The order of adsorp-
ion capacity of metal ions onto CMKGM is Pb2+ > Cu2+ > Cd2+.

d
c
o
g

able 1
inetic parameters for heavy metal ions on crosslinked carboxymethyl konjac glucom

ample Metal ion First-order kinetics

k1 (min−1) R

MKGM
DS = 0.265)

Cu2+ 0.492 0.
Pb2+ 0.391 0.
Cd2+ 0.465 0.

MKGM
DS = 0.550)

Cu2+ 0.632 0.
Pb2+ 0.457 0.
Cd2+ 0.394 0.

ote: R1 and R2 are the correlation coefficients of first- and second-order kinetic equ
aterials 141 (2007) 209–214 211

n process application, the rapid adsorption phenomenon is an
dvantage because short adsorption time can directly affect oper-
tion cost.

The first- and second-order equations were used to test the
xperiment data. The validity of both kinetic models is checked
nd shown in Table 1. From the correlation coefficient of R1 and
2, we can see a good agreement of dynamical data with second-
rder kinetic equation, while the first-order kinetic model fits
he experimental data poorly. It is more likely to predict that
he rate-limiting step may be chemical adsorption [22] and the
dsorption behavior may involve valency forces through sharing
f electrons between transition metal cations and adsorbent [25].

During the course of metal ion removal by CMKGM, it was
bserved that the pH of the solution increased with increasing of
dsorption capacity. At equilibrium, the pH of solutions contain-
ng Cu2+, Pb2+ and Cd2+ ions is 5.5, 6.8 and 7.5, which is lower
han the corresponding precipitation pH (5.9, 7.2 and 8.2). This
ndicates that there no precipitation appeared, reduced concen-
ration of metal ions at equilibrium is only a result of adsorption
rocess.

.2. Effect of adsorbent dose

Fig. 2 shows the effect of adsorbent dose on adsorption capac-
ty under the condition of pH 5 and C0 = 200 mg/L. The adsorp-
ion capacity of metal ions adsorbed by different CMKGM fol-
owed the same trend, that is, adsorption capacity increased with
ncreasing of CMKGM dose. But when the CMKGM weight
raction was beyond 1%, the adsorption capacity changed little.
s far as improving Q is concerned, increasing the DS of the

bsorbents is more effective and economical than increasing the
bsorbents dose.

.3. Effect of pH on the adsorption

Metal-ion adsorption is known to be dependent on the pH of
olution (see Fig. 3). The amount of adsorption increased sig-
ificantly as the pH increased from 2 to 5 and then leveled off at
H 5–7, pH over 7 was not taken into account to avoid precipi-
ation [26]. Metal ion uptake capacities at lower pH were more

ependent than those at higher pH. At the same pH, adsorption
apacity of CMKGM with DS equal to 0.550 was higher than that
f CMKGM with DS equal to 0.265. At low pH, carboxymethyl
roups existed in the form of –COOH, and they prevented the

annan

Second-order kinetics

1 k2 (×10−2 g mg−1 min−1) R2

9806 2.43 0.9990
9438 3.38 0.9989
9950 1.23 0.9961

9845 2.78 0.9986
9472 4.26 0.9994
9409 2.66 0.9980

ation plots.
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ig. 2. Effect of CMKGM mass fraction on adsorption capacity for Cu2+, Pb2+

nd Cd2+.

dsorption of metal ions onto CMKGM. The chelation between
MKGM and metal ions was stronger at higher pH. Moreover,

he carboxymethyl groups in CMKGM were responsible for the
nteraction; the adsorption was more effective when the DS of
arboxymethyl groups was higher.

It is worth mentioning that the increased metal ion uptake
t pH 5.0 is not caused by metal hydroxide precipitation. From
he initial metal ion concentration in solution and the solubility
pKs) of Cu(OH)2 (18.8), Pb(OH)2 (16.7) Cd(OH)2 (14.4), the
H values which would cause precipitation of metal ions were

alculated as 5.9, 7.2, 8.2, respectively [27]. Therefore, the opti-
um pH for Cu2+, Pb2+ and Cd2+ was graphically determined

s 5 and used in all experiments (very close to the original pH
f the solutions).

ig. 3. Effect of solution pH on adsorption capacity for Cu2+, Pb2+ and Cd2+.

a
1

3

d
s
l
o
a
s
i
i
p
c
t
a
k

Q

e
t
a

Fig. 4. Effect of the initial concentration of Cu2+, Pb2+ and Cd2+.

.4. Effect of the initial concentration of metal ions

Fig. 4 showed the relationship between the metal ions initial
oncentration and the adsorption capacity. The six curves of the
dsorption capacity of metal ions versus the initial concentration
f metal ions shared the same trend, that is, adsorption capacity
ncreased with increasing of initial concentration of metal ions
nd the higher DS of carboxymethyl group benefit adsorption
f metal ions. The maximum adsorption capacities in the stud-
ed range for lead, copper and cadmium ions were 29.2, 25.5
nd 22.4 mg/g for CMKGM (DS = 0.550) and 24.0, 21.7 and
6.0 mg/g for CMKGM (DS = 0.265).

.5. Isothermal adsorption

The Langmuir isotherm data together with the Freundlich
ata for the investigated heavy metal ions on CMKGM were
ummarized in Table 2. Comparing the correlation coefficients
isted in Table 2, we can draw the conclusion that the adsorption
f three kinds of metal ions onto CMKGM is well followed
s Langmuir isotherm equation under the concentration range
tudied. It indicated the monolayer coverage of CMKGM by the
ons, all the adsorption sites supplied nearly same action to metal
ons. This could reflect indirectly that ligand ion exchange was
redominant in the adsorption process. A higher DS value of the
arboxymethyl group led to a higher Qm and kf, it corresponded
o the above-mentioned conclusion that a higher DS resulted in
higher adsorption capacity. The order of Qm and kf of the three
inds of metal ions is as follows

m Pb2+ > Qm Cu2+ > Qm Cd2+ , kf Pb2+ > kf Cu2+ > kf Cd2+
The essential features of a Langmuir isotherm can be
xpressed in terms of a dimensionless constant separation fac-
or or equilibrium parameter, RL that is used to predict if an
dsorption system is “favorable” or “unfavorable”. The separa-
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Table 2
Langmuir and Freundlich isotherm parameters for Cu2+, Pb2+ and Cd2+ with CMKGM

Sample Metal ion Langmuir equation parameters Freundlich equation parameters

b (L/g) Qm (mg/g) R1 n (g/L) kf (mg/g) R2

CMKGM
(DS = 0.265)

Cu2+ 0.062 24.1 0.9984 2.07 2.739 0.9688
Pb2+ 0.070 30.7 0.9758 1.79 3.160 0.8975
Cd2+ 0.043 18.4 0.9975 2.34 2.145 0.9487

CMKGM
(DS = 0.550)

Cu2+ 0.244 27.8 0.9980 2.32 6.430 0.9074
Pb2+ 0.305 41.7 0.9872 2.36 9.607 0.9140
Cd2+ 0.092 23.6 0.9784 3.18 5.294 0.9641

Note: R1 and R2 are the correlation coefficient of Langmuir and Freundlich isothermal adsorption plots.

Table 3
Adsorption/desorption cycles for heavy metal ions

Sample Cycle no. Cu2+ Pb2+ Cd2+

A (mg/g) D (%) A (mg/g) D (%) A (mg/g) D (%)

CMKGM
(DS = 0.550)

1 25.5 91.0 29.2 94.1 22.4 86.9
2 24.9 93.1 29.4 89.7 20.1 88.7
3 25.1 90.7 28.9 91.8 21.7 76.9

CMKGM
(

1 21.7 88.7 24.0 92.4 16.0 88.9

N (%), r

t

R

w
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t
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t
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M
t
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t

R

DS = 0.265)
2 20.4 92.7
3 21.0 91.4

ote: A and D represent adsorption capacity (mg/g) and desorption percentage

ion factor, RL is defined by

L = 1

1 + bC0
(7)

here C0 is the initial concentration of metal ions (mg/L), and
is the Langmuir adsorption equilibrium constant (mL/mg).
ecause b values are all beyond zero, RL values are in the range
< RL < 1, which indicates that the adsorption of metal ions of
MKGM are favorable. Thus, CMKGM are favorable adsor-
ents for Pb2+, Cu2+ and Cd2+ ions.

.6. Regeneration of CMKGM

The adsorption–desorption data of heavy metal ions after
hree cycles of consecutive adsorption and desorption procedure
ere listed in Table 3. When HCl was used as a desorption agent,

he chelated metal ions is disrupted and subsequently metal ions
elease from the solid adsorbants into the desorption medium.
able 3 clearly shows that the CMKGM can be used repeatedly
ithout changing significantly their adsorption capacities, and

here are high desorption percentages for all metal ions studied
ere.

. Conclusion

Carboxymethyl konjac glucomannan can effectively remove
u2+, Pb2+ and Cd2+ ions from their solutions. Adsorption

apacity is affected by solution pH, initial concentration of
etal ions, adsorbent dose and DS of carboxymethyl group. The

dsorption capacity of CMKGM (DS = 0.550) is bigger than that
f CMKGM (DS = 0.265). The order of adsorption capacity of

[

23.7 93.0 16.2 86.1
23.0 89.9 15.5 84.7

espectively.

etal ions onto CMKGM is Pb2+ > Cu2+ > Cd2+ in mass basis.
etal ion uptake capacities at lower pH were more dependent

han those at higher pH. Adsorption follows the second-order
inetic model and Langmuir isotherm adsorption under the con-
entration range studied. The regeneration study indicates that
MKGM can be used repeatedly without changing significantly

heir adsorption capacities and with high desorption percentage.
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