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Abstract

Chitosan is very efficient at removing cadmium through chelation mechanisms involving amine groups of chitosan. The 
optimum pH is 7, and in acidic solutions, the protonation of the biopolymer reduces the binding of cadmium on amine 
groups due to electrostatic repulsion. The influence of particle size, temperature and agitation speed on metal sorption is 
investigated using chitosan flakes and chitosan gel beads. Temperature and agitation speed hardly influence equilibria and 
kinetics in the selected experimental conditions corresponding to a large sorbent dosage. The major effect on sorption 
performance is due to sorbent particle size, especially for chitosan flakes. Though intraparticle diffusion represents an 
important step in the kinetic control, the contribution of external diffusion may not be neglected. 
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crosslinking

1. Introduction

Cadmium is widely used in several industries
including metallurgy, surface treatment, dye synthe-
sis or battery production. Due to its toxicity, cad-
mium removal from aqueous effluents has been clas-
sified as a priority in the last decade. Industrial
wastewaters are usually treated through chemical
precipitation. However, these processes involve the
production of highly toxic sludges, which must be
further treated before being environmentally safe for

w xdisposal 1 . Thus, other treatments have been devel-
oped including ion exchange, adsorption, electrode-

w xposition and membrane systems 1 . Though these
treatments are adequate for the treatment of medium
to high concentration solutions, there is still a need
for the development of new materialsrprocesses for
the treatment of dilute solutions, including the use of
low cost materials of biological origin for the sorp-

w xtion of metals from dilute solutions 2,3 .
Chitin is an aminopolysaccharide which is readily

found in nature: fungal biomass, crustacean shells,
insect cuticles. It is commercially extracted from

w xcrustacea shells 4 . This polymer is constituted by
acetylglucosamine units. An alkaline treatment at
boiling temperature allows the acetylated groups to



be removed and the deacetylation degree to be in-
creased. This chemical treatment leads to the forma-
tion of chitosan, a partially deacetylated form of
chitin. The amine groups are able to sorb metals
through several mechanisms including chemical in-
teractions, such as chelation, electrostatic interac-
tions, such as ion exchange, or the formation of ion

w xpairs 5–7 . The kind of interaction depends on the
metal, its chemistry and the pH of the solution
w x6–11 . Chitosan was also studied for cadmium re-

w xmoval using raw material 12,13 and derivatives
produced by physical andror chemical modifications
w x14–17 .

Owing to the low porosity of chitosan, sorption
performances are frequently controlled by mass
transfer resistance. The influence of diffusion mecha-
nisms is also controlled by the chemistry of the
metal and by the conditioning of the biopolymer.
Since chitosan is soluble in acidic solutions, it is
necessary to increase its chemical stability in acidic
solutions for the sorption of several metal anions
whose recovery is only effective at pH lower than

w x4–5 6,10,18 . The crosslinking treatment can be
carried out using several chemical reagents such as

w xglutaraldehyde 14,19 . Glutaraldehyde crosslinking
treatment may affect the sorption efficiency, involv-
ing a decrease in the number of free amine groups
and a decrease in the accessibility to internal sites.
This restricting effect may be decreased using chi-
tosan whose structure has been physically modified:
the gel bead formation procedure has been proposed

w xand investigated by several groups 10,14 . This
Ž .physical modification allows: i the polymer net-

work to be expanded: the increase in the polymer
network opening enhances the diffusion of large size

Ž .molecules; and ii the crystalline state of the poly-
w xmer to be reduced. Piron et al. 20 have shown that

the dissolving of chitosan followed by a freeze-dry-
ing of the resulting solution allows a strong decrease
in the crystalline structure of the polymer which can
be, in turn correlated to the improvement of sorption
kinetics.

This work concentrates on the study of cadmium
sorption using gel beads and flakes. The influence of
several experimental parameters on sorption kinetics
is investigated with both raw and crosslinked materi-
als: particle size, agitation velocity, temperature. The
diffusion of cadmium in the gel beads is also studied

Žusing SEM-EDAX analysis scanning electron mi-
croscope coupled with an energy-dispersed analysis

.of X ray apparatus for several points of a typical
kinetic curve obtained on raw chitosan gel beads put
in contact with a cadmium solution.

2. Material and methods

2.1. Materials

Chitosan was used as received from ABER Tech-
Ž .nologie Plouvien, France . Previous characterization

performed on the raw material had shown that the
deacetylation degree was about 87% and the molecu-

y1 w xlar weight was approximately 125.000 g mol 10 .
Flakes were ground and sieved in four fractions.
G1-125 mm-G2-250 mm-G3-500 mm-

G4-710 mm. Chitosan gel beads were prepared
according to a method which was previously de-

w xscribed 10,14 . A chitosan solution prepared by
dissolving chitosan flakes in an acetic acid solution
Ž .4% wrw was distributed dropwise into an alkaline
Ž .NaOH, 2.5 M solution using a peristaltic pump
through a hypodermic nozzle. The size of the beads
may be controlled by blowing air at the base of the
nozzle in order to force the bead to fall down into
the coagulating bath before it reaches its critical
volume and weight. The size of the beads was B1:

Ž .0.95 mm, B2: 1.6 mm results not shown and B3:
w x2.75 mm 10 . The dry weight percentage was 5.2"

0.2%.
The crosslinking was performed by mixing a

known amount of chitosan with aqueous glutaralde-
hyde solutions: the molar ratio between amine groups
of chitosan and glutaraldehyde was fixed at 1:2. The
large molar excess of glutaraldehyde induces a strong
reaction of amine moieties with aldehyde ends. With
such a large molar excess of glutaraldehyde, a com-
plete saturation of amine groups is suspected.

Cadmium was used in its CdCl form and was2
Ž .purchased from Merck Germany , phosphoric acid

Ž .for buffer solutions was supplied by Mallinckrodt
Ž .USA , sodium hydroxide solutions were from In-

Ž .dustrial KEM de Leon Mexico . Solutions were
prepared by dissolving cadmium chloride in phos-

Ž .phate-buffered solutions at pH 7 unless specified
prepared from phosphoric acid and sodium hydrox-



ide concentrated solutions: the buffer concentration
was 0.1 M in the solutions.

2.2. Sorption experiments

The study of the influence of pH was performed
Ž .by adding 50 mg of chitosan dry weight to 50 mL

Žof cadmium solution initial concentration: 10 mg
y1 .L for 24 h using a Variomag magnetic agitator

HD. The pH was regularly controlled and adjusted to
the fixed pH value adding microvolumes of either
phosphoric acid or sodium hydroxide. Unless speci-
fied, experiments were performed at 258C, using a

Žthermostatically controlled water bath VWR Scien-
.tific 1166 . When relevant, the temperature was con-

trolled to 108C and 408C. The influence of the
Žtemperature and the agitation speed 60, 200 and 340

rpm, controlled by a Caframo Wiarton equipment,
.Ont. on sorption kinetics was analyzed by mixing

500 mg of sorbent with 500 mL of a metal ion
Žsolution containing cadmium initial concentration:

y1 . Ž .10 mg L at pH 7 in a phosphate buffer, 0.1 M .
Samples were regularly collected, filtered and ana-
lyzed for cadmium content using an Atomic Absorp-

Žtion Spectrometer AAS Perkin Elmer 3110, wave-
.length: 288.8 nm, slit width: 0.7 .

Sorption isotherms were obtained by mixing vary-
Žing volumes of cadmium solutions buffered at pH 7

with a 0.1 molar phosphate buffer, initial concentra-
y1 .tion: 20 mg L with varying amounts of sorbent

Ž .for 24 h on a reciprocal shaker Cole Parmer 51502 .
After reaching the equilibrium, samples were filtered
and analyzed for cadmium content using the AAS.
The cadmium concentration in the sorbent was deter-
mined by mass balance between liquid and solid
phases.

2.3. SEM-EDAX analysis

These experiments were performed on chitosan
Ž .gel beads diameter 2.75 mm using a buffered cad-

Ž y1 .mium solution C : 20 mg L at pH 7 witho

phosphate buffer and a sorbent dosage of 26 mg Ly1

Ž . y1 Ž .dry weight or 500 mg L wet weight . The
preparation of the samples included drying them,
embedding the sorbent, polishing and coating the
sections, and further analysis using a scanning elec-
tron microscope. Samples were dried using a solvent

Žexchange procedure samples were contacted with
several solvent mixtures: ethanolrwater followed by
ethanolrethanol:propylene oxide with increasing
percentages of ethanol and propylene oxide, respec-

.tively .
The embedding of the samples was performed

Žusing a Resicrom resin Fibras y Resinas de Irapuato
.Mexico : samples were mixed with increasing per-

centages of embedding resin in the mixture
Žresinrpropylene oxide. Then, the mixture resinq

.sample was polymerized at 608C for 72 h.
The sections were polished with several abrasive

Žsilica discs of decreasing grain size Buehler No. 600
. Žand 240 , alumina pulp 1–0.3 and 0.05 mm Buehler

. ŽMicropolish and a diamond pulp 1r4 mm Buehler
.Metadi II . The carbon coating was performed with a

Cold Sputter Each Unit Carbon Evaporation Acces-
Ž .sory Denton Vacuum DESK II .

The SEM-EDAX analyses were performed on a
LEICA S-420 s with an X-ray Dispersive Micro-

Ž .Analyzer Kevex Superdry FISONS with a acceler-
ating voltage of 25 kV. The growing power was 150
X and the current intensity was 268.1 nA. The La 2

and L bands of cadmium were detected at 3.2 andb1

3.8 keV, respectively: the L band was used fora 2

cadmium quantitative analysis.

2.4. Modeling of sorption kinetics

Sorption kinetics may be controlled by several
Ž .processes including diffusion steps: i bulk diffu-

Ž . Ž .sion, ii film diffusion, and iii intraparticle diffu-
sion. The adsorption reaction and the bulk diffusion
are usually considered instantaneous, and sorption
kinetics is controlled by either external or intraparti-
cle diffusion or by both diffusion mechanisms at the

w xsame time 21 . In this study, the diffusion mecha-
nisms were considered independently in accordance

Ž .with the assumptions that i kinetics is controlled by
external diffusion at the beginning of the experiment
Ž . Ž .within the first 15–20 min and ii then controlled
by intraparticle diffusion.

The external diffusion is modeled using the sim-
w xplified approach described by Findon et al. 22 and

w xMcKay et al. 23 who assumes that, at early times of
contact, the concentration at the sorbent surface tends
to zero and the intraparticle diffusion is negligible.



Thus, the following equation describes external dif-
fusion:

C t AŽ .
ln syk t 1Ž .fC V0

Ž . Ž .By plotting lnC t rC against t min , the initial0
Ž y1 .external mass transfer coefficient, k m min mayf

Ž .be determined. C t is the solution concentration, C0
Ž y1 .the initial sorbate concentration mg L , A the

Ž 2 .sorbent exchange surface m , and V the volume of
Ž .solution L . In standard kinetic experimental condi-

tions, ArV equals 81.4, 27.1, 13.6, 8.4, 123.8 and
42.8 my1 for G1, G2, G3, G4, B1 and B3, respec-
tively, using the following equation:

A 6m
s 2Ž .

V dra

Ž y3 .where m is the sorbent dosage kg m , d is the
Ž .mean particle diameter m , r the apparent densitya

Ž y3 . y3of the sorbent kg m , 1180 and 1050 kg m for
flakes and beads, respectively.

Crank has proposed a model whereby diffusion is
controlled only by intraparticle mass transfer for

Ž .well-stirred solution of limited volume V , assum-
Žing the solute concentration is always uniform ini-

.tially C , and the sorbent sphere free from solute0
w x24 . In these conditions, the total amount of solute

Ž y1 .M mg g in a spherical particle after time t,t

expressed as a fraction of the corresponding quantity
Ž y1 .after infinite time M , mg g is given by:infin;

` 2 2M 6a aq1 exp yDq trdŽ . Ž .t n
s1y 3Ž .Ý 2 2M 9q9aqq a` nns1

Ž 2where D is the intraparticle diffusion coefficient m
y1 .min . The fractional approach to equilibrium,

FATE, may be used to estimate D, when the exter-
nal diffusion coefficient is neglected. a is the effec-
tive volume ratio, expressed as a function of the

Žequilibrium partition coefficient solidrliquid con-
. Žcentration ratio and is obtained by the ratio C r C` 0

.yC . q represents the non-zero solutions of equa-` n

tions:

3q M 1n `
tanq s and s 4Ž .n 2 VC 1qa3qaq 0n

The infinite sum terms are summed until the
Ž .summation does not vary. In this study, Eq. 3 was

used to determine the overall intraparticle diffusivity,
which best fit the experimental data. A trial and error

Ž .procedure on intraparticle diffusion coefficient was
adopted by minimizing the sum of the square of the
differences between experimental results and calcu-
lated data.

The surface diffusion modified Biot number, Bi ,s

has been defined to give a criterion for the predomi-
nance of surface diffusion against external diffusion
w x26 :

k dCf 0
Bi s 5Ž .s 2r D qa s 0

where C is the initial concentration and q the solid0 0

phase concentration in the sorbent in equilibrium
with a residual hypothetical liquid concentration Ceq

sC . External diffusion predominates when Bi <0 s

1, while surface diffusion controls diffusion when
Bi 41.s

3. Results and discussion

3.1. Influence of pH

Fig. 1 shows the influence of pH on the sorption
of cadmium using chitosan gel beads for pH ranging
between 4 and 7. Sorption efficiency increased with
increasing the pH of the solution. In acidic solutions,
a strong competition existed between cadmium ions
and protons for sorption sites and the sorption effi-
ciency was decreased. Moreover, the protonation of

Fig. 1. Influence of pH on cadmium sorption using chitosan gel
Ž y1 y1beads B1 C : 10 mg L ; sorbent dosage: 1 g L , temperature:0

.258C .



amine groups induced an electrostatic repulsion of
cadmium cations. The degree of protonation of the
amine groups depends on both the degree of acetyla-

w x w xtion and the pK of chitosan 7 . Jha et al. 12a
Ž .established that the zero point of charge pH forzpc

chitosan is about 8.6. Though this zero point of
charge depends on the characteristics of the polymer
Ždegree of dissociation of amine groups, degree of

.deacetylation , this information indicates that the
polymer conserves its cationic behaviour in the pH
range investigated in this study. When the pH of the
solution increased, the competitor effect decreased as
well as the electrostatic repulsion. Kawamura et al.
w x25 obtained a similar trend but with an increase in

Žsorption efficiency beginning at a lower pH around
.pH 4 . The differences may be explained by the

different sorbents used: in their study polyeth-
yleneimine was grafted on the chitosan backbone
and the coexistence of several kinds of amine
Ž .primary, secondary, and tertiary may affect the
influence of the pH on the sorption. Similarly, Jha et

w xal. 12 showed that the sorption increased strongly
above pH 4 but their work was performed with a
large excess of sorbent with a low concentration of
cadmium. It is difficult to compare the results: chi-
tosan characteristics were not given, especially the
percentage of deacetylation. Taking into account the
possible occurrence of precipitation mechanisms
above pH 7, the optimum pH for cadmium appeared
at pH 7, the pH level that was used for further

Žstudies blank experiments showed that precipitation
.did not occur in the selected concentration range .

3.2. Influence of agitation speed

Fig. 2 shows that for both flakes and gel beads,
cadmium sorption was independent of the agitation
speed in the range 60–340 rpm. The impeller
Reynolds number, N , was found at 2400, 8000 andR e

13,600, for 60, 200 and 340 rpm agitation velocities,
N, respectively using the following equation:

D2Nra
N s 6Ž .R e

m

Ž y3 .where r and m are the fluid density kg m and
Ž .viscosity Pa s , respectively. D is the impellera
Ž . Ždiameter m . At high agitation speed and high

Fig. 2. Influence of agitation speed on cadmium sorption kinetics
Ž y1using chitosan flakes G1 and gel beads B1 C : 10 mg L ;0

y1 .sorbent dosage: 1 g L ; temperature: 258C; pH 7 .

.Reynolds number , the flow is turbulent everywhere
Ž .in the reactor N )10,000 , while for lowerR e
Ž .Reynolds number 10-N -10,000 , both turbu-R e

lent and laminar flows may exist in the reactor.
This result contrasts with that cited by Findon et
w xal. 22 on copper sorption on chitosan for which

increasing the agitation speed significantly increased
the sorption rate. Table 1 summarizes the diffusion

Ž . Ž .coefficients obtained using Eqs. 1 and 3 for se-
lected experimental conditions. The external diffu-
sion coefficient was hardly changed by the agitation
speed and varied between 1.7=10y5 and 2.5=10y5

m sy1 for flakes G1, and between 0.8=10y5 and
1=10y5 m sy1 for gel beads B1. The intraparticle
diffusion coefficients varied between 0.1=10y12

and 0.4=10y12 m2 sy1 for flakes G1 and between
8=10y12 and 15=10y12 m2 sy1 for gel beads B1
in such experimental conditions. The Biot number

Žwas slightly lower to 1 for flakes between 0.07 and
. Ž .0.24 and beads between 0.3 and 0.6 . It is thus

possible to conclude that both external and intraparti-
cle diffusion mechanisms controlled sorption kinet-



Table 1
Ž . Ž . ŽInfluence of experimental conditions on diffusion coefficients for cadmium sorption on chitosan flakes F and beads B raw

.materials—without glutaraldehyde crosslinking
5 2 12Condition Size Speed T k 10 R D 10 MSR Bif s s

y1 2 y1Ž . Ž . Ž . Ž . Ž .mm rpm 8C m s m s

F G1: 0–125 200 25 1.83 0.887 0.393 0.0218 0.07
F G2: 125–250 200 25 3.44 0.985 0.560 0.0154 0.46
F G3: 250–500 200 25 4.68 0.982 0.842 0.0044 1.15
F G4: 500–710 200 25 5.34 0.966 1.69 0.0118 1.05
F G4: 500–710 200 10 3.93 0.977 0.740 0.0068 1.76
F G4: 500–710 200 40 5.56 0.965 7.72 0.0092 0.24
F G1: 0–125 60 25 1.74 0.984 0.108 0.0215 0.24
F G1: 0–125 340 25 2.50 0.868 0.393 0.0298 0.09
B B1: 950 200 10 0.86 0.988 5.32 0.0420 1.01
B B1: 950 200 25 0.78 0.955 14.6 0.0231 0.34
B B1: 950 200 40 0.86 0.945 55.37 0.0128 0.10
B B1: 950 60 25 0.79 0.975 7.965 0.0250 0.62
B B1: 950 340 25 0.93 0.956 12.48 0.0152 0.47
B B3: 2750 200 10 0.96 0.986 26.93 0.0053 0.78
B B3: 2750 200 25 0.84 0.989 22.17 0.0055 0.83
B B3: 2750 200 40 0.94 0.985 99.03 0.0114 0.20

1r22nÝ X yXŽ .is 1 exp., i calc ., i
MSR is the mean square deviation obtained from .

n

ics. The equilibrium seemed to be attained within the
first 5 h, so the sorption mechanism appeared signifi-
cantly faster than for the sorption of other metal ions
w x10,22,23 .

3.3. Influence of temperature

Fig. 3 shows the sorption kinetics obtained at
differing temperatures with both flakes and chitosan
gel beads. With chitosan flakes, at equilibrium the
residual concentration was the same at 108C and
258C, and significantly lower than that at 408C. The
kinetic curves were also slightly different: sorption
was faster at 258C, with a stronger initial decrease in
the relative concentration, than at 108C and 408C.

However, the curve obtained at 108C was signifi-
cantly different than the trend followed by the other
curves: the initial sorption rate appeared to be the
lowest, but the second step in the sorption process
was faster and made it possible to reach the same
equilibrium as at 258C. Considering the fractional
approach to equilibrium, it also appeared that the
curves at 258C and 408C overlapped while the curve

Ž .at 108C was significantly different not shown . This
representation of the kinetic curves allowed the ki-

netics to be compared while minimizing the effect of
the differences in the equilibrium metal uptake. With
chitosan gel beads the differences were less marked
than with flakes. Though the kinetics obtained at
408C was slightly worse than at 108C and 258C, the
curves drawn using the fractional approach to equi-
librium were perfectly overlapped indicating that
sorption kinetics is not significantly influenced by
temperature. This conclusion was confirmed by the
order of magnitude in the intraparticle diffusion co-
efficients obtained with the selected experimental

Ž y12 2 y1conditions 0.7–8=10 m s for the flakes;
5–55=10y12 m2 sy1 for beads B1 and 22–100=

y12 2 y1 .10 m s for beads B3 . These results showed
that intraparticle diffusivity increased with the tem-
perature, while the external diffusion was hardly
changed: it varied from 4=10y5 to 5.6 10y5 m sy1

for flakes G4 and from 0.8=10y5 to 1=10y5 m
sy1 for gel beads B1 and B3.

The weak effect of this parameter on kinetic
curves did not deserve the study of its influence on
sorption isotherms. Several studies had previously
shown that the differences were not very marked for

Ž .usual temperatures in the range 5–558C for copper,
w x w xzinc or mercury sorption 27 . Yang and Zall 28



Fig. 3. Influence of temperature on cadmium sorption kinetics
Ž y1using chitosan flakes G4 and gel beads B1 C : 10 mg L ;0

y1 .sorbent dosage: 1 g L ; pH 7; agitation speed: 200 rpm .

obtained a low apparent activity energy for the ad-
Ž y1 .sorption of copper on chitosan about 400 cal mol ,

w xlower than that obtained by McKay et al. 27 . The
endo- or exo-thermal type of sorption depended on

w xthe metal 27 , but the enthalpy was not very strong
w xin comparison to other sorbentrsorbate systems 26 .

3.4. Influence of sorbent particle size on sorption
kinetics

The particle size and the conditioning of the
sorbent have been shown to control sorption perfor-

w xmance for chitosan and derivatives 10,18,29 . The
influence of these parameters was attributed to diffu-

Ž .sion restrictions due to a the low porosity of the
Ž .raw material, and b the crystallinity of the material

w x9,20,30 . To avoid such limiting effects the raw
Ž .material can be modified a through a dissolvingr

precipitation procedure in order to reduce the crys-
Ž .tallinity of the biopolymer, or through b the pro-

w xduction of chitosan gels 10,14,25 . An increase in
the accessibility to internal sites is expected because

Žof the formation of the gel as the result of the
.expansion of the polymer network .

Fig. 4 presents the influence of the particle size
on cadmium sorption on chitosan flakes. As ex-
pected, increasing the size of the sorbent increased
the time required to reach equilibrium. However, the
differences were not as marked as they were with

w xsome chitosan derivatives 10 . The diffusion coeffi-
cient increased with the diameter of the sorbent, but
it remained between 0.4=10y12 and 1.7=10y12

m2 sy1. The external diffusion coefficient also in-
creased with particle size, varying between 1.8=
10y5 and 5.4=10y5 m sy1.

Fig. 5 shows the influence of the beads size on
the sorption of cadmium. In this case, increasing the
size of the beads resulted in an increase in the time
required to reach equilibrium. This figure also com-
pares the kinetics for beads with that obtained with
the largest flakes. It appeared that cadmium sorption
kinetics was comparable for flakes whose diameters
ranged between 500 and 710 mm and gel beads B3
with a diameter of 2.75 mm. The external diffusion

Fig. 4. Influence of particle size on cadmium sorption kinetics
Ž y1 y1using chitosan flakes C : 10 mg L ; sorbent dosage: 1 g L ;0

.temperature: 258C; agitation speed: 200 rpm; pH 7 .



Fig. 5. Influence of chitosan conditioning on cadmium sorption
Ž y1 y1kinetics C : 10 mg L ; sorbent dosage: 1 g L , temperature:0

.258C; pH 7 .

coefficient was hardly influenced by their size, and
the coefficients ranged between 0.8=10y5 and 1=
10y5 m sy1. The intraparticle diffusion coefficient
was more significantly changed by an increase in the
particle size: when the particle size was increased
from 0.95 to 2.75 mm the intraparticle diffusivity
was multiplied by 2–5 depending on the experimen-
tal temperature. It was about 1 order of magnitude

Ž .higher or more than the diffusion coefficients ob-
tained with flakes. The expansion of the polymer
network increased the accessibility to internal sites
and the sorption rates. However, the diffusion coeffi-
cient remained several orders of magnitude lower
than the molecular diffusivity of cadmium in water
Ž y10 2 y1. w x7.19=10 m s 31 .

3.5. Influence of sorbent particle size on sorption
isotherms

Sorption isotherms may be affected by particle
size, especially in the case of the sorption of large
molecules on compact sorbents characterized by low
porosity. In this case, the sorption is restricted to the

w xexternal layers of the sorbent 29 . In the case of
several metal ions such as copper, zinc or mercury,

w xMcKay et al. 27 had shown that this parameter did
not control the sorption equilibrium. A contrary trend

Ž .has been observed in the case of cadmium Fig. 6 . It
was possible to see that sorption levels were compa-
rable for flakes G1 and beads B1, for B3 they were
intermediary between flakes G1 and G2. For the
largest flake particles, the decrease in sorption capac-
ities was significant. However, the conclusion may

be moderated taking into account the possible occur-
rence of diffusion restrictions. Experiments per-
formed on cadmium sorption kinetics with flakes of
different diameter had shown that with high sorbent
dosage and low cadmium concentration the equilib-
rium concentration was not affected by the size of
the sorbent and that the time required to reach the
equilibrium decreased as the diameter of sorbent
particle decreased. However, in more unfavorable
conditions such as low sorbent dosage and higher
metal concentration, a greater effect of diffusion is
expected as observed with other metal ions: molyb-

w xdate, vanadate, and uranium 10,29 . In such condi-
tions, which correspond to the sorption isotherm
experiments, the time required to reach the equilib-
rium should be increased and the influence of parti-
cle size is expected to be less pronounced. Jha et al.
w x12 found a similar link between sorption capacity
and particle size; however, they also worked with a
large molar excess of sorbent and at low cadmium

Ž .concentration with a short contact time about 24 h .
Glutaraldehyde crosslinking strongly reduced cad-

Ž .mium sorption not shown , the chemical reaction
between aldehyde and amine groups diminished the
availability of chelating sites. For chitosan flakes the
sorption capacity was decreased to 0, and for gel
beads it did not exceed 0.2 mg gy1. While gel bead
conditioning strongly decreased the influence of
crosslinking treatment for molybdate sorption, in the
case of cadmium this physical modification hardly
changed sorption behaviour. The difference may be
explained by the difference in the sorption mecha-

Žnism ion exchange for molybdate vs. chelation for
.cadmium .

Fig. 6. Influence of particle size and chitosan conditioning on
Ž .cadmium sorption isotherms temperature: 258C; pH 7 .



3.6. SEM-EDAX study of sorption

Fig. 7 shows the diffusion profiles of cadmium in
Ž .chitosan gel beads diameter: 2.75 mm at three

selected times of contact: 1, 4 and 24 h. Cadmium
Ždiffusion appears both on SEM images a clear

external ring represents the diffusion of cadmium in
.the external layers and micro-analysis profiles. After

1 h of contact, a very thin external layer seemed to
be partially loaded with cadmium, after 4 h of con-
tact the diffusion thickness increased, a gradient
appeared but the intensity of the signal did not reach
the maximum level reached after 24 h. At equilib-
rium, the intensity was maximum, and it was not

possible to detect a gradient between the external
layers and the center of the particle: the distribution
of cadmium across the particle was homogeneous.
This result contrasts with previous results obtained
on uranium sorption using chitosan flakes for which
the sorption was located in the outer layers of the

w xsorbent 29 , but similar observations were recently
made with mercury sorption on polyaminated chi-

w xtosan beads 32 and with platinum sorption on mod-
w xified chitosan 33 . The differences in the behaviour

of these metals for sorption on chitosan derivatives
may be attributed to the differences in their chemical
speciation in solution. In the experimental conditions
selected in these studies, uranium was present under

Ž . Ž .Fig. 7. SEM-EDAX analysis of cadmium sorption kinetics using chitosan gel beads B3—Contact time: 1 h I , 4 h II , and 24 h
Ž . Ž . Ž . Ž . Ž . ŽIII —Secondary electron images 150= a , cartography of Cd b , and distribution of Cd along a cross-section of the particle c C : 200

y1 y1 .mg L ; sorbent dosage: 25 mg L , temperature: 258C, agitation speed: 200 rpm, pH 7 .



polynuclear hydrolyzed species of large ionic size,
Žwhile the other metal ions mercuric ions, hex-

.achloroplatinate anions are mononuclear species
whose diffusion was less sterically hindered.

4. Conclusion

Chitosan is very effective at removing cadmium
y1 Žwith sorption capacity exceeding 150 mg g about

y1 .1.5 mmol g . Sorption equilibrium and kinetics
are hardly affected by temperature in the range 10–

Ž408C or agitation speed 60–340 rpm; N : 2400–R e
.13,600 . Sorption capacities decrease as particle size

increases. Although decreasing the particle size of
the sorbent makes it possible to reduce the time
required to reach equilibrium, it changes the external
and intraparticle diffusion coefficients by less than
one order of magnitude. The external mass transfer
coefficient ranges between 0.8=10y5 and 5.6=
10y5 m sy1 under selected experimental conditions.
For chitosan flakes, the intraparticle diffusivities
range between 0.1=10y12 and 7.7=10y12 m2 sy1,
while for chitosan beads it increases from 5=10y12

to 10y10 m2 sy1. Glutaraldehyde crosslinking dimin-
ishes the availability of chelating sites resulting in a
strong reduction in cadmium sorption capacity.
SEM-EDAX analyses confirm the sorption of cad-
mium occurs in the whole mass of the sorbent, and
that intraparticle diffusion has a significant influence
on kinetic control.
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