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Binding of some divalent cations (Ca%", Cd**, Cu?*, Ni%*, Pb** and Zn?*) in aqueous
solution by saponified and cross-linked sugar-beet pulp was investigated. Saponifica-
tion doubled the cation-exchange capacity, while cross-linking decreased specific
surface area and hydration properties to low and stable values independent of pH and
ionic strength conditions. The sorption isotherms indicated a high metal-binding
capacity which increased with sorbent concentration, and followed a clear order of
selectivity: Cu®*~Pb** > Zn**~Cd** > Ni?* > Ca?". The sorption data were better
represented by the Langmuir isotherm than by the Freundlich one, suggesting that the
monolayer sorption, mainly due to ion-exchange, would not be disturbed by lateral
interactions between cations sorbed with similar sorption energies. The same order of
selectivity could be drawn from the Langmuir parameters, sorption equilibrium
constants (K1) and maximum binding capacities (Me ymax). Whatever the cation, K
decreased with increasing sorbent concentration, while Me,max increased. Higher
quantities of Cu”* and Pb*" than predicted by the one divalent cation to two carboxyl
functions ratio were bound. This was attributed to the partial contribution to the
sorption phenomenon of hydroxyl functions close to ionic sites, explaining the higher
affinity of such cations for substrates. Cross-linked pulp exhibited higher metal-
binding capacity per volume unit than the raw pulp. © 1998 Elsevier Science Ltd. All
rights reserved

INTRODUCTION

The industrial application of conventional separative and
physico-chemical techniques for removal of toxic metals
from industrial effluents is restricted by the cost of the sor-
bent (chelating or ion-exchange resins obtained by grafting
of functional groups onto carrier polymers), by the operat-
ing costs (membrane techniques), by creating sludge dispo-
sal problems or by the inefficiency of techniques in reaching
standards specific to a given branch of industry. Effluents
with residual metal concentrations in the range from 1 to
over 100mgl~"' can effectively and economically be
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epurated by using bioresources. Both bioaccumulation and
biosorption may occur when natural substrates are used for
metal sequestering (Volesky, 1990). Bioaccumulation is the
active mode of metal uptake by living cells. It depends on
the metabolic activity of the cell and its capability for
adapting to the presence of metal ions in its environment.
Biosorption is metal uptake by dead cells, or cell debris such
as isolated cell-wall, via a number of physico-chemical
mechanisms (Volesky, 1990). It implies a metabolic-inde-
pendent mode of metal uptake and is thus not complicated
by coordinating cell growth and propagation in the presence
of toxic metal ions (Huber et al., 1990). The key intrinsic
features of a suitable biosorbent are: high metal-binding
capability, low and stable hydration properties, resistance
to external parameters such as pH or solvent conditions.
Among substrates investigated for this purpose have been:
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agricultural and forestry waste products (Kumar and Dara,
1982; Marshall et al., 1993; Vazquez et al., 1994), algae
(Holan et al., 1993; Holan and Volesky, 1994), microbial
biomass (Chang and Hong, 1994) and filamentous fungi
(Guibal et al., 1992).

Biosorption may be a way of increasing the value of
agricultural by-products which contain high amounts of
cell-wall material. An example of such a by-product is
sugar-beet pulp, which is produced in large amounts at
low cost in a reliable and constant supply. It is obtained
after sucrose extraction and consists mainly in cell-wall of
sugar beet. It is very cheap and its production reaches 1.6 X
10° tonnes of dry matter per year in the EU. A few studies
on the binding of metal cations by beet pulp have been
carried out (Langenhorst et al., 1961; Sharma and Forster,
1994). More recently, we have performed preliminary
studies on raw beet pulp (Dronnet et al., 1997). It exhibited
high metal-binding properties, linked to its high amount of
pectic substances (>40 g kg™"), and a clear scale of selec-
tivity (Dronnet et al., 1996). However, beet pulp displayed
high hydration capacities and, therefore, a low binding capa-
city per unit volume. Hence, enhancement of metal cation
sorption performances of beet pulp was investigated either
by increasing the cation-exchange capacity (saponification)
and/or by decreasing hydration properties (cross-linking
treatments by formaldehyde or epichlorohydrin) as reported
in the accompanying article (Dronnet et al, 1997).
Saponification doubled the cation-exchange capacity (to
1.13 meq g ') without modifying the sugar composition or
decreasing the hydration properties (~32 ml g ~tatpH~7in
water). Treatment with formaldehyde had little effect on
hydration properties. The best results in terms of hydration
capacity were obtained after treatment with epichloro-
hydrin, which lowered swelling and water-retention
capacities to 7mlg™' and 2gg™', respectively. This
effect was independent of pH and ionic strength when the
molar ratio epichlorohydrin/total sugars exceeded 10, and
resulted in a material with a cation-exchange capacity
(CEC) of 0.97 meq g~".

In this article, we characterized the metal cation binding
properties of saponified pulp and saponified pulp treated
with epichlorohydrin with a molar ratio of 10 in order to
highlight the effects of the similar CECs but different hydra-
tion capacities of these two sorbents. The fraction of metal
cations entraped by sorbents was indirectly quantified by
titrating the free metal cation concentration at equilibrium.
Both Langmuir and Freundlich sorption isotherms were
applied to the experimental results.

MATERIALS AND METHODS
Sorbents
The raw sugar-beet pulp was supplied by Générale Sucricre

(France) and cleaned as detailed elsewhere (Dronnet et al.,
1997). The saponified form of beet pulp was obtained after

an alkaline treatment at pH = 13 for 2 h at 4°C (Dronnet
et al., 1998). The saponified pulp (5g) was treated by
epichlorohydrin for 1h in a mixtre of 95% ethanol/
5mol 1-' NaOH/epichlorohydrin (60/40/20.4 ml) corre-
sponding to a molar ratio epichlorohydrin/total sugars =
10. Analytical methods were as described earlier (Dronnet
et al., 1997). The swelling capacity (SC) was measured by
the bed volume technique (Kuniak and Marchessault, 1972),
the water-retention capacity (WRC) as water retained after
centrifugation (MacConnell et al., 1974), the specific sur-
face area according to the BET method (Brunauer, 1945).
The conversion to the acidic form of sorbents was explained
elsewhere (Dronnet et al., 1997). CEC.,,. is the total number
of ionic sites (meq g~") carried by the sorbent, previously
put in the acidic form, and determined by pH-metry (Bertin
et al., 1988).

Sorption studies

Sorption experiments were carried out by adding solutions
of the metal cation to suspensions of modified pulp (sorbent)
in batch assays. Sorbents, in their acidic form, were stirred
to complete hydration in 0.1 mol 1~' NaNOQj for 1 h. The pH
was then adjusted to ~7.2 by adding 0.1 mol 1~' NaOH in
order to have all carboxyl functions in their sodium salt
form. Varying amounts of a 0.1 mol 1~! solution of metal
cation were then added to the suspensions. All metal cations
were used as their nitrate salts. They will be referred to as
Me?* in the text unless a specific cation is concerned, and
were expressed in meq 1~". The sorbent concentration was
also varied and may be expressed either in meq 1™’ (Cp) or
ing 17! according to the following relation: [C,] (meq 1Y
= [sorbent] (g 17)-CEC (meq g_'). The temperature was set
at 25.0 = 0.1°C and the suspensions were magnetically
stirred for 2 h to reach equilibrium (Dronnet et al., 1997).
Partial solubilisation of polymers occurred during sorption.
This was quantified by measuring the galacturonic acid
(GalA) in solution (Thibault, 1979) and expressed as the
percentage of extracted galacturonic acid against the initial
galacturonic acid content. Ca®", Ni** and Zn** concen-
tration at equilibrium was evaluated by means of a dual-
wavelength dye spectrophotometric method (Dronnet et al.,
1996). The final metal cation concentration of Cd**, Cu**
and Pb?* was determined by potentiometry using ion-
selective electrodes (Radiometer, France) directly
immersed in the suspensions as described previously
(Dronnet et al., 1997). Calibration was carried out before
each experiment with standard metal cation solutions in the
presence of 0.1 mol 1™ NaNO3. No noticeable sorption was
observed onto the glassware and onto the filtration units
during sorption experiments. All metal cation solutions
were freshly prepared prior to use.

Sorption isotherms

The data obtained for the sorption of metal cations on
saponified and cross-linked pulp were first plotted as
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binding isotherms (Dronnet et al., 1996) expressed as
[Me**1/[C,] versus [Me**]1/[C,] where all concentrations
are expressed in meql“1 and [Me?*],, the bound cation
concentration, is calculated according to the formula
[Me?*], = [Me**], — [Me**]; where [Me**], and [Me**];
are the total and the free metal cation concentrations,
respectively. The metal cation concentrations were divided
by the sorbent concentration, [C,], in order to highlight a
possible sorbent concentration-dependent sorption. Through
this representation, a total binding of the starting cation
concentration follows a so-called ‘stoichiometric isotherm’
which plateaus when all ionic sites of the sorbent are
saturated, i.e. a ratio of one divalent metal cation per two
carboxyl functions.

The data were also fitted to the Freundlich and Langmuir
equations, as were previous results on unmodified beet pulp
(Dronnet et al., 1997). Both models allow comparison of the
metal cation concentration at equilibrium and to the bound
metal cation concentration.

The following linearised form of the Freundlich equation
was used

In[Me?** 1, =InKg+n~ " In[Me’* ;

where [Me?*], is the amount of metal cations sorbed per
gram of sorbent (meq g~'), and K; and n~' are empirical
constants characteristic of the system. They are roughly
indicators of the adsorption capacity of the sorbent and of
the adsorption intensity, respectively.

Langmuir’s sorption isotherm (Langmuir, 1918) was also
used to characterise the sorption of metal catibns on
modified beet pulp. The linear form of the equation is

Me* ) 1 Me?* ]
[Me2*+], Mesmax-K| Me,max

where Memax is the monolayer capacity (meq g~") and
K the binding equilibrium constant (1 meq ™).
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RESULTS AND DISCUSSION
Characterisation of the sorbents

Table 1 summarizes the main characteristics of the sorbents
(detailed by Dronnet et al., 1997, 1998). The yield is the
ratio of the weight of modified pulp to the weight of the
initial pulp.

Saponification was performed under mild conditions and
was highly specific as already observed by Renard et al.
(1994). It led to almost complete removal of acetyl- and
methyl-ester groups, doubling the CEC. The specific surface
area, sugar components and the SC remained essentially the
same as in the raw beet pulp. The WRC was decreased,
indicating a loss of the cell-wall structure.

The epichlorohydrin treatment caused only a minor
decrease of the CEC. On the other hand, the hydration
properties were drastically reduced and became less sensi-
tive to variations in pH and ionic strength. This was accom-
panied by a decrease in the specific surface area which was
approximately one-third that of the saponified pulp. This
cross-linking treatment radically altered the composition
of the pulp. The two main causes of this modification are
loss of sugars (mainly arabinose), due to harsh alkaline
conditions, and binding of the reagent.

Sorption isotherms

The sorption of the six divalent cations by the saponified and
the cross-linked pulps was firstly described using binding
isotherms where [Me2+]b/[Cp] was expressed against
[Me2+]l/[Cp] (Figs. 1 and 2). This allowed the degree of
saturation of ion binding sites on the sorbent to be evaluated
since the cation-exchange capacity of substrates was
previously determined. Sorption was studied with two
different pulp concentrations: 14.6gl™' and 8 meq 1!

Table 1. Main characteristics of the initial, saponified and cross-linked pulps®

Raw Saponified Cross-linked

Yield” 100 96 m
Rha (mgg™") 22 24 16
Ara 229 226 50
Gal 56 63 25
Glc 206 244 131
GalA 200 205 176
DM (%) 52 <2 <1
DAC (%) 52 <1 <1
CEC,,, (meqg™") 0.55 1.13 0.97
Surface area (m%g™") 3.05 2.70 0.96
SC (mlg™")

pH~3.5, salts 134 12.6 74

pH~7, water 320 324 7.0
WRC pH~3.5 (gg™")

Salts 239 183 3.2

Water 16.0 8.3 3.1

“From Dronnet et al. (1997, 1998)
5% of the starting pulp
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Fig. 1. Influence of the metal cation on the binding isotherms of
the saponified pulp in 0.1 mol 1-' NaNOs, at 25°C and at an initial
pH~7.2: (O) Cu®, (W) Pb**, (#) Zn**, (V) Cd**, (A) Ni**, (©)
Ca®t, ( ) stoichiometric isotherm; (@) 7.1 and (b) 14.6 g 1!

(corresponding to 7.1 and 7.5 g 17" for the saponified and the
cross-linked forms, respectively) in order to compare with
the raw pulp for which 8 meq 1" =146g17".

As with soluble pectins (Dronnet et al., 1996) and the raw
pulp (Dronnet et al., 1997), the sorption by modified pulps
was characterised by curved isotherms which levelled off
from a given cation concentration. Plateaus were reached
for different [Me?*], according to the metal cation. For both
modified pulps, sorption increased with increasing [Cy], the
extent of the increase depending on the metal cation (Dron-
net et al., 1997). At low total metal concentrations, steep
isotherms were obtained which is highly desirable as they
indicate high affinity of the sorbent for the given sorbed
species. Very steep isotherms, almost following the stoi-
chiometric isotherm, were obtained at low concentrations
of Cu®* and Pb>*. These plateaued above the stoichiometric
isotherm, indicating that higher quantities of such cations
may be sorbed than expected from the one Me?" to two
COO™ ratio. For a given sorbent concentration, sorption
isotherms were found to be higher than with the raw pulp
(Dronnet et al., 1997). Alkaline pretreatment of a cyano-
bacterium also increased metal biosorption from 5 to 34%,
depending on the metal cation (Sampedro et al., 1995). An
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Fig. 2. Influence of the metal cation on the binding isotherms of

the cross-linked pulp with epichlorohydrin for a ratio epichloro-

hydrin/total sugars = 10, in 0.1 mol 1~' NaNQ;, at 25°C and at an

initial pH~7.2: (O) Cu?", (M) Pb**, (&) Zn?*, (V) Cd**, (A)

Ni?*, (©) Ca’*, (——) stoichiomeltric isotherm; (@) 7.5 and (b)
146gl1”

atypical sorption isotherm was found when the sorption of
Ca”* with the saponified pulp at 8 meq 1! was studied: the
sorption seemed to start at a given calcium concentration
and to plateau very rapidly as in the case of the raw pulp
(Dronnet et al., 1997). However, the sorption started for a
lower [Ca®*] /[Cp] ratio than with the raw pulp. When the
sorption of Ca”* was carried out with the saponified pulp at
14.6 g 17" and with the cross-linked pulp, whatever its con-
centration, this feature disappeared. The atypical behaviour
of the sorption of Ca?" may be attributed to the lower
number of ionic sites of the raw pulp (Fourest and Volesky,
1996) and/or to the steric role played by acetyl groups in the
case of the more weakly bound cations. The presence of
acetyl groups has been shown to decrease the affinity of
various substrates towards divalent metal cations: chitin
(Guibal et al., 1995), acetylated alginates (Lee et al,
1996) and sugar-beet pectins (Dronnet et al., 1996).

The following clear scale of selectivity was obtained for
both modified pulps: Cu?*~Pb** > Zn**~Cd** > Ni** >
Ca?*. It was similar to the selectivity order shown with
extracted pectins (Dronnet et al., 1996), the raw beet pulp
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(Dronnet et al., 1997) and for other biosorbents which carry
carboxyl functions or other ionic functions (Marshall et al.,
1993; De Carvalho et al., 1994; Crist et al., 1994; Volesky
and Holan, 1995; Akthar et al., 1996). Treatments such as
alkaline saponification or cross-linking by epichlorohydrin
did not alter the ionic selectivity order. Kohn et al. (1976)
also did not detect modification of the selectivity scale after
cross-linking with epichlorohydrin.

Loss of GalA during sorption experiments

In order to show the stability of the sorbent structure and its
CEC, the loss of GalA by aqueous extraction during sorp-
tion experiments was monitored. In the case of the raw and
the saponified forms of the pulp, the loss of galacturonic
acid decreased when [Me”]t/[Cp] increased, i.e. when the
sorption increased. The percentage of extracted galacturonic
acid then increased slightly when [Me“]t/[Cp] reached the
value corresponding to the plateau of the sorption isotherm.
This variation was not observed with cross-linked pulp, the
loss of GalA stayed the same whatever the value of [Me?*)/
[Cpl. Results reported in Table 2 correspond to the mini-
mum loss value for a given ratio of [Me )y [C,] depending
on the cation (raw and saponified forms) or to the average
loss value whatever the amount of metal cation (cross-
linked pulp). Values of the loss of galacturonic acid are
also given when no metal cation was added.

When no divalent metal cation was added, the loss was
much higher, confirming that ionic cross-linking is induced
by the presence of divalent cations (Dronnet et al., 1997a).
The loss of GalA did not depend on the nature of the metal
cation added to the sorbent. After modification even for the
cross-linked pulp, the loss of GalA increased, while a
decrease was expected, which might indicate that the solu-
bilised GalA corresponded in this case to low molecular
weight molecules arising from the degradation of pectins
induced by the different chemical treatments. However, no
variation of the loss of galacturonic acid was observed
according to the amount of added metal cations after the
cross-linking treatment. The higher the sorbent concen-
tration the lower the loss of galacturonic acid whatever

Table 2, Galacturonic acid loss of the sorbent in percentage of
the initial galacturonic acid content

Form of the pulp (g17")

Raw* Saponified” Cross-linked”

34 14.6 14.6 75 14.6
No cation 4.8 3.7 58 4.3 2.6
Ca®* 1.7 0.8 26 43 24
Ni*t 1.5 0.8 22 44 25
cd* 1.1 0.8 25 44 2.7
Zn** 1.1 0.8 25 45 24
Pb* 1.2 1.1 26 4.4 24
Cu** 1.0 09 2.7 43 24

“Minimum value
Average value

the form of the pulp. it may be related to slower stirring
when the quantity of pulp was increased, since the same
stirring power was used in both cases. The release of
some water-soluble material (alginate) during sorption
experiments of Pb?* by algae was also noted (Holan and
Volesky, 1994; De Carvalho et al., 1994).

Sorption models

The Freundlich model is valid for a monolayer sorption
model on a surface containing a finite number of sites
with mutual interactions between sorbed metal cations. On
the contrary, the Langmuir-type model presupposes homo-
geneity of the sorbing surface and no interactions, involving
uniform energies of sorption on the surface and no transmi-
gration of metal cations in the plane of the surface.

The experimental data for the metal cation sorption by the
modified pulpat 14.6 g 17! are represented in the form of the
Langmuir isotherm in Fig. 3. From these plots, isotherm
constants were derived by performing linear regression on
each set of data (Table 3 and Table 4 for the saponified and
the cross-linked pulp, respectively). Values of the ratio

[Me2+]t/[Me2+15
30

20

10

0 A L 1 1 1 ]
0.01 0.02 0.03

[Me2+]g

Fig. 3. Langmuir-type isotherms of the binding of cations by the
pulp at 14.6 g 17" in 0.1 mol I~! NaNQ;, at 25°C and at an initial
pH~7.2: (O) Cu®*, (M) Pb™*, (#) Zn**, (V) Cd**, (A) Ni*, (0)
Ca’*; (a) sagoniﬁed pulp and () cross-linked 2pu]p. Filled lines for
Cu®*, Cd** and Ca’®"; dashed lines for Pb**, Zn?* and Ni®*
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Table 3. Langmuir parameters of the binding of divalent metal cations by the saponified pulp

Cation Ca?* Ni%* Zn* ca* Pb*+ Cu?*

[Clel™ 7.1 14.6 7.1 14.6 7.1 14.6 7.1 14.6 7.1 14.6 7.1 14.6
Ki(eq™h — 185 1360 505 1285 1240 1710 1320 4440 2930 4730 3740

Me smax — 0.83 0.60 0.97 091 1.01 1.07 1.11 1.17 1.28 1.30 135
(meq g~")

Me max/CEC — 0.73 0.54 0.86 0.81 0.89 0.95 1.00 1.04 1.13 1.15 1.20
r — 0.997 0999 0996 0998 0999 0999 0998 0999 0999 0998 0998

Meymax/CEC are also presented and allow the degree of
saturation of the ionic sites to be evaluated. The same data
are shown as Freundlich isotherm in Fig. 4 for both forms of
pulp at 14.6 g 17\, Previous results of the sorption of metal
cations on raw beet pulp (Dronnet et al., 1997) were also
fitted according to the Freundlich equation.

The Langmuir theory was found to best represent the
sorption of divalent metal cations onto modified pulps
over the entire solute concentration range adopted in experi-
mental studies as was supported by consulting r* values
generated by linear regressions. Indeed, the Freundlich
equation predicts that the metal ion concentration on the
sorbent will increase as long as there is an increase in the
metal ion concentration while experimental results showed
a plateau indicating a limiting value of the sorption. There-
fore, in spite the high metal cation sorption occurring with
such substrates, sorption resulting from a monolayer sorp-
tion appeared not to be disturbed by lateral interactions
between sorbed metals distributed according to homoge-
neous sorption energies. The sorption of Cd**, Cu®* and
Zn** onto lignite was found to be best modelled by the
Langmuir theory (Allen and Brown, 1995) while sorption
of uranium fitted well according to the Freundlich isotherm
(Guibal et al., 1995). The sorption of Cr’* by a cyanobac-
terium did not fit the Langmuir-type isotherm unlike that of
some divalent metal cations such as Pb** or Ni** (Sampe-
dro et al., 1995), suggesting that uptake of trivalent cations
induces different sorption mechanisms.

Freundlich’s sorption model

As shown in Fig. 4, curved isotherms were found according
to the Freundlich’s sorption model, suggesting that it was
not applicable over the entire solute concentration range.
Linear regions were observed on each isotherm but did

not correspond to the same range of data according to the
metal cation. Such a trend was also valid for the raw beet
pulp (not shown). This was also found by Allen and Brown
(1995) when studying the metal sorption onto lignite. These
authors observed different distinct linear parts within indi-
vidual set of data and then performed multiple regressions
on different ranges of the data in order to obtain reliable
values.

Linear regression of experimental data from the
Freundlich model precluded reliable values for Freundlich
parameters and then was not applied. Multiple regressions
of the data were also not applied since linear regions on
isotherm depend on the metal cation.

Langmuir’s sorption model

As a consequence of the higher applicability of the Lang-
muir model, the trends of the sorption parameters according
to the nature of the metal cation, the pH (Dronnet et al.,
1997) and the sorbent concentration are best appreciated
by studying the Langmuir-type isotherm parameters.

K, and Me,max values varied together according to the
nature of the metal cation. When they are compared, the
same decreasing selectivity order for both modified pulps
can be drawn as follows: Cu®* = Pb?* > Cd**~Zn** >
Ni?* > Ca®". It confirms the selectivity order already
observed from the initial sorption isotherms. However,
slight variations may be observed between K| and Me ymax,
especially with Cd** and Zn”*. Sorption of metals by a
cyanobacterium was characterised by a similar selectivity
scale (Pb2* > Cu®* > Zn?* > Cd** > Ni**) drawn from
Meymax values, while Cu®" and Cd*" are inverted when K.
values were observed (Sampedro et al., 1995).

Whatever the metal cation, K| decreased with increasing
sorbent concentration for both modified pulps. K, values

Table 4. Langmuir parameters of the binding of divalent metal cations by the pulp cross-linked by epichlorohydrin

Cation Ca*" Ni%* Zn*t cd* pb*t Cu?*

[Clgl™ 75 14.6 75 14.6 75 14.6 7.5 14.6 75 14.6 7.5 14.6
Ki(eq™) 1275 680 1850 950 2875 1140 3000 1360 8280 3190 11070 3235

Me amax 0.80 0.88 0.87 0.95 0.92 0.96 0.86 093 1.15 1.28 1.16 1.29
(meqg™")

Me max/CEC  0.75 0.83 0.82 0.89 0.86 0.91 0.72 0.78 1.08 1.20 1.09 121
r 0.998 0.995 0997 0998 0999 0999 0999 0999 0999 0999 0999  0.99%
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Fig. 4. Freundlich-type isotherms of the binding of cations by the

pulp at 14.6 g 17" in 0.1 mol 17" NaNQs, at 25°C and at an initial

pH~7.2: (1) Cu’*, (M) Pb>*, (#) Zn**, (V) Cd**, (A) Ni*, ()
Ca”"; (a) saponified pulp and (b) cross-linked pulp

were found to decrease with increasing raw pulp concen-
tration only in the case of the two more strongly bound
cations, ie. Cu?" and Pb’* (Dromnet et al, 1997). K,
varied after modification according to the nature of the
metal cation: it increased drastically for Ca2+, Ni%" and
Cd** but decreased with others. K| values stayed similar
with the saponified and cross-linked forms. The increase in
binding sites was thus mainly responsible for such an
increase while cross-linking seemed to play a greater role
with the more weakly bound cations, i.e. Ca*" and Ni**. Ky,
decreased when the sorption of Ni** and Pb*" was con-
ducted with formaldehyde-treated algae and this decrease
was more marked after treatment by epichlorohydrin (Holan
and Volesky, 1994). However, it increased in the case of
Cd** uptake (Holan et al., 1993).

The higher the sorbent concentration the higher the sorp-
tion capacity (higher Me,max value). This was already
observed with initial sorption isotherms, suggesting the
higher occupancy of binding sites. Indeed, modified pulps
had Me,max values approximately twice those of the raw
beet pulp (Dronnet et al., 1997) in agreement with the
increased CECs. Zn** and Cd** uptake by yeast cell-wall
increased after alkali treatment (15 and 25% starting from

the initial form, respectively) and treatment by formalde-
hyde (60 and 75% starting from the initial form, respec-
tively) (Ting and Teo, 1994). Studying the sorption of
Ni** or Pb*" by algae, Holan and Volesky (1994) showed
that Mepmax increased when biomass was formaldehyde
treated (83% to reach 1.5 meq g~ for Ni’** and 58% to
reach 3.5 meq g ™' for Pb** starting from the initial biomass)
while swelling capacity was strongly reduced, but decreased
after treatment by epichlorohydrin (up to 0.67 meqg™").
However, biosorption of cadmium by some algae was
decreased after treatment by formaldehyde (31% starting
from the raw form) (Holan et al., 1993) while SC was
strongly decreased (60%). Maranon and Sastre (1992)
increased the sorption capacity of lignocellulosic apple resi-
dues (4-fold) by treating with phosphorus(V) oxychloride,
while swelling was reduced by 1.6 times to reach
71mlg™.

Despite a decreased specific surface area (down to
0.96 m* g™, i.e. 30% of that of raw pulp), metal-binding
capacity was greatly improved after saponification and/or
cross-linking, suggesting that surface adsorption contributes
only a small part to the sorption phenomenon and that ion-
exchange is the major mechanism involved when divalent
metal cations are bound by beet pulp. Ting et al. (1995) also
found that gold uptake onto Chlorella vuigaris increased
after treatment with alkali reagents (25%) and after cross-
linking with formaldehyde (52%) while specific surface
area was notably reduced: 40 and 32% of that of the initial
form for alkali-treated and formaldehyde-treated substrates,
respectively.

Values of Me,max/CEC obtained for Pb** and Cu®*
exceeded 1, indicating that the binding of these divalent
cations was higher than the stoichiometry predicted from
the one Me?* to two COO™ ratio. They were always
lower than or equal to 1 for the other metal cations. This
was already found with the raw pulp (Dronnet et al., 1997)
and was not affected by increasing CEC and/or by cross-
linking. The complexation of Cu®* and Pb>" by nearby
hydroxyl functions in addition to one carboxyl function
would explain the higher affinity for pectins carried by
beet pulp as well as the fact that Me ,max/CEC can be
higher than 1.

CONCLUSION

No change of the selectivity scale was induced by treating
beet pulp with alkaline or cross-linking reagents, so that the
same order of affinity: Cu®* = Pb>* »» Zn**~Cd** > Ni**
> Ca”* as for extracted pectins (Dronnet et al., 1996) and
for raw beet pulp (Dronnet et al., 1997) was obtained.
However, the difference between sorption isotherms
became less marked after such treatments as the sorption
of the more weakly bound cations was increased to a greater
extent than that of Cu’* and Pb**. The Langmuir theory was
found to represent better than the Freundlich approach the
sorption of all divalent metal cations onto raw and modified
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pulp over the range of metal cation concentrations applied,
indicating that the sorption of divalent metal cations by raw
and modified pulp would proceed without any interactions
between sorbed cations and on sites presenting homoge-
neous sorption energies. The sorption of Ca’* could be
fitted adequately to the Langmuir model only at high con-
centration of saponified pulp. This could be related to the
higher affinity of Ca®* for unacetylated pectins (Dronnet et
al., 1996) and/or to the need for many ionic sites to cause
significant sorption (Holan and Volesky, 1994). As with raw
beet pulp (Dronnet et al., 1997), sorption was found to
increase with the substrate concentration, while values of
the sorption constant decreased, notably for the more
strongly bound cations. Modifications allowed an increase
in the metal-binding properties due to an increase of the
number of anionic sites, i.e. methylester-free galacturonosyl
units carried by pectins, while the specific surface area
decreased.

Other interactions than pure electrostatic interactions,
which would only occur with the more weakly bound
cations, would contribute to the sorption of Cu?* and
Pb**, explaining their higher affinity for pectins inside
cell-walls and the fact that the ratio Me ;max/CEC may be
higher than 1. Hydroxyl functions close to carboxyl func-
tions would participate in the complexation of such highly
bound cations and allow the participation of less than two
carboxyl functions to hold one divalent cation.

Such treatments to enhance the metal-binding perfor-
mances increase the cost of readily available beet-pulp
based ion-exchanger. Two different ways to use such sub-
strates could be suggested. Beet-pulp could be extensively
used in its raw form without recycling due to its very low
cost. On the other hand, cross-linked beet-pulp could be
used like a synthetic resin with sorption/desorption cycles
since the cell-wall structure is reinforced (the aqueous
extraction of galacturonic acid during WRC experiments
was strongly decreased).
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