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Influence of Hydrolysis Mechanisms on Molybdate
Sorption Isotherms Using Chitosan

ERIC GUIBAL,* CELINE MILOT, and JEAN ROUSSY

ECOLE DESMINESD’'ALES
LABORATOIRE GENIE DE L’ ENVIRONNEMENT INDUSTRIEL
6, AVENUE DE CLAVIERES, F-30319 ALES CEDEX, FRANCE

ABSTRACT

Molybdate sorption using chitosan sorbents has proved to be strictly controlled by
the pH of the solution. Sorption isotherms exhibit a sigmoid trend, which has been correlated
to the appearance of polynuclear hydrolyzed species, the most favorable species for sorption
on chitosan. Sorption capacity exceeds 7 mmol-g~%, which cor-responds to a molar ratio
between Mo and the amine group significantly higher than
1. The formation of complexes in a pendant fashion and/or the ion-exchange mecha-nism of
polynuclear metal ions are suspected to occur between polynuclear molybdate species and
protonated amine groups, though several amine groups can interact with
the same polynuclear molybdate group.
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INTRODUCTION

For the last thirty years many studies have focused on the biosorption of
metal ions on various sorbents. bacteriae, fungi, and algae, or waste biomate-
rials, have been commonly studied for the recovery of metal cations (1-3).
Several mechanisms can be involved in the uptake process, such as active
transport of metals through the cellular membrane or passive sorption on
membrane constitutents (4). Passive phenomena usually involve ion exchange
(5), adsorption, complexation, or in-situ precipitation (6). The potential bind-
ing sites of biosorbents are amino, carboxyl, phosphate, hydroxyl, and sulfate
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groups. Theinterpretation of sorption mechanismsisrendered complex by the
diversity of functional groups constituting cell walls. Several biopolymers
which can be encountered in these cell walls have been studied and used asan
aternative to biosorbents; e.g., aginate (7, 8) and chitosan (9). Using simple
biopolymers makes it easier to identify the sorption mechanisms (10) and in-
terpret the effect of the experimental parameters (pH, metal concentration) on
sorption efficiency.

The influence of the pH on sorption performance is mainly attributed to
electrostatic attraction or repulsion between the metal ions and the sorption
sites. While many studies have dealt with metal cation sorption, the literature
isless abundant on metal anion removal using biosorbents. These studieshave
been mainly devoted to simple metals, in the sense these metal s usually occur
in solution as mononuclear species with few hydrolyzed forms. The differ-
ences in the behavior of sorbents with respect to pH and metal concentration
are sometimes interpreted as the co-existence of several binding sites (11).
However, it seems that the influence of hydrolysis mechanisms has been un-
derestimated in evaluation of the pH effect as stated for metal ion sorption on
mineral sorbents. It has been shown that with mineral surfaces, metal ion sorp-
tion (efficiency and capacity) usually increases drastically in the pH region in
which metal hydrolysis occurs.

Baes and Mesmer compiled the hydrolysis constants of metal cations
(Table 1) and showed the distribution of metal ionsto be afunction of pH and
total metal concentration (12). Thiswork highlights the importance of polynu-
clear hydrolyzed species. In the present work molybdate sorption is investi-
gated with respect to the effect of pH on sorption isotherms by using a sorbent

TABLE 1
Equilibriaof MoO3~ at 25°C: Formation Constants from Baes and
Mesmer (12)
xMoO3Z~ + yH" 2 Mo,O(OH)& %, + (Y — 4x + 2H,0

X y pK Mo species

1 1 3.89 HMoO4

1 2 7.5 H-Mo00,

7 8 57.74 Mo,0%,

7 9 62.14 M0;0,3(0OH)>~

7 10 65.68 M0;02(0OH)3~

7 11 68.21 Mo0;02(OH)3~
19 34 196.30 Mo0,gO2g 2

@ This species has been neglected in the cal cul ation of speciation di-
agrams in the pH range selected in this study. Calculations were made
using HY DRAQL software (28).



derived from chitosan. The variation in sorption capacities, aswell asthe vari-
ation in the shape of the sorption isotherms with pH, isalso discussed inrela-
tion to metal speciation in solution. Chitosan (poly[B-(1 - 4)-2-amino-2-de-
oxy-D-glucopyranose]) is produced by the deacetylation of chitin (poly[-
(1- 4)-2-acetamido-2-deoxy-D-glucopyranose] ), a widely dispersed natural
biopolymer encountered in arthropods and crustacea shells (13). Chitosan is
partially solublein mineral acids, such as nitric and hydrochloric acids, but al-
most insoluble in sulfuric acid (at amolar concentration). The chemical resis-
tance to dissolution can be easily increased by a crosslinking step using a
Schiff’s base reaction with glutaraldehyde. Molybdate is widely used in the
fabrication of catalysts for petrochemical applications, and the impregnation
of a catalytic carrier with molybdate involves the production of highly con-
centrated solutions which must be treated before being safely rejected to the
environment. Molybdate is a so present in many mining effluents from copper
minerals, mixed with arsenic, and the recovery/decontamination of acid mine
drainageis of great concern. Chitosan-based sorbents have shown avery high
affinity for molybdate in both batch and continuous systems (14, 15). Prelim-
inary work has also shown that the optimum sorption for molybdate on chi-
tosan occurs in acid medium and depends on several characteristics of the
biopolymer: degree of deacetylation, crystallinity, and to a lesser extent
molecular weight (16). Molybdate interactions with chitosan have also been
studied by Draget et a. (17). They showed that the reaction of chitosan with
molybdate at a high concentration (20 mM—almost 2 g-L ~*) and at a moder-
ately acidic pH (i.e., pH 5) allows gelation of the system and crosslinking of
chitosan. The sorbent used in the present study is aglutaraldehyde crosslinked
chitosan. The recycling of the sorbent after exhaustion can be performed with
akaline solutions, which alows the sorbent to be reused for several sorp-
tion/desorption cycles: the process can be applied for both metal recovery and
recycling and for environmental purposes.

MATERIAL AND METHODS

Chitosan Samples

Chitosan was supplied by ABER-Technologie (France) as a flaked mate-
rial, with an acetylation fraction FA ca. 0.13 (defined by IR spectrometry)
(18). The mean molecular weight was measured as 125,000 [using a Size ex-
clusion chromatography (SEC) method with adifferential refractometer and a
multiangle laser light-scattering photometer for detection] (19).

Chemical crosslinking of chitosan chains with the bifunctional reagent glu-
taraldehyde occurs by a Schiff’s reaction of the aldehyde groups on glu-
taraldehyde with the amine groups on the chitosan biopolymer chain (13). The
crosslinking bath contained a 2.5 wt% glutaraldehyde solution. The ratio of



glutaraldehyde to chitosan flakes was approximately 2 cm®g~ ! of flakes.
Crosslinking occurred for 16 hours. The crosslinked chitosan beads were ex-
tensively rinsed with demineralized water. Similar procedures were applied to
manufacture crosslinked chitosan flakesin three particle sizes: G1 < 125 pum,
G2 < 250 pm, G3 < 500 pm. Dissolution testing in sulfuric acid solutions
(pH ca. 3) showed that chitosan does not significantly dissolved after the
crosslinking step; the chitosan concentration in the solution was measured us-
ing the acid red titration method (20). These findings demonstrate that the
crosslinking is stable in our experimental conditions.

The specific surface area was measured by the BET method and gave a
value of approximately 1 m?-g~* (21). Due to the low porosity of the chitosan
biopolymer, this determination is not as accurate as with the usual sorbents;
however, it does give an approximation of the contact surface.

Experimental Procedure: Metal lon Adsorption

Ammonium molybdate salts were used. Sorption isotherms were deter-
mined by contact of 200 mL of molybdate (of varying initial metal ion con-
centrations: ca. 50, 100, and 200 mg-L 2, corresponding to molar concentra-
tions of 0.52, 1.04, and 2.08 mmol-L ~%) with known weights of crosslinked
chitosan flakes (dry sorbent masses varying between 20 and 200 mg). All ex-
periments were performed at room temperature with a constant pH control
achieved by adding microvolumes of molar sodium hydroxide or sulfuric acid
solutions. Samples were collected and separated (filtration through a 1.2-pm
pore glass fiber membrane) after 72 hours of agitation using an adjustable re-
ciprocating shaker (150 rpm). The metal ion content was determined by ICP
spectrometry. The metal ion content in the solid, g (mg-g~? or aternatively
mmol-g~ 1), was determined by a mass balance (between solid and liquid
phases). All metal concentrationsin both solid and liquid media are expressed
in this paper as total metal (mg) in order to be independent from the form of
the metal ion (free molybdate or hydrolyzed species, etc.,) whilethe sorbateis
called “molybdate ion” as a general term.

Potentiometric Titrations

A known mass (usually 20 mg) of chitosan sample was added to a closed
flask containing 100 mL of solution: demineralized water of sodium sulfate
(0.05 or 0.1 M). The sorbent’ s particles remained in contact with the solution
for 72 hours on areciprocal shaker. The titrations were carried out by using
sulfuric acid solutions (concentrations: 1 M, 0.1 M, 0.01 M). An equilibrium
time of 3 hours was observed between each titration step; agitation of the so-
lution was maintained and the flask closed to avoid carbon dioxide dissolu-
tion. Titration of the sorbent made it possible to determine the surface charge



(C-m~?) as suggested by Chen and Yiacoumi (8):

0o = (Ca — Cp + [O;Ia_] B [H3O+])F (1)

where C, and Cy, are the concentrations of acid or base needed to reach a point
on the titration curve in mol-L~%; [H;O"] and [OH ] are the concentrations
of H;0™ and OH~ (in mol-L %) deduced from the pH and adjusted by the
Davis equation (22, Eq. 2); F isthe Faraday constant (96,490 C-mol ~1); Sis
the specific surface area (about 1000 m?-kg %, measured by the BET method);
and a is the sorbent concentration in the solution (kg-L ~%).

Vi
1+VI

where v; is the activity coefficient of component i (concentration C;, ionic
charge Z;), and | istheionic strength (mol-L ~%).

log yi = —0.5109( ~ 0.3 |>, =05y Cz (2

RESULTS AND DISCUSSION

Potentiometric Titration

The surface charge varies drastically as afunction of the pH of the solution
as shown in Fig. 1. Decreasing the pH involves a strong increase in the posi-
tive charge of the sorbent. This expected result is consistent with the pK, of
chitosan. Several examples have been reported regarding the value of the pK,
of chitosan (ranging from 6.2 to 6.8) (13). However, thesefirst results have not
taken into consideration the effect of chain charge density. Domard (23), us-
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FIG.1 Effect of pH on surface chargefor crosslinked chitosan flakes (ionic strength fixed with
sodium sulfate).



ing potentiometric and circular dichroism measurements, has shown that the
variation of the pK, obeys the Katchal ski—Spitinik equation and can be related
to the difference in electrostatic potential between the surface of the polyion
and the reference AV (a).

—a AV (x
Lot iy - 2 €

where « isthe degree of neutralization of the polymer, pKq istheintrinsic dis-
sociation constant of the ionizable groups, ¢ is the charge of the electron, and
KT isthe Boltzmann term. The intrinsic dissociation constant pK is indepen-
dent of the degree of N-acetylation (conversely to pK,) and equals 6.5 (extrap-
olation of the pK, valueto a = 1). From the results of Domard (23), it appears
that the pK, of chitosan strongly varies with the degree of dissociation for chi-
tosan of low acetylation fraction (lower than FA = 0.15), while for higher FA
the pK, hardly varies with the degree of dissociation around 6.4-6.5.

Figure 1 shows that the surface charge becomes positive for pH lower than
6.5, a pH value corresponding to the pK, of the raw material. It is surprising
to see that the surface charge has already dropped to O at apH equal to the pK,
value where 50% of the amino groups are still positively charged. This result
can be due to a change in the actual pK, of the modified sorbent through are-
duction of the number of free amino groups. However, Domard (23) has
shown that the pK, islessinfluenced by the neutralization of amino groupsfor
high FA than for low-acetylated chitosan: with high FA the pK, isamost in-
dependent of the neutralization yield. The grafting of glutaraldehyde moities
on the chitosan backbone is expected to lead to the formation of a polymer
similar to ahigh FA chitosan. On the other hand, Roberts observed that in the
6—7 pH range the actual pH values depend on the conditions used in the titra-
tion; the values obtained in a continuous titration procedure are considerably
higher than those obtained by alowing the system to stand, with stirring, for
36 hours before measuring the pH (13). Differences greater than 0.5 of a pH
unit were obtained at some degrees of neutralization. Domard suggested that
the delay between partial neutralization and pH measurement allowed partial
precipitation of neutralized chain segments to occur, effectively removing
amino groups from solution and thereby increasing the extent of dissociation
of the amino groups which remain in solution when titration is performed by
alkaline addition to an acid solution of chitosan. In this work the pH equili-
bration lasted at least 3 hours during titration; theinitial pH, just after acid ad-
dition, is noted and compared to the equilibrium pH. Below pH 3.5, as ex-
pected, the difference between these pH values is not significant and the
sorbent is fully protonated: this limit value is 3 pH units lower than the pKj,
value, and the protonation yield reaches 99.9%. For higher pH it isnot certain
that equilibrium is actually reached, and thus the low positive charge of the

pKs = pH + Iog(



sorbent observed at a pH approximate to the pK, of chitosan may be indica-
tiveof apH higher than 5-5.5. Thefraction of protonation of the amino groups
in the sorbent depends on the pH. However, as indicated above, and with the
restrictions evoked regarding moderate acidic solutions, in very acidic solu-
tion the sorbent may be considered to be fully protonated, for pH values lower
than 5.5, more than 90% of the amino groups are protonated, and up to 6.5 the
fraction progressively decreases. The surface charge, o, as shown in Fig. 1,
is consequently significant until pH 3.5 and oo = 600 C-m~2. The ionic
strength hardly changes the surface charge, the largest variation being ob-
tained at the lowest pHSs.

Sorption Isotherms

Figure 2 shows the sorption isotherms obtained at several controlled pHSs.
These curves clearly demonstrate that both the maximum uptake capacity and
shape of the curves depend on the pH. For acid media, around pH 3, a favor-
able sorption isotherm with a convex form is obtained. For pH values ranging
between 5 and 8, the sorption isotherms are characterized by a concave form.
The curve tends to zero for the lowest concentrations and can be classified as
unfavorable sorption isotherms. Beyond a limit concentration, the uptake ca-
pacity increases strongly. This limit pH is not uniform and depends on the
overall concentrations; it can be related to hydrolysis mechanisms, as it will
be discussed below.

The optimum pH is lower than 4. This is consistent with previous results
on molybdenum extraction from solutions using liquid-iquid extraction (24,
25). However, the behavior of the extraction system depends on the extrac-
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FIG.2 Effect of pH on molybdate sorption on crosslinked chitosan beads.



tant while the extraction efficiency is independent of pH below 3—4 in most
parts of our studies, for some of these systems the extraction efficiency de-
creases significantly for the most acidic solutions (below pH 1). The influ-
ence of the pH is related to the formation of a cationic species, MoO3", fa-
vorable for extraction by cation exchange with suitable extractants; for
example, Cyanex 272, PIA-8, and PC-88A (25). However, this species can
only be obtained in concentrated solutions, such as those obtained in the re-
covery of molybdenum from spent catalysts. Anionic species are formed in
dilute solutions (12, 26). The speciation of molybdate has been extensively
studied in acidic solutions by Tytko et al. They showed that the chemistry of
molybdate is complicated by the presence of several different anionic
species whose predominance is controlled by both the pH and total molyb-
denum concentration (27). Pope stated that the first stable polyanions formed
(pH ca. 5) in agueous solutions are the heptametalates, the so-called
paramolybdates, and their subsequent hydrolysis compounds (28). At high
molybdate concentration and intermediary pH the predominant species is
Mo,08%; . However, several other species coexist with comparable relative
concentrations at lower pH and lower total concentration.

Figure 3 showsthe distribution of molybdate speciesasafunction of pH and
metal concentration. Calculations were performed with the HY DRAQL soft-
ware (29) using the constants from Baes and Mesmer (12) reported in Table 1.
Thefigure clearly demonstrates that the distribution of metal ions varies with
both parameters. Tytko et al. (27) cited the formation of other complementary
polymolybdate species but in a higher concentration range than that investi-
gated in this study. In acidic solution with moderate concentrations the pre-
dominant species are the polynuclear forms: Mo;08S;, M0;0,3(OH)°~, and
Mo,0,,(OH)35™. They are thus characterized by a strong anionic charge con-
venient for electrostatic attraction onto the chitosan sorbent, whose surface
chargein acidic solutionsis strongly positive (Fig. 1). Thisconclusion is con-
sistent with results cited by Draget et a. for the molybdate crosslinking of chi-
tosan (17). The gelswere obtained by dispersing solid MoO3 in abuffered chi-
tosan solution: the crosslinking results from the reaction of protonated amino
groups with heavily negatively charged molybdate polyoxyanions. Juang and
Ju used these electrostatic mechanisms to increase sorption efficiency/selec-
tivity in copper recovery in acidic solutions by using a preliminary EDTA-
chelating step (30). The chelation of copper with EDTA allowsthe complex to
be negatively charged and suitable for sorption on positive chitosan surfaces.
Yoshida et al. interpreted similar electrostatic effects of dye sorption on chi-
tosan sorbents (31).

It has been suggested that pH control with sulfuric acid involves protona-
tion of the amine sites and the presence of HSO, and/or SO3~ in the neigh-
borhood of the binding sites. Inoue et a. propose this mechanism for palla-
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dium and platinum anion recovery on substituted chitosan sorbents (32). The
counterion is mainly HSO, for pH lower than 2, while sulfate predominates
at higher pH, and molybdate sorption occurs by anion exchange on positively
charged nitrogen sites.

For the optimum pH (ca. 24 pH range), the maximum uptake capacity
reaches almost 8 mmol-g~*. Taking into account the FA of the chitosan sam-



ple (0.13), the molecular weight of the average monomer unit is obtained us-
ing the following formula:

M = 161(1 — FA) + 203FA (4)

where 161 represents the molecular weight of the glucosamine residue and
203 represents that of the acetylglucosamine residue in the polymer.

The amine content in 1 g of polymer is thus 6 mmol, and consequently the
molybdate/amine ratio reaches amost 1.3 mmol Mo/mmol NH,, for the opti-
mum pH. A molar ratio exceeding 1 clearly demonstrates that polynuclear
species are involved in molybdate accumulation.

Distribution Coefficient

The distribution coefficient, calculated as the ratio of the solute content in
the solid phase to its content in the liquid phase, has been widely used to de-
scribe the equilibrium transfer of metal ions to a chitosan-like sorbent (32).
Figure 4 represents the evolution of the distribution coefficient with the pH.
For each individual pH value the related distribution coefficient was deter-
mined as the mean of values obtained from three different experimental sets
(corresponding to three sorbent dosages).

Inoue et al. showed that for most metal ions the distribution ratio continu-
ously increases with increasing pH when using modified chitosan sorbents.
They showed that the plotslie on astraight line whose slope equal sthe valence
of the adsorbed metal ions (32). Some of the metals investigated do not obey
thistrend, and the difference is attributed to the possi bl e oxidation of the metal
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FIG. 4 pH effect on the distribution coefficient for molybdate uptake on crosslinked chitosan
beads (O: experimental data; |: standard deviation range, obtained from experimental sets with
different sorbent concentrations; solid lines: linearization of distribution coefficient with pH).



[Co(I1) to Co(l11)] or to the ionic charge of the metal [VO?* for V(IV)]. They
related these behaviors to the observations made on the solvent extraction of
cationic metal ionswith acidic and/or chelating extractants, and explained that
the metal ions are adsorbed through a cation-exchange mechanism. They ob-
served a specific behavior for molybdate sorption, and attributed the differ-
ence to the formation of the unadsorptive anionic species HMoO; and
MoO3 . However, the present results cannot be directly compared to the study
of Inoue because of the differences in experimental procedures especially
metal concentrations (significantly lower in the present work) and the pH con-
trol imposed in this study [while Inoue et al. (32) only used the equilibrium
pH].

We observethat inthefirst part of the curve, from pH 1 to pH 3, the slope of
the curvetendsto 0.96. Inthe second part of the curvethe slopetendsto —0.71,
which can be compared to the relative charge of ionic molybdate species:
MoO3 /—2; HMo0O;/—1; M070,(OH)3 /—%, M070.,(OH)3 /-4,
M0;O,3(0OH)> /% = —0.71; M0,08%;/—%. The most favorable molybdate
species thus seems to be the M0,0,3(0OH)®>~ form.

The stoichiometry between amine sites and molybdate at maximum uptake
IS not consistent with such ratios, and this indicates that molybdate sorption
does not lead to a neutralization of the overall charge of the sorbent. The ex-
Istence of pendant complexes has been cited in the case of copper sorption on
chitosan (23), while several other configurations/mechanisms were suggested
for other metal ions such asion pair formation for palladium and platinum (32)
and atemplate effect for copper on tailor-made chitosan (33).

Contribution of Hydrolysis Mechanisms in Molybdate
Uptake

Figure 2 showed that sorption isotherms are strongly influenced by the pH
of the solution in both maximum sorption capacity and affinity coefficient (co-
efficient b of the Langmuir equation, also related to the initial slope of the
sorption isotherm curve). The concentration at which the sorption increases
significantly isalso afunction of the pH. Figure 3 showed that the distribution
of molybdate between free and hydrolyzed polynuclear species changes with
both pH and metal anion concentration. Figures 5-9 present the sorption
isotherms as well as the percentage of mono- versus polynuclear species for
pH 1 to 5, respectively. These figures clearly demonstrate that a relationship
exists between the concentration at which the sorption capacity increases sig-
nificantly and the concentration at which polynuclear species begin to appear
in the solution. The data points are rather fluctuant and irregular, and the most
favorable molybdate species for sorption may change with the pH of the solu-
tion. The comparison of individual polyoxyanion concentrations with the
sorption isotherm shapes did not give good correlation, and it was prefered to
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correlate the beginning of the sorption curve with the sum of the concentra-
tions of polynuclear hydrolyzed molybdate species.

Since mononuclear molybdate ions exist aone in the solution, the sorbent
isnot effective at removing metal anions, while for higher residual concentra-
tions in this pH range, the appearance of polynuclear hydrolyzed species in-
volves strong adsorption. Polynuclear hydrolyzed species are characterized by
alower relativeionic chargefor molybdate species, as stated below. Their pre-
dominance in the best pH—concentration areas indicates that a low relative
ionic charge for molybdate anions is required to reach a high sorption level.
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FIG. 6 Molybdate sorption at pH 2 (experimental data: @) and distribution of molybdate
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The correlation between the “limit” concentrations for sorption capacities
and the appearance of polynuclear formsis obviousfor pH ranging between 2
and 5. At pH 1 adlight shift appears, though the same global trend isfollowed.
This discrepancy may be explained by either the competitive effect of counte-
rions added to the solution during pH control or by a change in the sorbed
species. Indeed, Figure 4 shows that the distribution coefficient can be lin-
earized in two sections with different slopes. Below pH 2 and 2.5, the slope of
the curve tendsto +1.
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FIG. 8 Molybdate sorption at pH 4 (experimental data: @) and distribution of molybdate
between mono- (A) and polynuclear (C1) forms.
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FIG. 9 Molybdate sorption at pH 5 (experimental data: @) and distribution of molybdate
between mono- (A) and polynuclear ((J) forms.

M olybdate maximum sorption capacities exceed 7-8 mmol-g~*, and exceed
the equimolarity between Mo and N proportions, especially taking into account
thereductionintherelativefree nitrogen content after glutaral dehyde crosslink-
ing as acomplementary confirmation of the sorption of polynuclear species.

Modeling of Sorption Isotherms

In afirst attempt to model sorption isotherms that take into account the pre-
dominant effect of polynuclear species, sorption capacities were correlated to
polynuclear molybdate species concentration using the Langmuir equation.
The Langmuir sorption isotherm is

_ QmbC* .
9= T+ocr ©)

where C* is the concentration of polynuclear species (mmol Mo-L ™), gy, is
the maximum sorption capacity at monolayer coverage (mmol-g~ %), and b is
the affinity coefficient of the sorbent for the sorbate (L-mg™1).

Figure 10 shows the polynuclear molybdate species concentrations as a
function of both pH and total molybdenum concentration. The lines represent
the linearization of calculated data. The corresponding equations have been
used to determine the polynuclear molybdate concentration at equilibrium for
experimental data obtained in sorption isotherms. These corrected values of
polynuclear molybdate concentrations are taken into account for the modeling
of sorption isotherms using the Langmuir model equation. When polynuclear
molybdate species exist in solution, the corrected value is used, while for low
total concentrations involving only mononuclear species the residual concen-
tration in solution (to be used in the Langmuir model) is made equal to O ac-



Cpoly (mmol Mo/L)

Ctotal (mmol Mo/L)

FIG. 10 Molybdate polynuclear species’ concentration as a function of total molybdate con-
centration and pH (experimental points and linearized curves) [(A) pH 2, (¢) pH 3, (O) pH 4,
(©) pH 3].

cording to the following equations (6):
C* = CpolynuclearSpeCi&s = '\/C + B, forC = C”m — _B/,Y

where C;i,, = concentration for appearance of polynuclear species.
Figure 11 shows a superimposition of experimental points and curves ob-
tained with the Langmuir equation using corrected concentrations for calcula-
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FIG. 11 Experimental data modeling using Langmuir equation for corrected concentrations
(polynuclear species’ concentrations) [(A) pH 2, (¢) pH 3, () pH 4, (O) pH 5].



tion [the corrected values were converted to the actual total molybdate con-
centration by using the reciprocal form of Eq. (6) for drawing purposes].
Although the curves do not perfectly fit the experimental points, similar
trends are followed, which tend to confirm that the concentration of polynu-
clear speciesisthe key parameter for molybdate ion sorption on chitosan.

CONCLUSION

Chitosan is effective for removing molybdate with high sorption capacities,
exceeding 7 mmol Mo-g~*. However, sorption performances are significantly
affected by pH, asusually observed for metal ion sorption, but also by the dual
effect of pH and metal concentration. The occurrence of hydrolysis mecha-
nisms lead to the formation of polynuclear species whose ionic charge and
ionic size are significantly affected by experimental conditions.

The formation of pendant chelates and complexes and/or the ion-exchange
interactions of several molybdate moieties (on the same molecule) with sev-
eral sorption groups (on the biopolymer) may explain why the stoichiometry
between free or substituted amine sites and molybdenum exceeds 1. Nekovar
and Schrotterova discussed molybdenum(V1) removal using solvent extrac-
tion in relation to molybdenum speciation (34). They underlined the influence
of polynuclear hydrolyzed species on extraction efficiency, and they dis
cussed the molybdenum to amine stoichiometry in the organic phase in rela-
tion to the presence of polymolybdate species.

Optimum sorption occursin acidic mediafor which amine sitesare strongly
protonated: chitosan is one of the most cationic biopolymers. Sorption curves
are characterized by asigmoidal form: aninitial part of the curve exhibitsvery
low sorption capacity (corresponding to unfavorable sorption), which is fol-
lowed by asharp increase in sorption capacities. The extent of the unfavorable
section depends on the pH and is correlated to the concentration at which
polynuclear species significantly appear in the solution.

This hypothesis has been confirmed with modeling of sorption curves with
the Langmuir equation, taking into account only the sum of the concentrations
of polynuclear molybdate species.

These results explain some of the results observed in the sorption of molyb-
date using chitosan beads crosslinked with glutaraldehyde (14). In a statistical
and comparative study of sorption isotherms, obtained with varying initial
metal concentrations, it appears difficult to refute the hypothesis that the ini-
tial adsorbate concentration influences the sorption capacities. Increasing the
metal concentration involves achange in the distribution of metal ion species,
and consequently the affinity of the sorbent for metal species.

These results are al so consistent with the conclusions of a previous study of
the interaction mechanisms between molybdate and chitosan (35). FTIR,



NMR, and surface reflectance techniques have been used for the characteriza-
tion of molecular interactions, showing that sorbed species depend on the con-
centration of molybdate in the solution. However, areduction of molybdenum
has been observed on chitosan sorbents, especially when the sorbent is
crosslinked with glutaraldehyde. Thus, many chemical and physical interac-
tions occur between molybdate species and chitosan-based sorbents, making
the interpretation of sorption phenomenavery complex.
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