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ABSTRACT: A chitosan-supported palladium catalyst
was prepared by immobilization of palladium on glutaral-
dehyde crosslinked chitosan followed by in situ chemical
reduction. This catalyst was successfully used for the deg-
radation of 4-nitroaniline (4-NA) in the presence of sodium
formate, used as the hydrogen donor. The reaction product
was 1,4-phenylenediamine. The degradation was favored by
acidic pH. A 10 to 15 excess of formate (compared to 4-NA)
is required to achieve complete degradation of the substrate.

The reaction appears to be limited to the external layers of
the catalyst: small particle size is required to optimize the
degradation kinetics. Alternatively, an increase of catalyst
dosage is required to increase kinetic rates but at the expense
of palladium consumption. © 2004 Wiley Periodicals, Inc. ] Appl
Polym Sci 94: 1634-1642, 2004
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INTRODUCTION

Nitroaromatic compounds and their reduction prod-
ucts are frequently found in wastewater and soils as a
result of the manufacture of many explosive materials
(such as trinitrotoluene).! Due to their toxic and mu-
tagenic impact, even at very low concentration, many
processes have been developed to recover them from
dilute solutions. Adsorption processes have been de-
veloped using, for example, polymers." However,
there is increasing interest in the development of deg-
radation processes that avoid the simple transfer of
the pollutant from a disperse medium to a controlled
phase (as occurs with adsorption processes). Biologi-
cal processes have been developed but they require
very strict control of experimental conditions. Cata-
lytic and photocatalytic processes are frequently cited
as a promising alternative to conventional treat-
ments.>® Although homogeneous catalysis remains
widely used in the chemical industry, the cost of some
catalytic metals (such as platinum group metals)
and/or metal complexes has increased the interest in
developing supported catalysis. Supported-catalysis
facilitates recovery of the metal after chemical reac-
tion. Mineral materials (silica, alumina, zeolites)*® and
activated carbon are frequently used to support cata-
lytic metals.®” Polymeric supports have recently re-
ceived a great deal of attention.® Indeed, the structure
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of the polymer can provide additional advantages
such as enantioselectivity.” ' Hence, the supplemen-
tary cost of specially tailored polymers can be com-
pensated by very important additional properties, es-
pecially in the field of chemical synthesis. Orientation
of the reaction toward the synthesis of preferred spe-
cies increases the interest in a given reaction. Indeed,
the stereospecific properties of these materials are able
to improve the selectivity of the reaction.”!'~'*

Polymer-supported catalysis has mainly been devel-
oped using synthetic polymers.®'"'*> However, there
is increasing interest in the use of natural polymers.
These biopolymers are frequently characterized by
highly enantioselective properties and have been used
for chiral separation.””™ Moreover, these supports
come from renewable resources and are usually
cheaper than supports such as zeolite that require
elaborate production processes. For these reasons
many studies have recently focused on using biopoly-
mers such as chitosan.”’® The high affinity of chi-
tosan for metal ions is another important reason that
helps to explain this increasing interest in chitosan as
a support for heterogeneous catalysis. Chitosan, pro-
duced by the alkaline deacetylation of chitin, the most
abundant polymer in nature, is made up of glu-
cosamine and acetylglucosamine units. The polymer is
characterized by a high percentage of amine functions,
which are very reactive with metal ions, involving
such different mechanisms as chelation for metal cat-
ions in near-neutral solutions and ion exchange for
metal anions in acidic solutions.

For example, in the case of precious metals such as
gold, palladium, or platinum, sorption capacities as
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high as 1-2 mmol metal g ' can be reached with

chitosan that has simply been crosslinked (to avoid the
polymer dissolving in acidic solutions).*”*° In the case
of other metals, the sorption capacity can reach levels
as high as 7-8 mmol metal g~ ' (for example for mo-
lybdate or vanadate sorption).?"*> While some of these
metals can easily be desorbed by pH variation (alka-
line desorption for metal anions, and acid desorption
for metal cations), others are strongly bound to the
biopolymer. Above pH 1, the amounts of palladium
and platinum that can be desorbed do not exceed a
few percent. The precious metals thus remain stable
on the catalyst. These catalysts are also environmen-
tally friendly since, at the end of the life cycle, the
polymer can be thermally degraded to recover pre-
cious metals with minimum contamination effect com-
pared to some common resins and polymers.

We had previously designed chitosan-supported
palladium catalyst for the reduction of chromate in
dilute solutions®® and more recently for the dehaloge-
nation of chlorophenol® and degradation of nitrophe-
nol.>* The preparation of the support consists of a
two-step procedure: (a) first, sorption of the precious
metal on the previously conditioned polymer (to
avoid the polymer dissolving), followed by (b) chem-
ical reduction of the metal immobilized on the
biopolymer.26 The chromate reduction, chlorophenol
dehalogenation, and nitrophenol degradation were
performed using sodium formate as the electron or
hydrogen donor. The procedure for catalyst prepara-
tion described in this study allowed the use of sodium
formate while the procedure described in other recent
papers, using palladium deposited on chitosan in al-
coholic medium (and subsequent reduction in alco-
holic medium),?* was revealed to be inefficient for the
target reaction using sodium formate (unpublished
results). The use of hydrogen gas as the hydrogen
donor is an alternative process (currently under inves-
tigation) that is expected to facilitate practical applica-
tion and improve kinetic regulation, although the re-
action can be controlled by the hydrogen solubility in
water and by the exchange surface area between gas
phase and liquid phase (using thin hollow fibers with
high external surface area is of great interest when
using hydrogen gas). Hydrogen gas has also been
successfully used for hydrogen transfer reaction in the
degradation of nitrophenol.”

The present work focuses on the degradation of
4-nitroaniline using a palladium catalyst immobilized
on chitosan. In this study sodium formate has been
used as the hydrogen donor; however, recent investi-
gations showed that other hydrogen donors can be
used including hydrogen gas, sodium borohydride, or
hydrazine (unpublished results).The influence of sev-
eral parameters on nitroaniline degradation kinetics
and conversion yield was tested: pH, sodium formate
concentration, nitroaniline concentration, catalyst dos-
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age (CD), catalyst particle size (PS). Previous experi-
ments on nitrophenol degradation confirmed that ag-
itation speed hardly influenced degradation kinetics.*

METHODS
Materials

Chitosan was supplied by Aber Technologies (Plou-
vien, France). It was previously characterized.”” The
degree of deacetylation is 87% and the molecular
weight is 125,000 g mol '. Chitosan was ground and
sieved to separate it into samples of different particle
sizes: 0 < PS1 < 125 um < PS2 < 250 um < PS3 < 500
pm < PS4 < 710 pm. Another sample (PS0) was
prepared by grinding the PS1 fraction and sieving the
final powder to select the 0- to 63-um-size fraction.
4-Nitroaniline was purchased from Fluka (Switzer-
land) as an analytical grade product. PdCl, was pur-
chased from Acros. Other reagents (acids, zinc,
HCOONa) were supplied by Carlo Erba (Italy).

Sorbent preparation

Since chitosan is soluble in hydrochloric acid it cannot
be used as supplied, and a crosslinking treatment is
required. Chitosan was crosslinked with glutaralde-
hyde by contact of chitosan with glutaraldehyde solu-
tion (10%, w/w). The volume of glutaraldehyde solu-
tion and the mass of chitosan were set to reach a 1:1 M
ratio between the amine groups of the polymer and
the aldehyde functions of the crosslinking agent. Fi-
nally, the particles were abundantly rinsed to remove
traces of unreacted glutaraldehyde and dried at 100°C.

Palladium sorption

The sorbent (1 g) was mixed for 24 h with a palladium
solution (2 L) at a concentration of 200 mg Pd L™" at
pH 2. The solutions were then filtered and the residual
concentration of palladium in the solution was mea-
sured using inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES, Jobin-Yvon JY 2000,
Longjumeau, France). The sorption capacity (amount
of palladium adsorbed on the sorbent, q, mg Pd g™ ")
was obtained by the mass balance equation.

Procedure for palladium reduction

The reduction treatment consisted of bringing the
loaded sorbent (200 mg) into contact with 100 mL of
sulfuric acid solution (1% w/w) and 300 mg of zinc
(provided as a fine powder). Since these drastic treat-
ments can partially dissolve chitosan, it was necessary
to measure the actual weight of the solid at the differ-
ent stages in the synthesis process.
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Figure 1
catalyst.

TEM image of chitosan-supported palladium

By taking into account the change in the weight of
the solid during the sorption and reduction steps, it
was possible to calculate the amount of palladium
contained in the final product. Palladium content was
close to 105 mg Pd g '. A digestion/mineralization
procedure (contact of the catalyst with a hydrochloric
acid and hydrogen peroxide mixture) was used to
disrupt the polymer and dissolve the metal. ICP anal-
ysis confirmed the actual palladium content, 102 mg
Pd g~ ! catalyst in the standard PS1 particle size. For
the study of particle size effect, other samples were
specially prepared with higher concentrations of pal-
ladium in the loading bath. The same procedure was
used for the determination of palladium content, giv-
ing 153, 144, 132, and 124 mg Pd gfl for PS1 (and PSO,
resulting from grinding and sieving of fraction PS1),
PS2, PS3, and PS4, respectively.

Characterization of the catalysts

Transmission electron microscopy (TEM) was used to
measure the size of Pd nodules or crystals. Catalyst
particles were incorporated in a liquid resin and, after
crosslinking of the resin, thin slices of resin (60 um)
were cut using a microtome. TEM observations
showed that the size of metal crystals was close to 4-5
nm (Fig. 1). This is a critical parameter for catalytic
activity: in most cases the smaller the size of the cat-
alyst nodules, the greater the activity.® The particles
were highly dispersed in the material although a slight
gradient was observed between the center and the
periphery of the particles. Some aggregates were also
observed: agglomeration of small nodules led to the
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formation of large palladium aggregates (around
30 nm).

X-ray photoelectron spectroscopy (XPS) analysis
was also performed to determine the oxidation state of
the palladium on the catalyst. It was shown that only
50 to 60% of palladium was reduced from Pd(II) to
Pd(0).

Procedure for nitroaniline degradation

4-Nitroaniline (4-NA) was degraded, unless otherwise
specified, by contact of 5 mg of catalyst with 50 mL of
a nitroaniline aqueous solution containing the organic
compound at a concentration of 25 mg L™" (approxi-
mately 0.18 mM) and sodium formate at a concentra-
tion of 25 mM. Experiments were performed at room
temperature (i.e., T = 20 = 1°C). The pH was initially
controlled at pH 3 (unless specified) using a molar
sulfuric acid solution. Samples were collected at se-
lected contact times (ranging between 0 and 90 min)
and filtered. A comparative experiment was per-
formed using hydrogen gas as the hydrogen donor:
the reactor containing the substrate (for which pH was
controlled to pH 3) and the catalyst were first con-
nected to a vacuum pump to remove air (and oxygen
in the atmosphere of the reactor) and then hydrogen
gas was flushed out for 10 s. Samples were regularly
collected through a filtration system before analysis.

The filtrates were analyzed using a UV spectropho-
tometer (Varian 2050) to measure the absorbance of
the solutions at 380 nm, after the sample (1-mL vol)
had been acidified with 20 wL of sulfuric acid solution
(1% w/w). Acidification treatment allows the pH to be
maintained at the same value for convenient determi-
nation of nitroaniline absorbance (that could change
with the pH). This treatment results in a decrease of
the intensity, compared to a nontreated sample, but it
leads to reproducible analytical determinations. For
the determination of reaction products (especially for
Figs. 2 and 9) the samples were not acidified to pre-
vent the masking of phenylenediamine (reaction prod-
uct). Test experiments were performed to check the
actual influence of the catalyst and hydrogen donor. In
the absence of either hydrogen donor or catalyst, the
reaction did not occur.

RESULTS
Characterization of decomposition products

Lauwiner et al. studied the reduction of aromatic nitro
compounds with hydrazine hydrate using an iron ox-
ide hydroxide catalyst and found that nitroaniline
compounds were systematically converted into phen-
ylenediamine compounds.’” Xu et al. and Xi et al.
investigated the hydrogenation of a series of aromatic
nitro compounds using a palladium catalyst sup-
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Figure 2 UV-spectra of the solution during the hydroge-

nation reaction of 4-NA using a chitosan-supported palla-
dium catalyst and sodium formate as the hydrogen donor,
compared to the spectra of the substrate (4-NA) and final
product (1,4-phenylediamine, 1-4 PDA, bold line) catalyst
([F]: 25 mM; [4-NAJ: 25 mg L™'; CD: 100 mg L™ ; PS: 0-63
um; numbers on the curves give contact times).

ported on vinylpyridine-based polymers. Nitroaniline
compounds were systematically converted into phen-
ylenediamine.’®*® This kind of reaction is typically
used for the production of phenylenediamine.*’ Xu et
al. observed that the rate of hydrogenation of nitro
compounds is strongly controlled by the structure of
the substrate and more specifically to the type of sub-
stituent close to nitro moiety: electron-donating
groups are more favorable for degradation than elec-
tron-withdrawing groups.® Amino and methoxy
groups may increase the electron density of the nitro
group, which in turn favors substrate coordination
with palladium. Conversely, electron-withdrawing
groups are not favorable to the activation of the nitro
group. The reaction may be also controlled by steric
effects. Hence, at low conversion the rate order was
found to be p- > m- > o-substituted nitrobenzenes,
while at higher conversion the rate order was p-> 0- >
m-substituted nitrobenzenes.>®

Figure 2 shows the UV-spectra of the solution dur-
ing the course of hydrogenation reaction compared to
reference materials 4-NA and 1,4-phenylenediamine
(1-4 PDA) in the presence of sodium formate. The fast
disappearance of 4-NA was observed, while the pres-
ence of sodium formate in the solution masked the
appearance of 1-4 PDA. However, at long contact
time, the peak representative of 4-NA completely dis-
appeared and new peaks at 235 and 287 nm appeared:
these peaks represent 1-4 PDA in the presence of
sodium formate at acidic pH.

Influence of pH

The pH of the solution is a key parameter since it
controls the adsorption of the reagents at the surface
of the catalyst. Indeed, due to the acid—base properties
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of chitosan, whose pK, is close to 6.5, free amine
groups of the polymer (nonsaturated with glutaralde-
hyde linkages or metal bonds) are protonated in acidic
solutions. Hence, interactions of the catalytic supports
with the hydrogen donor (i.e., sodium formate) are
controlled by the electrostatic balance between the
support and the reagent. Actually, the optimum pH
conditions correspond to a moderate attraction of the
reagent at the surface of the catalyst, while in the case
of a strong interaction the reagent would saturate the
surface of the catalyst, preventing desorption and ac-
cess for substrate molecules.

Figure 3 shows the effect of the pH of the solution
(varied between 2.1 and 6.1) on the degradation kinet-
ics of 4-NA. In the range of pH 2.1 to 4.1, the curves
perfectly overlapped and the substrate was com-
pletely degraded within the first 60 min of contact
under selected experimental conditions. At pH 5.1 and
6.1, the curves overlapped and even after 2 h of con-
tact 4-NA was not completely degraded: the degrada-
tion yield did not exceed 90%. At pH close to the pK,,
the protonation of chitosan was not complete and the
attraction of formate anions was less efficient: the
amount of formate anions sorbed at the surface of the
catalyst may be rate limiting.

With weakly acidic solutions, pH variation (due to
formate degradation and formation of carbon dioxide
that buffered the solution) was significant. For this
reason pH 3 was selected as the initial pH for further
experiments, allowing the pH to be considered con-
stant during the degradation operation.

Influence of formate concentration

The concentration of the hydrogen donor is a critical
parameter in these catalytic reactions.”**® A marked
effect of sodium formate concentration was observed,
especially at low reagent concentration (Fig. 4). In the
2.38-25 mM concentration range, the concentration of
hydrogen donor was sufficient to completely degrade
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Figure 3 Influence of pH on 4-NA degradation on a chi-
tosan-supported palladium catalyst ([F]: 25 mM; [4-NA]: 25
mg L™ CD: 100 mg L™%; PS: 0-125 um).
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Figure 4 Influence of formate concentration on 4-NA deg-

radation on a chitosan-supported palladium catalyst (pH 3;
[4-NAJ: 25 mg L™%; CD: 100 mg L™'; PS: 0-125 um).

the substrate. However, the time required to achieve
the degradation increased with decreasing concentra-
tion of sodium formate. In the 6.25-25 mM concentra-
tion range, the curves overlapped perfectly and 50 min
of contact was sufficient to completely degrade the
nitroaniline. The required contact time was doubled
when the concentration of hydrogen donor was de-
creased to 2.38 mM. When formate concentration was
halved, to 1.56 mM, the degradation kinetics was sig-
nificantly lowered and even after 2 h of contact, the
degradation yield did not exceed 75%. The concentra-
tion of hydrogen donor controlled both the equilib-
rium, in the case of a lack of reagent, and the kinetics
(at higher formate concentrations). It is interesting to
observe that the minimum excess of sodium formate
required for a complete degradation of 4-NA corre-
sponded to a molar ratio F/4-NA of 13 (2.38 mM for
the degradation of a nitroaniline concentration of 0.18
mM). This required excess (materialized by the for-
mate/4-nitroaniline ratio, F/4-NA) was comparable to
that obtained with nitrophenol, although it was shown
to decrease with increasing reaction temperature.*!

In the case of a large excess of hydrogen donor, the
concentration of sodium formate can be considered
constant throughout the degradation kinetics and the
shape of the degradation kinetic curve is the typical
shape of pseudo first-order kinetics.

dc(t) C()

T —k,C(t) or ln[co]= —kot, (1)

where C, and C(f) (mg L™') are the initial substrate
concentration and the concentration at time ¢, respec-
tively. The parameter k, (min ') is the kinetic param-
eter for the first-order kinetic equation. Figure 5 shows
some examples using this equation to model experi-
mental results.

However, in some cases that will be discussed later,
the apparent first-order equation failed to fit experi-
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mental data and it was necessary to use the Lang-
muir-Hinshellwood equation.

When the data cannot be fitted using the simple
first-order model, in the case of supported catalysis,
Schiith and Reinhard use the following equation for
modeling the kinetics:’

ACt)  —kCH)
it 1+kCh (2)

where k; (min~') and k, (L mg™') are the kinetic
parameters.

This type of rate law is often observed for hetero-
geneous reactions in batch reactors with a constant
volume and accounts for reactions that shift in order
from zero to 1 as the substrate is utilized. Figure 5
(top) confirms that, at short contact times, the plot of
the logarithm of the relative concentration versus time
was not linear and became linear only when contact
time increased (and the substrate was utilized). Inte-
gration of differential Eq. (2) gives the solution

P T IS C, — C(t 3
_kl nC(t) 2(0 ()) ()
0
1A
D)
S 5. ;
g 39 1or188mM
E or: X
4 AF 12.5mM o
+F:3.13mM %
"5 T T T T T
0 10 20 30 40 50 60
Time (min)
1 el
x F: 6.25 mM
0.8 - +F3.13mM
Q 0.6
S 0.4 -
0.2 1
0 T T T T )l<
0 10 20 30 40 50 60
Time (min)

Figure 5 Modeling of degradation kinetics (top: first-order
equation plot—Eq. (1), bottom: variable order equation
model-Eq. (2)). (pH 3; [4-NA]: 25 mg L™, CD: 100 mg L™ ;
PS: 0-125 um).
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TABLE 1
Influence of Sodium Formate Concentration ([F], mM) on
Kinetic Parameters for Nitroanaline Degradation
(ko, min~%; k;, min™%; k,, L mg™")
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TABLE 1I
Influence of Nitroaniline Concentration ([4-NA], mg L™%)
on Kinetic Parameters for Nitroanaline Degradation
(ko, min~"; k;, min™%; k,, L mg™")

[F] ko 102 k, 102 ky, 10> [4-NA] ko 102 k, 102 ky 102
25 7.14 — — 12,5 9.48 — —
18.8 8.01 — — 25 7.14 — —
12,5 8.20 951 046 50 — 8.53 1.65
6.25 9.02 9.72 0.69 75 — 8.89 0.39
3.13 6.05 6.47 0.46 100 — 6.97 0.55
2.38 — 6.96 3.87

Kinetic parameters were determined using a nonlinear
regression analysis tool. The first term (from the left-
of the right-hand side of the equation) represents a
pseudo first-order kinetic equation, while the second
term represents a zero-order kinetic equation. Figure 5
(bottom) shows the modeling of selected experimental
data with Eq. (2).

Table I shows the kinetic parameters obtained from
Egs. (1) and (2) using a least-squares regression anal-
ysis to determine the parameters of the pseudo first-
order equation and a nonlinear regression analysis
(nonlinear regression tool with Levenberg-Marquardt
algorithm in the Mathematica software package). The
values of the kinetic parameters were of the same
order of magnitude for concentrations ranging be-
tween 6.25 and 25 mM (between 0.07 and 0.09 min ).
With decreasing formate concentration, the variable
order equation fitted experimental data better. At very
low formate concentration, the kinetic parameters k;
and k, decreased.

Influence of 4-NA concentration

The degradation kinetics were hardly affected by the
increase in initial nitroaniline concentration (Fig. 6).
As expected, increasing the concentration of nitroani-
line resulted in a slight increase in the time required to

1
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0.8 1% o Co:25 mg/L
0.6 5O 4 Co: 50 mg/L
.6 1 Bx
E*i X Co: 75 mg/L
=, o]
0.4 % © Co:100 mg/L
d
0.2 4 & x
° 8
0 S T
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Figure 6 Influence of nitroaniline concentration on 4-NA
degradation on a chitosan-supported palladium catalyst
(pH: 3; [F]: 25 mM; CD: 100 mg L™ '; PS: 0-125 um).

achieve complete degradation of the substrate. The
formate concentration was set at 25 mM. This main-
tained an excess of hydrogen donor compared to sub-
strate, which explains why the curves almost over-
lapped. Even with a 100 mg L™" concentration of
nitroaniline, the molar ratio of F/4-NA was as high as
35, indicating a large excess of formate.

Table II gives the kinetic parameters. Below a ni-
troaniline concentration of 50 mg L™ the pseudo first-
order equation fitted experimental data well. For ni-
troaniline concentrations of 50 mg L™! and above, the
variable order model (Eq. 2) was more appropriate for
the modeling of experimental data. The kinetic param-
eters ko and k; hardly varied between 7 and 9.5 min ™"
Parameter k; is analogous to parameter k, for systems
in which parameter k, (and k,C) are negligible. Al-
though the comparison of the values for k, and k; is
not fully acceptable, it gives a preliminary indication
of the trend in the variation of kinetic rate. The con-
centration of nitroaniline did not significantly affect
the degradation rate under the selected experimental
conditions, with an excess of hydrogen donor.

Influence of catalyst particle size

The size of catalyst particles was varied to test the
influence of diffusion mechanisms on the control of
degradation rates. Figure 7 shows that this parameter

1
a PSO
0.8 © PSI1
) A PS2
0.6 X
% % X x PS3
S04 0d 3 o PS4
X
& 5
0.2 % ® x
o A o ¥
0 Balas . O B o X
T T T = B 3 T

0 30 60 90 120 150 180
Time (min)

Figure 7 Influence of catalyst particle size on 4-NA deg-
radation on a chitosan-supported palladium catalyst (pH: 3;
[F]: 25 mM; [4-NA]J: 25 mg L~ '; CD: 100 mg L™").
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TABLE III

Influence of Catalyst Particle Size on Kinetic Parameters

for Nitroanaline Degradation (k,, min™")

Particle size (um) ko 107
0-63 17.26
0-125 13.50
125-250 7.14
250-500 2.71
500-710 2.89

had a significant effect on the kinetic rate but did not
influence the conversion yield. The curves for PS0 and
PS1 catalysts superimposed perfectly. For a size of
catalyst particle in the range 0-125 um the diameter of
the particle did not affect the kinetics of the reaction. A
similar conclusion can be reached in the case of PS3
and PS4 catalysts. However, in this case the kinetics
were significantly slower. Hence, 4-5 min of contact
was sufficient to halve the initial concentration in the
case of PS0 and PS1 catalysts while the half-reaction
time (HRT) reached 25 min for PS3 and PS4 catalysts.
The PS2 catalyst had intermediate behavior: the HRT
was close to 8 min. Similar results were obtained in the
case of chlorophenol dehalogenation and nitrophenol
degradation using the same catalyst.*>** The positive
effect of size decrease may be explained by several
reasons: (a) increase of palladium loading (see Exper-
imental), (b) increase of external surface area, (c) lim-
itation of diffusion restrictions.

The impact of catalyst loading is relatively limited.
Indeed, previous studies performed with the same
catalyst on nitrophenol degradation showed that the
catalytic activity was only slightly varied by increas-
ing palladium loading: palladium is more efficiently
used at low metal loading. The increase of external
surface area usually controls mass transfer through
the film around catalyst particles. Decreasing particle
size is thus expected to increase degradation kinetics.
Decreasing particle size has a significant effect on the
resistance to intraparticle mass transfer, especially in
the case of low-porosity materials. Chitosan is charac-
terized as a weakly porous material so the diffusion of
solute molecules to the center of the particle may be a
critical parameter.

By analogy with adsorption processes,** the kinetic
rate is expected to vary with the reciprocal of particle
radius in the case of systems controlled by film diffu-
sion and with the reciprocal of the square of particle
radius for systems controlled by intraparticle diffu-
sion. Table III reports on the kinetic parameter k, for
varying size of catalyst particles. The correlation of the
kinetic rate with the reciprocal of both particle radius
and square particle radius was checked. None of these
correlations gave a convincing trend. It is possible to
suggest that both external and intraparticle diffusion
resistance controlled the kinetic rate.
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Alternatively, it also possible to suggest that the
reaction was limited to the external surface of the
catalyst or to thin external layers of the particles and
that the internal palladium crystals did not signifi-
cantly contribute to the reaction. This would explain
why palladium was more efficiently used with low
palladium-loaded particles, as previously cited. In this
case, the maximum thickness to be respected for the
optimum use of palladium on the support would be
close to 60-70 um. TEM analysis showed that the
distribution of palladium crystals was denser at the
periphery of the particle. It is also possible that the
reduction of palladium during the preparation of the
catalyst may be less efficient at the center of the par-
ticle. Although the distribution of palladium is ex-
pected to be homogenous through the particle with
saturation of the sorbent as shown in previous
works,*>** the slight differences observed may be due
to short contact times not sufficient to achieve equilib-
rium and saturation of the sorbent. Additionally, the
size of catalyst particles may affect the ability of Pd
immobilized in the central part of catalyst particles to
be reduced. This may contribute to increase the heter-
ogeneity of the catalyst and improve the impact of this
experimental parameter.

Influence of catalyst dosage

The catalyst dosage (CD) was varied around the ref-
erence value (i.e., CD: 100 mg Lfl) to check whether
this experimental parameter affects the initial or final
section of the kinetic curves. Figure 8 shows that the
curves overlapped in the first section of the curve (up
to a contact time of 5 min) that is usually controlled by
external film diffusion, while the second section of the
curve was significantly influenced by catalyst dosage.
While 90 minutes were necessary to achieve 4-NA
degradation at low catalyst dosage (i.e., CD: 50 mg
L"), the end of the degradation kinetics was reached
after 60 min and 30 of contact time for CD: 100 mg L™"
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Figure 8 Influence of catalyst dosage on 4-NA degradation
on a chitosan-supported palladium catalyst (pH: 3; [F]: 25
mM; [4-NA]: 25 mg L~ ; PS: 0-125 pm).
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TABLE IV
Influence of Catalyst Dosage (CD, mg L™") on Kinetic
Parameters for Nitroanaline Degradation (k,, min~")

CcD ko 102
50 3.45
100 7.14
200 14.11

and CD: 200 mg L', respectively. Similar variations
were observed with the HRT: 17, 10, and 5-6 min for
CD: 50 to 200 mg L™'. Kinetic parameter k, varied
linearly with catalyst dosage as shown in Table IV.

Since the initial slope of the curve was not affected
by the increase in catalyst dosage, we can suspect that
the reaction was not being controlled by external dif-
fusion: the increase in external surface area increased
with catalyst dosage. This could confirm that the re-
action only occurs in the first external layers of the
particle (thickness evaluated to be 6070 um from the
results obtained at different particle sizes). The limi-
tations due to diffusion in the first layers of the cata-
lyst particles were compensated by the increase in the
number of available palladium crystals at the external
surface of the catalyst (as a result of the increase in
catalyst dosage).

Influence of the type of hydrogen donor

To evaluate the impact of the type of hydrogen donor
as seen in Figure 9, the kinetic profiles for the degra-
dation of 4-NA with Pd-supported catalyst were op-
erated using hydrogen gas (at the pressure of 1 bar)
under similar experimental conditions as those se-
lected for Figure 2. Using hydrogen gas as the hydro-
gen donor allows the kinetics of degradation to be
increased substantially. Basically, the time required
for achieving the degradation of the substrate was
halved when sodium formate was substituted with
hydrogen gas, while with sodium formate 60 to 75 min
was necessary for achieving the complete degradation
of 4-NA (at the concentration of 25 mg L™'): after 30
min of reaction 4-NA was fully converted into 1-4
PDA. Preliminary experiments (not shown) clearly in-
dicated that the kinetics of the hydrogenation process
depended on the interfacial surface between the gas
phase and the liquid phase. Hydrogen transfer to the
liquid phase revealed a limiting step.

CONCLUSION

Chitosan proved to be a suitable support for the im-
mobilization of palladium in the manufacture of pal-
ladium-based catalysts. The high sorption capacity,
the stability of palladium on the sorbent over a wide
range of pH, and the versatility of the material (chem-
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ical modifications, physical conditioning in the form of
membranes, fibers, hollow fibers) justify the use of this
biopolymer for the preparation of supported catalysts.
Tested on nitroaniline degradation the catalyst was
very efficient at degrading this organic contaminant
using sodium formate as the hydrogen donor. Opti-
mum degradation occurred at pH close to 3. Formate
must be in excess to allow complete nitroaniline deg-
radation and optimum degradation kinetics were ob-
tained when the molar ratio F/4-NA was greater than
13. Maintaining this required excess of hydrogen do-
nor enables complete degradation of nitroaniline over
a large concentration range. The catalyst dosage and
size of catalyst particles are important experimental
parameters. The reaction appears to be limited to ex-
ternal layers of the particles. Hence, decreasing the
particle size or increasing the catalyst dosage signifi-
cantly improved degradation kinetics.

These results must be considered a demonstration
of the possibility of using chitosan as a support for
heterogeneous catalysis. Although catalytic perfor-
mance should be increased to be competitive with
conventional materials, these preliminary data serve
to identify the limiting parameters of the process and
the critical characteristics of the catalyst. The challenge
for the development of chitosan-supported Pd-cata-
lysts is clearly the control of diffusion properties (and
appropriate polymer conditioning) and the control of
Pd reduction efficiency. Increasing the percentage of
Pd reduced to the metal state will result in a signifi-
cant increase of its reactivity. Another method for
improving catalytic activity consists of using hydro-
gen gas as the hydrogen donor.

The dramatic effect of particle size can be mini-
mized using appropriate conditioning of the polymer.
Hollow chitosan fibers were therefore prepared,* this
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& 0.4 1 PS: GO
g pH3
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Figure 9 UV-spectra of the solution during the hydroge-

nation reaction of 4-NA using a chitosan-supported palla-
dium catalyst and hydrogen gas as the hydrogen donor,
compared to the spectra of the substrate (4-NA) and final
product (1,4-phenylediamine, 1-4 PDA, bold line) catalyst
P(H,): 1 bar; [4-NA]: 25 mg L™'; CD: 100 mg L™ *; PS: 0-63
wm; numbers on the curves give contact times).
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support having recently been used for palladium im-
mobilization and the preparation of a new catalytic
system (after appropriate chemical reduction). Hollow
catalytic fibers can be used for similar reactions: with
solutions being flowed through the lumen of the fiber,
while the hydrogen donor is circulated outside the
fiber. Sodium formate and hydrogen gas were success-
fully used as hydrogen donors for the degradation of
nitrophenol using these catalytic chitosan-made hol-
low fibers.*

The authors thank the ANVAR (Agence Nationale de Val-
orisation de la Recherche) for financial support for the
Chito/Cat project.
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