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RESUME

La faisabilité de l'oxydation du lactose vers 'acide lactobionique en milieu alcalin
en présence d'un ecatalyseur bimétallique hétérogéne Bi-Pd supporté sur la silice
mesostructurée, SBA-15, a été étudi¢e dans un réacteur discontinu agité,

Les objectifs étaient @ (i) la formulation du catalyseur bimétallique avec la charge
optimale des métaux sur le support, (i) 'optimisation des conditions de réaction: la
température, le débit d'air, le rapport métal/lactose, le pH; (iii) I'évaluation de la stabilité du
catalyseur et de sa performance dans des études & plus grande échelle.

Les réactions ont été effectudes 4 des températures comprises entre 38 et 80°C et le
pH situé entre 7 et 9. Le catalyseur 1.02% Pd 0.64% Bi/SBA-15 avec un rapport molaire de
Bi:Pd=0.3 a montré une activité et une sélectivité envers 'acide lactobionique les plus
¢levées. Les conditions optimales du procédé ont été déterminés 4 65°C et & un pH de 9
avec un controle strict de Toxygéne dissous (<1% @& la concentration d’équilibre de
Ploxygéne a la température de la réaction). Aprés 3 heures de réaction, le nouveau
catalyseur a montré une trés bonne stabilité 4 la lixiviation des métaux. L'activité et la

sélectivité du nouveau catalyseur sont reliés a l'alliage Bi ;sPd trouvé.



ABSTRACT

The feasibity of microaerial oxidation of lactose to lactobionic acid (LBA) in
alkaline medium over heterogeneous bimetallic Bi-Pd catalyst supported on mesostructured
silica material, SBA-15 in an agitated batch reactor was studied.

The objectives were: (1) formulation of the bimetallic catalyst with optimum metal
loading on the support, (ii) optimization of reaction conditions, metal/lactose ratio,
temﬁcrature, airflow, pH of the réactinn and (iii) evaluation of catalyst stability and its
performance in scale-up studies.

Reactions were carried out in a range of temperature (38 — 80°C) and pH (7-9).
The 1.02%Pd 0.64%Bi/SBA-15 catalyst with Bi:Pd=0.3 molar ratio showed the highest
activity and selectivity towards lactobionic acid. The optimal conditions were found at
65°C and pH 9 with a systematic control of dissolved oxygen (<1% of O; equilibrium
concentration at reaction temperature). After 3 hours of reaction, the novel catalyst has
shown to have a very good stability against metals leaching. The activity and selectivity of

the novel catalyst appear to relate to Biy +s Pd alloy.
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RESUME ETENDU

La faisabilité de l'oxydation du lactose vers I'acide lactobionique en milieu alcalin
en présence d’un catalyseur bimétallique hétérogéne Bi-Pd supporté sur la silice
mesostructurée, SBA-15, a été étudiée dans un réacteur discontinu agité.

Les objectifs étaient : (i) la formulation du catalyseur bimétallique avec la charge
optimale des métaux sur le support, (i) 'optimisation des conditions de réaction: la
température, le débit d'air, le rapport métal/lactose, le pH; (iii) I'évaluation de la stabilité du
catalyseur et de sa performance dans des études a plus grande échelle. '

Le catalyseur bimétallique Bi-Pd préparé par 'imprégnation successive de la
SBA-15 a été testé dans la réaction d’oxydation du lactose. Les réactions ont été effectuées
a des températures comprises entre 38 et 80°C et le pH situé entre 7 et 9. Le catalyseur
1.02% Pd 0.64% Bi/SBA-15 avec un rapport molaire de Bi:Pd=0.3 a montré une activité et
une sélectivité envers 'acide lactobionique les plus élevées. Les analyses DRX, MET,
chimisorption d'H; et BET ont confirmé la structure mésoporeuse du catalyseur et la
disposition uniforme de particules de Pd et dalliage Pd-Bi dans les pores de matériaux
SBA-15. L'analyse ESCA a confirmé la présence d'un alliage Bi, 75Pd qui est responsable
de l'activité et de la sélectivité du nouveau catalyseur.

Les conditions optimales du procédé ont été déterminés & 65°C et & un pH de 9 avec
un controle strict de l'oxygeéne dissous (<1% a la concentration d’équilibre de 'oxygéne a
la température de la réaction), quand la conversion du lactose est maximale (96.14%). Les
cinetiques de la réaction d’oxydation du lactose ont montré une forte dépendance de la
conversion du lactose avec le pH et la température. Aprés 3 heures de réaction, le nouveau
catalyseur a montré une trés bonne stabilité 4 la lixiviation des métaux. Finalement, les
études 4 plus grande échelle ont fournis des résultats prometteurs pour la production de

I"acide lactobionique par la nouvelle méthode.
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EXTENDED ABSTRACT

The feasibity ol microaerial oxidation of lactose to lactobionic acid (LBA) in
alkaline medium over heterogeneous bimetallic Bi-Pd catalyst supported on mesostructured
silica material, SBA-15 in an agitated batch reactor was studied.

The objectives were: (i) formulation of the bimetallic catalyst with optimum metal
loading on the support, (ii) optimization of reaction conditions, metal/lactose ratio,
temperature, airflow, pH of the reaction and (i11) evaluation of catalyst stability and s
performance in scale-up studies.

The bimetallic Bi-Pd catalysts prepared by successive impregnation of SBA-15
material were tested in oxidation reaction of lactose. Reactions were carried oul in a range
of temperature (38-80"C) and pH (7-9). 1.02%Pd 0.64%Bi/SBA-15 catalyst with Bi:Pd=0.3
molar ratio showed the highest activity and selectivity towards lactobionic acid.

XRD, TEM, Hs-chemisorption and BET analysis confirmed mesostructured
structure of the catalyst, unitform dispersion of the Pd émd bimetallic nanocrystallites in the
SBA-15. The XPS revealed a Bi-Pd alloy with stoechiometric formula Bi, 7sPd, which
appears to confer to the catalyst a high activity and selectivity.

The optimal reaction conditions were found to be 65°C and pH 9, with a strict
control of dissolved oxygen (<1% of Oz equilibrium concentration al reaction lemperature),
where lactose conversion was maximum at 96.14%. The kinetics of the reaction of lactose
oxidation exhibited a strong dependence of the lactose conversion with pH as well as
temperature. After 3 hours of reaction, the novel catalyst proved to be stable against metal
leaching. Finally, the scale-up studies showed promising results for the production of LBA

by the novel method.
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Chapter 1/ Introduction

CHAPTER 1

INTRODUCTION

Lactose is on of the most abundant carbohydrates. The principal source of lactose is
(sweet) whey or casein (acid) whey, the main by-products, in the cheese and casein
production in the dairy industry. Lactose is widely used in the dairy and pharmaceutical
industries. The most important transformations of lactose include acid and enzymatic
hydrolysis, dehydratation, isomerization, hydrogenation and oxidation. The lactose
derivatives with nutraceutical and pharmaceutical value are lactulose, lactitol, lactobionic
acid, lactosyl-urea and lactose-based oligosaccharides. Despite existing transformations,
lactose potential as an organic raw material for the elaboration of industrially useful
chemical intermediates and products is far from being fully exploited.

A successful way to process lactose is to obtain value-added products such as
lactobionic acid (LBA). LBA has many applications in the food and pharmaceutical
industries, particularly in the medical field and cosmetology. Usually, LBA is produced by
enzymatic oxidation of lactose. Catalytic oxidation of lactose to lactobionic acid presents
the same advantages as the enzymatic oxidation, namely, a high selectivity and mild
reaction conditions (oxidation with air at atmospheric pressure near room temperature).
However, it presents other additional advantages. The catalytic oxidation 1s possible in a
single reaction vessel, whereas the enzymatic route involves a multistep process with
cumbersome installations and expensive enzymes. All the enzymatic processes are long,
whereas the catalytic oxidation requires shorter reaction time. Otherwise, in the catalytic
oxidation, the LBA yield is very high and the process is environmentally clean since it is

conducted on recyclable catalysts and gives no noxious effluents or side products.
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Compared to other chemical processes, the oxidation process is complex and
difficult to control. For these reasons, the selective catalytic oxidation of lactose depends
not only on the activity but also on the selectivity and stability of the involved catalyst.

Many studies on heterogeneous catalytic oxidation of lactose were developed with
mono- or bimetallic catalyst supported on carbon or silica. Generally, the monometallic
catalysts involve Pd, Pt and Au. The bimetallic catalyst involves the noble metal and
promoters such as Bi, Sn, T1 and Co. It is clear that the catalyst performance required a
high surface areas or high active phase dispersions as well as fast mass transfer of the
reactants and products to and from the catalytic sites.

The use of mesoporous silica materials as a support for designing a novel catalyst,
for lactose oxidation is the goal of the present work. The obtention of bimetallic
nanoparticles with controlled particle size and the high dispersion of these on the support is
very important for catalyst performance in this process. Hence, catalytic oxidation of
lactose which involves a Bi-Pd supported on a mesostructured silica was studied in this
work and a new catalytic method for lactose oxidation is proposed to the fine chemicals

industry.



Chapter 2 / Review of the literature

CHAPTER 2

REVIEW OF THE LITERATURE

2.1. Lactose production and transformation

2.1.1. Lactose — a by-product of the dairy industry

Lactose, 4-O-f3-D-galactopyranosyl-c-D-glucopyranose, or milk sugar is among the
most abundant carbohydrates. In nature, lactose i1s present in the milk of most mammals at
concentrations varying from 0 to 9% (w/w) depending on the species [Jenness and Sloan,
1970]. The principal source of lactose is (sweet) whey or casein (acid) whey, the main
by-product in cheese and casein production in the dairy industry [Kavanaugh, 1975;
Hobman, 1984). Due to the large volume of the dairy industry, only a limited part of the
whey is processed for the production of lactose. The remaining whey 1s handled as a waste;
therefore, it might create environmental problem. Despite that, worldwide lactose
production is large, about 500 million pounds per year in the USA and 730 million pounds
per year in Europe. The lactose surplus is estimated at about 1.2 million tons per year
[FAO, 2004].

Much effort has been made to develop new products and processes based on lactose

but only a small percentage of this amount is being currently processed.
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2.1.2. Lactose — chemical structure and properties

Lactose is a disaccharide where the galactose and glucose units are joined by a beta-
glycoside bond between Cl (anomeric carbon) of galactose and C4 of glucose,
conventionally indicated by the notation f(1-4). Therefore, lactose exists in the forms a-
and [i- lactose.

Milk, at body temperature, contains an equilibrium mixture composed of
approximately 40% a-lactose and 60% [-lactose. The a anomer may be selectively
crystallized from the whey concentrate at temperature below 95°C. The mixture of these
two anomeric forms has been obtained by spray drying [Roelfsema and Kuster, 2000].

Since the glucopyranose component of the disacchanide may undergo mutarotation

(Fig. 1), the lactose is considered to be a reducing sugar.

b& CII]DI-I - \/“x " N IDH
HO AN S Ny & HO SH—0
iy
HO OH H (OH H

H
4- O-fi-D-Calactopyranosyl-a-D-glucapyranose 4-0-p-D-Calaciopyranosyl- f-D-glucopyranose
a-Lactose B-Lacimss

Fig. 1. The mutarotation of a-lactose into FHlactose

2.1.3. Laciose utilization

Lactose is widely used in the dairy and pharmaceutical industries. It is used in many
foods as an additive for improving organoleptic quality, promoting browning reaction for
color and flavor, or enhancing the emulsifying properties of shortenings [Webb and
Whittier, 1970]. Also lactose is used in the manufacturing baby and infant foods. It is
employed in the pharmaceutical industry for tablet making as filler, sweetener and binding
substance [Booij, 1985, Nyqvist and Niklasson, 1985]. In ti'lf} dairy industry, lactose is used

as a substrate in fermentation media [Pritzwald-Stegmann, 1986].
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2.1.4. Lactose processing and derivatives

The most important transformations of lactose include acid and enzymatic
hydrolysis, dehydration, isomerization, hydrogenation and oxidation. The hydrolysis of
lactose to glucose and galactose occurs in the presence ol mineral acids [Mulherin et al.,
1979] or in the presence of a [-galactosidases enzyme [Roger et al., 1977; Chiu and
Kosikowski, 1985]. The dehydration of lactose was made possible by heating lactose under
anhydrous conditions and consequently hydroxymethylfurfural, furfural alcohol, formic
and acetic acids were produced |Jennes and Patton, 1959]. Lactulose was obtained in the
isomerization reaction of a-lactose with calcium hydroxide [Okado et al. 1977; Hicks and
Parrish, 1980]. Lactitol was obtained by the catalytic hydrogenation of lactose and is
produced at industrial level [Saijonmaa et al. 1978; CCA Biochem B.V. 1981. European
Patent # 039981]. The galarose was obtained by the lactose degradation with hydrogen
peroxide and a borate catalyst |Ron van der Berg et al. 1995],

The oxidation of lactose for lactobionic acid production presents a great inlerest.
Generally, enzymatic and electrochemical pathways produce lactobionic acid. The lactose
derivatives with nutraceutical and pharmaceutical value are lactulose, lactitol, lactobionic
acid, lactosyl urea and lactose-containing oligosaccharides |Zadow, 1984, 1986, Yang and
Silva, 1995].

2.1.5. Lactobionic acid — a high value product from lactose

In the dairy industry, lactobionic acid is employed as an ingredient for foods and
functional foods. According to FDA, lactobionic acid is a safe food and is employed as an
additive in the form of calcium salt of lactobionic [FDA, 2003], as a firming agent and
could be a food acidulant due to its sweet-sour and mildly acidic taste. The mineral salt
complexes of LBA are added to beverages to fortify with minerals, and in foods as a

prebiotic | Peterbauer et al., 2002].
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In the production of cheese and yoghurt, LBA improves the gelation structure and
the taste of sourness. As a preservative agent, it keeps flavours fresh and protects the
partially hydrogenated vegetable fats against oxidation [Gerling, 1998].

In the pharmaceutical industry, LBA is used in the salt form for intravenously
delivered erythromyein and in mineral supplementation component. LBA is valuable for its
chelating proprieties due to its capability to form complex structures with Mn**, Cu™', Fe*'
and Ca®' [Shepherd et al., 1993]. Therefore, LBA as iron chelator is a potent ingredient of a
solution used to preserve organs prior to transplantation [Isaacson et al., 1989; Suminoto
and Kamada, 1990; Shepherd et al., 1993]. LBA has the ability to suppress tissue damage
caused by oxygen radicals during organ storage and subsequent reperfusion, allowing
organs to be preserved outside of the body for up to two days |Southard et al., 1995]. LBA
is a hygroscopic compound, which tenaciously binds the waters and provides beneficial
effects to human skin. The antioxidant and humectant proprieties make LBA a potential
ingredient of skin care products [Berardesca et al., 1997]. The Neostrata Company is a
leader in the utilization of LBA and performs research in the optimization of skin care
products.

Moreover, amine derivatives of sulphated bis-lactobionic acid exhibit anticoagulant
and antithrombotic activities [ Raake, 1989; Kloecking et al., 1991; Martin et al., 1999] and
could replace the glycosaminoglycan heparin.

In the medical field, the latest research has demonstrated that LBA is a good
acceplor for sialic acid and it may be used in the treatment of Changas disease because it

acts as an inhibitor for Trypanosoma cruzi trans-sialidase activity [ Agusti et al., 2004].
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2.2, Production of lactobionic acid from lactose oxidation

The production of lactobionic acid (4-p-galactosido-D-gluconic acid) is performed

by biochemical, chemical, electrochemical and catalytic oxidations of lactose.

2.2.1. Enzymatic production of LBA

A biochemical approach consists in the enzymatic oxidation of lactose using
different microorganisms such as Preudomonas sp., Bacterium pyocyaneum, Bacterium
fluorescenns [Stodola and Lockwood, 1946], glucose dehydrogenase [Satory et al., 1997],
cellobiose dehydrogenase [Ludwig, 2003]. The Pseudomonas sp. 1L.513-1 has been isolated
for LBA production from whey [Miyamoto et al., 2000] with a yield of more than 90%
after 155 h.

The synergic effect of cellobiose dehydrogenase from Sclerotium rolfsii and laccase
from Trametes pubescens MB 89 on a substrate containing lactose, monosaccharides and
galacto-oligosaccharides was reported [Splechtna et al., 2001]. The conversion of lactose to
LBA was 95% within 3h.

Mostly all these enzymatic processes are time consuming and require expensive

enzymes and chemicals. The environmental impact of wastewater 1s also significant.

2.2.2. Electrochemical oxidation of lactose to LBA

Many electrochemical methods for the oxidation of lactose into lactobionic acid
have already been reported. The electrolytic oxidation of lactose reported by Gupta et al.
[1967] was performed using bromide in the presence of calcium carbonate, while Dutta and
Sanat [1979] and Jankiewicz and Soloniewicz [1991] carried out the same reaction in the

presence of NaHCO: and NaBr. The fact that lactose undergoes hydrolysis in acidic
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medium and that its stability is low in alkaline solution (where interconversion occurs)
explains that most of the previous work was carried out in solutions with pH values
between 7 and 10 |Hendricks et al., 1990].

Similarly, the electrochemical oxidation of lactose to LBA was performed on lead-
modified noble metal electrodes in Na;COy and NaHCO; buffered medium [Druliolle et al.
1994, Druliolle et al. 1995, Druliolle et al. 1997]. After 4 h, the conversion of lactose
reached 95%, with 76% selectivity towards LBA in the case of Pb-Pt electrode.
Unfortunately, the presence of toxic CO species and irreversible adsorption of product
species caused the electrode fouling. A high conversion of lactose with a good selectivity
close to 100% was obtained with a gold electrode [Druliolle et al, 1997]. Later, Casella et
al. [2004] observed the formation of D-Galacturonie, D-Gluconic and D-Glucuronic acids
on a polycrystalline structure of platinum and gold electrode modified with bismuth oxide
adlayers.

Recently, the electrocatalytic oxidation of lactose was studied on a nanolength scale
Au-colloids (5 nm) embedded in carbon felt as electrode (Au-NMC) [Kokoh and Alonso-
Vante, 2006]. A production of lactobionic acid with a good yield of 91% was observed.

Despite the high yields in lactobionic acid, the electrochemical oxidation remains a
method for laboratory scale. Its implementation to higher level, is expensive and complex

to realize.

2.2.3. Chemical oxidation of lactose to LBA

The chemical oxidation of lactose using halogens in alkaline and acid media [ Green,
1948] was reported. Also the oxidation by ferricyanide in alkaline medium [Srivastava et
al., 1967], in ammoniacal solution [Gupta et al., 1981] and by alkaline hypoiodide [Ingels
et al., 1948] was studied. It has also been reported that under certain conditions (pH about
9.2), the B-D-form is oxidized approximately 28 times faster than o-D anomer [Ingels et
al., 1948]. Meanwhile, the oxidation process is difficult to stop and therefore lactose is

oxidized to keto-sugar.
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A number of intermediate products from lactose oxidation include mucic, tartaric,
oxalic, gluconic or galactonic acids. Unfortunately, the chemical oxidation methods

required expensive chemicals and undesired by-products.

2.2.4. Catalytic oxidation of lactose to LBA

Homogeneous catalytic oxidations of aldoses with several metal ions as catalysts
and O3, H;03, halogens, or HNO; as oxidants, have been reported [Green, 1980].

Heterogeneous catalytic oxidation of simple aldoses to aldonic acid on supported
noble metals such as platinum and palladium have been studied in detail, without
mentioning lactose [Heyns et al., 1957, Heyns et al., 1962, Heyns et al., 1969, Okada et al.,
1967, Dirkx and van der Baan, 1981]. Contrarily to the fact that the platinum is less
sensitive to deactivation by overoxidation than palladium [Gomes et al., 2004], the
selectivity towards aldonic acid 15 muuF:. greater for palladium-catalyzed reaction [Kiyoura
et al., 1976, Nakayama et al., 1982].

Hendriks el al. [1990] have studied lactose oxidation with molecular oxygen. They
have demonstrated that the presence of promoter, suppress the poisoning of the catalyst and
that theoretical conversion was achieved with high selectivity toward sodium lactobionate
(95%) within 1 h. 100% selectivity for sodium lactobionate was found in the pH range
7-10. At pH=10, alkaline degradation of lactose occurred, as reflected in the appearance of
a yellow-brown color and a decrease of selectivity. An optimum ratio Bi: Pd in the range
0.50-0.67 for the oxidation of lactose was found. At a higher Bi:Pd ratio, the initial
oxidations rate decreases to a level lower than that of the unpromoted Pd-C catalyzed
oxidation. To prevent the catalyst poisoning by overoxydation, the dissolved oxygen was
kept at a level <1% of the equilibrium concentration during reaction at the temperature
preset. _

Abbadi and van Bekkum, [1995a)] have studied the catalytic oxidation reaction of
lactose to sodium lactobionate and 1-carboxylactulose (Fig. 2). In order to prevent the
deactivation of noble metal catalyst, they have investigated the effect of a promoting metal

such as Bi and Pb in the bimetallic Pt-Bi and Pt-Pb catalysts supported on carbon.
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The lactose conversion to l-carboxylactulose (2-keto-lactobionic acid) by oxidation with
air on Bi-PYC catalyst was also reported [Abbadi et al., 1997]. Lactose was completely
oxidized to lactobionic acid within 2 hours and to l-carboxylactulose with a maximum

conversion of 83% after 4.5 hours. High conversion and yield were obtained at pH 7.

OH OH
H 0OH Ot
O, or OH OH  COONa oH CO0Na
o .
air g o H o o
H S OH o
MNa(OH
i OH
Sodium lactobionate | -carboxy lactulose

(2-keto-Na-lactobionate)
Fig. 2. Oxidation reaction of lactose

The influence of the addition of thallium to the catalytic properties of palladium
catalysts supported on Si0; in the reaction of aldoses (glucose and lactose) oxidation to
aldonic acid was studied [Karski, 2005]. The maximum lactose conversion was 82% within
2 hours, -

Recently, Karski et al. [2006] showed that the bimetallic catalysts Pd-Bi/5i0; with a
small amount of bismuth (1-3 wt. %) are more effective in the oxidation of lactose.

A short review of catalytic oxidation of lactose is presented in the Table 1.

Table 1. Review D_,I"mm{wic oxidation of lactose

~ Conyersion, Selectlﬂq{,

Catalysts Fﬁommants HE

i e Al e aden
SBi-5%Pd/C . a5 100 (LBA) .‘atnct contrul of  Hendriks et
(alter 1.1 h) dissolved O, al, 1990,
 S5%BI-S%PUC, 83 2-keto-aldonic  Abbadi ¢t al.,
5%Pb-5%PUC (LBA) (after 2h) acidasby-  1995a, 1997,
=05 50 (2-kelo- product
{_E—kem-aldonic acid)  aldonic acid)

5%T1-5%Pd/Si0, 82 (after Zh) 92 (LBA) (6-100% metal  Karski n:llal_
(1-3 }%]]i_j%pdfi-]i{_)z 92 (after 2 h) 98 (LBA) loading 2005, 2006,
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2.2.5. Mechanism of the catalytic oxidation of lactose

Tokarev et al. [2006] described the mechanism of oxidation reaction of lactose in
alkaline media (fig. 3). They explained that the mutarotation takes place through lactose
with the open glucose cycle, at the same time the open form has very low concentration
being most probably on a short living mutarotation intermediate. Therefore, they supposed
that lactose participates in the reaction not as an aldehyde, but as a semi-acetal (a- or -
lactose), which is oxidatively dehydrogenated on the metal surface giving lactobionic acid.
Since the oxidation of lactose is more efficient in basic solutions, they focused on the study
of the mechanism of oxidation reaction in alkaline media, where (*) stands for a surface
site. The oxidation of lactose is retarded in acidic media, which is connected to catalyst
deactivation by lactobionic acid strongly adsorbed on the metal surface. The mechanism is
similarly to the case described il'l. the alcohol oxidation involving adsorption and reduction
of oxygen, dehydrogenation of alcohol (semiacetal in the case of lactose) and over-

oxidation of metal surfaces.

Q
(]
—CH—O0OH R—CH—0H

Semiacetal (o- or i laciose)

nils

O

J: FOH +% ————p ng—-oH +H,O +e +*
R— —OCH adls !

Pt
o |
R—C—OH +OH™+* 1 +HO 4 ¢+ *
— =0

H .

Pt ade

9]

Y
(ﬂ l + (NaOH)yg ———= R——b{{ o
R—C=—0 ' “Na'
Lactobionic S-lactone MNa-Lactobionate

Fig. 3. The mechanism of lactose oxidation in alkaline media is proposed by
Tokarev et al. [2006]
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The sequence of steps in the oxidation of lactose should include molecular
adsorption of oxygen, O, +* —0,*, as well as adsorption with dissociation O, +2% —20%,
Reduction of oxygen in alkaline medium involves the participation of water and transfer of
two O*+H,0+2e¢ — 20H + * or four electrons O;*+2H,0+4e"— 40H + * for atomic and
molecular adsorption, respectively. Hydroxyl (OH") species can adsorb on the catalyst
surface, leading to adsorbed hydroxyls (OH + * — OH™). In alkaline medium, such
adsorption can result in the formation of atomically adsorbed oxygen and H":
OH +* — O*+H" +2¢". Protonic (H') species can quickly recombine with OH™ giving

waler.

2.2.6. Catalytic oxidation of glucose

As the catalytic oxidation of lactose involves mainly the oxidation of gluconic part
of the molecule to gluconic acid, an overview of the catalytic oxidation of glucose is
necessary to understand the overall reaction occurred in lactose oxidation to LBA.

The catalytic oxidation of glucose with molecular oxygen on a Pd-Bi/C catalyst was
previously studied [Mallat and Baiker, 1994; Wenkin et al., 2002]. The rate of glucose
oxidation to gluconate was 20 times higher on the Pd-Bi/C catalyst than on Pd/C. Wenkin
et al. [2002] presented interesting results connected with the role of bismuth as a promoter
in the Pd-Bi catalysts for the selective oxidation of glucose. They measured the promoting
effect of bismuth with 0.33 < molar ratio Bi:Pd < 3.

The effect of pH in the range 2-9 was studied for the Pt-catalyzed oxidation reaction
of glucose [Abbadi et al. 1995b]. Poisoning of the catalyst by the reaction products in a
neutral and acidic medium was observed and the degree of the inhibition of the catalytic
activity was pH-dependent. They concluded that D-gluconic acid in its free form is
considered to be the main inhibiting species of the platinum catalyst during the oxidation of
glucose in acidic medium.

Catalytic properties of bimetallic Pd-Bi, Pd-Tl, Pd-Sn, and Pd-Co catalysts
supported on C (from plum stones) and Si0; were studied in the reaction of glucose
oxidation to gluconic acid [Karski et al., 2003]. 5% Pd-5% Bi/C and 5%Pd-5% Bi/Si0O;

12
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catalylic systems were compared with the results for a commercial catalyst containing 1%

Pt-4% Pd-5% Bi supported on active carbon. Catalysts modified with Bi showed the best

selectivity and activity [ Karski and Witonska, 2003].

Onal et al. [2004] have studied the oxidation of D-glucose to D-gluconic acid over

Auw/C catalyst. The activity of Auw/C catalyst exhibited significant dependence on the pH

value, thereby increasing the pH value of the reaction mixture from 7.0 to 9.5 (T=50"C) the

initial reaction rate of D-gluconic acid could be accelerated by a factor of 3.2.

Besson et al. [1995] have employed, as a catalyst for the oxidation of glucose, a

BiPd/C catalyst with 4.7% Pd and an atomic ratio Bi/Pd=0.1. No bismuth lcakage was

detected in the gluconate solution.

A short review of catalytic oxidation of glucose is presented in Table 2.

Table 2. Review of catalytic oxidation of glucose

Conversion, Selectivity,
Catalysts 0 Commentis Authors
~5%Pd/C, 99 (5-10% metal  Besson ctal,
5%Bi-5%Pd/C (after 4 h) (gluconate) loading; very 994 pegson el

good conversion

(5-8)%M 5%Pd/SiO,

and selectivity Ciallezot, 2000,
5% PUC 60 (2-keto-gluconic) -I_Lketu-g-lur:on ic  Abaddi et van
100 (gluconate) 85 by-product Bekkum,
{afler 2h) (2-keto-gluconic) 19953
S%BI-S%PA/C 100 TS1000 (5-10)% metal  Wenkin et al.,
loading;
(after 4h) (gluconaie) maximum of 1996, 2002
conversion and
- selectivity S
| % Au/C (specific 80 High dispersion Cwnal et al.,
. of Au particles
surface of the {after 1.6 h) (gluconate) on the support: 2004
support=1635 m’/g) Au leaching
B2 98 (10-13)% metal Karski et al.
. loading
M=Ri, TI, Sn, Co {after 2h) {gluconate) 2002, 2003,
2005
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2.2.7. Mechanism of catalytic oxidation of glucose

The mechanism of oxidation of glucose on a Bi-Pd catalyst was explained as an

oxidative dehydrogenation mechanism [Besson et al., 1995; Besson and Gallezot, 2000).

OO

0 MNaOH

Fig. 4. Mechanism of the catalytic oxidation of glucose on Pd-Bi catalyst

The mechanism of the catalytic oxidation of glucose involves the sugar
dehydrogenation and hydride transfer on the catalyst surface with the chemisorption of
hydrogen. The hydride bound to the catalyst with oxygen to form water and the lactone is
finally desorbed and transformed to sodium gluconate in alkaline medium. The bismuth is
preferentially oxidized; therefore it extracts the hydrogen from palladium hydrides,

avoiding chemisorption of O; on palladium surface.
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2.3. Catalyst synthesis

2.3.1. Mesoporous silica molecular sieves as catalytic support

Mesoporous molecular sieves possess a large surface area and uniform mesoporous
channels; these are advantageous characteristics of a catalytic support.

SBA-15 is a new type of mesoporous silica molecular sieve with uniform hexagonal
channels ranging from 5 to 30 nm, thick walls (3.1-6.4 nm), and a high hydrothermal
stability.

The ordered nanostructured silica has a number of advantages over conventional
catalyst supports:

= The surface area is two to three times higher than that of traditional supports, like
silica gels and activated alumina. This greater surface area gives a higher
concentration of active sites on a weight basis, controlling the sintering dispersion at
proportionally higher metal loadings.

= Limitations on particle growth inside the ordered nanostructured silica channels
with controlled diameters maintain a high dispersion of the metal at loadings
beyond those dictated by the requirements for a surface diffusion mechanism for
metal sintering.

= |t is possible to control the locations of the metal in the ordered nanostructured
silica matrix. The metal may be inside the mesopores (as nanoparticles or as a thin
layer), inside the micro pores that arise within the pore walls after removal of single
polymer chains belonging to the corona of co-polymer surfactant micelles, or at the

external surface of the nanostructured silica micro crystals | Landau et al., 2005].

The synthesis of SBA-15 comprises the solvent, the template (triblock copolymer)
and the Si precursor (Fig. 5).

The triblock copolymers of poly(ethyleneoxide) and poly(propylene oxide) in water
forms micelles in which the core and shell are composed of poly(propylene oxide) (PPO)

blocks and poly(ethylene oxide) (PEO) blocks, respectively [Alexandridis and Hatton,
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1995]. At low pH, protonated PEO chains are associated with cationic silica species
through weak electrostatic interactions mediated by the negatively charged chloride ions.
Below the aqueous isoelectric point of silica in acidic media, cationic silica species will be
presented as precursors, and the assembly might be expected to proceed through an
intermediate form of (S"H")(X 1") (Fig. 6). Block copolymers have the advantage that they
provide sacrificial templates whose microstructures can be tuned by adjusting solvent

compaosition, molecular weight, or copolymer architecture [Zhao et al., 1998].

Inorganic

o precursar
wan\i (K=-OR_ -2l

-y

Block!s Self-Assembly
Polymeri T T Masostructurad
Tomplata pp— Hybrid
Hydrl'_||_:lr|_|l:||‘:
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Agingl Mild
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., the Template
~

Mesoporous
Oxide

Fig. 5. Schematic view of the steps leading from a solution to a mesoporous oxide neiwork.
[Galo et al. 2003]
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Fig. 6. Scheme of the main relationships between the solvent, the template and the

inorganic center. [Galo et al. 2003]

2.3.12. Pd supported on SBA-15 material

For the preparation of Pd supported catalysts, the ion-exchange of silanol groups
with precursor cations is the common technique used for the metal deposition on the
internal wall surface of the mesopores. This technique involves contacting the mesoporous
SBA-15 with an aqueous solution of Pd precursor. Only when a sufficiently high
interaction between the two exists, can a high dispersion of the active component be
achieved.

The syntheses of size-controlled noble metal nanoparticles within the channels of
mesoporous molecular sieves were described [Fukuoka et. al., 2001; Magnoux et al., 2000,
Mehnert et al., 1998; Koh et al., 1997; Bronstein et. al., 2001]. For example, Yuranov et al.
[2002] have synthesized Pd nanoparticles with controlled size (dpg = 1-3.6 nm) by the ion-
exchange technique.

Okitsu et al. [1996] have reported the formation of noble metal particles by
ultrasonic radiation. Chen et al. [2000] also have studied a sonochemical procedure at room
temperature for the preparation of palladium Pd nanoparticles (5-6 nm in diameter) loaded

within mesoporous silica. The chemical effect of ultrasound is attributed to cavitation: the

17



Chapter 2 / Review of the literature

formation, growth and implosive collapse of bubbles, which lead to the decomposition of
waler molecules into hydrogen H and hydroxyl OH radicals owing to the production of
high temperature and high pressure in collapsing cavities. Therefore, the Pd salt is reduced
in siin.
shortly, the goals of these synthescs are:

# jhe size control of Pd particles confined within the mesopores (Fig. 7 and Fig. 8);

= the incorporation of Pd at high loading and

= the resistance of the Pd/mesoporous silica structure against a collapse and sintering

at elevated temperatures.

Pd crystallites dispersed
Main channels into the pores

Interwall pores

Ml luster

Fig. 7. Nanostructured silica representation. Fig. 8 Model for Palladium
dispersion on nanostructured silica

2.3.3. Formulation of bimetallic catalyst Pd-Bi

The molar ratio Bi:Pd was studied and optimized for lactose and glucose reaction in
order to improve the selectivity and the activity of the bimetallic supported catalyst.
[Besson et al. 1995; Besson and Gallezot 2000; Karski et al. 2002]. The experiments
performed with the pure intermetallics Bi;Pd, BiPd and BiPd; showed that the intrinsic
catalytic behaviour of these phases were very different, the most active phase, BiPd, is the
one that loses the largest amount of Bi, whereas BiPds, the most stable phase during

operation, remains totally inactive [Wenkin et al. 2002].
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Recently, Karski [2006] studied the interactions between Pd and Bi in Pd-Bi/SiO;
catalysts and their connection with activity and selectivity of those systems in the selective
oxidation of glucose and lactose. In the case of the oxidation of lactose, better catalytic
propertics were found for Pd-Bi/SiO; systems with a small amount of bismuth, where

mainly a binary alloy BiPd is formed.

2.4. Oxidation reaction in a three-phase slurry reactor

In fine-chemical production, three-phase reaction systems using the mechanically
stirred batch reactors are common, A three-phase slurry reactor consists of a solid catalyst
(usually a fine powder) suspended in a liquid by means of an agitator with gas diffusing
through the system. In the oxidation reaction, oxygen from air bubbles and a solid catalyst
oxidize the aqueous solution of the reactant. Due to the nature of the slurry reactor, where
the three phases must meet on the catalyst surface in order for the reaction to occur, mass
transfer plays a crucial role in the process. Five reaction steps describe the mass transfer of
oxygen:

1. Absorption from the gas phase into the liquid phase at the bubble surface

2. Diffusion in the liquid phase from the bubble surface to the bulk liquid
3. Diffusion from the bulk liquid to the external surface of the solid catalyst
4, Internal diffusion of the reactant in the porous catalyst
5. Reaction within the porous catalyst.
G/L Interface L/S Interface
i
&
Ca o S
—
Porous
Gas bulk © LiuidBuk Catalyst
i

Fig. 9. Mass transfer and reaction in series for a porous catalyst.

[Kluytmans et al., 2000]
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Fig. 9 presents the concentration profile for a dissolving gas, transferred to the
catalyst surface and reacting inside the catalyst, C; being the interface, equilibrium
concentration. For oxygen dissolving in water, Cg is not to scale. It represents about 50C, .

In order to carry out properly the kinetic aspects of the reaction, it is useful to
discern two extreme regimes. The first one is the so-called intrinsic kinetic regime, i.e. the
reaction rate is only determined by the chemistry at the catalytic site and not imited by
mass transfer and diffusion effects, and the second one is the full oxygen mass transfer
limited regime, 1.e. the reaction rate only depends on oxygen mass transfer and diffusion.

Generally, the reactions using unpromoted platinum fall in the first category,
whereas those using promoted platinum and palladium fall in the second category.
Literature data from other authors [Mallat et al. 1994], always concern batchwise
oxidations, where the mixing characteristics of the laboratory reactor used are rather
unspecified. Generally these data fall in a mixed regime, where the reaction rate is partly
limited by oxygen mass transfer at the start of the reaction with a fresh, active catalyst, and
finally, when the reactivity of the mixture is diminished or the catalyst becomes partly

deactivated, the system ends up in the kinetic regime. [Kluytmans et al., 2000].

Consequently, the most important choices in the design of batch reactors are:
o Reactor volume;
= Selection of the agitator;
= Speed of the agitator;
= Geometry of the tank;

*  Heat exchange area (internal and external).

Therefore, it is useless to try and improve the reaction rate by using a more active
catalyst or by increasing the catalyst load, when the overall rate of reaction is determined
by mass transfer from the gas bubbles to the liquid phase, i.e. when the latter is slow
compared with the intrinsic rate of reaction. Instead, one should try to increase the gas-to-
liquid mass transfer rate, for example by improving mixing conditions [Moulijn et al.,
2001].
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2.5. Catalyst deactivation

A short overview on catalyst deactivation 1s presented, based on Mallat and
Baiker's review [1994] and Vieeming et al. [1997], mainly referring to carbon supported
catalysts,

a) Crystallite sintering

In a strongly reducing environment, noble metal crystallites become mobile on the
carbon - support, probably due to destruction of the anchoring sites. The result is
agglomeration of metal crystallites and a reduction of available active surface.

b) Inhibition (poisoning, coking, product inhibition)

This type of deactivation may occur at any potential range, but is generally more
pronounced in the lower potential range. Poisoning can be due to impurities in the reactor
feed, to too much promoter metal [Hendriks et al., 1990], and to strongly adsorbing
intermediates or side products, e.g. CO, which are especially formed in the low potential
range. Carbonaceous compound formation (coking) from reactive intermediates results in
pore filling and loss of activity. Finally, an adsorbing main prndu*_::l‘., e.g. carboxylic acids at
low pH, will prevent the starting reactant from reaching the catalytic site. This can be
avoided by working at pH > 7 [Abbadi et al., 1997] or by removing the product by e.g. ion-
exchange or electrodialysis.

¢) Over-oxidation

Working under kinetic control, the catalyst potential will be close to 1 V
immediately after the starting of a reaction, and deactivation is caused by “over-oxidation
i.e. an inactive oxidized corroded surface is slowly formed and catalyst activity drops
typically by a factor 5 within 2 h [Vieeming et al., 1997]. This type of deactivation is
reversible. It was found that promoted catalysts are more sensitive to over-oxidation, i.e. if
there is no mass transfer limitation of oxygen, these catalysts show no activity at all from
the start of reaction [Smits et al., 1986; Hendriks et al., 1990]. These catalysts probably
work well only below the potential where the promoting metal is oxidized to a too-high

oxidation state.
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In their review, Mallat and Baiker [1994] suggest a causal sequence: chemical
poisoning by over-oxidation corrosion. Therefore, also the causal sequence given by
Gallezot [1997], that “promotion improves catalyst activity by preventing over-oxidation”,
better can be reverted to “promotion prevents over-oxidation by improving catalyst
activity'”.

d) Crystallite growth, leaching

After prolonged over-oxidation, especially in the presence of chelating substances
or high pH, metal crystallites inside the catalyst pores grow (Ostwald ripening) due to
dissolution and redeposition, i.e. large crystallites are formed at the expense of the small
ones. This generally results in permanent loss of catalyst activity [Schuurman et al., 1992;
Vieeming et al.,, 1997]. If such conditions persist, the active metal may leaches from the
catalyst and get lost. Obviously such conditions should be avoided.

e) Promoter leaching

As the promoters used, e.g. Pb, Sn, Bi, are less noble than Pt and Pd, they are most
susceptible 1o leaching. In fact, it can be stated that the location of the promoter is a rather
dynamical one, where it can be present on the noble metal crystallite, on the catalyst
support [Smits et al., 1986; Smits et al., 1987] or in solution [Gallezot, 1997; Groenland et
al., 1995]. Low promoter loadings generally result in insignificant leaching [Gallezot,
1997).
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2.6. Problematical

The investigation of the heterogeneous catalytic oxidations of lactose and glucose

highlights the following points:

bismuth acting as a co-catalyst preventing the oxygen poisoning of palladium was
found optimum n the range of Bi:Pd ratio 0.1-1;

bimetallic compound such as BiPd and Bi,Pd alloys were formed and they seem to
be responsible for the catalyst performance;

carbon and Si0; support catalysts were mostly employed for the oxidation reaction
of aldose;

dissolved oxygen during reaction is clearly responsible for catalyst poisoning by
over- oxidation;

operating temperature was optimum in the range 50-65"C;

oxidation process must be performed under reaction conditions (sufficient stirring
and airflow rate) at which by external mass transfer at the phase boundaries does
not limit the overall reaction rate [Onal et al., 2004];

the rate of reaction of glucose oxidation increased by increasing the specific area of
the support employed [Onal et al., 2004];

reaction medium 1s kept at pH level in the range 7-10 in order to prevent the catalyst
self-poisoning and also because the lactose undergoes hydrolysis in acidic medium

and its stability is low in alkaline solution.

Despite the high yields in aldonic acids obtained by catalytic oxidation of aldoses

many issues are observed, such as:

Bi-Pd/C catalysts do not maintain the continuous dehydrogenation and the reaction
stops when the catalyst surface is saturated with H; and aldonic acid;

The loss of catalyst selectivity under weakly alkaline conditions 1s assumed to be
due to non-selective gluconic interaction between the promoter and aldonic acid/

2-keto-aldonic acids leading tﬁ C3 oxidation [Abbadi et al., 1995a];
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Carbon supports were found to be unstable at a moderately high temperature
[Gerling, 1998];

Catalyst deactivation can occur via geometric blocking of a fraction of active sites
with the strongly adsorbed products or the agglomeration of metal crystallites with

the reduction of available active surface and/or the leaching of Bi as Bi*" with the

formation of complex species.
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CHAPTER 3

HYPOTHESIS & OBJECTIVES
3.1. Hypothesis

The oxidation of lactose to LBA and glucose to gluconic_ acid with oxygen or air on
the bimetallic supported catalysts has been performed. According to the oxidative-
dehydrogenation mechanism, the support may improve the contact between the reactants
and the Pd and Bi dispersion.

The catalyst conventional supports based on carbon reviewed in the literature does
not maintain continuous dehydrogenation of sugars and the reaction stops at longer reaction
time because the palladium surface is saturated with aldonic acid and hydrogen. In
principle, the Bi redox cycle should have a greater capacity than the Pd redox cycle. The
Bi:Pd ratio is seemed to be critical and bismuth adatoms should be fixed onto the surface
of palladium.

Onal et al. [2004] have demonstrated that with an increasing in surface area or
modifying the pore structure of the catalyst support, the initial reaction rate increased.
Thus, the surface and pore characteristics of the support plays an important role to improve
the access of the reactants to catalytic siles.

A structured support such as nanostructured siliceous materials [Zhao et al., 1998;

Hamoudi and Belkacemi, 2004 will be able to improve the catalyst performance.
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These statements allowed us to hypothesise that an improved catalyst system with a
nanostructured silica support and an adequate loading and selective deposition of Pd and Bi
nanoparticles would be able to maintain balanced and continuous redox reactions and
enhance the activity, selectivity and stability of the catalyst. We also hypothesise that the
optimization of process conditions with the improved catalyst system would further

enhance the selective conversion of lactose to LBA.

3.2. Objectives

The main objective of this project is to selectively produce lactobionic acid via the
partial oxidation of lactose over a bimetallic Pd-Bi catalyst supported on nanostructured

silica materials,
The specific objectives are:

1. Formulation of the bimetallic Pd-Bi catalyst supported on nanostructured silica
material,

2. Physico-chemical characterization of the formulated catalysts;

3. Optimization of the reaction conditions of lactose catalytic oxidation such as: metal
loading on the nanostructured support, temperature, air flow, metﬁlflaclosc ratio, pH
of the reaction medium, which lead to the highest selective conversion of lactose
into LBA;

4. Performing the scale-up studies in the optimal conditions of lactose oxidation
reaction;

5. Investigation of the catalyst stability.
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CHAPTER 4

METHODOLOGY AND EXPERIMENTAL PROCEDURES

4.1. Project methodology

According to the specific objectives enounced earlier, the methodology of this

project was developed and described in the scheme presented in Fig. 10,

4.1.1. Chemicals:

In this project, the following chemicals were employed:
e Pluronic acid P123 (BASF);
« TEOS (Sigma Aldrich);
e  Bi(NO4), * SH;0 (Aldrich);
o Pd(NO;); - xHO Aldrich);
s Lactose monohydrate (Sigma Aldrich);
« Lactobionic acid (Sigma Aldrich);
s NaOH solution, 50% (Fluka);
e Sodium acetate (Fluka);
« Bistandard for ICP (SCP Science, Quebec);
e Pd standard for ICP (SCP Science, Quebec).
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Catalyst formulation

v

Preparation of nanostructured support (SBA-15)

!

First impregnation of support with Pd

v

Second impregnation with Bi

v

Catalysts characterization by BET, XRD,
TEM, XPS, Hs-chemisorption analysis

v

Catalytic tests

v

Optimization of the reaction conditions
for the best catalyst formulation

o

Evaluation of catalyst stability Performing the scale-up studies

\/

CONCLUSION

Fig. 10. The scheme including the principal steps of the research methodology
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4.1.2. Equipment.

The equipments employed were:

Ultrasonic bath TRANSSONIC 1310, Germany;

Magnetic hot-plate, Fisher;

Two-pieces Jacketed reactor (11), AceGlass, USA (Fig. 11);

Water hath: PolyScience, llinois, USA;

Digital temperature controller, PolyScience, lllinois, USA;

Disolved Oxygen probe, Cole-Parmer, Illinois, USA (Fig. 12);

Benchtop dissolved oxygen meter, Cole Parmer, lllinois, USA;

Pencil-thin pH electrode Acummet, Fisher Scientific;

Titrator Mettler-Toledo, Switzerland (Fig. 13);

Diffractometer with focusing beam monochromated Cu K, radiation, Ultima Il

Rigaku, Japan (Fig. 14);

Volumetric adsorption analyzer, Quantachrome Instruments, Boyton Beach, Florida

(Fig. 15);

HPLC 1CS-2500 Dionex, USA (Fig. 16) equipped with:

- Colonne CarboPac PAL Dionex, USA:

- Amperometric cell outfitted with gold electrodes and a Ag/AgCl relerence
electrode, Dionex, USA:

Programmable furnace, Manfredi, ltaly;

Microscope JEOL JEM-1230, Japan;

Spectrometer system Axis-Ultra, Kratos, UK.
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Fig. 12, Disolved oxigen
probe and benchtop dissolved
oxygen meter (Cole Parmer)

Fig, 11. Reactor, | L. (AceGlass) Fig. 13. Titrator ( Mettler Toledo)
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Fig. 14, Diffractometer (Ultima Il Rigaku) Fig. 15. Volumetric
: Physisorption/ Chemisorption station
Analyzer (Quantachrome Instruments)

Fig. 16. HPLC ( [CS-2500 Dionex)
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4.2. Experimental procedures

4.2.1. Formulation of the Pd-Bi catalyst supported on nanostructured silica

material

4.2.1.1. Synthesis of SBA-15

In accordance with the presented hypothesis, the SBA-15 material was chosen as
nanostructured silica support. SBA-15 was synthesized in acidic medium vig a synthetic
route using poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene glycol) triblock
copolymer (Pluronic 123) as a templating agent, according to the two-step procedure
[Zhao et. al; Choi et al. 2003

Typically, 21.1 g triblock copolymer P123 (BASF) were dissolved in 658 g 2N HCI
aqueous solution in a 1000 ml. beaker while stirring at room temperature. The solution was
heated to 40°C before adding drop wise 73 g tetracthylorthosilicate, TEOS (Aldrich). The
mixture solution with the precipitated product was stirred for 23 h at 40°C, followed by
aging step at 100°C for 24 h in a 1L Pyrex bottle. The precipitated product was filtered,
washed with deionised water and dried at room temperature. Finally, calcination was
carried out in a programmable furnace (Manfredi, Italy) at 540°C for 5 h with a heating rate

of 3°C/min,

4.2.1.2. Impregnation of SBA-15 material with Pd

Pd/SBA-15 catalyst with a specified Pd loading was prepared in a 100 mL beaker
by impregnation of 1 g SBA-15 silica material with aqueous solution of Pd(NOs), - xH,0
(Aldrich) which was used as Pd precursor [Plourde et al., 2004]. By dropwise addition, the
surface of SBA-15 powder was uniformly covered by the solution of Pd(NOs): - xH50
previously sonicated in a Transonic T310 ultrasonic bath. The sonication step was

necessary for obtaining Pd particles [Chen et al. 2000].

39



Chapter 4/ Methodology and experimental procedures

The obtained slurry was kept stirred at room temperature for 24 h until dryness.
The obtained solid powder was dried at 100°C for 24h. Finally, the calcination was
performed in air at 540° C for 5h with a heating rate of 3°C/min. The reduction of the
Pd/SBA-15 sample was performed in a plass cell especially designed, which was placed in
the programmable furnace under hydrogen flow at 400°C for 3h [Plourde et al., 2004].

Bi-Pd/SBAILS catalysts with different Bi:Pd molar ratio and total metals charges
were prepared by a second impregnation of PA/SBA-15 with an aqueous solution of
Bi(NO1):°5H20 (Aldrich) which was used as Bi precursor. Similar impregnation method
was used. The solution of Bi(NO3)y5H,0 was sonicated and added on the surface of
catalyst powder Pd/SBA-15. The obtained slurry was kept under stirring for 24 h at room
temperature and dried at 100°C for 24 h. Finally, the calcination was performed under air
at 540°C for 5 h. The reduction of the Bi-Pd/SBA-15 sample was performed under
hydrogen flow at 260°C for 2 h [Karski et al., 2002].

Using this procedure, 8 Pd-Bi catalysts (A, B, C, D, E, F, G, H) were prepared by
varying the Pd and Bi loadings and tested for the oxidation of lactose. The results of these

preliminary tests are summarized in Table 6.
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4.2.2. Catalyst characterization
4.2.2.1. BET analysis

In the case of homogeneous catalytic reaction, the knowledge of the total surface
area of the catalyst is required. This is obtained by the B.E.T. (Brunacur-Emmet-Teller)
method, in which the effect of total pressure of Na» adsorbed on the solid at constant
temperature is measured. This method assumed that the first layer of gas molecules is
adsorbed more strongly than the subsequent layer, and that the heat of adsorption of
subsequent layers is constant. They also assumed the absence of lateral interaction between
adsorbed molecules [Brunauer et al., 1938].

The surface area was determined from the N» adsorption-desorption isotherms of
the sample at 77 K using a volumetric adsorption analyzer (Model Autosorb-1,
Quantachrome Instruments, Boyton Beach, FL).

First, the SBA-15 material was calcinated at 540 °C. The 1%Pd/SBA-15 sample
was reduced to 400°C and the bimetallic catalyst was reduced to 260 "C. Prior to
measurement, the catalysts samples (about 50.00 mg) were placed into the sample cell,
heated to 200°C and degassed for 6 h until the pressure was less than 10 torr.

The samples were weighed and immersed in liquid N; to start the automatic
procedure of the Modul Autosorb-1 controlled with an AS1Win 1.50 software.

For surface area of the samples, the multipoint method of BET equation was
employed, which requires a linear plot of 1/[W(Py/P)-1] vs P/Pg, using nitrogen as the
adsorbate, in the P/P; range of 0.05 to 0.35.

BET cquati I s log s [ P]
ualions: - .
“ W (p/P)1) WaC WaClp,

in which W is the weight of gas adsorbed at a relative pressure, P/Pg, and W, is the weight
of adsorbate constituting a monolayer of surface coverage. The C constant of BET is
related to the energy of adsorption in the first adsorbed layer and consequently its value s
an indication of the magnitude of the adsorbent/adsorbate interactions.

The total pore volume was estimated from the volume of N, adsorbed at a relative

pressure of 0.99. Pore size distributions were calculated by BJH method using the
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desorption branch of the N, adsorption/desorption isotherms [Barrett et al. 1951]. By
assuming cylindrical pore geometry, the mesopore size calculations are made using the

Kelvin equation.

4.2.2.2. H; - Chemisorption analysis

The aim in chemisorption experiments is to determine the number of active sites
present on a given sample. In practice, what 15 measured is the sample's chemisorption
capacity at different adsorbate pressures. From this, the amount of adsorbate needed to
form a monolayer of chemisorbed gas (V,,) is estimated.

Ha-chemisorption analysis was carried out in a gas chemisorption system (Model
Autosorb-1C, Quantachrome Instruments, Boyton Beach, FL) at 313 K under atmospheric
pressure. First, the reduced catalyst sample (216 mg) was pelletized. The sample was
heated at 200°C under a flow of H; to assure the reduction state of the metal. Once sample
preparation was completed, the sample was cooled down (generally under vacuum) to
40°C. The Chemosorb software conducted the entire analysis. Then, pre-selected doses of
chemically adsorbing Ha were sequentially added to the sample. Adsorbed volume (V) vs.
equilibrium pressure (P) isotherms was generated. The first isotherm collected after sample
preparation represents the combined contributions of chemisorption (on strong sites) and
physical adsorption (if any) on the sample. V,, was estimated by extrapolation to P = 0 of
combined isotherm.

The Pd surface area, crystallite size and the catalyst dispersion were calculated
assuming that two hydrogen atoms are adsorbed per surface Pd metal atom using the

Chemisorb program (Quantachrome Instruments).
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4.2.2.3. XRD analysis

X-Ray Diffraction (XRD) identifies the crystal structure of the crystalline and
polycrystalline material. The periodic nature of crystal lattices creates specific rules for the
amount of x-rays leaving a sample being bombarded with monochromatic X-rays.

X-ray diffraction analyses were performed to investigate the crystallinity of the
metal catalysts incorporated into the framework of the mesostructured silica SBA-15 and to
estimate the average particle sizes.

XRD patterns were obtained using a Rigaku Ultima 11T (Japan) diffractometer with
focusing beam monochromated Cu K, radiation. The measurements were made at 40 kV
and 44 mA.

The values of the crystal size were estimated from the broadening of a single well-
resolved peak of catalysts using Scherrer formula [Klug and Alexander, 1974]:

kA

L= m‘ where k=0.94, 2=0.1542 nm the Cu K, radiation wavelength, P} is the full

width at half maximum of the peak in radians and 6 is the Bragg angle.

The powder catalyst samples were uniformly dispersed in thin layers on a glass

slide.,

4.2.2.4. TEM analysis

Transmission Electron Microscopy (TEM) images the structure of thin solid films
by forcing monoenergetic electrons through the thin film, while detecting the transmitted
clectrons intensity, TEM specimens must be 200 nm thick or thinner to allow sufficient
electron transmission. Imaging the diffraction pattern of the transmitted electrons allows
identification of erystal structure and lattice defects in the matenals.

The investigation of uniform structure of the nanostructured support and the particle

size distribution in the mesoporous framework is possible with the transmission electron
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microscopy. As pointed out by Flynn et al, [1974], the measurement of a reliable particle
size distribution from electron image is based on the three following implicit assumptions:
1. The size measured on the image is equal to the true size of the particle (multiplied
by magnification);
2. All particle have the sumﬁ probability of being observed on the image, whatever
their size;
3. Contrast arising from the support cannot be confused with contrast arising from the
particles,

TEM images were obtained with a JEOL JEM-1230 (Tokyo, Japan) microscope
with 80 kV acceleration speed. The samples were prepared in ethanol solution then dried
and disposed in uniformly thin layer on a glass support. TEM analyscs were performed for
SBA-15 and the formulation D of the catalyst. The images were acquired automatically by

computer software.

4.2.2.5. XPS analysis

X-Ray photoelectron spectroscopy (XPS), also referred to as Electron Spectroscopy
for Chemical Analysis (ESCA), identifies clements by analyzing energies of photoelectrons
ejected by monochromatic X-rays bombardment. The energy of each photoelectron is
d.ircutly related to the atom from which it was removed; therefore identifying elements on a
sample surface 15 possible. A high-resolution spectrometer sums the number of ejected
photoelectrons at specific levels of energy, and these accumulates are converted into
elemental compositions. The valence state(s) or chemical bonding environment(s) are also
identifiable from these accumulates.

The surface of catalyst with formulation D was studied by XPS analyse. The
instrument was an Axis-Ultra system spectrometer from Kratos (U.K.) equipped with an
electrostatic analyzer of large ray, a system of detection of 8 channels, a source of double
X-rays Al-Mg without a monochromator and an Al source with a monochromator. The
system also has an electron gun of very low energy for the effective neutralization of the

important electrostatic load, which appears on the samples electrically insulating at the time
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of their exposure to the monochromatic beam of X-rays. This spectrometer is installed in a
system with vacuum whose basic pressure is of 5 X 10" mbar, The room of ESCA
analysis is connected to a room of multi-purpose transport/ preparation connected itself to
the introduction gate for a fast introduction of the samples in analysis position.

The necessary quantity of catalyst powder was introduced in a cup of copper. The
pressure in the ESCA room was about 5 X 10™ torr during the analyses.

All the spectra were recorded with the Al monochromatic source with a power of
300 Waus, with the gun of neutralization under operation. The flyover spectrum used to
determine the elementary composition was recorded with pass energy in the analyzer of
160eV and a step of energy of leV, lenses in hybrid mode, which maximizes the
sensitivity. The detailed spectra with high resolution were recorded with the pass energy of
40 or 20 eV, and a step of energy of 50 or 100 meV (lenses in hybrid mode); the spectra
with high resolution are used for the chemical analysis [Moulder et al., 1992]. The electron
beam of neutralization was oriented perpendicular to the bottom of the bowl, the
photoelectrons were analyzed in the normal direction with the bowl and the beam of X-ray
was incidental with 30 degrees compared to the bottom of the bowl. The computer analyzed
the recording peaks. The adjustment of the envelope calculated with the experimental

spectrum was carried out in an automatic way by CasaWPS software (Kratos, UK).
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4.2.3. Catalytic oxidation of lactose to LBA
4.2.3.1. Preliminary tests

The first experiments of the oxidation of lactose were carried out in 20 mM aqueous
solutions of (@) -D (+) lactose (Aldrich) (0.7206 g lactose in 100 mL water). As a batch
reactor was employed an Erlenmeyer of 300 ml, which was placed on a hotplate (Fisher
Scientific). A bath with water is used to monitor the tempéralure, which was verified with a
digital thermometer, On top of the beaker a pencil-thin pH electrode (Accumet Single-
jonction Model) coupled with a titrator (Mettler Toledo, Switzerland), an oxygen probe
coupled on a benchtop dissolved oxygen meter (Cole Parmer, Illinois, USA) and a syringe
pump tube for NaOH addition were placed into the slurry.

First, lactose solution was purged with nitrogen for 30 minutes to limit oxygen
presence in the system until air is introduced for the reaction. The stirring rate was kept at
300 rpm. After the temperature was increased at desired temperature, the catalyst powder 1s
added to lactose solution and air bubbling was started. The reactions were started with
reduced catalysts. The stirring rate was 1000 rpm. The LBA formed during the reaction was
neutralized by drop wise addition of 1M NaOH solution to maintain a constant pH in the

reaction medium under microaerial conditions. The scheme of the apparatus is shown in
Fig. 17.
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Fig. 17. Scheme for catalytic oxidation reaction of lactose
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Three reaction procedures were developed and tested to assess microaerial
conditions:

1. Bubbling of nitrogen through 100 mL lactose solution during 30 min to strip the
dissolved oxygen, than 5 min exposure of the solution to atmospheric air; heating until the
desired temperature was attained and starting the reaction by introducing the reduced
catalyst powder and stirring at 1000 rpm.

2. The same conditions as procedure 1 where air was bubbled at 20 mL/min for
3 hours.

3. The same conditions as procedure 1, in addition, consecutive air and nitrogen
were periodically introduced for best controlling the dissolved oxygen during the reaction.
For the first hour 10 minutes of air bubbling was alternated with 5 min Nz and for the last
2 hours 10 minute of air bubbling was alternated with 10 minutes of N>, The airflow rate
was 20 mL/min. The oxygen probe was plunged in the reaction mixture to verly the
dissolved oxygen.

Aliquots of 0.1 mL of reaction media were periodically withdrawn for HPLC

analysis.

4.2.3.2. Optimization of oxidation reaction conditions

The experiments were performed with procedure no. 3 for various conditions;

= Keeping constant the pH level at 9 and studying the effect of temperature at 38, 50,
65 and 80°C on the lactose conversion and catalyst selectivity;

=  Keeping the temperature at 65°C and studying the effect of pH level in reaction
medium at 7, 8 and 9;

=  Keeping the temperature at 65°C and constant pH=9 for studying the effect of total
metals charges of the catalyst on the catalyst performance;

= Keeping the temperature at 65°C and constant pH=9 and studying the promoter
effect of Bi on the catalyst performance by verifying different Bi:Pd ratios;

= Keeping the temperature at 65"C and constant pH=9 for studying the effect of

different catalyst/lactose ratios.
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4.2.3.3. Scale-up studies for catalytic oxidation of lactose

The best catalyst found in the first tests which exhibited the highest activity and
selectivity towards LBA was used for the scale-up studies. Two Erlenmeyer of 500 mL,
1000 mL and a glass reactor of 1000 mL were employed.

The two-piece pressure reactor 1 L (AceGlass, USA) equipped with a jacket was
coupled to a water bath controlled by a digital temperature controller (PolyScience, lllinois,
USA). On top of the reactor a pencil-thin pH electrode (Accumet Single-jonction Model)
coupled with a titrator (Mettler Toledo, Switzerland), an oxygen probe coupled on a
benchtop dissolved oxygen meter (Cole Parmer, [llinois, USA) and a syringe pump tube for
NaOH addition were placed into the slurry. Also, air and N; entries were previewed. The
stirrer shaft was equipped with a blade,

400 mL of 20 mM aqueous solution of (a) -D (+) lactose (Aldrich) was initially
purged with nitrogen for 30 minutes to limit oxygen presence in the system until air is
introduced for the reaction. The digital temperature controller was set at 67.5"C. At the
desired temperature 0.6 g catalyst (0.15 g catalyst/100 mL lactose solution) was added in
the reactor. Procedure no. 3 was started.

Aliquots of 0.1 mL of reaction mixture were periodically withdrawn for HPLC

analysis.

4.2.3.4. HPLC analysis

The samples of reaction mixture were analysed using a chromatographic system
DX- 1ICS 2500 (Dionex, USA) equipped with gradient pump GP50 and an electrochemical
detector ED50 with a thin-layer type amperometric cell outfitted with gold electrodes and a
Ag/ApCl reference electrode. The chromatographic separation of lactose and LBA was
performed on a CarboPac PAL analytical column (4mm=250 mm i.d. Dionex) and a
CarboPac PA1 guard column (4mm>*50mm i.d. Dionex) at a flow-rate of 1 mL/min.

A gradient controller was used to adjust the required solvent gradient in order to

quickly detect, clean and reactivate the electrode surface. NaOH solution 50% (Fluka) and
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anhydrous NaOAc (Fluka) were used to prepare the eluents in deionized water. All solvents
were stored in closed, pressurized bottles with helium splashing.

Compositions of three solutions A, B and C were as follows: solution A= 0.1M
MNaOH, solution B=0.5M NaOAc, solution C=ﬂ.2M. NaOH. The flow rate of mobile phase
was 1 mL/min, The gradient used for the analysis was as follows: 100% eluent A was used
for 10 min followed by a linear gradient to reach the eluent composition at 60% A and 40%
B. This composition was maintained for 10 min, and then the eluent was returned to 100%
Acin 10 min following a linear gradient.

The detector pulse duration settings were T1=200 ms, T2=200 ms and T3=400 ms
and the detector applied potentials were E1=0.05 V, E2=0.75 V, E3=-0.15V.

Prior to analysis, the samples of 0.1 mL of reaction mixture were diluted in 100 ml
walter. a-lactose monohydrate (Sigma Aldrich) and lactobionic acid (Sigma Aldrich) were
used as standards to calibrate the HPLC analysis procedure.

The volume of aliquot sample injected was 25 pl. The Chromeleon sofiware
(Dionex inc.,, USA) was used to perform the calibration curve and integrated all

chromatographic data.

4.2.3.5. ICP analysis

The detection of Pd and Bi in the samples of reaction mixture was performed with
an Inductively Coupled Plasma Optical Emission Spectrometer (Perkin-Elmer Optima
3000, Massachusetts, USA).

First, the samples were acidified with concentrated HNO; above pH=2. The ICP
system was flushed with the solution sample for 45 sec. About 2 mL of sample was
pumped with 1.5 ml/min in the nebulizer which transforms the aqueous solution into an
aerosol. The computer interface WinLab 32 (Perkin-Elmer, Massachusetts, USA) has
identified and quantified the metals in the sample by taking into acount the wavelenght for
Biof 223.061 nm and for Pd of 340.458 nm.
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CHAPTER 5

RESULTS AND DISCUSSION

S.1. Catalysts characterization

5.1.1. BET analysis

The Na adsorption-desorption isotherms at 77K were performed for SBA-15,
Pd/SBA-15 and Pd-Bi/SBA-15 materials,

The surface arca for the samples was calculated with the multipoint BET method.
The average diameter of mesopores was obtained from the maximum of a pore size
distribution calculated using the BJH method.

All the data regarding textural and surface characteristics of the support and the

prepared catalysts are presented in Table 3.

Table 3. Textural and surface characteristics of the catalysis

BET Pore Total Pore
Formulation of .

catalyst Description surfl aczc Diameter Vultime
area (m°/g) (nm) (em”/g)

Support SBAILS 901.9 6.8 1.31

A 1%Pd/SBA1S5 R36.9 6.2 1.20

D 1.02%Pd/0.64%BiI/SBA 1S 807.4 6.2 1.22

B 5%Pd/5%BIISBALS 606.1 5.2 0.87

52



Chapier 5 / Results and discussion

900 1— -

800 - —&— Adsorplion
—A— Desorplion

700 - R

GO0

500

400 -

Volume adsarbed [cm 3:’g]

300 A

200 4 N

100 : ; ; . .
0,0 0,2 0,4 0,6 0,8 1,0 1,2

Relative pressure, p/p,
Fig. 18 . Ny Adsoption-desorption isotherms for SBA-15 material calcinated at 540 °C.

20
18 - .
16 -
14 -
12 -

10 4

Pore size distribution [cmag"'A'q

of Sl . .

0 100 200 300 400 500 GO0 700
Pore size [A]

Fig. 19. BJH pore size distribuion for SBA-15 material calcinated at 540 °C.

53



Chapter 5 / Results and discussion

In Fig. 18, the calcined SBA-15 material presents a characteristic type IV isotherm
for mesoporous materials with a pronounced hysteresis loop with two parallels as defined
by IUPAC [Sing et al., 1985]. The presence of the hysteresis loop indicates high pore size
uniformity and facile pore connectivity [Krug and Jaroniec, 2003]. The amount adsorbed is
always greater at any given relative pressure along the desorption branch than along the
adsorption branch. The capillary condensation of the SBA-15 sample that takes place in
mesopores with the increase in the adsorbed amount begins at relative pressure (P/Py) at
0.65 and finishes rapidly arround 0.8. For ordered mesoporous solids, those higher-
pressure parts of the plots can be used to calculate the primary mesopore volume and the
external surface area (the surface area of the other pores present in these materials) [Kruk
and Jaroniec, 2003 ].

It was found that BET surface area and total pore volume of SBA-15 are 901.9 m*/g
and 1.31 em’/g, respectively, which are similar to those of conventional SBA-15. The pore
size distribution was estimated by BJH method (Fig. 19).

It has been recognized that SBA-15 materials contain both meso and microporosity
[Lukens Jr. et al, 1999; Van der Voort et al., 2002; Kruk et al., 2003). The presence of
microporosity within the pore walls endows the 2D hexagonal channels with a 3D pore
connectivity [Ryoo et al., 2001], promoting molecular transport in catalysis and adsorption.

In conclusion, the SBA-15 prepared is a mesoporous material with large pores

(=6 nm), high specific surface and pore volume.
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In Fig. 20, the calcined 1%Pd/SBA-15 material also presents a typical isotherm of
the type IV characteristic for mesoporous materials with a pronounced hysteresis loop. The
capillary condensation ol the 1%Pd /SBA-15 sample, begins at relative pressure (/%) at
near (.60, which indicates smaller pore size of the sample. It was found that BET surface
area and total pore volume of 1%Pd/SBA-15 are 836.9 mzfg and 1.20 em’/g, respectively.
The pore size distribution was estimated by BJH method (Fig. 21).

The impregnation of SBA-15 material with 1% (wt.) Pd led to mesoporous material
with a high specific surface and pore volume. However, these textural properties were
lower than those obtained for unmodified SBA-15 materials. The average pore size of the
materials was found to remain practically unchanged. This result suggests that the
formation of Pd particles within the mesoporous silicas did not lead to the destruction or
blocking of the mesoporous framework channels. Thus, the mesoporous framework of

BBA-15 was preserved.
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In Fig. 22, the calcined 1.02% Pd 0.64%Bi/SBA-15 catalyst also presents a type IV
isotherm characteristic for mesoporous materials with a pronounced hysteresis loop. The
second impregnation with Bi of SBA-15 material with 1% (wl.) Pd led to a mesoporous
material with stll high specific surface and pore volume. The average pore size of the
materials (Fig. 23) and specific surface were found to remain practically unchanged.
Accordingly, these results suggest that the impregnation with Bi do not lead o the

destruction or blocking of the mesoporous framework channels.
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Fig . 24. N; Adsoption-desorption isotherms for 5% Pd 5%Bi/SBA-15 catalyst.
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Fig. 25. BJH pore size distribution for 5%Pd 5% Bi%/SBA-15 catalyst.

In the case of a 5%Pd 5%BiI/SBA-15 material with a much greater loading in metals
(10%) of SBA-135, the N3- adsorption-desorption isotherms are also typical for mesoporous
materials with a hysteresis loop (Fig. 24). However, the capillary condensation of the
sample, beginning at relative pressure (P/Py) near 0.5, indicates smaller pore sizes for the
sample,

It was found that BET surface area and total pore volume of 5%Pd 5%Bi/SBA-15
was 606.1 m*/g and 0.87 cm’/g, respectively. The pore size distribution was estimated by
BJH method (Fig. 25).
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5.1.2. H; - Chemisorption analysis

In Fig. 23, the plot of volume of H; uptake (V) by the sample versus equilibrium
hydrogen pressure (P/Py) isotherms was presented and V,,, was estimated by extrapolation
to P =0 of combined isotherm (C).
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Fig. 26. The combined isotherm (C) of the Hay-chemisorption for 1%Pd/SBA-15.

Table 4. Data obtained by Hi-chemisorption analysis.

Monolayer Percent Astive
Sample H; uptake/g v metal Average
. H; uptake, Hs uptake metal ]
weight, 3 sample, . surface crystallite
cm 3 pmol /g dispersion, 2 ;
g cm'/g o arca, m/g  size, nm
sample %o
sample
0.216 0.0986 0.4575 20.3636 43.36 1.932 2.6
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The data presented in Table 4 were calculated assuming:
s the adsorbtion stoechiometry Pd/H=2;
e Pd density of 12.02 g-em
s  melal surface area of 7.874 A:’Iumm;
* Pd shape = 6 (sphere).

Metal dispersion, namely the ratio between surface and total metal atoms, is a
critical factor for several catalytic reactions and generally it has to be as high as possible.
The 1%Pd/SBA-15. which was dircetly reduced after Pd deposition on the caleined
SBA-15 demonstrated 43.36% metal dispersion and it was found that the Pd nanoparticles
has attained 2.6 nm in the mesoporous silica frameworks (Table 5). It is obvious that the
average Pd particle diameter did not exceed the mesopore diameter of SBA-15, suggesting
that the Pd clusters were formed within the confined mesopore space, and their maximum
size was controlled by the pore diameter | Yuranov et al, 2003]). Pd clusters were found o
be resistant against sintering during calcination (540 °C, 5 h).

Also, a high active metal surface area of 193.2 m*/g Pd proved a high activity of the
1%Pd/SBA-15 sample.
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5.1.3. XRD patterns

As shown in Fig. 27, the XRD results for the calcined SBA-15, prepared using
EQyPOwEO,g (Pluronic 123) as a templating agent, confirmed that the ordered hexagonal
structure was formed. Figure 27 demonstrates three well-resolved diffraction peaks, which
can be ascribed to the (1 0 0), (1 1 0) and (2 0 0) reflections associated with hexagonal
symmetry [Zhao et al., 1998].
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Fig. 27. Small angle XRD patterns of SBA-15 silica material
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Prior to XRI analyses the powder samples of 1%Pd/SBA-15 were reduced in H; at
400°C. The small angle XRD patterns for the 1%Pd/SBA-15 (Fig. 28) showed three peaks
intensity and resolutions were diminished gradually as the metals loading increased.
However, the ordered hexagonal structure of SBA-15 support 15 preserved.

The possibility of the formation of Pd metal during loading process was confirmed
by wide angle XRD patterns for the 1%Pd/SBA-15. The characteristic reflections from the
(1 11),(200)and (22 0) Pd crystal planes are presented.

The small angle XRD patiern for the 1.02%Pd 0.64%Bi/SBA-15, which was
reduced in H; at 260°C, also presents the three well-resolved diffraction peaks (Fig. 29)
associated with hexagonal symmetry. The wide-angle XRD patterns have shown a smaller
intensity for the first characteristic peak and a bigger intensity for the second. This pattern

may be ascribed to Pd-Bi alloy formation.
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Fig. 30. Small and wide angle XRD patterns of 5% Pd 5%Bi/SBA-15 (formulation B)

The small angle pattern of 5%Pd 5%Bi/SBA-15 catalyst also present a hexagonal
ordered structure (Fig 30). The wide angle XRD pattern showed an important alteration of
the first peak characteristic to Pd crystal plan, corresponding to the apparition of
intermetallic Bi-Pd compounds.

The crystallites’ size was found to be around 10 nm for PdBi alloy and around
I'l nm for Pd.

For the 5%Pd/SBA-15 catalyst, the crystallites” size of Pd was calculated at about
25 nm employing the Scherrer equation (Annexe A, Fig. 54).

Similary, for the 5%Pd 5%Bi/Si0,, after reducing in hydrogen at 533K,
Karski, [2006] identified the crystalline phase of BiPd and Bi;Pd compounds by references
to the ASTM data files. In this case, the probability of formation of BiPd and Bi:Pd
compounds in 5%Pd 5%Bi/SBA-15 1s very high.
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5.1.4. TEM images

50 nm

Fig. 31. TEM images of the SBA-15 material

Fig. 32, a), b), c).
TEM images of the
1.02%Pd 0.64%Bi/SBA-15

sample

c) " 100 _nm
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The prismatic array of pores with hexagonal symmetry of the SBA-15 sample is
detected by TEM  (Fig. 31). The X-ray diffraction and nitrogen adsorption results were
consistent with the hexagonal ordered structure observed in the TEM images.

The TEM images of the 1.02%Pd 0.64%Bi/SBA-15 (Fig. 32) provide further
information on the Pd and Bi nanoparticles within the mesoporous silica framework
channels. Fig. 32.a) shows the straight mesoporous channels parallel to the long axis, and
metal nanoparticles are observed both in the mesoporous channels and on the external
surface of the silica support. The black dots smaller than 6 nm and larger than 8 nm
correspond to the metal particles located in the channels and on the surface, respectively
(Fig. 32 b). It should be noted that metal particles even on the external surface are relatively
well dispersed and the growth of particle is not significant (Fig. 32 ¢).

The particle size was about 2-8 nm and this coincides with that obtained by
Ha-chemisorption and XRD analysis. The metal crystallites composed of both Pd and Bi

seem to be uniformly distributed.
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5.1.5. XP5 analysis

The two metal elements, Pd and Bi, were detected (Fig. 33) and the apparent
concentrations of the elements were given in atomic % in the Table 5.

Pd was found in the form of Pd’, The chemical state of Bi was evaluated with the
peak Bi 4d 5/2 (Fig. 34).
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Fig. 33. XPS spectra for 1.02%Pd 0,64%Bi/5BA-15 sample
Table 5. The surface concentration of the elements by XPS analysis
Peaks name Position (eV) FWH Area At%
0 1s 530.89 2.943 115995.6 69.395
Bi 4d 43989 5.874 1146.4 0.121
Pd 3d 332.89 3.387 795.6 0.069
Si 2p 101.89 3.036 213786 30415
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Fig. 34, Enlarging spectra for Bidd and Pd3d

Usually, the chemical state of Bi is evaluated with the peaks 41, but in this case it
secems (o be impossible. The other peaks, not very intense, are drowned in the tail of the
loss of energy of Si2s, as shown in Fig. 35, where the positions awaited for Bid4f are
between 156.8 and 162.3 ¢V. Therefore, the peak Bi4d5/2 was studied in accordance with
the NIST XPS Database, [2000).

A recording of the peak Si2p (Fig. 35) was carried out, in order to correct and
update energy for all the other spectra. The value imposed for SiZp silica was 103.6 eV and

the corrected binding energies are presented in Table 6.

Table 6. Corrected binding energies in XPS analysis
Peaks Corrected binding

name energy, eV
~ O1s 5328
_ Bidd 4418
PA3dS2 3350
Pd 3d 3/2 340.32
Si2p 036
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Fig. 35. XPS spectra for Si2p.

The binding energy corrected at 532.8 eV for the peak O 1s corresponds to what is
expected for silica, according to Moulder et al., [1992].

The binding energy for Pd3d 2/5 corresponds to Pd’ (metallic Pd).

The data available for Bidd 5/2 deviates notably from the values ascribable to
metallic Bi (440.0-440.4eV). The binding energy of 441.8 eV, mainly the same when one
considers the Bi-Se compounds, seems to confirm that Bi 15 in a chemical state, which is
not the pure metal state. These explanations can be reflected by the presence of

intermetallic alloy Pd-Bi, whose stoichiometry of surface would be roughly Bij 55Pd.
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5.2. Catalytic oxidation of lactose

The catalytic results are expressed as conversion of lactose (X, %) and the

selectivity of lactose into lactobionic acid (S, %).

Those parameters were defined as:

Xf%}:{l—iéﬂgllxlﬂﬂ
- [BAC],

[L34] %100
[LAC], —[LAC]

Sﬁ%}:[

Where [LAC]y = the initial concentration of lactose

[LAC]= the concentrations of lactose at time t

[LBA] = the concentrations of sodium lactobionate

These concentrations are obtained by HPLC analyses of the samples prelevated
during the oxidation reaction.

Examples of HPLC chromatograms arc shown in the fig. 36.
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Fig. 36. Chromatograms obtained by HPLC analysis for the reaction mixture
during 3 hours. ‘
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5.2.1. Preliminary tests of lactose oxidation

The experiments were performed at 65°C and pH=9 under microaerial conditions
(200 mL/min airflow). All three procedures explained in the previous chapter were
employed. The preliminary data of lactose conversion under different reaction conditions
were presented in Table 7. The maximum reaction time was 3 hours.

The maximum of lactose conversion was observed in experiment no. 9 in the case
of 1.02%Pd 0.64%Bi/SBA-15 catalyst (Bi:Pd=0.3 molar ratio) with 0.21 g catalyst/g
lactose ratio using procedure 3. A very good lactose conversion was also reached by the
0.81%Pd 0.44%Bi/SBA-15 (Bi:Pd=0.3 molar ratio) but in the conditions of a greater
catalyst/lactose ratio (0.28). Contrarily, the 0.5%Pd 0.5%Bi/SBA-15 catalyst did not
perform because it provided the lowest lactose conversion. As is shown in the literature
| Karski et. al., 2005, 2006; Hendriks et al. 1990] only the bimetallic catalysts with
(1-5)%Bi and 5%Pd supported by SiO, or C were employed. In this study, testing the 5%Pd
5%BI/SBA-15 did not demonstrate a good lactose conversion. This situation is probably
due to the large Pd nanoparticle obtained which is not confined in the mesoporous channels
of SBA-15 and conducted at a lower Pd dispersion then the catalyst with 1%Pd loading and

the difference in the textural and chemical properties of the two supports.
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Table 7. Performance of different formulated Bi-Pd/SBA-15 catalysts for partial oxidation of 20 mM lactose solutions (0.7206 g

lactose in 100 mL water) to lactobionic acid under varied aeration conditions and caralyvst/ lacrose ratios.
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5.2.2. The dissolved oxygen

The first tests of the oxidation of lactose were carried out in order to find the best
acriation conditions for the three-phase reaction medium. The oxygen flow was found
optimum for 20 mL/min and provided a good aeration rate at 65°C with a stirring rate of
100 rpm. The consumption of oxygen i1s most rapid at the starting of the reaction and the
oxygen level 1s almost constant between 1-2%, for about 30 min. Subsequently, the
dissolved oxygen increased drastically and the saturated concentration values were attained
(18-24%). At this point, the rate of consumption of lactose was decreased dramatically and
the reaction stopped. The third procedure developed, which employed the N2 for stripping
the oxygen, is the best way of keeping the oxygen level constant. Therefore, the excellent
conversions of lactose (see Table 7) were obtained when the oxygen concentration was kept
at about 1% of the equilibrium concentration of the dissolved oxygen during reaction, as
has already been mentioned in the literature [Hendriks et al., 1990]. In this way, catalyst
deactivation by overoxydation is avoided and the oxidation reaction of lactose is performed

continuously.
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5.2.3. The influence of catalyst/lactose ratio

The experiments for the optimization of catalyst/lactose ratio were performed with

procedure 2 at 65°C, airflow of 20 mL/min, 1000 rpm and pH=9.
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Fig. 37. The effect of catalyst/lactose ratio on the conversion of lactose

in the reactions performed with catalyst D (1.02%Pd 0.64%B1/SBA-15)

Figure 37 shows the effect of the catalyst/ lactose ratio on lactose conversion for 3
reactions using 1.02%Pd 0.64%BI/SBA-15 catalyst. The greatest lactose conversion was
obtained for the 0.28 g catalyst/g lactose. Using 0.21 g catalyst/g lactose resulted in a
conversion of lactose after 3 hours a little beat smaller than the conversion in the case of
(.28 g catalyst/g lactose ratio. In the respect of the ultimate goal of any catalyst to provide
a very good performance in smallest quantity, it seems to be reasonable to consider an
optimum catalyst/lactose ratio of 0.21. This ratio 1s comparable with those reported by
Abbadi et al. [1997].
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5.2.4. The optimization of Bi:Pd molar ratio of the bimetallic catalyst

The experiments for the optimization of Bi:Pd ratio were performed at 65°C,
20 mL/min airflow, 1000 rpm and pH=9.
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Fig. 38. The promoter effect of Bi on the lactose conversion.

In the absence of bismuth, the activity of Pd/SBA-15 is much lower because
catalysts deactivate rapidly during oxidation reaction. As shown in Fig. 38, the addition of
bismuth drastically improves the catalytic activity of the Pd/SBA-15 catalyst in the
oxidation of lactose to LBA, The Bi:Pd molar ratio equal to 0.1, 0.3 and 0.5 were used in
studying the promoting effect of bismuth. According to Wenkin et al. [2002], the
promoting role of bismuth appears more evidently in the range 0.33<Bi/Pd<1.0 and the
maximum conversion of lactose observed was for the catalyst with Bi:Pd=0.5 — 0.67
[Hendriks et al., 1990]. In this study the maximum of lactose conversion was observed for

the promoted catalyst with Bi:Pd molar ratio of 0.3,
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5.3. Kinetics of lactose oxidation.

5.3.1. Effect of temperature on the Kinetics of lactose oxidation.

The experiments performed for studying the effect of temperature in the range
38°C — 80°C on the kinetics of reaction have involved the catalyst with formulation D
(1.02%Pd 0.64%Bi/SBA-15) and the procedure 3. The pH has been kept constant at 9 and

the ratio catalyst/lactose used was 0.21.
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Fig, 39, The kinetics of lactose oxidation at 38 °C and pH=9 in presence of
1.02%Pd 0.64%Bi/SBA-135 catalyst.

In Fig. 39, the kinetics of lactose oxidation performed at 38°C and pH=9 presents a
slow rate of lactose consumption. The reaction reached a maximum conversion of 49.05%
after 3 hours. The selectivity of lactose conversion into LBA was found 100% during
reaction. At 38°C, it was very difficult to maintain an optimum amount of dissolved oxygen
in reaction medium because the solution reached the saturated concentration in dissolved
oxygen very fast. Therefore, the catalyst deactivated by overoxidation and modest lactose

conversions was obtained.
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Fig. 40. The kinetics of lactose oxidation at 50 °C and pH =9
in presence of 1.02%0Pd (}.64%Bi/SBA-15 catalyst.

The kinetics at 50°C (Fig. 40) exhibited a more pronounced consumption rate of
lactose, where the conversion reached 78 % after 3 hours with the tendency to continue
lactose oxidation. The catalyst was still active after 3 hours of reaction, but the lactose
conversion reached moderate values. No other products were detected in the reaction

mixture during reaction.
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Fig. 41. The kinetics of lactose oxidation at 65 °C and pH=9
in presence of 1.02%Pd 0.64%Bi/SBA-15 catalyst
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In Fig. 41, the kinetics of lactose oxidation performed at 65°C and pH=9 showed
during the first 2 hours of reaction a high rale of consumption ol lactose, reaching a
conversion of 93%. Afler 3 hours, the maximum of lactose conversion was 96%. The

selectivity of the catalyst during the reaction of lactose oxidation into LBA was found

always 100%.
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Fig. 42, The kinetics of lactose oxidation at 80 °C and plf=9
in presence of 102%GPd 0.64%RBiFSBA-T5 catalyst
In Fig. 42, the kinetics of lactose oxidation performed at 80"C and pl1=9 exhibited
an acceptable consumption rate of lactose, reaching a conversion of 77% after 3 hours. At
relatively higher temperature (80°C), the oxygen solubility decreased readily, thus the
available ) concentration was too low to sustain and maintain the oxidation activity,

which could explain the decrease in the lactose conversions value.
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Fig. 43 shows the optimal temperature of 65°C in the oxidation reaction of lactose
where the maximum conversion of lactose was obtained. Moreover, while the solubility of
oxygen in water decreases with increasing temperature, the concentration of oxygen in the
aqueous phase should limit the overall reaction rate of lactose oxidation at higher reaction
temperature. As shown in Fig. 39 and Fig. 40, at lower temperatures the reaction is limited
by kinetics. However, the temperature has not affected the catalyst selectivity in LBA,

which was 100% in all cases.
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5.3.2. Effect of the pH on the kinetics of lactose oxidation

The experiments performed to study the effect of the pH of reaction mixture on the
kinetics of reaction involved the catalysts with formulation D) (1.02%Pd 0.64%B1/SBA-13)
and F (0.81%Pd 0.44%Bi/SBA-15) and procedure 3. In both cases the temperature was

maintained at 65°C and the catalyst/lactose ratio was 0.21.
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Fig. 44. The kinetics of the oxidation of lactose at 65 °C and pH=7
in presence af 1.02%Pd (). 64%RBiI/SBA-15 catalyst
In the experiments performed at pH=7, the kinetics of the oxidation of lactose
shows a slow reaction rate in Fig. 44 and the maximum of lactose conversion after 3 h
hardly reached 36%. At this pH, the catalyst was deactivated by self-poisoning with acidic
product LBA by blocking the active centres on the catalyst surface. Therefore, it was hard

to carry out the oxidation reaction, which halted quickly.
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Fig. 45. The kinetics of the oxidation of lactose at 65 “C and pH=7
in presence of 0.81%Pd (0.44%68i/SBA-15 catalyst

The same phenomenon is observed for the oxidation reaction, which involved de

catalyst with formulation F. The lactose conversion after 3 hours had hardly reached 20 %a.
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Fig. 46. The kinetics of the oxidation of lactose at 65 "C and pH=8
in presence of 1.02%Pd 0.64%Bi/SBA-15 catalyst '
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The kinetics of oxidation reaction of lactose carried out at pH=8 shows a maximum
of lactose conversion of 49% (Fig. 46). Obviously, the reaction rate was greater than in the

reaction performed at pHl 7.
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Fig. 47. The kinetics of lactose oxidation at 65 °C and pH=8
in presence of 0.81%Pd 0.44%Bi/SBA-15 caralyst

The reaction performed with formulation F of catalyst has reached a maximum of
lactose conversion of 48% almost at the same level found for formulation D. Clearly, the
kinetics of the reaction was improved by increasing the pH.

As shown Fig. 41 and Fig. 48, the kinetics at pH=9 demonstrates that the reaction
rate was accelerated and the lactose conversion reached 85% after 3 hours for the reaction
performed with formulation F of catalyst and 96% in the case of formulation D, indicating

again thal increasing pH has a beneficial effect in improving the kinetics of the reaction.
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Fig. 48. The kinetics of the oxidation of lactose at 65 °C and pli-Y
in presence of 0.81%Pd (0.44%Bi/SBA-15 catalyst

Consequently, the reaction rate clearly accelerates with increasing pH wvalue
(Fig. 49). A possible explanation for this phenomenon can be due to the negligible effect of
catalyst deactivation by self-poisoning in alkaline solution, as LBA is deprotonated and,
thus no longer capable of blocking active centers on the catalyst surface [Besson and
Gallezot, 2001; Besson and Gallezot, 2003]. The catalyst selectivity in the oxidation
reaction of lactose into LBA was 100% for the pH=7 -9,
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Fig. 49. Influence of pH on the kinetics of the lactose oxidation
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The activity of the bimetallic Pd-Bi/SBA-15 catalyst is greater in an alkaline
reaction condition. The selectivity to LBA decreased dramatically at higher pH wvalues
(=9.5) as a result of by-product formation catalyzed in strong alkaline solution and the
partial consummation of the catalyst. Dissolution of the silica support with decoloration of
the reaction medium was observed.

In conclusion, pH=9 was the optimal value proposed for the oxidation of lactose in

the condition of high selectivily and activity of the bimetallic catalyst.

5.3.4. The stability of the catalyst

The ICP analysis of a reaction mixture was performed in the case of reaction of the
oxidation of lactose where the conditions were found optimal and in presence of 1.02%Pd
0.64%Bi/SBA-15 catalyst. The leaching of the Bi and Pd in the reaction mixture was found
to be 1.2 mg/L and 0.2 mg/L for Bi and Pd, respectively. The catalyst demonstrated that it
is very stable and further batches of the lactose may be oxidized with the same charge of
catalyst. Further studies are required to provide the recycling capability of the used

catalyst.

5.3.5. Scale-up studies of the oxidation of lactose

In view to demonstrate that the kinetics of the oxidation of lactose can be scaled-up,
the studies were performed at 65°C, pH=9 and catalyst/lactose ratio=0.21, with bigger
reaction volumes. The highest performing catalyst (1.02%Pd 0.64%Bi/SBA-15) was
involved. For the scale-up studies various reaction volumes (V;) and reactor volumes (Vp)

were employed.
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Fig. 50. The kinetics of the experiment performed in an Evlenmeyer

(V=300 mL, V=100 mL).

The airflow was maintained at 20 mL/min and the stirring rate was 1000 rpm. When

a small reaction volume 15 employed (100 ml) and V/V=0.33, the reaction rate is fast and

high lactose conversions where reached (Fig. 50). Also, the performance of the catalyst

regarding its activity and selectivity is very high. This may be ascribed to a very good

oxygen transfer on the surface of the catalyst in the reaction mixture, which maintains a

high rate of lactose consumption.
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Fig. 51. The kinetics of the experiment performed in an Erlenmeyer

(Va=1000 mL, V,=500 mL).
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When the reaction volume was 500 mL and V/Vi=0.5 without changing the reactor
shape, the reaction rate was comparable with those carried out in a smaller reaction volume
and the lactose conversion was 96%, practically the same (Fig. 51). The stirring rate was
always kept at 1000 rpm, but the airflow was maintained at 100 mlL./min.

According to the results obtained, the scale-up studies were very encouraging and
following studies were carried out in a reactor (AceGlass, USA) with V=1000 mL. The

kinetics is presented in Fig. 52,
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Fig. 52. The kinetics of the experiment performed in AceGlass reactor
(Ve=1000 ml, V=400 ml).

In this experiment, the stirring rate was kept at 1000 rpm, and the airflow was
maintained at 80-100 mL/min. The lactose conversion was 90%, slightly lower than that
obtained in previous studies. Otherwise, the results remain good, but improvement of mass
transfer in reaction mixture is necessary. Thus, increasing the stirring rate or changing the
shape of the agitator may result in a better mass transfer and thus increase the reaction rate
for the oxidation of lactose performed in 1L AceGlass reactor. Further studies are required

to optimize the design of the reactor for this reaction.
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5.4. Discussion

A typical SBA-15 material with a specific surface of 901.1 m*/g and pore size of
6.8 nm was synthesized. The Na adsorption-desorption isotherm at 77K of SBA-15
malterials prepared showed an isotherm of the type IV characteristic for mesoporous
malerials with hysteresis loop. After successive impregnation with Pd and Bi, the N
adsorption-desorption isotherms also presented the hysteresis loop, which demonstrated
that the mesoporous framework of SBA-15 was preserved. For 1%Pd loading of SBA-15
support it was observed that the surface area had not significantly diminished (Table 3).
The bimetallic 1.02%Pd 0.64%Bi/SBA1S also preserved the mesoporous structure with a
large specific surface.

The powder XRD patterns also showed that the hexagonal mesostructure of SBA-15
was preserved after consecutive impregnation with Pd and Bi (Fig. 23 and Fig. 24).
The impregnation with Pd was successfully made because Pd was highly dispersed on the
SBA-15 support (43%). The nanoparticles of Pd with 2.6 nm were found by
Hz-chemisorption in the 1%Pd/SBA-15 sample. Clearly, with increasing metal loading of
the catalyst, the growth of crystallites size of Pd and PdBi alloy was shown by XRD
analysis.

TEM images confirmed the ordered hexagonal framework of SBA-15 and the
layout of the Pd and bimetallic nanoparticles into the pores of SBA-15. In the case of the
highest performing catalyst 1.02%Pd 0.64%Bi/SBA-15, the Pd and PdBi nanoparticles
were found in the range of 3-8 nm with a very good dispersion on the SBA-15 support.

The XPS analysis of the 1.02%Pd 0.64%Bi/SBA-15 revealed that the activation of
bimetallic 1.02%Pd 0.64%Bi/SBA-15 in hydrogen at temperature 533K leads to the
formation of a Bi-Pd alloy with a stoechiometric formula Bi, 75sPd. Bismuth was not found
as separate particles on the support. The Pd was found in the metallic state on the catalyst
surface. Keresszegi et al [2004], analyzing Pd-Bi/Al;O; catalyst, they supposed that when
the Pd 3d peak intensity decreased, the Bi covered a considerable fraction of Pd. In our case
the Pd 3d peak intensity remained constant and Bi 41 shifted, which explained the

formation of the Bi-Pd particles on the catalyst surface. This Bij7sPd alloy may have a
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positive influence on the catalytic properties of the bimetallic system in the oxidation of
lactose. Karski, [2006] demonstrated that Pd-Bi/Si0s systems showed the presence of
intermetallic compounds of BiPd and Bi;Pd type, while Wenkin et al. [1996] reported the
occurrence of BiPd, BisPds and BiPd; in the active phase of carbon-supported Bi-Pd
catalysts, The differences result from surface chemical reactivity of the supports (C, Si0;),
the textural characteristics (Si0s, SBA-15) as well as activation conditions.

The first tests of the oxidation of lactose revealed the important role of dissolved
oxygen in the reaction mixture, Three procedures were developed and carried out for
different types ol Bi-Pd/SBA-15 catalysts., Oxidation of lactose in the presence of
Bi-Pd/SBA-15 catalysts was carried out with procedure no. 3, which controlled the amount
of dissolved oxygen in the reaction mixture, The microaerial conditions represented the
best way 1o conduct the oxidation of lactose to the highest conversion and selectivity
towards LBA formation. Therefore, all the experiments were performed with a strict control
ol dissolved oxygen by the consecutive bubbling of air and N;. The reaction mixture must
be not saturated with oxygen because the catalyst is very sensitive to over oxidation and the
reaction stops. By bubbling the N2 the dissolved oxygen was decreased to a level below
1% of the equilibrium concentration. After 3 hours, the oxidation of lactose was stopped
because the yield in LBA remains practically the same. This situation is due to the catalyst
deactivation mostly by overoxidation. The reaction mixture becomes supersaturated in
oxygeen and the catalyst became inefficient.

The start-up procedure of reaction involves the degassing of lactose solution at 0%
dissolved oxygen, increasing the temperature and the addition of the freshly reduced
catalyst while increasing the stirring rate 1o 1000 rpm. Most of the experiments were
performed in stirred slurry reactors, which are most suitable for screening new catalysts 1o
laboratory scale.

It was observed that the highest conversion of lactose (96%) was obtained for the
formulation D of the catalyst (1.02%Pd 0.64%Bi/SBA-15) where the reaction performed
with procedure 3 and catalyst/ lactose ratio = 0.21.

Also for the catalyst with formulation F (0.81%Pd 0.44%Bi/SBA-15) a lactose
conversion of 95 % was obtained after 3 howrs of reaction, but with a greater

catalyst/lactose ratio of 0.28. The catalyst with formulation B (5%Pd 5%Bi/SBA-15)

89



Chapter 5 / Results and discussion

showed a low lactose conversion probably due to the large crystallite size of the metals,
which did not fit in the mesoporous structure of SBA-15. XRD proved the formation of a
bimetallic Bi-Pd compound. Other catalysts with different metal compositions were
prepared and employed in the oxidation reaction after the activation by reduction in Hj at
533K.

Finally, the optimum metal loading of catalysts was obtained with 1.02%Pd and
0.64%Bi. Hendriks et al. [1990] showed that the reaction rate is strongly dependent on the
amount of promoter used. The understanding of the influence of the addition of the second
metal to palladium catalysts on their performance involves good knowledge of the chemical
state of both Pd and co-metal and the degree of an intimate interaction between those two
components [ Karski, 2006].

The experiments for the optimization of Bi:Pd molar ratio have shown that the Bi
acts as a promoter for Pd in the catalytic oxidation of lactose. No influence of the Bi:PPd
molar ratio was detected on the catalyst selectivity for LBA. The unpromoted catalyst.A
(1%Pd/SBA-15) led to the lowest lactose conversion compared with the maximum of
lactose conversion for the bimetallic catalysts with the same Pd loading. An optimum ratio
Bi:Pd =0.3 for the catalyst with formulation D was found. The beneficial effect of bismuth
was clearly demonstrated. The deactivation of the catalyst by self-poisoning, overoxidation
or corrosion of the noble metal was avoided when the Bi-Pd catalyst was involved in
oxidation reaction of lactose in optimized process conditions.

The highest conversion of lactose was obtained for the reaction which involves the
catalyst/lactose ratio=0.28. Although, in the case of catalyst/lactose ratio=0.21, the
conversion of lactose was slightly lower and was considered as the optimum
catalyst/lactose ratio. It is important to notice that during the HPLC analysis the presence of
another product other than LBA was not detected. The selectivity of catalyst was 100%.

The leaching of the Bi in the solution mixture was found to be 1.2 mg/L and for Pd
was found to be 0.2 mg/L. Besson et al. [1995] did not notice any Bi dissolution from
Bi-Pd catalyst in which the promoter element was selectively deposited in the noble metal
at a low Bi loading (Bi/Pd=0.1). It has also been proved that the Bi dissolution increased
when the Bi:Pd ratio increased [Karski, 2006]. Wenkin et al. [2002] suggcst:‘;d that bismuth

involved in the active phase of the catalyst tends to dissolve until the catalyst surface is

90



Chapter 5/ Results and discussion

characterized by a particular composition, corresponding to two Pd atoms for one Bi atom.
In this case the Bi loss from the catalysts in the solution mixture is small and it proves that
Bi; 75Pd found by XPS analysis siands for the stability of the catalyst.

The kinetics of the reaction of the oxidation of lactose has shown a strong
dependence of the lactose conversion with the pH and the temperature. At 65°C, the
concentration of dissolved oxygen in the reaction medium provides a better oxygen mass
transfer and diffusion onto the surface of the catalyst. This behaviour may be due to the
solubility of oxygen in water, which decreases with increasing temperature.

The pH value of the reaction mixture has a crucial effect on the reaction rate of
LBA formation. The reaction rate clearly accelerates with increasing pH wvalue.
The maximum conversion was observed for the pH=9. In the experiments performed at
higher pH values (= 9.5) dissolution of mesoporous silica support was observed with the
formation of by-products, which cause a decrease in catalyst selectivity and activity.

The oxidation of lactose with air in the aqueous phase over Bi-Pd/SBA-15 catalysts
occurs via an oxidative-dehydrogenation mechanism specific for the heterogeneous aldose
oxidation on the bimetallic Bi-M (M=Pd, Pt) catalyst, which also explains the promoter role
of the Bi, as previously reported in the literature.

For an easy understanding of kinetic data and oxygen mass transfer, the mechanism
of the oxidation of lactose proposed, is similar to the mechanism explained by Tokarev et
al. [2006]. The mechanism involves the adsorption of lactose on the catalyst surface with a
hydride transfer to a free metallic site, simultaneously with the dehydrogenation of the
substrate. So, the lactobionic acid 15 formed in one step by simultaneous deprotonation and
hydride transfer and the rate of this step is likely to increase at higher pH. This step is
immediately followed by desorption of H' and OH from surface to form water and
hydrogen. The LBA desorption in alkaline medium is faster than the surface reaction
therefore the oxidative-dehydrogenation mechanism is performed continuously. When the
reaction is not performed in an alkaline medium, the catalyst is deactivated by
self-poisoning due to a strongly adsorption of LBA on the catalyst surface.

The scale-up studies were carried out in microerial conditions at 65°C and pH=9
with 100, 250 and 400 mL of 20 mM lactose solution in presence of 1.02%Pd
0.64%BI/SBA-15 catalyst. The results obtained for much bigger volumes were similar to
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those obtained in 100 ml solution. In the 1000 ml. AceGlass reactor, by employing
400 ml. lactose solution, the maximum conversion of lactose reached 90%, with a
selectivity of 100% into LBA. In conclusion, the scale-up studies showed promising results

for the production of LBA by the oxidation of lactose at large scale.
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CHAPTER 6

CONCLUSIONS

The catalytic oxidation of lactose was successfully accomplished in microaerial
conditions and alkaline medium in the presence of a novel bimetallic catalyst 1’d-Bi
supported on a mesostructured silica support.

Uniform deposition of metal nanoparticles with controlled particle size onto
mesoporous silica support with subsequent activation leads to an active bimetallic catalyst.
Nonetheless, bimetallic Bi-Pd catalysts offer performance due to the two active metals that
somehow cooperate to enhance the activity and selectivity of the catalyst. Due to its higher
affinity for oxygen, bismuth acts as a co-catalyst preventing the deactivation of the catalyst
by overoxidation.

The highest conversion of lactose (96%) was obtained for the reaction, which
involves the formulation D of the catalyst (1.02%Pd 0.64%Bi/SBA-15). Using the new '
catalytic method lactose was selectively oxidized at 65°C and pH=9 in 3 hours with 100%
selectivity to LBA.

The microaerial condition provided the continuous oxidation of lactose by avoiding
the catalyst over oxidation. Therefore, the best way to obtain the highest conversion of
lactose was to control the amount of dissolved oxygen in the reaction medium. In view to
protect the catalyst from over oxidation, an oxidation procedure was developed.

It was found that the optimum Bi:Pd molar ratio of 0.3 of the catalyst D (1.02%Pd
0.64%B1/SBA-15) was conducted with the formation of a Bi-Pd alloy with stoechiometric

formula Bi, 75Pd. By far this compound seems to be responsible for the activity and
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selectivity of the bimetallic catalyst. Also, the catalyst has shown its stability after 3 hours
of reaction because the metal leaching in the aqueous solution was very small.

Compared with other catalysts in the field of oxidation of aldoses, the novel
bimetallic catalyst supported by mesoporous silica proved its efficiency with a much
smaller loading in metals. The nanostructured support SBA-15 demonstrated its important
role in assuring a high dispersion of metal nanoparticles.

The reaction conditions for the oxidation of lactose were oplimized. These
conditions were also tested in a larger volume of reaction.

Future studies of the kinetics of the oxidation of lactose would allow a detailed
explanation of the mechanism oxidation of lactose, which is useful for reactor design.

In conclusion, LBA can be produced at industrial scale by a novel catalytic method,
which employed a new nanostructured catalytic material that achieves the ultimate goal of
“green chemistry™: chemical manufacturing optimized to minimize energy use and waste

generation.
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The results of this project have been presented at the following conferences:

*  The 19th Canadian Symposium on Catalysis in Saskatoon, May 2006;

= The 56th Canadian Chemical Engineering Conference in Sherbrooke,
October 2006;

*  Mini-Symposium of Department of Chemical Engineering, Université
Laval, Quebec, December 2006,
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SUGGESTIONS FOR FURTHER WORK

Considering the existing results accomplished in this work, the future studies in

catalytic oxidation of lactose will require:

=  More detailed and reliable kinetic investigations for providing the kinetic
model ol calalytic oxidation ol laclose;

=  From the experimental standpoint, the recording of oxygen uptake during
reaction is very important for the kinetic model. Also improving the stirring
rate and the agitator type of the reactor may be essential for enhancing
reaction rate and lactose conversion in LBA in less than 3 hours;

=  Continuous research efforts must be focused to study the issues related to
catalyst deactivation. An investigation of the catalyst regeneration has to be
studied systematically to assess any commercial viability of the catalytic

oxidation of lactose based on the bimetallic Pd-Bi/SBA-15 catalyst.
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Fig. 35. The kinetics of oxidation reaction of 100 mL lactose solution (20 mM) ai 65°C and
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Fig. 536. The kinetics of oxidation reaction of 100 mL lactose solution (20 mM) at 50°C
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Fig. 61). The kinetics of lactose oxidation for the reaction performed in 400 mlL lactose
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solution 20 mM in 1L AceGlass reactor at 80°C and pH=9 in presence of
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