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Résumeé

Le surplus mondial et le faible prix du lactose ont attiré 'attention de chercheurs et de l'industrie pour
développer des procédés novateurs pour la production de dérivés du lactose a valeur ajoutée, tels
que l'acide lactobionique (ALB), qui est un produit & haute valeur ajoutée obtenu par I'oxydation du
lactose, avec d’excellentes propriétés pour des applications dans les industries alimentaire et

pharmaceutique.

Des recherches sur la production d’ALB via 'oxydation catalytique du lactose avec des catalyseurs a
base de palladium et de palladium-bismuth, ont montré des bonnes conversions et sélectivités
envers I'ALB. Cependant, le principal probléme de ces catalyseurs est leur instabilité par lixiviation et
désactivation par suroxydation au cours de la réaction. Les catalyseurs a base d’or ont montré une
meilleure performance que les catalyseurs de bismuth-palladium pour l'oxydation de glucides.
Cependant, trouver un catalyseur robuste pour I'oxydation du lactose est encore un grand défi. Dans
cette dissertation, des nouveaux catalyseurs a base d'or supportés sur des matériaux
mésostructurés de silicium (Au/MSM) ont été synthétisés par deux méthodes différentes, et évalués
comme catalyseurs pour 'oxydation du lactose. Les catalyseurs ont été caractérisés a l'aide de la
physisorption de 'azote, DRX, FTIR, TEM et XPS. Les effets des conditions d’opération, telles que la
température, le pH, la charge d'or et le ratio catalyseur/lactose, sur la conversion du lactose ont été
étudiés. Finalement, le procédé de déminéralisation de la solution de lactobionate de sodium a la
sortie du réacteur a été étudié a I'aide de deux approches: I'électrodialyse avec des membranes

bipolaires (EDMB) et la technologie d’échange d'ions.

Des catalyseurs Au/MSM hautement actifs ont été synthétisés avec succes par la co-condensation
d'un mélange de bis [3-(triéthoxysilyl) propyle] tétrasulfide (BTESPTS), tétra-éthyle ortho-silicate
(TEOS) et le précurseur d'or (HAuCls) en milieu acide, avec le tribloc co-polymére EO2PO70EO2
utilisé comme agent structurant. Il a été trouvé que 'augmentation du ratio molaire BTESPTS/TEOS
provoque un changement dans la structure des matériaux, laquelle passe d’'une structure 2D-
hexagonal trés ordonnée a une structure mixte de type hexagonal-vésicule et mousse cellulaire.
Dans les conditions opératoires optimales (charge d’or = 0.7% en poids, T = 65°C, catalyseur/lactose
ratio = 0.2, pH = 8-9, débit d’air = 40 mL-min-'), le lactose a été complétement converti en ALB aprés
80-100 min de réaction, lorsqu'on a utilisé les catalyseurs synthétisés a partir des mélanges
contenant une concentration molaire de BTESPTS entre 6-10%. Ces catalyseurs ont été caractérisés



par une structure de type « wormhole-like », favorable pour l'accessibilité des réactifs aux

nanoparticules d’or (AuNPs) d’environ 8 nm intercalées dans les murs de la silice.

AuNPs d’environ 5-6 nm ont été aussi chargées avec succés sur les matériaux mésoporeux SBA-15
et SBA-15-CeO, par I'adsorption du complexe [Au(en)2]** (en=éthylénediamine) en milieu alcalin.
Ces catalyseurs ont conservé la structure hexagonale 2D trés ordonnée typique de la SBA-15, et ils
ont présenté une grande activitt pour l'oxydation du lactose. Aprés 60 min de réaction, les
catalyseurs Au/SBA-15-CeQO; (ratio molaire Ce/Si = 0.2) ont présenté l'activité catalytique la plus
élevée (100% conversion du lactose) et 100% de sélectivité envers 'ALB, lorsqu’ils ont été utilisés
dans les conditions optimales décrites ci-dessus. Ces résultats suggerent que I'oxyde de cérium joue
un réle dans 'augmentation de I'activité catalytique, ou la coordination et les états d’agglomération

des atomes du Ce pourraient avoir un effet important.

En général, les résultats des analyses XPS sur les états d’oxydation de I'or & la surface des Au/MSM,
ont montré la coexistence d'espéces d'or métalliques et oxydées, avec une abondance relative
suivant 'ordre Au® >>>Au*! > Au*3, Dans le cas des catalyseurs Au/SBA-15-CeQy, la présence des

deux états d'oxydation Ce3* et Ce** a été aussi observée.

Les expériences de recyclage des catalyseurs ont montré que l'activité des échantillons Au/SBA-15
et Au/SBA-15-CeO, a été significativement réduite (40-65%) aprés des cycles de réaction
d’'oxydation consécutifs, lorsque le lavage avec de l'eau a été utilisé comme procédé de
régénération. Par contre, les catalyseurs ont conservé leur activité catalytique, en utilisant la
calcination comme méthode de régénération, ce qui indique qu'une des causes de désactivation des
catalyseurs Au/MSM pourrait étre due a une forte adsorption d’espéces organiques sur la surface
des catalyseurs. De plus des quantités significatives d’or ont été trouvées dans la solution aprés des
cycles de réaction consécutifs, ce qui démontre la désactivation est aussi due a la lixiviation de la

phase active dans la solution de réaction.

Les données expérimentales ont révélé que tant 'TEDMB que la technologie d’échange d'ions
pourraient étre utilisées pour produire 'ALB & partir de son sel de sodium. Cependant, en tenant
compte du fait que 'EDMB a été utilisée pour la premiére fois pour cette application, ce procédé a
donc besoin d’une amélioration pour des applications industrielles. En effet, une déminéralisation de

50% a été atteinte aprés I'application d’une différence de potentiel de 5.0-5.5 V pendant 100-180 min



aux bornes d’une cellule d’électrodialyse a trois compartiments, tandis que la solution de lactobionate
de sodium a été complétement dépourvue de sodium aprés 10-30 min, lorsqu’on a utilisé une résine

échangeuse de cations commerciale fortement acide (Amberlite™ FPC23 H).






Abstract

The worldwide surplus and low cost of lactose have drawn the attention of researchers and industry
to develop innovative processes for the production of value-added lactose derivatives, such as
lactobionic acid (LBA), which is a high value-added product obtained from lactose oxidation, with

excellent properties for applications in the food and pharmaceutical industries.

Investigations on LBA production by means of catalytic oxidation of lactose over palladium and
bismuth-palladium supported catalysts have shown good conversion rates and selectivities towards
LBA, but the main problem of these catalysts is their instability by leaching and deactivation by over-
oxidation during the reaction. Supported gold catalysts have shown to outperform palladium and
bismuth-palladium catalysts for the oxidation of carbohydrates. However, there is still a big challenge
in finding a robust catalyst for the lactose oxidation. In this dissertation, new gold catalysts supported
on mesoporous silica materials (Au/MSM) have been synthesized by two different methods, and
evaluated as catalysts in the oxidation of lactose. The catalytic materials were characterized by
nitrogen physisorption, XRD, FTIR, TEM and XPS. The effects of the operating conditions such as
temperature, pH, gold loading and catalyst/lactose ratio on the lactose conversion were investigated.
Finally, the demineralization process of the sodium lactobionate solution obtained at the reactor outlet
has been studied using two approaches: bipolar membrane electrodialysis (BMED) and ion-exchange

technology.

Highly active Au/MSM were successfully formulated by the co-condensation of a mixture of bis [3-
(triethoxysilyl) propyl] tetrasulfide (BTESPTS), tetraethyl orthosilicate (TEOS) and the gold precursor
(HAuCls) in acidic media, using the triblock co-polymer EO20PO70EQO2q as template. It was found that
by increasing the BTESPTS/TEOS molar ratio, the structure of the synthesized materials changed
from a highly ordered 2D hexagonal structure to a mixed hexagonal-vesicle and cellular foam
structure. Under the optimal operating conditions (gold loading = 0.7%wt, T = 65°C, catalyst/lactose
ratio = 0.2, pH = 8-9, air flow = 40 mL-min-'), the lactose was completely converted into LBA after 80-
100 min reaction, when using the catalysts synthesized from mixtures containing 6-10% molar
concentration of BTESPTS. These catalytic materials were characterized by the predominance of a
wormhole-like structure, favorable for the reagent accessibility to the gold nanoparticles (AuNPs) of

about 8 nm intercalated in the silica walls.
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AuNPs of about 5-6 nm were also successfully loaded of mesoporous SBA-15 and SBA-15-CeQ,
materials, by the wet adsorption of the gold cationic complex [Au(en)z]** (en=ethylenediamine) in
alkaline media. These catalysts retained the well-ordered 2D hexagonal structure typical of SBA-15,
and showed high activity to lactose oxidation. After 60 min of reaction, the Au/SBA-15-CeQ; catalysts
(Ce/Si = 0.2) showed the highest catalytic activity (100% lactose conversion) and 100% selectivity
towards LBA, when used at the optimal operating reaction conditions described above. These results
suggest that ceria plays a role in the enhancement of the catalytic activity, where the coordination

and agglomeration states of Ce atoms could have an important effect.

In general, the XPS study on the oxidation states of gold on the Au/MSM surfaces revealed the
coexistence of metallic and oxidized Au species, whose relative abundance followed the order
Au0 >>>Autt > Aut3, In the case of Au/SBA-15-CeO- catalysts, the presence of both Ce®* and Ce#*

oxidation states was also observed.

Catalysts’ recycling experiments showed that the activity of Au/SBA-15 and Au/SBA-15-CeO2 was
significantly reduced (40-65%) after consecutive oxidation reaction cycles, when washing with water
was used as regeneration process. On the contrary, these catalytic samples conserved their catalytic
activity when calcination was used as regeneration method, indicating that one of the causes of
deactivation of Au/MSM might be the strong adsorption of organic species on the catalyst surface.
Moreover, significant amounts of Au were found in the solution after consecutive reaction cycles,
demonstrating that the leaching of the active phase into the reaction solution is another important

cause of the catalyst’ deactivation.

Experimental data showed that both BMED and ion exchange technology might be used for
producing LBA from its sodium salt. However, taking into account that it is the first time that BMED is
used for this application, this process still needs further improvement for industrial applications, since
a demineralization rate of 50% was achieved after applying a voltage difference of 5.0-5.5 V during
100-180 min to a three-compartment electrodialysis stack, while a complete sodium removal was
achieved after 10-30 min when using a commercial strong cation exchange resin (Amberlite™ FPC23
H).
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Preface

This doctoral thesis is written in the form of a compilation of scientific papers, which at the time of the
thesis submission, have been mostly published or submitted for publication. In all cases, the first
author of these papers is the submitter of this Ph.D. thesis, who was in charge of the conception,

planning and execution of the practical works, as well as of the articles’ writing.

The thesis is divided into nine chapters. Firstly, the general introduction presents the generalities and
uses of lactose, as well as the identification of the main research problems related to the selective
production of LBA by aerobic oxidation of lactose over supported-metal catalysts, and the recovery of

LBA from its sodium salt.

The literature review is presented in Chapter 1. In the first part of this chapter, the main
characteristics, manufacturing methods, applications and physiological effects of lactobionic acid are
presented in the form of an article review, published in the International Dairy Journal 2012, 26(2),
103-111. In the second part, the principal aspects of the mesoporous silica materials, with special
emphasis on the mesoporous SBA-15, are described and discussed. Finally, the third part of this
chapter consists in a complete review on the synthesis of gold catalysts supported on mesoporous
silica materials, which was a contribution to the special issue Gold Catalysts of the journal Catalysts
2011, 1(1), 97-154.

Chapter 2 presents the hypotheses and objectives of this research project, while the results are

described in Chapters 310 9.

Chapter 3 reports the synthesis and characterization of gold catalysts supported on mesoporous
silica (Au/MSM), as well as the influence of the reaction conditions on the lactose oxidation to LBA.
Various Au/MSM catalysts with nominal gold loadings varying between 0.4 and 1.0%wt were
synthesized by co-condensation of a mixture of bis [3-(triethoxysilyl)propyl] tetrasulfide (BTESPTS),
tetraethyl orthosilicate (TEOS) and the gold precursor (HAuCls) in acidic media, using the triblock co-
polymer EO2PO7EQ2 (P123) as template. This method led to obtain well dispersed gold
nanoparticles highly active and 100% selective towards LBA. The results of this work were published
in Applied Catalysis A: General 2011, 402, 94- 103.
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In Chapter 4, the effect of different concentrations of BTESPTS in the synthesis of various Au/MSM
catalysts, with a nominal gold loading of 0.7%wt, on their characteristics and lactose oxidation activity
is presented. The characterization analysis and the lactose oxidation experiments indicated that
samples synthesized with BTESPTS molar concentrations of 6-10% showed the highest catalytic
activity, because their wormhole-like structure facilitate the access of the substrate to the active sites.
This article is still under revision and it will be submitted to an appropriate journal when considered

opportune.

Chapter 5 report the synthesis and characterization of gold catalyst supported on mesoporous silica
decorated by ceria by means of a chemical process using a gold cationic complex precursor
Au(en)2Cls (en = ethylenediamine). Various Au/SBA-15 and Au/SBA-15-CeO with nominal gold
loading of 0.7%wt and different Ce/Si molar ratios were synthesized and evaluated as catalysts for
the selective production of LBA from lactose. It was found that ceria plays a role in the enhancement
of the catalytic activity. At the optimized conditions, the Au/SBA-15-CeO: catalysts synthesized with
Ce/Si molar ratios of 0.1 and 0.2 showed the highest catalytic activity. These results were published
in Applied Catalysis A: General 2012, 425-426, 213-223.

In Chapter 6 gold catalysts supported on mesoporous SBA-15 and amorphous fumed silica (Cab-O-
Sil) synthesized by cation adsorption of Au(en)2Cls (en = ethylenediamine) are compared in terms of
their general characteristics and their catalytic activity on the lactose oxidation. Although both
catalysts exhibited high activity and 100% selectivity towards LBA, the Au/SBA-15 samples showed

better performance. This article was submitted to Catalysis Science & Technology.

Chapter 7 consists in a brief study on the catalysts recycle and deactivation. The characteristics and
catalytic activity of two catalysts (Au/SBA-15 and Au/SBA-15-CeO, molar ratio Ce/Si of 0.2) were
investigated after consecutive reaction cycles. It was found that the main causes of deactivation
could be the strong adsorption of organic species on the catalyst surface and the leaching of the
active phase into the reaction solution. Calcination was found to be an effective method for the

catalysts’ regeneration.

In Chapter 8, bipolar membrane electrodialysis was investigated for the demineralization of the
sodium lactobionate solution obtained after lactose oxidation over Au/MSM. Using a three-

compartment bipolar membrane electrodialysis stack, a demineralization rate of 50% was achieved
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after applying a voltage difference of 5.0-5.5 V during 100-180 min. The results of this work were
published in Separation and Purification Technology 2013, 109, 23-32.

Chapter 9 describes the production of LBA from sodium lactobionate (LBNa) by ion exchange
technology. A commercial cation exchange resin (Amberlite™ FPC23 H) was used for this purpose. A
complete sodium removal was achieved after 10-30 min at the investigated conditions. The results of

these experiments were submitted to the journal Solvent Extraction and lon Exchange.

Finally, the general conclusions section and some recommendations for future work are presented to

complete the thesis.
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Introduction

In recent years, the use of biomass as raw material for the production of energy, bulk chemicals and
value-added chemicals has shown remarkable increase, because of its abundance, renewability and
worldwide distribution, as well as for diminishing the current dependence on nonrenewable energy
sources. From the five categories of biomass materials (virgin wood, energy crops, agricultural
residues, food waste, industrial waste and co-products), carbohydrates are the most abundant
renewable resources available, and they are currently viewed as a feedstock for the green chemistry

of the future, since sugars are one of the foremost natural sources of potentially relevant chemicals

[1].

The dairy industry generates huge amounts of stream wastewaters characterized by high biological
oxygen demand (BOD) and chemical oxygen demand (COD) concentrations. For example, the BOD
of whey, the greenish translucent liquid obtained from milk after precipitation of caseins, is very high
(> 40000 mg-kg"), constituting a major environmental problem if disposed off as a waste material [2].
The cheese production worldwide generates more than 145 million tons of liquid whey per year,
which is mainly used for animal feeding or discarded without treatment [3], even if over the last years
numerous processes for whey processing have been developed for the manufacture of functional

foods and nutraceutical products.

Although the composition of whey varies depending on the milk source and the casein precipitation
process, it contains about 65 grams of solids per kg, comprising approximately 50 g of lactose, 6 g
protein, 6 g ash, 2 g non-protein nitrogen, and 0.5 g fat [2]. Thus, taking into account that the main
component of whey is lactose (70-75% of the total solids), the increasing in value of whey is closely
related to the effective use of lactose, whose production and global market have been estimated to

about 1.2 million tons per year [4], and to reach US$1.4 billion by 2015 [5], respectively.

Lactose can find many applications in the food and pharmaceutical industries. As depicted in Figure
1, lactose is mainly used as an ingredient in foods, infant formula, bakery and confectionery products,
and it has been extensively employed as diluent in tablets and carrier of medicines in the
pharmaceutical industry. Nevertheless, the use of lactose is limited in many applications, because of
its low sweetness and solubility, as well as due to the intolerance of some population segments, and
only a small amount of lactose is employed as a raw material for producing fine chemicals [6].



However, the worldwide surplus and low cost of lactose have heightened interest in the development
of innovative processes for producing valuable lactose derivatives, and expanding their applications
in the food, pharmaceutical and chemical industries. Some significant developments include the
manufacture of epilactose, galacto-oligosaccharides, lactitol, lactobionic acid, lactosucrose, lactulose,

sialyllactose and tagatose, which can be produced by enzymatic, microbial or chemical modification

of lactose, as shown in Figure 2.
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Figure 1. Usage of lactose in the EU and USA in 2005 (Adapted from [7]).
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Lactobionic acid (LBA) (4-O-B-D-galactopyranosyl-D-gluconic acid) is a high value-added product
obtained from the oxidation of lactose, with high potential applications as ingredient in foods,
pharmaceutical and cosmetic products, because of its antioxidant, chelating and humectant
properties. LBA and its mineral salts (mainly Na-, Ca and K-lactobionate) are commercially produced
in small quantities for industrial and medical applications, as well as for research use. The most
important producers are Solvay (Germany) and FrieslandCampina Domo (The Netherlands) [8].
According to Affertsholt-Allen [7], the market for LBA is between 15000 and 17000 tons per year, with

an expected annual growth rate of 5%.

Although LBA can be manufactured by chemical, electrochemical, biocatalytic and heterogeneous
catalytic oxidations, the heterogeneous catalytic processes using air or molecular oxygen as eco-
friendly oxidizing agents are considered as an environmentally friendly alternative, presenting faster
conversions and fewer amounts of effluents and side-products than the biocatalytic reactions.
Moreover, the benefits in using heterogeneous catalysts are associated with the ease of their
recovery from the reaction media, their potential for recyclability, and the relatively low prices
compared to homogeneous catalysts. In addition, the heterogeneous catalytic process can easily be

integrated into other lactose transformation technologies [9].

Similar to other carbohydrates, the oxidation of lactose in aqueous media using supported-metal
catalysts has undergone considerable development since the decade of the 1990s. LBA production
by means of heterogeneous catalytic oxidation of lactose on palladium and bismuth-palladium
supported catalysts was first successfully performed by Hendriks et al. [10]. Since then, this reaction
has been mainly evaluated over platinum, palladium, Mx-promoted platinum and My-promoted
palladium supported catalysts (Mx = Bi, Cu, V, Fe, and My = Bi, V, Tl, Pb) [6]. The reaction should be
carried out at atmospheric pressure in alkaline media (pH between 8.0 and 9.0), with temperatures in
the range of 50-70°C. Higher pH values have an important influence on selectivity, since
isomerization of lactose to lactulose is favored. On the other hand, low pH values promote the
catalyst deactivation by the strong adsorption of the reaction products, which occupy the active sites
of the catalyst, reducing significantly the lactose conversion rate [11]. Although high conversions and
selectivities have been achieved with platinum and palladium catalysts, the main problem of these
catalysts is their instability by leaching and deactivation by over-oxidation during the reaction.

Moreover, since bismuth is prone to leaching from the catalyst surface, applications of catalysts



containing bismuth are not appropriate for production of chemicals for the food and pharmaceutical
industries [9]. Thus, as in the case of glucose and other carbohydrates, the challenge in the catalyst

selection for lactose oxidation is in finding a catalyst that is less prone to deactivation.

Supported gold catalysts have shown to outperform palladium and platinum catalysts for the
oxidation of carbohydrates, because they are less prone to overoxidation, and they exhibit high
activity and selectivity towards aldonic acids [12]. However, the oxidation of lactose using gold
catalysts has been scarcely investigated. Lactose oxidation reactions over gold on Al203, TiO2, SiOz,
Fe20s, Fes0s, ZrO2, ZnO2 and CeOy, indicated that supported AuNPs on AlQOs, TiO2, and CeO>
allowed to achieve moderate to high conversions (>80%) and selectivities (up to 95%), using Au
loadings in the range of 0.4-2.0% [13-16]. Even though these relatively high conversions and
selectivities have been reached, the selective oxidation of lactose to LBA over gold catalysts still
needs further improvement of conversion and selectivity, for achieving the goal of eventually

commercial applications.

It is worth mentioning that taking into account that the main product of selective oxidation of lactose
to LBA over gold catalysts is a lactobionate salt solution rather than the protonated acid form, given
that the pH must be kept in alkaline conditions during reaction by adequate addition of a Na-, Ca- or
K-base. Thus, if the desired product is LBA, the demineralization of the salt solution obtained at the
reactor outlet is indispensable. However, there are no available data for this demineralization step in
the open literature. From the three existing processes for industrial acidification of organic salts
(adding inorganic acids, ion-exchange technology and demineralization using bipolar membrane
electrodialysis), the latter is particularly interesting because it can be considered as a “green” process
to achieve the conversion of the acid salts into their acidic forms, without the generation of large
volumes of chemical effluents, thus avoiding a cumbersome regeneration step required in the ion-
exchange technologies [17]. However, the recovery of large size organic acids such as LBA (358.3
Da) using electrodialysis processes is a challenging task, because of the difficulties for their migration
across the anion-exchange membranes, which normally show high resistances to the transport of

larger compounds.

Mesoporous silica materials (MSM) are very suitable as catalyst supports, since they provide high
dispersion of metal nanoparticles and facilitate the access of the substrates to the active sites [18].

However, due to the low isoelectric point of silica (~2), the common deposition-precipitation method



is not appropriate for the synthesis of gold catalysts supported on MSM (Au/MSM), because under
the high pH conditions required to hydrolyze the most commonly used gold precursor (HAuCls), the
weak interaction between the negatively charged silica surface and the [Au(OH)nClsn] species
hinders the gold adsorption and facilitates the mobility of AUNPs, which can sinter easily during the

synthesis process, yielding low gold loadings and inactive catalysts with aggregated-Au clusters [19].

Taking into account that Au/MSM catalysts have not been investigated in the oxidation of lactose,
and that studies on the recovery of LBA from its sodium salt are lacking in the open literature, the
main objectives of this work include: (i) The synthesis and characterization of Au/MSM catalysts, and
the application of these catalytic materials in the oxidation of lactose to selectively produce LBA; and
(ii) the investigation of the recovery of LBA from its sodium salt obtained at the reactor outlet, by

means of bipolar membrane electrodialysis and ion exchange technology.






Chapter 1. Literature Review

1.1. Lactobionic acid: A high value-added lactose derivative for
food and pharmaceutical applications
Published in International Dairy Journal 2012, 26(2), 103-111 by Luis-Felipe Gutiérrez, Safia

Hamoudi and Khaled Belkacemi.

1.1.1. Abstract

Lactose has long been used as a precursor for the production of high-value derivatives with emerging
applications in the food and pharmaceutical industries. Some significant developments include the
manufacture of epilactose, galacto-oligosaccharides, lactitol, lactobionic acid, lactosucrose, lactulose,
sialyllactose and tagatose, which are obtained by enzymatic, microbial or chemical modification of
lactose. This review focuses on the main characteristics, manufacturing methods, applications and
physiological effects of lactobionic acid, a relatively new product derived from lactose oxidation, with

high potential applications as a bioactive compound.

1.1.2. Introduction

Carbohydrates have long been used in the manufacture of bulk and fine chemicals, and are viewed
as a renewable feedstock for the “green chemistry” of the future. Lactose, the main carbohydrate of
milk, is an important cheese and casein manufacturing by-product, whose production and global
market have been estimated at about 1.2 million tons per year [4], and to reach US$1.4 billion by

2015, respectively [5].

Lactose is mainly used as an ingredient in foods, beverages and confectionery products, and it has
been extensively employed as diluent in tablets and carrier of medicines in the pharmaceutical
industry. Nevertheless, the use of lactose is limited in many applications, because of its low
sweetness and solubility, as well as due to the intolerance of some population segments, and only a
small amount of lactose is employed as a raw material for producing fine chemicals [11]. However,
the worldwide surplus and low cost of lactose have motivated research on innovative processes for
producing valuable lactose derivatives, and expanding their applications in the food, pharmaceutical
and chemical industries. Significant developments include the production of highly valued
pharmaceutical products and functional food ingredients, such as lactitol, lactobionic acid (LBA),
lactosucrose, lactulose and galacto-oligosaccharides, some of which have become commercially



successful [20]. Owing to their emerging applications, various reviews on galacto-oligosaccharides,
lactulose and lactitol have been recently published [21-26]. However, although the research on LBA
has been extensive in recent years due to its high potential applications, this lactose derivative has
hardly been reviewed. This work aims to provide a complete review of the main characteristics,
manufacturing methods, applications and physiological effects of LBA, an oxidation product of

lactose, with excellent properties for food, pharmaceutical and chemical applications.

1.1.3. Lactobionic acid: general characteristics

LBA (4-O-p-D-galactopyranosyl-D-gluconic acid; C12H22012; MW 358.30 Da; pKa 3.8) is an aldonic
acid obtained from the oxidation of lactose, with high potential applications as an ingredient in foods
and pharmaceutical products, because of its antioxidant, chelating and humectant properties. The
chemical structure of LBA comprises a galactose moiety linked to a gluconic acid molecule via an
etherlike linkage. Owing to the high number of hydroxyl groups, LBA is very hygroscopic and forms
gels containing about 14% water with atmospheric moisture. LBA and its mineral salts (mainly Na-,
Ca and K-lactobionate) are commercially produced in small quantities for industrial and medical
applications, as well as for research use. The most important producers are Solvay (Germany) and
FrieslandCampina Domo (The Netherlands) [8]. According to Affertsholt-Allen [7], the market for LBA

is between 15000 and 17000 tons per year, with an expected annual growth rate of 5%.

1.1.4. Lactobionic acid production

The selective conversion of lactose to LBA consists of the oxidation of the free aldehyde group of
glucose on the lactose molecule to the carboxyl group, according to the scheme presented in Figure
1.1 LBA was first synthesized by Fischer and Meyer [27], by oxidizing lactose with bromine. Since
then, several processes including chemical, electrochemical, biocatalytic and heterogeneous catalytic
oxidations have been investigated for the production of LBA. Taking into account that for industrial
applications only the latter three oxidation processes are economically feasible, the chemical

oxidation of lactose using halogens will not be discussed in this document.
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Figure 1.1. Schematic oxidation of lactose to lactobionic acid.

1.1.4.1. Biocatalytic oxidation

The biocatalytic production of LBA comprises the oxidation of lactose by means of specific enzymes
or by using microorganisms as biocatalysts. The general reaction mechanism, presented in Figure
1.2, involves the formation of lactobiono-3-lactone as an intermediate product, which is subsequently
hydrolyzed to LBA [28]. The process is generally carried out at mild temperature conditions (25-
50°C), and, because the pH must be kept constant during reaction by adequate addition of a Na-, Ca-
or K-base, the product can be LBA or its salts. When lactobionate salts are produced, the solution
can be passed through cation exchange resins to obtain an LBA solution, which can be further
concentrated and crystallized to produce pure LBA. Table 1.1 summarizes the main biocatalysts used

in LBA production from lactose.

CHZOH CH,OH CH,0H
COOH
CHZOH CH,OH CHZOH
Oxndatlon
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Lactose Lactobiono-8 -lactone Lactobionic acid

Figure 1.2. Schematic biocatalytic oxidation of lactose to lactobionic acid.

Stodola and Lockwood [29] reported for the first time the ability of various species of Pseudomonas

for the oxidation of lactose. They obtained a LBA yield of 75%, after a 165 h reaction using



Pseudomonas graveolens 14. Since then, several microorganisms have been investigated for LBA
production. As shown in Table 1.1, the lactose-oxidizing activity has also been confirmed in other
microorganisms  such as Acetobacter orientalis, Burkholderia cepacia, Halobacterium
saccharovorum, Paraconiothyrium sp., Penicillium chrysogenum, Pseudomonas sp. LS13-1,
Sporotrichum thermophile and Zymomonas mobilis. Recently, Alonso et al. [30-31] reported a LBA
production of 42.4 g L' after 32 h of incubation of sterilized sweet whey with Pseudomonas
taetrolens, indicating that cheese whey can be an inexpensive alternative media for the synthesis of
LBA.

Table 1.1. Production of lactobionic acid by biocatalytic oxidation of lactose.

Biocatalyst 2 Conversion  Selectivity = Reaction  Space-time yield Ref.
yield (%) LBA (%)  time (min) for LBA (gL h)

GFOR/GL enzymes from Zymomonas ~85 100 1500-4500 5.6 [32-33]
mobilis ATCC 29191

GFOR from permeabilized cells of ~90-95 100 3600 0.8-2.3 [34]
Zymomonas mobilis CP4 (ATCC 31821)

GFOR from Zymomonas mobilis DSM 473 90-95 100 4200 2.6-4.6 [35]
GFOR from Zymomonas mobilis DSM

3580

CDH (EC 1.1.99.18) from Sclerotium rolfsii 95-98 100 720 3.1 [36]
(SrCDH, 420UL-") + Laccase (EC 1.10.3.2,

2030UL)

CDH (EC 1.1.99.18) from Sclerotium rolfsii 100 ~100 360 - [37]

CBS 191.62 + Laccase (EC 1.10.3.2) from
Trametes pubescens MB 89

CDH from Sclerotium (Athelia) rolfsii ~100 100 600 - [38]
CDH from Sclerotium rolfsii CBS 191.62 + 99 100 150 15.90 [39]
Laccase from Trametes pubescens MB 89

CDH (EC 1.1.99.18) from the 100 100 420 3.0 [40]
basidiomycete S. roffsii CBS 191.62

CDH from Athelia (Sclerotium) rolfsii CBS ~100 100 300-1350 3.0-21.0 [41]
191.62 + Laccase from Trametes

pubescens MB 89

CDH from Athelia (Sclerotium) rolfsii CBS 100 100 150-250 7.2-27.0 [42]
191.62 + Laccase from Trametes

pubescens MB 89
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Table 1.1. Cont.

Biocatalyst 2 Conversion  Selectivity = Reaction  Space-time yield Ref.
yield (%) LBA (%) time (min)  for LBA (g L' h)

CDH from the ascomycete M. 100 100 420 3.3 [40]

thermophilum

CDH from Myriococcum thermophilum ~100 100 600 - [38]

CDH from Microdochium nivale + Catalase 98 - ~600 - [43]

(Catazyme® 25 L from Novozymes A/S)

CDH from Microdochium nivale + Catalase 100 100 300-380 7.9-11.5 [44]

(Catazyme® 25 L from Novozymes A/S)

CDH from Termitomyces clypeatus ~100 100 300 0.01 [45]

CDH from Sporotrichum-thermophile - - - - [46]

CDH from white mould + Laccase from - - - 1.8 [47]

Trametes versicolor

Carbohydrate oxidase from Microdochium >98 100 720 ~4.0 (48]

nivale + Catalase (Catazyme® 25 L from

Novozymes A/S)

Carbohydrate acceptor oxidoreductase 100 100 420-900 14.3 [49]

from Paraconiothyrium sp.

Cellooligosaccharide oxidase from 90 100 720 2.1 [50]

Sarocladium oryzae F137 + Catalase

PDH from various Agaricus species - 83-95 960-2880 - [51]

Hexose oxidasa from Chondrus crispus - - - - [52]

Glucooligosaccharide oxidase from 98 100 240 6.7 [53]

Acremonium strictum T1-38 + Catalase

Lactose-oxidizing enzyme from 75-100 100 600-3000 74-11.5 [54]

Paraconiothyrium sp. KD-3 + Catalase

Lactose dehydrogenase from 100 100 - - [55]

Pseudomonas graveolens ATCC-4683 +

Lactonase

Pseudomonas graveolens ATCC-4683 - - - - [56]

Pseudomonas graveolans 14 100 96 9900 ~0.5 [29]

Pseudomonas taetrolens LMG 2336 66-100 100 2880-4800 0.59-1.12¢ [30]

Pseudomonas taetrolens LMG 2336 6-100 100 3600 0.04-1.3¢ [31]

Pseudomonas sp. LS13-1 >90 100 10800 0.46-1.0c [57]
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Table 1.1. Cont.

Biocatalyst 2 Conversion  Selectivity = Reaction  Space-time yield Ref.
yield (%) LBA (%) time (min)  for LBA (g L' h)

Pseudomonas sp. LS13-1 >90 100 7200 1.5-1.9 [57]
Pseudomonas calco-acetica 85-90 - 11520 ~0.5

Pseudomonas quercito-pyrogallica ~90 - ~46000 ~0.5 o
Burkholderia cepacia No.24 ~100 100 900-1620 5.6-10.0 [59-60]
Burkholderia cepacia No. 216 100 100 3000 0.2 [61]
Acetobacter orientalis KYG22 36 - 4320 0.1 [62]
Acetobacter orientalis KYG22 ~100 - 4320 ~0.4 63]
Paraconiothyrium sp. - - - - [64]
Halobacterium saccharovorum 97 100 2880 - [65]
Paracolon bacteria B1x urease-positive 100 100 2880 ~0.4 [66]

and C6 urease-negative

Penicillium chrysogenum ~B - 7200 0.04-0.07 [67]

2 CDH, cellobiose dehydrogenase; GFOR, glucoseefructose oxidoreductase; GFOR/GL, glucoseefructose oxidoreductase
and glucono-8-lactonase; PDH, pyranose dehydrogenase. ® The substrate solution contained lactose, monosaccharides

and galacto-oligosaccharides. ¢ Sterilized sweet whey as substrate.

Similarly, numerous lactose-oxidizing enzymes (glucose—fructose dehydrogenases or cellobiose
dehydrogenase) from microorganisms and plants have been used for the production of LBA. The first
study, carried out by Lin et al. [53], revealed a lactose conversion of 98% after 4 h of incubation with
a glucooligosaccharide oxidase from Acremonium strictum. Some years later, Baminger et al. [42]
reported 100% lactose conversion after only 150 min of incubation with a cellobiose dehydrogenase
from Athelia (Sclerotium) rolfsi CBS 191.62. Recently, Budiz et al. [44] demonstrated that the
enzyme inactivation caused by the hydrogen peroxide generated when a carbohydrate oxidase
converts lactose to LBA, can be avoided by simultaneous addition of catalase to the substrate, in
order to convert the H20> produced to O-, and reduce significantly (up to 50%) the oxygen supply
required for the system. Using this approach, Van Hecke et al. [36] obtained a LBA production of 74.4
g L' d' with a degree of conversion higher than 97%, using a combination of cellobiose
dehydrogenase (EC 1.1.99.18) from Sclerotiumrolfsii (SrCDH, 420 UL) and laccase (EC 1.10.3.2,
2030 UL"). Other hexose oxidases derived from Microdochium nivale, Chondrus crispus,
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Zymomonas mobilis and Sarocladium oryzae, among others, have been investigated for producing

LBA from lactose, and high conversions (close to 100%) have been reported.

From the data presented in Table 1.1, one can conclude that biocatalytic oxidation of lactose is an
interesting “green” method to produce LBA, because of the high selectivity of biocatalysts. However,
the main drawbacks of this approach lie in the long time required for reaching high conversions, the
cofactor dependency of some enzymes, the formation of H.O; as a second product, which inactivates
enzymes, and the enzyme inactivation by the dispersive methods used for oxygen delivery.
Moreover, some of the redox mediators investigated for the biocatalytic production of LBA are not

appropriate for the food industry.

1.1.4.2. Electrochemical oxidation

LBA has been also prepared by electrolytic oxidation processes. Isbell [68] produced calcium
lactobionate by electrochemical oxidation of lactose in the presence of bromine and calcium
carbonate, using graphite electrodes. This process was improved by Magariello and Islip [69], who
patented a method for the production of large quantities of LBA (yield ~98%) by means of electrolytic
oxidation of lactose, using graphite electrodes, iodine or bromine as catalysts, and an alkaline
solution to maintain the pH above 5.2. Since then, investigation on electrochemical production of LBA
has been scarce, and only a few works have been published [70-73]. The studies carried out by
Druliolle’s group [74-76] demonstrated that high yields (>90%) and selectivities (~100%) toward LBA
can be obtained by means of the electro-catalytic oxidation of lactose on noble metal electrodes
(platinum, platinum-modified and gold electrodes) in alkaline media. These authors also proposed
that gold electrodes could be the best catalyst for the oxidation of sugars, and that lactone is the
primary product of the electrochemical oxidation of lactose, which is hydrolyzed in a subsequent step

to produce LBA, following a similar mechanism to that of glucose.

1.1.4.3. Heterogeneous catalytic oxidation

Heterogeneous catalytic oxidation of lactose is a very promising field, because such a process can
easily be integrated into other lactose transformation technologies. During this reaction, the desired
LBA is normally obtained as the main product, as shown in Figure 1.3. However, lactulose and 2-keto
LBA are undesirable co-products that can be produced depending on the catalyst activity and

selectivity, and on the reaction operation conditions. In order to selectively produce LBA, the reaction
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should be carried out at atmospheric pressure in alkaline media (pH between 8.0 and 9.0), at a
temperature in the range of 50-70°C, using air or oxygen as eco-friendly oxidizing agents. Higher pH
values have an important influence on selectivity, since isomerization of lactose to lactulose is
favored. On the other hand, low pH values promote the catalyst deactivation by the strong adsorption
of the reaction products, which occupy the active sites of the catalyst surface [11]. Table 1.2 presents

the main catalysts used in LBA production from lactose.
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HOH,C o OH CH,0H
OH OH
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COOH
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Lactulose 2-keto lactobionic acid
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Figure 1.3. Schematic catalytic oxidation of lactose to lactobionic acid under alkaline conditions.

Table 1.2. Production of lactobionic acid by heterogeneous catalytic oxidation of lactose.

Catalyst Conversion Selectivity =~ Reaction  Space-time yield Ref.
yield (%) LBA (%)  time (min) for LBA (gL' h")

Pd/C 29-97 46-95.8 67-200 1.4-136.1 [13, 77-80]

Pd/SiO2 16.3-27 30-80 120-200 2.0-7.3 [81-83]

Pd/Al20; 54-99 63-97 200 5.8-5.9 [16, 79, 83]

Pd/Beta zeolites 34.3-47.9 76-80 200 4.1-4.8 [83]

Pd/MCM-22 zeolites 8.4-82.7 80-97 200 0.9-12.5 [83]
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Table 1.2. Cont.

Catalyst Conversion Selectivity  Reaction  Space-time yield Ref.
yield (%) LBA (%) time (min)  for LBA (g L' h)

Pd-Bi/C 95-100 95-100 67-300 6.1-145.1 [77, 84]
Pd-VIC 30 57 200 ~1.6 [78]
Pd-Pt-Bi/C 93 83 200 ~7.1 [78]
Pd-Bi/SiO2 40-100 23-100 120-180 0.5-89.6 (81, 85-87]
Pd-TI/SIO2 25-30 10-82 120 2.2-22.0 [82]
Pd-Pb/CaCOs 92 83 200 - [78]
Pt/IC 87-94 54-75 200 54-11.8 [88]
Pt/Sibunit 35-66 - 200 - [13]
Pt/Al203 67-100 0-44 150-300 1.6-3.6 (84, 88]
Pt/CeMn 100 0 150-300 - [84]
Pt-Bi/C 80 72.5 300 ~15.5 [89]
Pt-Cu/C 93 74 200 ~8.5 [88]
Pt-VIC 55-82 70 200 ~4.7-7.1 [88]
Pt-Fe/C 50 68 200 ~4.2 [88]
Ru/C 33-34 14-38 200 ~0.6-1.6 [88]
Ru/Al203 29 6 200 ~0.2 [88]
Au/Al,03 82.6-100 80-100 200 1.7-11.5 [13-16]
Au/TiOz 34.5-100 90.4-100 200 2.0-8.8 [14-15]
Au/SiO; 100 95.2-100 120-200 3.2-59 [11, 15, 90]
Au/Fe203 - - - - (19]
Au/Fe304 46.5 90.3 200 4.3 [15]
Au/ZrO2 40.5 91.2 200 29 [15]
Au/ZnO 83.3 93.9 200 73 [15]
Au/Ce0 100 99.1 200 ~15.3 [13]

Au/Si0.-CeO2 80-100 100 100 3.2-71.2 [90]




LBA production by means of heterogeneous catalytic oxidation of lactose on palladium and bismuth-
palladium supported catalysts was first successfully performed by Hendriks et al. [10]. Since then, the
oxidation of lactose over platinum, palladium and bismuth-promoted palladium supported catalysts
has been largely investigated, as summarized in Table 1.2. Taking into account that the main
problem of the latter catalysts is their poisoning and deactivation by over-oxidation during the
reaction, the control of the oxygen concentration in the reaction media is of extreme importance, in
order to avoid deactivation of the catalysts [85, 91]. Periodic bubbling of air and nitrogen has been
successfully used to strip off the dissolved oxygen, and maintain the overall reaction kinetics [86].
However, since bismuth is prone to leaching, applications of catalysts containing bismuth are not
appropriate for production of chemicals for the food and pharmaceutical industries [9]. On the
contrary, gold catalysts have shown high stability against overoxidation, and supported gold
nanoparticles have demonstrated exceptional activity and selectivity in the oxidation of
carbohydrates, outperforming other metal catalysts such as palladium and platinum, with no need for
promoters. However, the oxidation of lactose over gold catalysts has been scarcely investigated.
Studies indicate that supporting gold nanoparticles on Al2O3, TiO2, and CeO; allowed to achieve
moderate to high conversions (>80%) and selectivities (up to 95%), using Au loadings in the range of
0.4-2.0% [13-16]. Recently, we have synthesized gold catalysts supported on mesoporous silica
materials (meso-SiO2 and SBA-15-Ce0>), with which 100% lactose conversion and 100% selectivity
toward LBA were obtained after only 100 min of reaction [11, 90]. Due to the rapid and simple
method of synthesis, as well as because of its excellent catalytic performance, these catalysts could
be regarded as a major breakthrough on the way to an industrial process of catalytic oxidation of

lactose.

1.1.5. Commercial and proposed applications of lactobionic acid

The main commercial and proposed applications of LBA, summarized in Table 1.3, derive from its
antioxidant, chelating and emulsifying properties. The most important commercial use of LBA is as a
major ingredient of the cold-storage solutions employed for stabilizing organs prior to transplantation,
such as the University of Wisconsin (UW) solution. The metal-chelating properties of LBA have been
reported to reduce the oxidative damage to tissues during storage and preservation of organs caused
by some metal ions, such as iron [92]. Moreover, LBA has been shown to suppress the

hypothermically induced cell swelling in various tissues, and it does not permeate cell membranes at
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low temperature, due to its size and three dimensional structure [93-94]. LBA is commercially used to

enhance the solubility of antibiotics such as erythromycin and clarithromycin [28].

LBA is an excellent carrier for calcium supplementation [95]. Recently, it has been employed in the
design of some carrier-nanomaterials of drugs and functional nanoparticles. The carboxylic group of
the gluconic acid moiety of LBA can be used to react with other active groups, such as amino groups,
whereas the galactose molecule acts as specific targeting ligand of drugs and genes to specific cells,
such as human liver cancer cells [96-98]. LBA has been also employed to synthesize receptor
targeted radiopharmaceutical agents for hepatocyte imaging [99], and receptor-mediated gene
transfer material to target DNA to specific cellular receptors and/or tissues [100]. Moreover, LBA has
been used in the preparation of virus-like particles, a kind of biological nanoparticle with excellent
biocompatibility and biodegradability, for specific targeting for hepatocytes or hepatoma cells bearing
asialoglycoprotein receptors [101]. Recently, LBA has been employed for designing new magnetic
resonance imaging contrast agents [102], for preparing a glycoconjugated chitosan functional
polymer to modify the surface of iron nanoparticles and enhance their colloidal stability [103], and as

a weak capping ligand in the synthesis of semiconductor nanocrystalline networks [104].

In the cosmetic industry, LBA has been also extensively employed. LBA is currently contained in
some skin care products available on the market, because it represents a new ingredient featuring

potent antioxidant, wound healing, humectant anti-aging and keratinizing properties [105-106].

LBA has been approved as a food additive by the US FDA, and it has promising applications in the
food industry as an acidulant with a sweet taste, a filler in cheese production, a firming agent, and to
fortify functional drinks with essential minerals such as Fe and Cu [30, 107]. Nielsen [108] proposed
LBA as an ingredient to produce a meat-based food product with a reduced water loss upon freezing
and subsequent thawing, and/or upon cooking. Furthermore, the biodegradable, biocompatible and
chelating properties of LBA make this product useful in biomaterials, biodegradable detergents, anti-
corrosive coatings and sugar-based bio-surfactants, as proposed by Gerling [95] and Oskarsson et
al. [109].
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Table 1.3. Main commercial and proposed applications of lactobionic acid and/or its salts.

Industry Applications Ref.
Pharmaceutical e Enhance the solubility of macrolide antibiotics such as erythromycin 8, 36, 105, 110-
and clarithromycin 113]

o Anti-aging and keratinizing ingredient of skin care cosmetics
o Calcium supplementation
o Metal-chelating agent in organ preservation solutions
o Ingredient in chlorohexidine-based disinfectant
o Bio-surfactant in its fatty acid derivatives forms
o Inducer for cellulase production by Trichoderma reesei
o Functional molecule in the synthesis of polymeric nanoparticles for
liver-specific drug deliver
Food o Acidulant with a sweet taste [8, 28, 43, 95, 114]
o Filler in cheese production
o Firming agent
o Calcium carrier in functional drinks
 Reduction of souring and ripening time for the production of cheese
and yogurt
¢ Enhancement of flavors
 Improvement of bitter or sour taste of foods
o Preservation of aroma freshness
o Preparation of dairy products with reduced lactose content
Chemical « lon sequestrant in detergent solutions [95, 119]
 Biodegradable cobuilder in washing powder
o Anti-corrosive coatings
o Chiral selector for enantiomeric separation of basic drugs in capillary
electrophoresis (clarithromycin lactobionate)
o Reactant for synthetic amides
Nanotechnology o Part of biocompatible scaffolds for tissue engineering [116-118]
o Part of nanoplatforms for new bioimaging applications
o Ingredient of galactose-conjugated fluorescent nanoparticles for
immunofluorescence assays

1.1.6. Physiological effects of lactobionic acid

Although LBA is not normally found in nature, according to Kiryu et al. [62], the occurrence of LBA in
foods and beverages indicates that people have unknowingly consumed LBA for a long time. These
authors estimated the annual LBA intake to be 760 mg, after they found more than 10 mg of LBA per

100 g in a Caucasian traditional yogurt.

The most important physiological effect of LBA is the anticoagulant and antithrombotic activity of its

sulfated derivative bis-lactobionic acid amides, which have been studied as potential anticoagulant
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and antithrombotic agents, without a risk of bleeding [119-120]. This compound, also known as
Aprosulate sodium, stimulated HCII activity in vitro [121] and has been found to delay the activation

of factor X and prothrombin in plasma and to inhibit factor [Xa/Vllla complex (Xase) [122-123].

LBA is a strong humectant, showing anti-aging effects, including skin plumping and smoothing of
surface topography with diminished appearance of fine lines and wrinkles. LBA containing samples
(6% w/w) produced better skin performance than glycolic acid, providing skin exfoliation and
improving skin moisture level without irritation, when it was used on healthy volunteers periodically
over two weeks [124]. LBA could increase the synthesis of glycosaminoglycans in the skin, and it has
been shown to enhance cell turnover in vitro [125]. Significant improvements in the signs of photo
ageing were observed by Green et al. [126] after women aged between 35 and 60 years used an 8%
LBA cream for 6 and 12 weeks. The maintenance of a low pH by topical applications of LBA (60 uL
of 10% LBA) inhibited the development of induced atopic dermatitis in mice [127]. Moreover, LBA has
been reported to suppress tissue damage caused by oxygen radicals and is used to assist wound
healing [128].

LBA has also revealed antioxidant properties in tissues, by inhibiting the production of hydroxyl
radicals as a result of its iron chelating properties [92]. Furthermore, it has prevented oxidation of
other substances such as anthralin, hydroquinone and banana peel [129]. LBA also promotes wound
healing, and it is useful for general care of skin, hair, nail, oral and vaginal mucosa, and oral and gum
diseases [106].

One of the latest emerging applications of LBA derives from its galactose group, which can act as a
specific targeting ligand. In consequence, LBA has been recently used in the fabrication of
lactobionic-modified materials for carrying drugs for the treatment of liver and breast cancer [130-
133].

1.1.7. Conclusions

One of the most exciting contributions to dairy by-products has been the development of
transformation processes for producing high-value lactose derivatives. The design of new processes
for the profitable utilization of lactose has been a big challenge, owing to its worldwide surplus and
low cost. LBA, an oxidation product of lactose, is a relatively new lactose derivative with potential

applications in the food, pharmaceutical and chemical industries, owing to its antioxidant, chelating,
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humectant and emulsifying properties. Moreover, due to the remarkable growth of nanotechnology,
the applications of LBA can be expanded as a functional molecule for carrying drugs. Although LBA
can be obtained by chemical, electrochemical, biocatalytic and heterogeneous catalytic oxidations,
the production of LBA by means of lactose oxidation on gold supported catalysts, using air or oxygen
as eco-friendly oxidants, offers an attractive alternative for industrial applications, because of their
high activity and selectivity. Moreover, the reaction time of catalytic processes using gold is lower in
comparison to the biocatalytic reactions using microorganisms or enzymes, and the reaction control

is easier.
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1.2. Mesoporous silica materials: General characteristics and
synthesis methods

Taking into account that in this study lactose was oxidized using gold catalysts supported on
mesoporous silica materials (MSM), a brief description of the general characteristics and synthesis
principles of this kind of materials is presented below, making special emphasis on the mesoporous

SBA-15, since it was the support of the most of the catalysts used in this project.

1.2.1. General characteristics
According to the IUPAC definition, mesoporous materials with ordered or disordered mesostructure

are materials containing pores with diameters ranging between 2 and 50 nm [134].

Mesoporous silica materials with hexagonal and cubic mesostructure order were discovered by
scientists of the Mobil Oil Corporation in the early of 1990's, who published a new class of
mesostructured silicas known as M41S family [135-136]. The most well-known representatives of this
materials family includes the MCM-41 (with a hexagonal arrangement of the mesopores, space group
p6mm), the MCM-48 (with a cubic arrangement of the mesopores, space group /a3d), and the MCM-

50 (with a laminar structure, space group p2) [137].

After this breakthrough in the materials engineering science, MSM have attracted great scientific and
industrial interest. As a consequence of the incredible expanded research on this topic, numerous
new silica mesophases have been invented. Some of them are FDU-1, FDU-12, FSM-16, HMM-2,
HMM-33, HMS, HUM-1, KIT-1, KIT-5, MSU-J, MSU-n, MSU-V, PCH, TUD-1 and the SBA family
materials, which includes SBA-1, SBA-2, SBA-3, SBA-6, SBA-8, SBA-11, SBA-12, SBA-14, SBA-15,
SBA-16. These mesoporous materials may present different structural characteristics (hexagonal,
cubic, laminar or wormwhole mesostructure), and their pore size may vary since few nanometers until
up to 30 nm, as presented in Table 1.4. Although the investigation on mesoporous materials is a very
dynamic field, the most well known and studied mesoporous silica materials are MCM-41, MCM-48
and SBA-15 [138]. They are usually used as models to compare with other materials or to study

fundamental aspects of the MSM applications.

Owing to their physicochemical and mechanical properties (unique mesoporous structure, well
defined radius distribution, large specific volume, high surface area, well defined connectivity, thermal

stability, low mass density, easy functionalization, tunable pore size, and good biocompatibility), MSM
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have found numerous applications many fields, such as catalysis, adsorption, chromatography, drug
delivery, encapsulation, gas storage, biotechnological and biomedical systems, as well as in optical,

electrical and electronic devices.

Table 1.4. Textural properties of some mesoporous silica materials

Material BET surface area Pore size Wall thickness Total pore Ref.
(m2-g) (nm) (nm) volume (cm3.g)
FDU-12 281-712 10.0-12.3 - 0.66-0.86 [139]
HMS 740-1200 1.6-3.1 1.7-3.0 0.73-1.75 [140]
HUM-1 472 4.2 - 1.25 [141]
MCM-41 > 1000 1.5-10 0.97-1.10 0.71.2 [136]
MCM-48 986-1056 24-2.9 1.5 0.86-0.98 [142]
MSU-J 408-1127 4.9-14.3 0.4-1.7 1.37-2.29 [143]
SBA-11 910-1070 2.5-3-5 - 0.68-1.02 [144]
SBA-12 910-1150 3.1-4-0 - 0.83-0.92 [144]
SBA-14 610-670 2.2-2.4 - 0.38-0.39 [144]
SBA-15 630-1040 4.6-30 3.1-6.4 0.56-1.26 [149]
SBA-16 740 54 - 0.45 [144]

Particularly, in catalytic applications MSM are not often used as catalysts as such. However, MSM
are very suitable catalysts supports, because they provide high dispersion of metal nanoparticles and
facilitate the access of the substrates to the active sites. Moreover, the relatively large pores facilitate
the mass transfer, while the very high surface area allows high concentrations of active sites per
mass of material [146]. The catalytic functions can be introduced into MSM by direct incorporation of
active sites in the silica walls, by deposition of active species on their inner surface, or after a surface
modification with organic functional groups, which will facilitate the incorporation of active sites [147].
Many reviews covering different aspects of the catalysts supported on MSM, such as their synthesis
and catalytic applications have been published [137, 147-157].

1.2.2. Synthesis methods

Mesoporous silica materials can be synthesized under conditions where a silica-surfactant self-

assembly occurs simultaneously with condensation of the inorganic species, which yields
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mesoscopically ordered composites, after the surfactant removal by extraction or calcination [145]. In

general, one can say that the synthesis of MSM includes the following steps:

(i) The dissolution of the surfactant in the appropriate solvent, paying special attention to the

temperature and pH;

(ii) The addition of the silica source (tetraethyl orthosilicate (TEOQS), tetramethylorthosilicate (TMOS),

fumed silica, sodium silicate, etc.);

(iii) The hydrolysis and pre-condensation by means of one stirring period at a certain temperature;
(iv) The ageing at high temperature in order to direct the condensation process;

(v) The recovery, washing and drying of the solids; and

(vi) The surfactant removal by calcination procedures or extraction methods.

The operating conditions (pH and temperature) depend on the type of material, but normally they
include a wide range of pHs from strongly acidic to highly basic conditions, and from subambient
temperatures to ~150°C. Cationic, anionic, neutral, zwitterionic, bolaamphiphile, gemini and divalent
surfactants can be used as structure-directing agents, as well as a variety of commercially available
polymers (i.e. Brij 52, Triton X-100, Tween 60, Tergitol TMN 6, Pluronic P123, Pluronic F127, etc.)
[156].

Nowadays, it is well accepted that two different mechanisms are involved in the formation of MSM, as
illustrated in Figure 1.4 [137]: () The true liquid-crystal template mechanism, in which the
concentration of the surfactant is so high that under the synthesis conditions (temperature, pH) a
lyotropic liquid-crystalline phase is formed without requiring the presence of the silica precursors. (i)
The liquid-crystalline phase (hexagonal, cubic, or laminar arrangement) is formed even at lower
concentrations of surfactant molecules, when there is cooperative self-assembly of the structure-

directing agent and the added silica species.

One important advantage of MSM is that the pore size of their mesopores can be easily tuned in the
range of 2-30 nm by controlling the synthesis conditions (i.e. choosing a proper surfactant, adding

controllable amounts of additives, such as co-solvents, inorganic salts or swelling agents, modifying
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the temperature and time of ageing, etc.) [158]. A complete review covering verified synthesis
methods for a large number of selected relevant MSM, including the synthesis recipes for the most

well-known MSM has been compiled by Meynen et al. [159].

composite: inorganic mesoporous material
lyotropic liquid-crystalline phase mesostructured solid/surfactant (shown MCM-41)
(shown 2D hexagonal)
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I
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b
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Figure 1.4. General scheme of the formation of MSM by structure-directing agents: a) true liquid-crystal
template mechanism, b) cooperative liquid crystal template mechanism. [137].
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On the other hand, the need of incorporating functionalities for different applications, including
catalysis, can be easily achieved by means of the following procedures [137]: (/) the subsequent
modification of the silica surface with organic functional groups (grafting); (i) the simultaneous
reaction of condensable inorganic silica species with silylated organic compounds (co-condensation);

and (iii) the use of bis-silylated organic precursors to produce periodic mesoporous organosilicas.

1.2.3. Mesoporous silica SBA-15

1.2.3.1. General characteristics

SBA materials (the acronym for Santa Barbara acids) were synthesized in 1998 by using non-ionic
triblock copolymers (EO,POmEOs) with large polyethyleneoxide (EO)» and polypropyleneoxide (PO)m
blocks. This kind of surfactants interact through an indirect reaction with the positively charged silica
source in acid medium by a hydrogen bonding (S°H*)(X I*) pathway, where SO is the nonionic
surfactant, X is the halide anion, and I* is a protonated Si—OH moiety [144-145]. Moreover, they
display excellent interfacial stabilization properties, and are commercially available, nontoxic,
biodegradable and low-cost [144].
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The SBA family includes a wide variety of materials with different mesostructures, such as cubic
(SBA-1, SBA-11), 3D hexagonal network (SBA-12), lamellar (SBA-14), 2D hexagonal (SBA-3, SBA-
15), and cubic cage-structured (SBA-16) [144]. However, because of its attractive characteristics, the

mesoporous SBA-15 has been the most intensely studied SBA material [159].

SBA-15 can be defined as a combined micro- and mesoporous material with uniform hexagonal
mesopores ranging from 5 to 30 nm, and micropores varying between 0.5 and 3.0 nm in size,
depending on the synthesis conditions [144, 160]. The micropores in the walls of the SBA-15 derive
from the polyethyleneoxide blocks in the triblock copolymers that are directed to the aqueous
solution, whereas the polypropyleneoxide are more hydrophobic and give rise to the internal structure

of the mesopore [159].

The thick walls of the SBA-15 (3.1-6.4 nm), gives to this material higher hydrothermal stability,
compared to other MSM such as MCM-41, MCM-48 and HMS [161-162)].

As far as the structure is concerned, mesoporous silica SBA-15 shows three well-defined peaks at
low XRD angles, which can be indexed as (100), (110), and (200) Bragg reflections, and are
associated with 2D hexagonally structured pores (p6mm space group), as depicted in the typical
XRD pattern presented in Figure 1.5. No diffraction peaks are observed at high XRD angles due to
the amorphous nature of the pore walls [159]. TEM images of the SBA-15 (Figure 1.6) have
confirmed that this material has a two-dimensional p6mm hexagonal structure, with well ordered
hexagonal array and one-dimensional channel structure [145]. Moreover, they have revealed the
curved nature of its pores, which has been claimed to be important for adsorption capacity, and for

the diffusion of molecules through its structure [163-164].
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Figure 1.5. Typical XRD pattern for SBA-15 materials. The corresponding d-spacings: (100) = 9.80 nm; (110)
=5.45 nm and (200) = 4.74 nm. [159].
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Figure 1.6. TEM images and diffraction pattern showing the hexagonal ordering of SBA-15 and the curved
pores. [159, 163]
The typical adsorption isotherm of SBA-15 (Figure 1.7) corresponds to type IV according to the
IUPAC classification [165], and displays a clear type-H1 hysteresis loop characteristic of large
mesoporous solids. It shows three well distinguished regions: (i) monolayer multilayer adsorption, (i)
capillary condensation at high relative pressure (P/Po ~0.75), and (ji)) multilayer adsorption on the

outer particle surfaces.
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Figure 1.7. Typical nitrogen adsorption () — desorption (x) isotherm of calcined (500°C, 6h) mesoporous
silica SBA-15 synthesized with the amphiphilic triblock copolymer Pluronic P123. (STP: standard temperature
and pressure) [145].

1.2.3.2. Synthesis methods
The synthesis of SBA-15 follows the same steps described above for MSM (see 1.2.2.). However,
high quality SBA-15 can be obtained only in acid media (pH < 1) [145]. If the acid concentration is in

the range of pH 2-6 (above the isoelectric point of silica, pH ~ 2), no precipitation or formation of
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silica gel occurs. In a neutral conditions (pH ~ 7), only disordered or amorphous silica are obtained
[144-145].

Although SBA-15 can be synthesized over a range of reaction mixture compositions and conditions,
the most usual synthesis method uses a poly(alkylene oxide) triblock copolymer (poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide), (EO2PO70EO20)), known as Pluronic P123, and
TEOS as silica source, according to the following chemical composition of the reaction mixture [145]:
4 g copolymer: 0.041 mol TEOS: 0.24 mol HCI: 6.67 mol H20. In a typical preparation of mesoporous
silica SBA-15, 4.0 g of Pluronic P123 are dissolved in 30 g of water and 120 g of 2 M HCI solution
with stirring at 35°C. Then 8.5 g of TEOS are added into that solution with stirring at 35°C for 20 h.
Subsequently, the mixture is transferred in an autoclave and aged at 100°C for 24 h under static
conditions. The solid product is recovered by filtration, washed thoroughly with deionized water, and
dried at room temperature. To remove the surfactant, the as-synthesized material is calcined at
500°C for 6 hours. Alternatively, the surfactant may be removed by solvent extraction with ethanol at
78°C, which allows the organic copolymer to be completely removed without decomposition,
permitting its recovery and reuse [144-145]. According to these authors, the recycled copolymer can
be used to synthesize highly ordered hexagonal SBA-15 with identical characteristics and properties
to the initial SBA-15.

As mentioned above for MSM, the pore size of the SBA-15 mesopores can be easily tuned the by the
modification of the synthesis conditions. For example, an increase in the gel aging temperature or in
the reaction time leads to a larger pore diameter and pore volume, and to a thinner silica walls,
possibly due to the protonation or temperature-dependent hydrophilicity of the EO block of the
copolymer under the acidic synthesis conditions, or a combination of both [145]. Moreover, the pore
size of SBA-15 can be expanded up to 30 nm by changing the copolymer composition or block sizes,
or by the addition of organic swelling agents, such as 1,3,5-trimethylbenzene (TMB), without changes
in the wall thickness, as presented in Figure 1.8 [144].

1.2.3.3. Synthesis mechanism
The synthesis mechanism of the mesoporous silica SBA-15 has been studied by Zhao et al. [144].
According to these authors, the assembly of the mesoporous silicas organized by nonionic

poly(alkylene oxide) triblock copolymer species in acid media occurs through an (S°H*)(XI*) pathway.
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Figure 1.8. Variation of the unit cell parameter a (e) and pore size (O) for calcined SBA-15 as a function of
the TMB: surfactant ratio (g/g) [144].

In strong acid media the EO moieties of the surfactant are associated with hydronium ions (reaction
1), while the alkoxysilane species are hydrolyzed and positively charged (reaction 2), which is

followed by partial oligomerization at the silica:

H,0 ]
REO,,+ HCl ——> REO,,, [((EO)eH;0'] 000 CI' ¢/
. Hydrolysis N
. + > i +
Si(OE(), +,H;,0" — b Si(OEt),,(OH,"), + ,EtOH 0.2

where R is the poly(propylene oxide).

These charge-associated EO units and the cationic silica species formed by the reactions
represented in equations (1) and (2) are subsequently assembled together by a combination of
electrostatic, hydrogen bonding, and Van der Waals interactions, through an (SOH*)(X"I*) pathway, as

follows:
REO,,, [(EO)eH;0'] 000 ,CI @00 Si(OEt), ,(OH,"),

In this mechanism it has been proposed that the acid anion (Cl') might mediate the coordination

sphere expansion around the silicon atom, in the form X Si—OH,*.

28



1.3. Synthesis of gold catalysts supported on mesoporous silica
materials: Recent developments
Published in Catalysts 2011, 1(1), 97-154 by Luis-Felipe Gutiérrez, Safia Hamoudi and Khaled

Belkacemi.

1.3.1. Abstract

Mesoporous silica materials (MSM) with ordered and controllable porous structure, high surface area,
pore volume and thermal stability are very suitable catalyst supports, because they provide high
dispersion of metal nanoparticles and facilitate the access of the substrates to the active sites. Since
the conventional wet-impregnation and deposition-precipitation methods are not appropriate for the
incorporation of gold nanoparticles (AuNPs) into MSM, considerable efforts have been made to
develop suitable methods to synthesize Au/MSM catalysts, because the incorporation of AuNPs into
the channel system can prevent their agglomeration and leaching. In this review, we summarize the
main methods to synthesize active gold catalysts supported on MSM. Examples and details of the
preparative methods, as well as selected applications are provided. We expect this article to be
interesting to researchers due to the wide variety of chemical reactions that can be catalyzed by gold

supported catalysts.

1.3.2. Introduction

After the pioneering works of Hutchings [166] and Haruta et al. [167], the high activity of gold
catalysts has demonstrated that gold can be the catalyst of choice for an important number of
chemical reactions such as selective oxidations and hydrogenations of organic substrates [11, 167-
170] water-gas shift reaction [171-173], acetylene hydro-chlorination [174-175], direct synthesis of
hydrogen peroxide [176], reduction of NO to N> [177-178] and the addition of nucleophiles to
acetylenes [179], among others [180-181]. Although gold has been sometimes alloyed with other
metals such as Pd, Cu and Ag, in most cases, gold alone exhibits high and exceptional catalytic

activity.

Notwithstanding the origin of the active sites associated to the supported gold catalysts is still under
debate because of their very complex nature, and still remains challenging for the homogeneous
control of particle size distribution of the supported gold nanoparticles, heterogeneous gold catalysis
can be currently considered as a mature topic. As illustrated in Figure 1.9, the published papers on
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the topic of gold catalysis have augmented exponentially in the last 20 years, and the rate of
publication shows no declining signs. Moreover, the numerous reviews covering a wide range of
applications of gold catalysts and the most relevant aspects of gold chemistry [181-194] have
provided a huge and fascinating understanding of catalysis by gold. From all this available literature,
nowadays it is well known that the catalytic activity of gold catalysts is highly influenced by [195-197]:
(i) the size and shape of gold particles; (ii) the catalyst synthesis methods; (iii) the nature of support;
(iv) the gold-support interface interactions; and (v) the oxidation state(s) of gold in the synthesized
catalysts. Furthermore, it has been reported that the synthesis of gold catalysis by the conventional
incipient wetness impregnation method yields AuNPs larger than 30 nm, due to the weak interaction
of the most commonly used gold precursor (HAuCls) with the metal oxide support. The chloride
remaining on the support promotes the aggregation of AUNPs and may poison the active sites of the
catalyst [182, 186, 198]. Consequently, numerous papers describing different methods to incorporate
AuNPs on a variety of metal oxides, including TiO2, Al,03, Fe20s3, CeOz, Co30s, ZrO2, MgO and SiO2
have been published by different research groups to overcome this problem [182, 199-200].
Depending on the metal oxide support, gold catalysts can be synthesized mainly by deposition-
precipitation, co-precipitation, colloidal dispersion and gas- and liquid-phase grafting of organo-gold
complexes. Deposition-precipitation has been the most used method for the preparation of gold
catalysts supported on metal oxides having high isoelectric points (IEP), such as TiO2, Fe203, Al2Os,
ZrOz and CeO2 [200]. However, in the case of supports having low IEP, such as SiO; (IEP ~2), the
deposition-precipitation method is not appropriate for the incorporation of AUNPs, because under the
high pH conditions required to hydrolyze the HAuCls, commonly used as gold precursor, the weak
interaction between the negatively charged silica surface and the [Au(OH)nCla.n] species hinders the
gold adsorption and facilitates the mobility of AuNPs, which can sinter easily during the synthesis

process, especially during the calcination step, yielding low gold loadings and inactive catalysts [19].

Mesoporous silica materials with ordered and controllable porous structure, excellent mechanical
properties, high surface area, pore volume and thermal stability are very suitable catalyst supports,
because they provide high dispersion of metal nanoparticles and facilitate the access of the
substrates to the active sites [18]. Consequently, considerable efforts have been made for developing
suitable methods to synthesize gold catalysts supported on these materials, because the

incorporation of AuNPs into the channel system can prevent their agglomeration and leaching.
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Figure 1.9. Published papers on the topic of gold catalysts. Source: Web of Science, Thomson Reuters.

Consulted: 23 November 2011 [201].
In principle, gold can be loaded into MSM during or after the synthesis of the mesoporous silica
support [202]. The most used methods for preparing Au/MSM catalysts include the modification of the
MSM support with organic functional groups by post-grafting or co-condensation before gold loading
[203-204], one-pot synthesis by the incorporation of both gold and the coupling agent containing
functional groups into the MSM synthesis [205], the use of cationic gold complexes such as
[Au(en)2]Cl3 (en = ethylenediamine) [206], chemical vapor deposition using expensive organometallic
gold precursors [207], synthesis of the MSM in the presence of gold colloids [208-209], dispersion of
gold colloids protected by ligands or polymers onto SiO. [208-209], and modification of the
mesoporous SiO; supports with other metal oxides, such as TiO2, Al,O3 and CeO to prepare SiO.-
based gold catalysts [210-211].

Although there are several published reviews on different aspects of gold catalysis [181-194], as
mentioned previously, to the best of our knowledge the synthesis of gold catalysts supported on MSM
have not been extensively reviewed. Only two interesting contributions focusing on the preparation of
Au/SiO; catalysts, mainly for CO oxidation, have been published by Ma and Dai [199] and Ma et al.

[200]. Herein we reviewed the main methods to synthesize gold catalysts supported on MSM, as well
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as some selected examples of their catalytic applications, in order to contribute to the fascinating
topic of catalysis by gold. Because of the large number of available literature and applications, neither
the characterization methods of the synthesized gold catalysts nor the physical chemistry of the
catalytic reactions is covered in this review. Readers interested on these topics can find useful
information in this special issue of Catalysts, in the recent thematic issue of the Chemical Society
Reviews (2008 Gold: Chemistry, Materials and Catalysis issue), and in the current specific literature
[169, 199, 202, 212].

1.3.3. Methods to synthesize active gold catalyst supported on MSM

1.3.3.1. Post-synthetic functionalization of MSM (grafting) before gold loading
The subsequent modification of the silica surface with organic functional groups (commonly named
grafting [213]) prior to the gold loading, has been a surface-engineering strategy to promote the
interaction between the frequently used HAuCls gold precursor and the mesoporous silica support,
which lead to avoid the mobility and aggregation of the AuNPs on the silica surfaces. After
functionalization, the MSM adsorb easily the AuCls ions, by the formation of a monolayer of
positively charged groups on the pore surface. Upon calcination or chemical reduction with NaBHs4,
the metallic gold precursor evolves in highly dispersed metal AuNPs. The general procedure to
synthesize gold catalysts following this approach, summarized in Figure 1.10, normally consists of
two general steps: (i) the grafting of the stabilizing ligands into the inner surfaces of the mesoporous
silica material; and (i) the gold loading. The first step consists in the reaction of a suitable organic
functional group (usually organosilanes containing amine or thiol groups) with the mesoporous silica
support using an appropriate solvent (normally toluene or ethanol) in a refluxing system under
nitrogen [156, 184, 214]. The resulting solids are subsequently recovered by filtration, washed with
the solvent and dried. In the second step, the functionalized MSM are dispersed in a yellow solution
of the gold precursor (commonly HAuCls) under vigorous stirring. Then, the solution turns colorless,
while the solids become yellow, indicating that the ion-exchange between the gold precursor solution
and the functionalized MSM support has been attained. After filtration, the gold catalysts are washed
with abundant deionized water to remove the residual chloride ions, dried and subsequently calcined
to remove the functional ligands, and to reduce the oxidized Au®* species to metallic Au® gold
particles strongly attached to the support [182]. The catalysts prepared under this approach can also

be reduced in Hz or chemically using NaBH4 solution [213].
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Figure 1.10. General procedure to synthesize gold catalysts by post-synthetic functionalization of the MSM
before gold loading.

This method has been used for the synthesis of numerous gold catalysts supported on different
mesoporous silicas such as MCM-41, MCM-48, SBA-11, SBA-12, SBA-15, SBA-16, HMM-2 and

HMS, as summarized in Table 1.5 and illustrated in Figure 1.11. Some relevant catalysts synthesized

by this method and their catalytic applications are highlighted below.

Table 1.5. Characteristics and catalytic applications of the Au/MSM catalysts synthesized by
postsynthetic modification of MSM before gold loading.

Support Ful?;:;ir:):al Pre?tlljrsor Au('ll/oo‘a:::;ng A(un:;e Catalytic application Ref.
SBA-11 APS HAUCls 5.0 6.0+1.9 CO oxidation [216-217]
SBA-12 APS HAuClq 5.0 4.2+0.8 CO oxidation [216-217]
SBA-15 0BSQ HAuCl4 1.4 1.6 Epoxidation of olefins [18]
SBA-15 APS HAuCl4 5.0 4.1+0.8 CO oxidation [216-217]
SBA-15 APS HAuUCls 4.0 5.8 CO oxidation [215]
SBA-15 APS HAuCls 3.86 2.8 Cyclohexane oxidation [218]
SBA-15 MPTS HAUCl4 453 6.5 Cyclohexane oxidation [218]
SBA-15 TPTAC HAuCl4 4.8 4.5 CO oxidation [219]
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Table 1.5. Cont.

Support Fulriig:r:):al Pre?t:lrsor Au(l/oojv(:;ng A(un:?e Catalytic application Ref.
SBA-15 MPS and APTS HAuClq 4.0 10.0 [220]
HAUCls 4.0 Benzyl alcohol oxidation
SBA-15 MPS and APTS PA(NOs)2 05 5.0 [220]
SBA-15 APS HAuClq 5.0 1.0-4.0 [221]
HALCK 4648 otonliehyde
SBA-15 APS In(NO)s 0515 1.0-5.0 [221]
SBA-15 MPS HAuClq 2.0 3.4-6.6 CO oxidation [222]
SBA-15 VTES HAuCl4 1.0 9.0 Cyclohexane oxidation [223]
SBA-15 APS HAuCl, 0.5-1.5 3.0-8.0 Cyclohexane oxidation [224]
SBA-15 MPTS HAuCl, 4.53 5.0-8.0 n-Hexadecane oxidation [225]
SBA-15 APTS HAuCl, 1.0 4.0-13.0  Benzyl alcohol oxidation [226]
SBA-15 PAMAM HAuClq 10.83-12.51  1.0-6.0 Oxidation of alcohols [227]
SBA-15 APS HAuCl4 18.0 3.0-5.0 Glucose oxidation [228]
SBA-15 TPED HAuCl, 2.6 2.0-3.0 Cyclohexene oxidation [229]
SBA-15 Py HAuCl, 2.7 2.0-3.0 Cyclohexene oxidation [229]
SBA-15 MPS HAuClq 3.0 2.7-64 CO oxidation [230]
SBA-15 APTS HAuClq - 2.1-10.3 [231]
SBA-15 APTS HAuClsa - 45-19.4 [231]
SBA-15 TPED HAuClq - 5.8-11.7 [231]
SBA-15 TPED HAuCls2 - 45-23.3 [231]
SBA-15 TPTAC HAuCl4 1.7 3.0 [232]
SBA-15 MPS Au colloids 2.1 5.0-7.0 [233]
SBA-15 %ﬁ’ifﬁ HAUCl: 9.0 5.0-10.0 [234]
SBA-15 NH3 HAuClq - [235]
SBA-15 TPTAC HAuClq 4.0-9.0 1.0-5.0 [236]
SBA-15 APTS HAuClq 6.0 3.0-5.0 [237]
SBA-15 TPTAC HAuClq 2.7-3.0 <70 [238]
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Table 1.5. Cont.

Functional Au Au loading Au size
Support . Catalytic application Ref.
PP ligand Precursor (Yowt) (nm) ylic app
HAUCl Microwave-assisted
SBA-15 G4-PAMAM 0.5% mol 1.5 Suzuki-Miyaura coupling [239]
K2PdCls reaction
HAuCl4 I
SBA-15 APTS 6.0 2.9 CO oxidation [240]
AgNOs
SBA-16 APTS HAuCl, 1.0 2.0-9.0 Benzyl alcohol oxidation [226]
SBA-16 APTS HAuCl, 0.89 3.0-11.0  Benzyl alcohol oxidation [241]
HAuCls 0.24-1-15 o
SBA-16 APTS 2.0-120  Benzyl alcohol oxidation [241]
PdCl2 0.24-0.55
SBA-16 APTS HAuCls - 24-114 - [231]
MCM-41 APS HAuCls 4.0 5.1 CO oxidation [215]
MCM-41 APS HAuCl, - 3.5+0.5 Styrene hydrogenation [242]
MCM-41 APS HAuCls 5.0 3.9+0.7 CO oxidation [216-217]
MCM-41 APTS HAuCls 1.0 2.0-11.0  Benzyl alcohol oxidation [226]
MCM-41 APS HAuCls 5.0 3.9+0.9 CO oxidation [243]
MCM-41 MPTS Au colloids - 52.4 - [244]
MCM-41 APTS HAuCls - 1.9-21.0 - [231]
MCM-48 APS HAuCls 4.0 6.9 CO oxidation [215]
MCM-48 APTS HAuCls - 1.4-27.2 - [231]
HMM-2 APS HAuCls 5.0 4.7+0.7 CO oxidation [216-217]
PMOs APS HAUCI. ; 500 Reduction of methylene [245]
PMOs CeTMS-APS  HAuC - 3.05.0 blue [245]
Aerosol I
derived SiO; APS HAuCl4 5.0 1.440.2 CO oxidation [216]
Aerosol silica APS HAuCls 5.0 1.440.2 CO oxidation [243]
Nanosilica MPS Au colloids 1.0-5.0 6.3 Cyclohexane oxidation [246]
HMS APS HAuCl, - 80.0 Glucose oxidation [247]
HMS MPS HAuCl, - 80.0 Glucose oxidation [247]
FDU-12 APTS Au 150 4.0 - [248]
nanocrystals
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Table 1.5. Cont.

Support Ful?;:;ir::\al Pre?uursor Au(!,;: :\v(:)ing A(un:?e Catalytic application Ref.
MCF CioHsCISi nano?rL;/staIs 150 40 ) [248]
MTFs APS or TPED HAuCl, 16.2 7.0 - [249]
HMS APTS HAuCl, - 21-224 - [231]
HMS APTS HAuClq2 - 2.3-18.3 - [231]
HMS TPED HAuCl4 - 8.7-20.8 - [231]
HMS TPED HAuClq2 - 4.7-22.3 - [231]

Chi et al. [215] synthesized AuNPs confined in the channels of MCM-41, MCM-48 and SBA-15 by
previous modification of their surface with APS. To do this, the as-synthesized MCM-41 and MCM-48
materials were first acidified with nitric acid solution (pH < 1.0), and then, the as-synthesized SBA-15
and the acidified MCM-41 and MCM-48 silicas were modified with APS in a reflux system for 3-6 h at
about 70°C, using ethanol as solvent. After filtration, washing and drying, the resulting surface-
functionalized solids were mixed with HAuCls aqueous solution, and the slurry was chemically
reduced with NaBHs solution. The catalysts (Au-loading of 4%wt), activated by calcination at 560°C
with subsequent heating to 600°C under H2/N2 flow for 1 h, were active for CO oxidation, and showed
an average Au particle size of 5.1, 6.9 and 5.5 nm on MCM-41, MCM-48 and SBA-15 supports,
respectively. The smaller the Au particle size, the higher the catalyst activity. Moreover, the XPS

analysis revealed that AuNPs were present on the catalysts in the metallic Au? state.

Richards group [218] used APS and MPTS as stabilizing ligands, to immobilize AuNPs into
mesoporous SBA-15. The resulting gold catalysts (Au-loading ~4%wt) were highly active for the
aerobic oxidation of cyclohexane, and conversions ranging between 21 and 32% after 6 h reaction at
150°C and 1.5 MPa of oxygen pressure were attained. Although the synthesized Au/SBA-15
catalysts showed smaller surface area and pore size than pure SBA-15, they retained the
characteristic isotherm shape of the mesoporous materials, demonstrating that SBA-15 support was
stable to the surface modification and gold loading. AuNPs along the channels of the silica walls with

mean particle sizes of 2.8 and 6.5 nm were obtained when using APS and MPTS, respectively.
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According to these authors, the smallest AUNPs were obtained using APS, because the aqueous
solution precursor AuCI3OH- can interact strongly with the amine groups, preventing the

agglomeration of particles during the synthesis process.

28 nm

Figure 1.11. TEM (a,b,c) and HAADF STEM (d,e,f) images of gold catalysts supported on different MSM
prepared by using the postsynthetic functionalization of MSM before gold loading. (a) Au/SBA-15 modified with
APS (Reproduced by permission of Elsevier from Reference [215]); (b) Au/SBA-16 modified with APTS
(Reproduced by permission of Elsevier from Reference [226]); (c) Au/MCM-41 modified with APTS
(Reproduced by permission of Elsevier from Reference [226]); (d) Au/HMM-2 modified with APS (Reproduced
by permission of ACS Publications from Reference [217]); (e) Au/SBA-12 modified with APS (Reproduced by
permission of ACS Publications from Reference [217]); (f) Au/SBA-11 modified with APS (Reproduced by
permission of ACS Publications from Reference [217]); (g) Au/SBA-15 modified with PANAM (Reproduced by
permission of Elsevier from Reference [227]); (h) Au/SBA-15 modified with TPED (Reproduced by permission
of Elsevier from Reference [229]); (i) Au/SBA-15 modified with Py (Reproduced by permission of Elsevier from
Reference [229]).
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Recently, Wei et al. [245] developed a modified external passivation route to control the location and
the distribution of AuNPs in periodic mesoporous organosilica. In this approach, the catalysts
synthesis method consisted in three main steps: (i) one external passivation of the PMOs with a long
chain of hydrophobic n-octadecyltrimethoxysilane, to obtain C1sTMS-PMOs material; (i) the internal
amino-functionalization of the C1sTMS-PMOs material with aminopropy! groups (APS); and (iii) the Au
impregnation of the obtained NH2-C1sTMS-PMOs support using HAuCls, followed by reduction under
H, at 100°C for 2 h. The synthesized catalysts displayed the typical mesoporous structure and
narrow pore size distribution of the PMOs, and were active for the reduction of methylene blue. In this
interesting method of synthesis, to avoid the adsorption of AuNPs onto the PMOs external surface,
the functionalization with C1sTMS was made, because it has no affinity for gold complex. However, to
introduce AuNPs into the channels of the PMOs, the internal surface was modified with APS, which
significantly enhanced the adsorption of AuNPs with particle sizes between 3 and 5 nm inside the
pores of the silica material. This approach is a good example of how the surface-engineering can be

used in order to control the location of the AuNPs into MSM.

Since the MSM do not have the same structural properties, the Dai's group [231] evaluated the
influences of the synthesis conditions and mesoporous structures on the AuNPs supported on
different mesoporous silicas (HMS, MCM-41, MCM-48, SBA-15 and SBA-16). The MSM were
modified with two different amine ligands (APTS and TPED) using toluene as solvent. The
functionalized silica materials were washed several times with a large quantity of ethanol and
toluene, and then vacuum-dried at 80°C for 6 h. Gold was incorporated into the mesopores by mixing
HAuCls dissolved in water or ethanol with the silica hosts, followed by sonication for 30 min. The
resulting materials were finally filtered, vacuum-dried at room temperature and calcined at 200 or
550°C for 1 h. On the basis of the obtained materials characterization, the following conclusions were
drawn: (i) Bigger AuNPs were generated when using diamine instead of monoamine ligand, and
when ethanol was used as solvent. Although the explanation of this behavior was related to the fact
that the use of diamine ligand could have facilitated a higher uptake of gold and that ethanol could
have facilitated the reduction of gold cations, unfortunately the amount of loaded gold on the
synthesized materials was not reported. (ii) The gold particle size increases with the calcination
temperature, but the extent of sintering is different with different mesoporous hosts. (iii) The size of
nanopores may play a role in determining the thermal stability of AuNPs against sintering. (iv)

Bicontinuous pore structures such as HMS, MCM-48 and SBA-16 materials could lead to the
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sintering of gold nanoparticles, whereas one-dimensional pore channels such as MCM-41 and SBA-
15 materials could mitigate the sintering of AuNPs. These results were in agreement with the
previous works carried out by Bore et al. [217] and Gabaldon et al. [216], who studied the
incorporation of gold on a variety of mesoporous silica materials (MCM-48, SBA-11, SBA-12, SBA-15
and HMM-2) with different mesoporous architectures, and concluded that 1-D mesoporous
architectures were most effective for controlling Au sizes, than cubic and 3-D mesoporous
architectures, because the easier access and connectivity of the 3-D structures facilitates the particle
growth, while when using 1-D mesoporous silicas, the amount of free gold that can participate in
Ostwald ripening is limited. Moreover, these authors pointed out that among the 1-D pores, the
curved pores were better for confining Au particles than the 1-D straight pores, and that small pore

sizes are not sufficient to control the Au particle size.

The post grafting functionalization has been also used for the synthesis of supported bimetallic gold
catalysts. For example, a four step grafting method was used by Ma et al. [220] to modify
mesoporous SBA-15 before gold loading. Firstly, the as-synthesized SBA-15 was grafted with MPS,
and after removing the surfactant template by ethanol extraction and subsequent calcination at
300°C for 4 h, the MPS functionalized SBA-15 was grafted again with APTS. This double modified
material was loaded with both Au and Au-Pd particles, using HAuCls and Pd(NQ3)2 aqueous
solutions, respectively, and calcined at 200°C for 2 h. Gold and palladium particles penetrate into the
pores of SBA-15 owing to the high affinity of the -NH groups to the binding metals [220]. The
resulting Au/SBA-15 and Au-Pd/SBA-15 catalysts conserved the mesoporous structure of the
support, and were active for the oxidation of benzyl alcohol under air flow at 80°C in alkaline media.
According to these authors, the addition of Pd to Au/SBA-15 catalyst decreased the size of AuNPs
from 10 to 5 nm, contributed to their uniform dispersion, increased the activity and retained high
selectivity towards benzaldehyde. Yang et al. [221] immobilized Au and Au-In nanoparticles on SBA-
15 using APS as functionalizing agent. The spherical Au and Au-In particles with average size of
around 2 nm were homogeneously dispersed on the mesopore walls of SBA-15, and were highly
active and selective for the hydrogenation of crotonaldehyde to crotyl alcohol in liquid phase. Yen et
al. [250] used APS to functionalize the surface of mesoporous MCM-41 for the synthesis of bimetallic
Au-Ag/MCM-41 catalysts. The catalysts, activated by calcination with subsequent hydrogen reduction
at 600°C, showed Au-Ag bimetallic nanoparticles with sizes ranging between 4 to 6 nm, and

exhibited high activity in catalysis for low-temperature CO oxidation with high stability. Moreover,
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these catalysts were resistant to moisture over a long storage time. Liu et al. [251] prepared Au-Cu
alloy nanoparticles with sizes of around 3 nm in the confined space of mesoporous SBA-15 using
APTS to functionalize the support surface. The calcined (at 500°C for 6 h) and subsequently reduced
under Hz (at 550°C for 2 h) catalysts, showed much better performance than monometallic gold
particles in catalyzing CO oxidation. Recently Chen et al. [241] modified the SBA-16 surface with
APTS to prepare Au-Pd/SBA-16 catalysts. The highly dispersed Au-Pd bimetallic nanoparticles with a
mean diameter ~6 nm were active for the selective solvent-free oxidation of a variety of aromatic

alcohols and maintained good catalytic stability after recycling.

The above mentioned examples demonstrate that the post-synthetic functionalization of MSM with
organic moieties containing polar groups such as —NH,, —-SH, etc. before gold loading, may be a
good way to synthesize Au/MSM catalysts. However, this method does not allow the homogeneous
distribution of the organic functional groups in the pore surface, because it depends on numerous
parameters, such as the number of the surface silanol residual groups, the diffusion of reagents
through the pores channels and steric factors [252]. Consequently the AuNPs are not
homogeneously distributed after gold loading [253]. Moreover, the grafting procedure leads to a
reduction of the specific surface area and the pore volume of the MSM [252] which are normally

further reduced after gold incorporation.

1.3.3.2. Self-assembly functionalization of MSM before gold loading

The self-assembly functionalization of MSM before gold loading consists in the co-hydrolysis and
poly-condensation of the silica source with the organic functional groups (mainly organosilanes,
RSi(OR"3) in the presence of a structure-directing agent. This method of synthesis enables the
functional groups to be anchored covalently with regular distribution inside the pore walls of the MSM
[213, 252]. Moreover, pore blocking is not a problem, because the functional organic groups are
direct components of the silica matrix [213, 252]. The gold loading is carried out in a subsequent
step, mainly by deposition-precipitation, using HAuCls as gold precursor. After filtration, the
synthesized gold catalysts are washed with abundant deionized water to remove the residual chloride
ions, dried and subsequently calcined to remove the functional ligands and to reduce the oxidized
Aus* species to metallic Au® gold particles. The catalysts prepared following this approach can also
be reduced in Hz or chemically using NaBH4 solution [215]. Figure 1.12 presents a general scheme of

this synthesis procedure. In Table 1.6 we present the characteristics of the Au/MSM catalysis
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prepared following this method of synthesis, whereas some interesting papers are briefly discussed

below.
CH;0—0O, —O
\ /\/\ Calcination \ /\/\
(RO),Si + SDA + CH;0—O—Si X ——————> 0—Si X
Extraction
Silica CH;0—0 — O
Source
X=NH,, SH, etc
Au precursor
HAuCl,
——O Au Calcination —0
\ and/or reduction /\/\
—O7Si Au - 0—Si X AuCly
—O Au —O
Au/MSM

Figure 1.12. General procedure to synthesize gold catalysts by self-assembly functionalization of MSM before
gold loading.
Ghosh et al. [254] synthesized Au/MCM-41 hybrid materials by direct functionalization of the silica
material with APS and MPS in a one-pot process. The surfactant of the functionalized MCM-41-NH.
and MCM-41-SH supports was removed by solvent extraction under reflux for 24 h, with a mixture of
solvents containing 85 g of methanol and 2 g of HCI (35.5%). Subsequently, gold (3.0-3.5%) was
loaded by mixing the aforementioned supports with HAuCls aqueous solution for 96 h. After filtration,
washing and vacuum drying at room temperature, the resulting catalysts retained the ordered
mesoporous structure characteristic of the pristine MCM-41, but a decrease of approximately 20%
and 22% in the surface areas of AuUIMCM-41-NHz and Au/MCM-41-SH, respectively, was observed.
Although the pore volumes of the catalysts also decreased as a consequence of the guest species
incorporation, the average pore diameters of samples did not change considerably after gold loading.
The mean diameters of the AuNPs were approximately 3.4 + 0.5 and 3.2 + 0.5 nm for Au/MCM-41-
NH, and Au/MCM-41-SH, respectively. The synthesized catalysts were active and completely
selective for the hydrogenation of different olefinic substrates (cyclohexene, 1-hexene and 1-octene),
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and fairly comparable catalytic activity was found for both Au/MCM-41-NH, and Au/MCM-41-SH

samples.

Table 1.6. Characteristics and catalytic applications of the Au/MSM catalysts synthesized by self-
assembly functionalization of MSM before gold loading.

Support Ful?;;ir:):al Pre?t:lrsor Au(l/oojv(:;ng A(unzije Catalytic application Ref.
MCM-41 APS HAUCl: 31-32 3405 Hydrogenation of olefinic 5,
substrates
MCM-41 MPS HAuCl4 3.2-35 32+05 - [254]
MCM-41 0BSQ HAuCls 2.1 2.1 Epoxidation of olefins [18]
SBA-15 MPS HAuCl, 1.05-16.1 2.5 - [204, 255]
SBA-15 MPS AuCI(THT) 1.05-16.1 45 - [204, 255]
SBA-15 d“iﬁcgﬂ HAUCl: : 3.0-6.0 : [256]
SBA-15 MPS HAuCl, 3.0 2.0-6.5 CO oxidation [222]
SBA-15 OBSQ HAuCls 1.0-5.5 1.8 Styrene epoxidation [253, 257]
SBA-15 0BSQ HAuCl4 1.0-5.5 22+0.5  Benzyl alcohol oxidation  [253, 257]
SBA-15 0BSQ HAuCl4 1.4-2.1 2.0 Epoxidation of olefins [18]
Bis-silylated
PMOs with disulfide AuCI(THT) 5.0-20.02 2.0 - [258]
unit

MSS M;;%jgd HAUCl: 1.0 1.0-15.0 : [250]

MSS MPS HAuCl4 14.0 4.8 - [260]

MSU OBSQ HAuCl, 2.0 4.7 Epoxidation of olefins [18]

KIT-5 APS HAuUCl4 ~10.0 2.0-5.0 - [261]

a Au/S molar ratio x 100.

Guari et al. [204, 255] described a methodology to synthesize Au/SBA-15, preparing first the support
by co-condensation of MPS with TEOS in the presence of Pluronic 123. After surfactant removal by
Soxhlet extraction, the functionalized support was vacuum dried at 120°C. The gold loading was
performed by using two gold precursors: HAuCls and [AuCI(THT)]. When HAuCls was employed, the
functionalized support was suspended in water and heated under reflux in the presence of the gold

precursor. Once the yellowish solution color was transferred onto the solid, sodium citrate was
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added. When [AuCI(THT)] was utilized, the functionalized support was suspended in
tetrahydrofurane, and sodium acetylacetonate hydrate was added after the gold precursor addition.
According to these authors, upon chemical reduction with NaBH4 ethanolic solution at 60°C, metallic
AuNPs (2.5 and 4.5 nm, respectively) were formed within the channels of the silica matrix. However,
the typical ordered SBA-15 pore channels cannot be identified from the published TEM images, and

unfortunately the catalytic activity of the synthesized materials was not evaluated.

Rombi et al. [222] functionalized SBA-15 with MPS by co-condensation using a TEOS:MPS molar
ratio of 10, and after surfactant removal by Soxhlet extraction with a mixture of ethanol and HCI, gold
(3%wt) was loaded using HAuCls as precursor. Once the solution became colorless, indicating the
deposition of gold on the SBA-15 surface, sodium citrate was poured into the mixture to reduce the
Audt to Au* species. Then, the solid was recovered by filtration and dried at 120°C for 12 h.
Subsequently, NaBH4 1%wt ethanol solution was mixed with the solid during 18 h at 60°C in order to
obtain metallic gold. Finally, the suspension was filtered and the solid was dried at 120°C overnight.
Calcination of the catalysts in air at 300 and 560°C led to the formation of small Au spherical
nanocrystals homogeneously dispersed inside the SBA-15 channels with average sizes of about 2-3
and ca. 5 nm, respectively. Subsequent reduction under Ho/He 600°C led to an increase in the size of
AuNPs up to ca. 6.5 nm. However, despite their large particle size, remarkable catalytic activity for
CO oxidation was observed for the catalysts that were first calcined at 560°C and then reduced
under Hyo/He 600°C, whereas the as-made catalysts were not active for CO oxidation at low
temperatures. Moreover, gold was found mainly in metallic Au? state, although because of the strong
interaction between the mercapto functional groups and gold, positive Au®* species were also

present.

Besson et al. [258] described a soft method allowing the incorporation of monodisperse AuNPs with
average sizes of about 2-3 nm within the framework of 2D-hexagonal mesoporous silicas without any
thermal treatment. In this approach, the framework of the silica material was functionalized by co-
condensation of a hydrophilic bis-silylated precursor containing disulfide (prepared by reaction
between 3-isocyanatopropyltriethoxysilane and 2,2'-diaminediethyldisulfide in THF) and TEOS in the
presence of pluronic acid (P123) as template. After reduction of disulfide groups into thiol groups with
a solution of triphenylphosphine, AuNPs were anchored in the support by impregnation and

subsequent reduction of the organometallic gold precursor [AuCI(THT)] with ethanolic NaBHa4. The
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XRD analysis revealed that the ordered structure of the host materials was preserved after the gold
loading. Moreover, the observed broad diffraction peaks at 38.24, 43.81, 64.41 and 78.05° in the
XRD high-angle region (26 = 20 - 90°) confirmed the presence of metallic Au® nanoparticles. In
addition, the size of AUNPs was found to depend slightly on the percentage of organic groups in the
framework. The AuNPs were very small (<2 nm) in materials containing low quantities of SH groups,
while for the more concentrated material in SH groups the AuNPs size was no more monodisperse.
Although this method seems to be interesting for the incorporation of AuNPs into MSM, the catalytic
activity of the synthesized materials was not evaluated. Moreover, the authors pointed out that
AuNPs were stable as long as the organic groups remained intact (up to about 200°C). Beyond this
temperature, there was a significant loss of organic moieties which involved the sintering of AuNPs.
However, the presence of both the organic moieties and large AuNPs could have a negative effect on

the catalytic activity of these composite materials.

Kumagi and Yano [259] prepared functionalized core/shell monodispersed mesoporous silica
spheres, by the co-condensation of the silica source (TMOS) with MPS and propyl trimethoxysilane in
the presence of CTACI in alkaline media. After the surfactant removal by acid extraction performed in
an ethanol mixture of concentrated hydrochloric acid, the samples were filtered off, washed with
ethanol, and dried in air. This resulting material was impregnated with a solution of HAuCls in
hydrochloric acid to obtain gold-loaded core/shell mesoporous silica spheres containing propyl group
in the shell. AuNPs with particle size distributions ranging from 1 to ca. 15 nm were formed, but no
catalytic activity was reported. A similar method of synthesis, without the addition of propyl
trimethoxysilane had been previously reported by Nakamura et al. [260] for the preparation of gold-
containing nanoporous silica spheres, with AuNPs sizes in the range of 4.8 nm. However, the

catalytic performance of this material was not reported either.

Hérault et al. [256] recently obtained SBA-15 mesoporous organosilicas containing mannitol
derivative in the framework, by co-hydrolysis and poly-condensation of a bis-silylated mannitol
precursor (3,4-Di-O-[3-(triethoxysilylpropyl)carbamate]-1,2:5,6-di-O-isopropylidene-D-mannitol,
prepared by coupling of 1,2:5,6-di-O-isopropylidene-D-mannitol with 3-
(triethoxysilylpropyl)isocyanate) with TEOS in the presence of triblock co-polymer P123 as structure-
directing agent in acidic media. After stirring for 24 h at 30°C, the mixture was heated at 110°C for 24

h. Then, the temperature was diminished to room temperature and the reaction mixture was left
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without stirring for 3 days. The resulting solids were filtered and washed with ethanol, followed by
Soxhlet extractions with ethanol (15 h) and then with acetone (15 h), prior to drying under vacuum.
From the three different TEOS: bis-silylated mannitol precursor ratios studied (R, R19 and R3g), it was
found that: (i) the highest polycondensation degree (80%) was obtained in the case of Rag; (ii) only
the Rso sample exhibit the three low-angle XRD diffraction peaks, characteristic of well ordered SBA-
15 type materials; (iii) the BET surface areas, the total pore volumes and the pore size distributions
ranged from 530 to 630 m2/g, 0.60 to 1.40 cm3/g and 4.4 to 9.0 nm, respectively. On the other hand,
during the hydrolysis and poly-condensation processes, some OH functional groups were released,
which were used for the stabilization of AuNPs using HAuCls or [AuCI(THT)] as gold precursors,
involving or not the use of reducing (NaBH4) and destabilizing (trisodium citrate and sodium
acetylacetonate monohydrate) agents. From the characterization analysis it was pointed out that: (i)
AuNPs were not formed when using the organogold precursor [AuCI(THT)]; (ii) the absence of
destabilizing agent and reducing agent led to the formation of large AuNPs (15-20 nm) overlapping
several channels of mesostructured material; (iii) the presence of reducing agent (NaBH4) allowed the
formation of small AuNPs (average size of 6 nm); (iv) the best results, in terms of dispersion, size (3
nm) and location of AuNPs within the walls of the 2D-hexagonal structure of the MSM, were obtained
when using trisodium citrate and NaBH; as destabilizing and reducing agents, respectively.
Unfortunately the catalytic activity of the catalysts synthesized under this approach was not

evaluated.

Yu et al. [18] functionalized different periodic mesoporous organosilicas (MCM-41, MSU and SBA-15)
with an organic bridged silsesquioxane precursor containing disulfide-ionic liquid moieties in one-pot
synthesis procedure. Subsequently AUNPs were loaded using aqueous HAuUCls solution at pH values
of 7.0-8.0. The resulting Au/MCM-41, Au/MSU and Au/SBA-15 catalysts showed well dispersed
AuNPs, as presented in Figure 1.13(a—c), with mean particle sizes of 2.1, 4.7 and 2.0 nm,
respectively, indicating that porous supports with higher pore connectivity, such as MSU with 3-D
worm-like pore structure, should be more vulnerable to the aggregation of AuNPs. The catalytic
activity, evaluated for the epoxidation of various olefins (a-pinene, cyclohexene, 4-chlorostyrene, a-
methylstyrene, 1-hexene and 1-octene) using H.02 as oxidant, was inversely related to the Au
particle size, following the order Au/SBA-15 > Au/MCM-41 > Au/MSU. Moreover, after eight
consecutive runs, all catalysts showed quite good reusability with no significant losses in both a-

pinene conversion and a-pinene oxide selectivity.
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Despite the fact that the self-assemble functionalization of MSM before gold loading has permitted
the synthesis of Au/MSM materials having well dispersed AuNPs within the channels, as presented in
Figure 1.13, the main disadvantages of this method lie in the care that must be taken to avoid the
destruction of the functional groups during the surfactant removal and in the difficulty of maintaining
the mesostructure of the functionalized silica materials, because the degree of their mesoscopic
order decreases with increasing the concentration of functional groups [200, 213]. Moreover, given
that the functional group is quite hydrophilic, the functionalization could occur partially within the
framework. Then, the organic functional groups have to be sufficiently lipophilic to enter in the core

micelle and not too bulky to avoid bursting [262-263].

Figure 1.13. TEM images of gold catalysts supported on different MSM prepared by using the self-assembly
functionalization of MSM before gold loading. (a) AuMCM-41 modified with OBSQ (Reproduced by permission
of Elsevier from Reference [18]); (b) Au/MSU modified with OBSQ (Reproduced by permission of Elsevier from

Reference [18]); (c) Au/SBA-15 modified with OBSQ (Reproduced by permission of Elsevier from Reference

[18]); (d) AuMCM-41 modified with APS (Reproduced by permission of Elsevier from Reference [254]); (e)
Au/HMS modified with hydrophilic bis-silylated precursor containing disulfide (Reproduced by permission of
RSC Publishing from Reference [258)); (f) Au/SBA-15 modified with MPS (Reproduced by permission of RSC
Publishing from Reference [222)).
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1.3.3.3. Direct synthesis

This method of synthesis, also called co-condensation or one-pot synthesis, is a simple procedure to
introduce AuNPs in MSM, but not necessarily placed within the pores. It consists in the
copolymerization of the silica source with the gold precursor in the presence of a structure-directing
agent, so that the formation of mesostructures and the gold anchoring occur simultaneously.
Organosilane coupling agents (RSi(OR')3) are frequently added into the gel synthesis in order to
functionalize the silica surface for enhancing the gold adsorption. This approach is often preferred,
because as mentioned in Section 1.3.3.2., it allows regular distribution of the functional groups inside
the channel pores, and therefore uniform distribution of gold, as well as a loading control within the
limits of the content supported by the micelle [262]. Although this procedure presents similar
shortcomings than the self-assembly functionalization of MSM before gold loading, the direct
synthesis method has been largely employed for the preparation of gold catalysts supported on

different MSM, as summarized in Table 1.7. Some relevant applications are discussed below.

Table 1.7. Characteristics and catalytic applications of the Au/MSM catalysts prepared by direct
synthesis.

Functional Au Au loading Au size
Support . Catalytic application Ref.
PP ligand Precursor (Yowt) (nm) ylicapp
MCM-41 - HAuCls 0.13-1.21 - Cyclohexane oxidation ~ [264-265]
MCM-41 : HAUCl: 1.0 30-180 /cetonylacetone [266]
cyclization
MCM-41 - HAuCls 1.0 - Methanol oxidation [267]
HAuCls I
MCM-41 - 1.0 - Methanol oxidation [267]
C2oNbOq4
HAuCls o
MCM-41 - 1.0 - Methanol oxidation [268]
C2oNbOq4
MCM-41 - HAuCls 0.386-2.02  3.0-6.0 - [269-270]
Acetonylacetone
MCM-41 - HAuUCls 1.0 - cyclization and methanol [271]
oxidation
MCM-41 - HAuCls 1.3 20.0 CO oxidation [272]
HAuCls .
MCM-41 - 1.0 - Methanol oxidation [273]
VOSOq4
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Table 1.7. Cont.

Support Ful?;:;::al Pre?uursor Au(!,;: :v(:)' ng A(un:?e Catalytic application Ref.
HAuCls
MCM-41 VOSO4 1.0 Methanol oxidation [273]
C4H4NNbOg
MCM-41 AAPTS HAuCl, 0.7-7.0 2.0-5.0 - [205]
MCM-41 TMPTA HAuCl, - - [274]
MCM-41 TMPTA HAuCl4 2.2 2.0-3.0 CO oxidation [275]
MCM-48 TMPDA HAuCl4 - 5.0-20.0 - [202]
MCM HAuCl4 8.0 6.7 CO oxidation [195]
MCM :/;:(C)': 0/120/0 S CO oxidation [21%’]
SBA-15 HAuCl, 0.77 Cyclohexane oxidation ~ [264-265]
SBA-15 HAuCl, 1.0 3.0-8.0 Cyclohexane oxidation [224]
SBA-15 TMPDA HAuCl, - 5.0-50.0 - [202]
SBA-15 MPS HAuCl4 1.0 2.04.0 Cyclohexane oxidation [277
SBA-15 VTES HAuCl4 1.0 5.0 Cyclohexane oxidation [223]
SBA-16 TMPDA HAUCls - 10-100 - [202]
ZSM-5 HAuCl4 0.51-1.30 Cyclohexane oxidation [278]
ZSM-5 HAuUCl4 0.17-1.16 2.0-5.0 - [270]
MS BTESPTS HAuUCl4 04-1.0 3.0-14.0 Lactose oxidation [11]
MS ° 0605) HAUC, 075  40-150  Cyclohexane oxidation  [279]
MS BT(E_SZ';)TS HAUCl: 0.94 30-80  Cyclohexane oxidation ~ [279]
MS BTESPTS (2.5) HAuCl4 1.07 3.0-8.0 Cyclohexane oxidation [279]
MS BTESPTS (5.0) HAuCl4 1.10 4.0-12.0  Cyclohexane oxidation [279]
MS BTESPTS HAUCl: 0.25-100  ~3.0 OXidag‘l’C”Oﬁgf)e”Zy' [280]
MS BTESPTS HAuCl, 2.0-10.0 ~2.0 n-hexadecane oxidation [22§ 15 ]’
MS BTESPTS HAUCl 05-10.0 T”d(‘)')‘(’i:f;}gﬁ'e”e [282-283]
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Table 1.7. Cont.

Support Ful?;:;i::al Pref:rsor Au(!;: jv(:)l ng A(un::;e Catalytic application Ref.
MS MPS HAuCls 1.5-5.0 CO oxidation [284]
MSTF BTESPTS Au(en)2Cls 2.1-5.1 3.0-7.0 - [285]
LSX - Au salt 0.646 ~3.0 - [270]
HSN APS HAuCl4 1.7 2.8-4.5 4-nitrophenol reduction [286]
WSS TMPTA HAuCls 1.6 26+0.8 CO oxidation [275]
HMS TMPTA HAuCl, 0.5-1.02 1.7-5.0 - [287]
PMOs TMPTA HAuCl, 05-1.12 1.5-2.5 - [287]
MSU TMPDA HAuCl, 04* 1.7-5.0 - [287]

2 Au/Si molar ratio x 100; © Au/Ag molar ratio.

Lu et al. [264-265] synthesized Au/MCM-41 and Au/SBA-15 catalysts by using a direct synthesis
process in which the silica and gold precursors (TEOS and aqueous HAuCls, respectively) were
added to the dissolved surfactants (cetylpyridinium bromide for MCM-41, and P123 for SBA-15) in
acidic media. After the hydrothermal treatments, the solids were filtered, washed with deionized
water, dried and calcined in air at 550°C for 4.5 h. The gold loading (0.13-1.21%wt) had only a
modest effect on the surface area of the supports, and the synthesized catalysts maintained the
typical structure of mesoporous materials. Gold was anchored both inside the channels and
deposited on the external surface of the mesoporous structures, and it was mainly present in the
metallic Au® state. These catalysts were active for the oxidation of cyclohexane, but unfortunately the

size of AUNPs was not reported.

Wu et al. [277] recently synthesized SBA-15-supported AuNPs (2-4 nm) by means of a one-pot
synthesis method in the presence of different amounts of MPS as functionalizing agent. Subsequent
to dissolution of the surfactant (P123) in acidic media, different mixtures of TEOS:MPS were slowly
added prior the introduction of HAuCl4 solution (gold loading of 1%wt). After stirring (40°C for 24 h)
and hydrothermal treatment (100°C for 24 h), the resulting solids were filtered, washed, dried under
vacuum and calcined at 500°C during 8 h, to remove the surfactant and the organic functional group,
and to decompose the gold species into metallic Au®. From the analysis performed in this study, it

can be highlighted that: (i) The functionalizing agent contributed to coordinate the gold precursor via
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thiol ligands, and to form covalent bonds with the silica matrix. During the synthesis, the silane moiety
co-condensed with the silicon precursor to form the silica framework, and the alkanethiol end
interacted with AuCls~ to form Au (I)—thiolate complexes, which firmly attached the gold species on
the silica framework. (ii) The amount of MPS played a critical role in the loading and dispersion of
AuNPs. The larger the amounts of MPS introduced, the higher the Au loading efficiency and
dispersion. However, the AuNPs began to aggregate and unevenly distribute with the decrease of
added MPS. Withal, when the concentration of MPS in the gel increased up to 20% (molar ratio
TEOS:MPS is 32:8), the 2D hexagonal ordered structure decreased significantly, indicating that high
concentrations of MPS hindered the TEOS condensation to form an ordered framework. (i) Because
of the formation of void defects on the pore walls after removal of functional groups by calcination,
AuNPs were partially intercalated in the pore walls of the mesoporous SBA-15, and the catalysts
showed values of surface area higher than the pure SBA-15. (iv) The catalysts were active for the
selective oxidation of cyclohexane with molecular oxygen, and the increase of MPS led to an
increase on the conversion of cyclohexane up to 21.5% with selectivities towards cyclohexanone and
cyclohexanol of up to ~95%. Moreover, the catalyst containing 10%MPS exhibited no obvious activity
loss after six runs, demonstrating its good stability. (v) Au® was designed as the active site for the

cyclohexane oxidation.

In a previous study, Wu et al. [223] employed VTES as functionalizing agent to prepare Au/SBA-15
catalysts by a one-pot method, using a TEOS:VTES molar ratio of 20, and HAuCls solution as gold
precursor. After stirring for 24 h at 40°C and hydrothermal treatment at 100°C for 24 h, the solid was
filtered, washed and dried, prior to template removal by extraction with ethanol at 70°C for 6 h and
reduction under H, at 250°C for 2 h. The resulting catalyst (Au loading of 1%wt) retained the ordered
mesostructure of SBA-15, and the AuNPs (~5 nm) present as metallic Au®, were anchored and
evenly dispersed in the functionalized SBA-15. The high activity and selectivity for the solvent-free
selective oxidation of cyclohexane using this catalyst indicated that VTES may be a good functional
group to prepare Au/MSM catalysts by direct synthesis. Moreover, the catalytic activity and selectivity
of this catalyst was much better than the Au/SBA-15 catalyst prepared by post-grafting with the same

functional group, whose average Au particle size was about 9 nm.

Glomm et al. [202] prepared Au/MCM-48, Au/SBA-15 and Au/SBA-16 materials by one-pot process
using a gold-modified precursor (HAuCls functionalized with TMPDA), which was added to the
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synthesis solutions after precipitation of each MSM. The resulting gold-containing MSM were
recovered after stirring for 24 h, and were subsequently filtered, washed and calcined in air at 550°C
for 5 h. Although the catalytic activity was not evaluated, the following conclusions were highlighted
from the characterization analysis: (i) This in situ method resulted in high retention of gold species in
all MSM, indicating the important role of the amine functionalizing agent. (ii) The surface areas of the
mesoporous SBA-15 and SBA-16 materials were significantly reduced after incorporation of gold,
whereas the Au loading did not significantly affect the surface area of the MCM-48. (iii) The three
MSM retained their long-range order upon incorporation of gold. (iv) AuNPs ranging between 5 to 20,
5to 50 and 10 to 100 nm, were present on the synthesized materials supported on MCM-48, SBA-15
and SBA-16, respectively. (v) Even though a significant fraction of the particles was incorporated
within the pores, the majority of AuNPs were found to reside on the external surface of the silica

materials.

The feasibility of other MSM for retaining AuNPs using amine functionalizing agents has been also
evaluated. For example, Lee et al. [287] prepared gold-containing HMS, MSU and PMOs materials
by a co-synthesis sol-gel method, using HAuCls as gold precursor, and TMPTA and TMPDA as
bifunctional silane ligands for HMS and PMOs, and MSU materials, respectively. The structure-
directing templates (DDA for HMS and PMOs, and Triton X-100 for MSU) were removed by ethanol
extraction at room temperature for 6 h, and the Au(lll) precursor was reduced to metallic AuNPs by
heating in Ar/H. atmosphere (4% Hz), or by calcination. The resulting materials displayed AuNPs
uniformly distributed inside the mesopores, with sizes smaller than 5 nm. Although the authors
mentioned that this synthesis procedure may be used to prepare AuNPs supported on other
mesoporous materials, except for those formed in acidic media due to the protonation of the amine

functional groups, the catalytic activity of the synthesized materials was not reported.

Recently, we have used BTESPTS to synthesize active gold crystallites (3—-14 nm) dispersed on
mesoporous silica, which were mainly present in the metallic Au® state, and displayed high catalytic
activity (100% lactose conversion after 100 min reaction) and 100% selectivity towards lactobionic
acid, when a catalyst containing 0.7% Au was used at a catalyst/lactose ratio of 0.2 under alkaline
(pH 9.0) and mild reaction temperature (65°C) [11]. In general, as indicated by Wu et al. [279], during
the synthesis procedure the thioether groups incorporated into the silica walls by co-condensation in

the presence of the surfactant (P123), form a complex with the tetrachloroauric anions (AuCls )
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leading to a good dispersion of gold on the MSM. Under the hydrothermal treatment, part of AuCls —
thioether complexes decomposed to form Au clusters stabilized by thioether groups. The subsequent
calcination of the resulting solids at high temperature (500°C for 5 h) allows the removal of the
template and functional groups, at the same time that gold species are reduced to AuNPs. This
simple procedure has been also employed to immobilize gold within mesoporous silica thin films
[285] and mesoporous silica [225, 279-283]. The resulting composite materials have shown high
activity and selectivity in the oxidation of benzyl alcohol [280], n-hexadecane [225, 281] and
cyclohexane [279], as well as in the plasma-assisted total oxidation of trichloroethylene [282-283].
However, the main drawback of this method lies to the fact that the structural ordering of the
mesoporous material suffers from disturbance at high BTESPTS loading levels. Therefore catalysts
show irregular shapes and pores. When using a BTESPTS molar concentration of about 7%, we
found that gold catalysts with Au loading of 0.4, 0.5, 0.7, 0.8 and 1.0% presented a wormhole-like
framework structure containing interconnected 3D-mesopores (Figure 1.14(g)), suitable for the
minimization of diffusion limitation phenomena often encountered in adsorption and catalytic
reactions [11]. Conversely, when the molar concentration of BTESPTS was decreased to 2%,
ordered mesoporous silica was obtained, but the gold loading was significantly reduced, the size of
AuNPs increased as illustrated in Figure 1.14(h), and the catalyst became inactive. These results
were in agreement with the recent findings of Wu et al. [279] who reported that molar concentrations
of BTESPTS higher than 2.5% led to a decrease in the regularity of the 2D hexagonal ordered
structure of SBA-15, but lowering this concentration the AuNPs exhibited average sizes up to 24.4

nm.

The direct synthesis has been also carried out to synthesize bimetallic gold catalysts. Sobczak et al.
prepared Au/MCM-41 [266] and Au/Nb-MCM-41 [267-268] catalysts (Au loading 1%wt) by co-
precipitation, adding the gold precursor (HAuCls) into the gel containing the Si source (sodium
silicate) and the template (CTACI) following the conventional method of synthesis of the MCM-41.
The template was removed by calcination at 550°C for 2 h under He, and in air under static
conditions for 14 h. The resulting gold catalysts exhibited hexagonally ordered mesopores and Au
crystallites in the range of 3—18 nm. Moreover, this approach allowed the formation of gold in two
forms: metallic and surrounded (bonded) by chloride. These chloride ions served as a catalytically

active basic species in the acetonylacetone (AcAc) cyclization/dehydration in the gas phase, and took
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part as promoters in the electron transfer to oxygen in the NO reduction with propene in presence of

oxygen.

Figure 1.14. TEM images of gold catalysts supported on different MSM prepared by direct synthesis. (a)
Au/SBA-15 using MPS (Reproduced by permission of Elsevier from Reference [277]); (b) Au/SBA-15 using
VTES (Reproduced by permission of Elsevier from Reference [223]); (c) AuMCM-41 using AAPTS
(Reproduced by permission of ACS Publications from Reference [205]); (d) Au/MS using BTESPTS
(Reproduced by permission of ACS Publications from Reference [281]); (€) Au/HMS using TMPTA (Reproduced
by permission of Elsevier from Reference [287]); (f) Au/PMOs using TMPTA (Reproduced by permission of
Elsevier from Reference [287]); (g) Au/MS using BTESPTS 7% molar concentration (Reproduced by permission
of Elsevier from Reference [11]); (h) Au/MS using BTESPTS 2% molar concentration (TEM picture from our
Laboratory, Université Laval, Quebec, Canada).
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As discussed above, the direct synthesis provides a simple pathway to prepare stable Au/MSM
catalysts using different functional moieties, which, as briefly mentioned by Ma et al. [200] can be
employed to synthesize gold onto other mesoporous supports such as mesoporous TiO,, for
example. Although the gold loading and Au particle size are correlated with the amount of organic
functional ligand, special care must be taken in order to find the optimal conditions of the ratio silica

precursor/OFL to obtain ordered structures and well distributed small AUNPs.

1.3.3.4. Synthesis of Au/MSM using cationic gold complex [Au(en)2]CI3 (en =
ethylenediamine)

The synthesis procedures mentioned above normally imply the addition of organic functional ligands
to incorporate the AuNPs within MSM, when tetrachloroauric acid is used as gold precursor. Although
these approaches have allowed the preparation of active AuMSM catalysts, the grafting of OFL may
generate some defects on the mesoporous structure, and the ligands removal at high temperatures

may conduce to a decrease in the catalytic activity because of the increase of the gold particle size.

In the early 50’s, Block and Bailar [288] found that tetrachloroauric acid reacts with ethylenediamine
(en) to form the gold complex [Au(en)2]Cl3 after precipitation with ethanol. This complex may act as
acid by losing a proton from the coordinated amine group, under basic conditions. Based on this
principle, the synthesis of Au/MSM catalysts becomes easier by deposition-precipitation of this gold
complex, given that in alkaline media the negative-charged surface of the MSM can readily adsorb

the [Au(en)2]** cations, by deprotonation reaction of ethylenediamine ligands [289].

Dai and coworkers [206, 290] synthesized gold catalysts supported on mesoporous SBA-15 by
mixing the support with an aqueous solution of [Au(en)2]Cl3 in alkaline media (pH range between 6.0
and 10.0). After agitation of the slurry for 2 h, the yellowish solid was filtrated, vacuum dried and
reduced under Hz/Ar (4%) at 150°C for 1 h. This procedure led to obtain small (~4.9 nm) and uniform
AuNPs confined within the SBA-15 mesopores. Moreover, when the pH increased up to ~10, the gold
loading increased (2.70 to 9.08%wt) and the gold particle size decreased (from 5.4 to 4.9 nm).
However, only the catalysts synthesized at pH value higher than 8 exhibited high catalytic activity for
low-temperature CO oxidation (below 0°C), prior to their activation by calcination in air at 400°C for 1
h. From these results, it can be concluded that the pH of synthesis plays an important role on the
catalyst activity, and that ethylenediamine moieties may form a strong bond with the surface of

AuNPs, interfering with the catalytic activity. This work was a valuable reference for other groups for
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synthesizing gold catalysts supported on mesoporous silicas, as presented in Table 1.8. For
example, Guan and Hensen [291] prepared gold supported on different MSM (SBA-15, SBA-16
MCM-41) using this approach. After adding the supports to an aqueous solution of [Au(en)2]Cls, the
pH was adjusted to a constant value of 12. The suspension was stirred for 2 h, followed by filtration,
washing with deionized water, drying at 110°C overnight and calcination at 400°C for 4 h. The
resulting catalysts, showing average Au particle sizes of 4.9+£1.3, 7.3+1.6 and 6.7+2.1 nm for SBA-
15, SBA-16 and MCM-41 materials, respectively, were active for ethanol oxidation. Parreira et al.
[292] synthesized gold catalysts supported on pure and metal-modified hexagonal mesoporous silica
(HMS, HMS-M, where M = Ce, Ti, Fe), using [Au(en).]Cls as gold precursor. The HMS and the metal-
modified HMS, synthesized by direct synthesis via co-precipitation using appropriate metal salts,
were mixed with an aqueous solution of [Au(en).]Clz maintaining the pH value at ca. 10. The catalysts
were calcined at 300°C for 1.5 h, and subsequently reduced in hydrogen for 1.5 h. The resulting
AuNPs with average Au particle sizes ranging between 4.1 and 5.9 nm were active for the aerobic
oxidative esterification of benzyl alcohol, and displayed gold in metallic Au® and Au®* and Au*
oxidation states. Recently, we have used [Au(en).]Cl3 to synthesize gold clusters supported on
mesoporous silica decorated by ceria (SBA-15-CeOz) [90, 293]. The support and the gold precursor
were mixed in alkaline media (pH 10), and after vacuum filtration, the solid was thoroughly washed
with deionized water, vacuum dried overnight at 100°C, and calcined at 500°C for 5 h. The resulting
catalysts showed a regular array of mesopores, as well as well dispersed and not aggregated
spherical AuNPs of about 5 nm. However, in agreement with the low-angle XRD analysis, the
hexagonal order of the mesoporous SBA-15-CeO; support was somewhat affected after gold loading,
as it can be depicted in Figure 1.15(d,e). The N2 physisorption and XRD analysis revealed that
support possess ordered hexagonal mesoporous structure, high surface area and large pore volume,
similar to SBA-15, whereas BET surface area and pore volume of catalysts were significantly
decreased upon impregnation. Moreover, XPS analysis revealed the coexistence of metallic and
oxidized species on the catalyst, with relative surface concentrations of Au® (78.17%) > Au* (13.08%)
> Aud* (8.76%), and the presence of both Ce3* and Ce#* oxidation states. The catalytic activity of the
synthesized catalysts was evaluated on the partial oxidation of lactose for selective synthesis of
lactobionic acid (LBA) for therapeutic, pharmaceutical and food grade applications. After 100 min of

reaction, the 0.7% Au/SBA-15-CeO; catalyst showed high catalytic activity (100% lactose conversion)
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and a 100% selectivity towards LBA, when it was used at a catalyst/lactose ratio of 0.2 under alkaline

(pH 9.0) and mild reaction temperature (65°C).

Table 1.8. Characteristics and catalytic applications of the Au/MSM catalysts synthesized using
cationic gold complex [Au(en)2]Cls (en = ethylenediamine).

pH of Au loading Au size

Support synthesis owt) (nm) Catalytic application Ref.
SBA-15 6.0 2.70 54 CO oxidation [206, 290]
SBA-15 74 5.98 5.2 CO oxidation [206, 290]
SBA-15 8.5 6.90 4.9 CO oxidation [206, 290]
SBA-15 9.6 9.08 4.9 CO oxidation [206, 290]
SBA-15 ~10.0 2.20 2.0-8.0 CO oxidation [206, 290]
SBA-15 12.0 2.00 49+13 Ethanol oxidation [291]
SBA-16 12.0 2.00 7.3+16 Ethanol oxidation [291]
MCM-41 12.0 2.00 6.7+£21 Ethanol oxidation [291]
HMS ~10.0 219 5402 [292]
HMS-Ce ~10.0 2.94 5905 Aerobic oxidative esterification of [292]
HMS-Ti ~10.0 2.96 48+03 benzyl alcohol [292]
HMS-Fe ~10.0 2.87 41404 [292]
SBA-15-Ce02 10.0 0.7 ~5.0 Lactose oxidation [90, 293]

The use of the cationic gold complex [Au(en)2]Cls as precursor for the synthesis of monometallic
[290, 294-300] and bimetallic [301-304] gold catalysts supported amorphous SiO>, as well as for the
preparation of Au/SiO2-based catalysts [297], has demonstrated that amorphous silica can be also
employed as a support to prepare active Au/SiO; catalysts. Although this synthesis method has not
been intensively investigated, it can be regarded as highly efficient for the preparation of gold
catalysts supported on MSM. However, it should be noted that the [Au(en)]Clz precursor must be

kept protected from light to prevent its decomposition [290, 294-300].
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Figure 1.15. TEM micrographs of Au/MSM using Au(en)Cls as gold precursor. (a) Au/SBA-15 (Reproduced by
permission of ACS Publications from Reference [206]); (b) Au/SBA-15 (Reproduced by permission of Elsevier
from Reference [291]); (c) Au/MCM-41 (Reproduced by permission of Elsevier from Reference [291]); (d)
Mesoporous SBA-15-CeQ, (Ce/Si molar ratio = 0.1) (Reproduced by permission of NAM 22, NACS from
Reference [293]); (e) 0.7% Au/SBA-15-CeO, (Reproduced by permission of NAM 22, NACS from Reference
[293]).

1.3.3.5. Chemical vapor deposition

Chemical vapor deposition of dimethyl gold acetylacetonate was first used by Okumura et al. [19,
207, 305-306] to deposit AUNPs on SiO2 and MCM-41, demonstrating that silica may be a suitable
support for the preparation of active gold catalysts. To do this, the supports were first evacuated in
vacuum at 200°C for 4 h to remove the adsorbed water, and then treated with O at 200°C for 30 min
to remove organic residue from the surface by oxidation. Subsequently, the gold precursor was
gradually evaporated at 33°C on the supports. The resulting materials were calcined in air for 4 h at
high temperature (200-500°C) to decompose the gold precursor into metallic AUNPs on the support
surface. The synthesized catalysts exhibited remarkably catalytic activities for the oxidation of CO
and Ha, and showed a large number of gold particles smaller than 10 nm (mean diameters of 6.6 and
4.2 nm for SiO2 and MCM-41, respectively), which were three times smaller than those of Au/SiO2
prepared by impregnation method. From the characterization analysis, it was concluded that the

interaction between the gold precursor and the support surface occurred mainly between the oxygen
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atoms of Me>Au(acac) and the OH groups of the SiO surface; and that temperatures above 300°C

are needed to prepare highly active Au catalysts following this preparation method.

Schimpf et al. [307] synthesized Au/SiO2 (Au loading of 2.4%wt) by CVD of Me2Au(acac), following
the method proposed by Okumura et al. [308]. Highly dispersed AuNPs with mean value of 1.4 nm
were obtained. Moreover, the synthesized catalysts were active for the low-temperature oxidation of
CO. Araki et al. [309] prepared Au/FSM-16 by CVD of AuMez(HFA). The gold precursor was
adsorbed on the support under reduced pressure at room temperature for 4 h. The resulting white
powder turned to pale purple after UV irradiation under reduced pressure for 4 h, indicating the
formation of metallic gold. The obtained Au nano-wires (2.5 x 17.1 nm) in the mesopores of FSM-16

were active in the oxidation of CO.

Notwithstanding the CVD allowed the synthesis of highly active Au/SiO2 and Au/MSM catalysts, the
main drawbacks of this preparation method relate to the high cost of the organometallic gold
precursor, and to the requirements of special equipments for the catalysts synthesis. Moreover, the
amount of metal that can be incorporated following this approach is limited by the pore volume of the
support [209, 219].

1.3.3.6. Synthesis by dispersion of gold colloids or pre-synthesized AuNPs

Gold colloids and gold nanoparticles have been prepared by different procedures and used as
precursors to prepare gold supported on TiO2, ZnO, ZrO,, Al2Os, carbon and SiO2 materials [196,
310-318]. The synthesis of gold supported on MSM using gold colloids or pre-synthesized AuNPs
can be achieved by using two different strategies: (i) dispersing the pre-synthesized gold precursors
on the MSM support and (ii) synthesizing the MSM in the presence of pre-synthesized gold colloids
or AuNPs. Even though suitable, this Au/MSM catalyst synthesis procedure has not been extensively
applied in catalytic applications. The main advantage of this method lies to the easy control of AUNPs
size throughout the gold sol synthesis, and therefore it offers the possibility to tailor the size of gold
particles before their deposition on the support. This could be also attractive to control the AuNP
aggregation, because the particle size is normally preserved during the immobilization step [311,

319]. Some relevant applications are presented below.

Ma et al. [320] recently reported the synthesis of gold catalysts supported on extra-large mesoporous

silica material (EP-FDU-12), which were active and highly selective in the gas-phase oxidation of
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benzyl alcohol to benzaldehyde. The EP-FDU-12 support was prepared using Pluronic F127 as
template agent and TEOS as silica precursor, in the presence of 1,3,5-trimethylbenzene and KCI.
After stirring at 15°C during 24 h, the mixture was hydrothermally treated for 24 h at temperatures
ranging between 100 and 220°C. The solids were filtered and dried at room temperature, prior to the
template removal by microwave digestion using 30% H20, and 15 M HNOs. The Au catalysts (Au
loading of 0.5%wt) were obtained by adding the EP-FDU-12 support to a chloroform solution of
AuNPs, prepared from AuPPh3Cl as described by Zheng et al. [321]. Subsequent to stirring, the solid
product was centrifuged, dried in air and calcined at 350°C for 5 h. From this method of synthesis, it
is interesting to pull out these two observations: (i) though the Au particle size was almost the same
(11.3£2.7 nm vs. 10.3£2.7 nm) after reaction, carbon deposition was at least 10-fold less on
catalysts with pore size of 36 nm than on those with pore size of 23 nm, suggesting that large pores
facilitate the diffusion of organic products and therefore diminishing the coke formation; (ii) The pore
size can be tuned by modifying the KCI:F127 concentration and the hydrothermal temperature,

allowing different applications to these materials.

Tai et al. [322] prepared dodecanethiol-capped AuNPs following the method proposed by Brust et al.
[323], which were adsorbed on a mesoporous silica wet-gel (size of mesopores of maximum 15 nm),
synthesized by hydrolysis and subsequent condensation of TMOS in methanol using ammonia as
catalyst. The gel was immersed in the AuNPs solution using different solvents (toluene, THF and
toluene:THF 1:1). After sufficient contact (more than one day), supercritical CO2 was used for drying
the wet-gel gold containing silica. In the resulting material, the Au particle size distribution was almost
identical to that of the original dodecanethiol-capped AuNPs (average 2.4 nm vs. average 2.6 nm,
respectively). Moreover, AuNPs were homogeneously distributed in the gel formed in THF, whereas
when using toluene the AuNPs were present only in the peripheral part of the gel, indicating that the
spatial distribution of the AuNPs inside the gels can be controlled by changing the polarity of the
solvents. Nevertheless, the catalytic activity of this composite aerogel was not evaluated. A similar
method for synthesizing mesoporous colloidal gold aerogels, using AuNPs (sized at either 5 to 28
nm) prepared by citrate reduction of HAuUCls has been reported by Anderson et al. [324], but the

catalytic behavior was not evaluated.

Glomm et al. [202] used citrate-coated AuNPs of 5 and 10 nm for the synthesis of Au/MCM-48,
Au/SBA-15 and Au/SBA-16. To do this, the as-synthesized silica supports were first suspended in
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water, followed by pH adjustment to 9.0 using 2 M NaOH. Then, the AuNPs were added, and after 24
h stirring at room temperature, the gold-containing materials were filtrated, washed, dried and
calcined at 550°C in air during 5 h. Although the three mesoporous structures retained their long-
range order upon incorporation of AuNPs, their surface area was significantly reduced after Au
loading. Moreover, most of the AuNPs were found on the external surface of the silica materials,
regardless a significant fraction of the particles was incorporated within the pores. Unfortunately, no

data of catalytic activity of these materials were reported.

The second strategy to prepare Au/MSM using gold colloids or presynthesized AuNPs involves
mainly two steps: the synthesis of AUNPs in the presence of a block copolymer, and the synthesis of
the MSM using the gold-nanoparticle copolymer unit as template [46]. Notwithstanding the catalytic
activity was not evaluated, from the interesting works of the Somorjai group [208-209, 325], who have
used this approach to encapsulate AuNPs of different sizes (2, 5, 10 and 20 nm) into the channels of
SBA-15, MCM-41 and MCM 48 using P123, hexadecylamine and cetylbenzyldimethylammonium
chloride as templates, respectively, it can be highlighted that: (i) the presence of small Au
nanocrystals (2-10 nm) influences only slightly the well-ordered structure but changes the lattice
spacing of the MSM; (i) although the mesopore channels of the MSM expand when small AuNPs are
included, the narrow pore size distribution is preserved; (iii) when high amounts of AuNPs or large
AuNPs (20 nm) are used, the structure of the materials remains porous, but their crystallinity
decreases and a worm like structure appears, instead the hexagonal arrangement; (iv) after
calcination, the small AuNPs are incorporated within the channels of the mesoporous host matrixes,
but nanoparticles whose diameter is larger than the MSM pore size (20 nm fro SBA-15 and 10 nm for
MCM-41 and MCM-48), cannot be inserted and they remains exclusively outside of the channels; (v)
when using bimodal AuNPs (2 and 5 nm, or 2 and 10 nm), the resultant pore size of the SBA-15
material is controlled by the larger size of nanoparticles; (vi) the AuNPs incorporated inside the pores
are accessible to reactant molecules, as confirmed by XANES used in combination with the

adsorption of thiols.

Lin et al. [326] prepared AuNPs by mixing HAuCls aqueous solution with CTABr, followed by
chemical reduction with aqueous NaBHs. The silica precursors (sodium silicate and sodium
aluminates) were added into the Au-surfactant solution, and after neutralization (pH value of the gel

solution ~8-10), the gel solution was hydrothermally treated at 100°C for 2 days. The solids were
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then filtrated, washed, dried and calcined at 560°C. The resulting catalysts with Au loadings of 4 to
12%wt, showing less ordered pore structure than pure MCM-41, and the AuNPs sized between 5 and
15 nm displayed relatively low reactivity (less than 16% conversion) in CO oxidation, probably due to

the large size of Au nanoparticles.

Employing the conventional conditions for the synthesis of MCM-41, Aprile et al. [327] prepared
Au/meso-SiO; catalysts using colloidal AuNPs (2-5 nm) stabilized with a quaternary ammonium ion
ligand having at one end a long alkyl chain (N-[3-(triethoxysilyl)propyl] O-
2(dicetylmethylammonium)ethyl urethane) and TEOS as gold and silica precursors, respectively, in
the presence of CTABr as structure directing agent. The resulting catalysts, calcined at 500°C for 5
h, were active for the oxidation of primary and secondary alcohols (3,4-dimethoxybenzyl alcohol and
1-phenylethanol) at atmospheric pressure. Moreover, these catalysts showed higher activity than
those prepared by IWI of the tetraoctylammonium stabilized colloidal AUNPs in a pre-formed SBA-15.
However, in aqueous media, the Au/meso-SiO; catalysts where complete deactivated by collapse of

the mesoporous structure.

The encapsulation of metal nanoparticles (Au and Ag) during the growth of an organic-inorganic
hybrid gel was recently reported by Wichner et al. [328], using phenylethylthiol-coated metal
nanoparticles dissolved in THF, which were added to a sol-gel mixture of phenyltriethoxysilane, water
and THF in acidic media (pH 1.2). The suspension was stirred for 1 h, and then TMOS was added.
After 3 h, the pH was increased with NH3(aq) to 6.0-7.0 to accelerate the condensation. Once the
gelation was complete, the organic components were removed by calcination at 600°C in air for 6 h.
When the synthesis pH value was raised to 7.0 mesopores were formed with mesopore diameter of
about 3.5 nm, whereas at lower pH values the gel matrices were microporous. The resulting catalysts
with average diameter of metal particles of 6 nm were catalytically active in CO oxidation, although

relatively high activation temperatures of at least 330°C were needed.

Ferrara et al. [329] synthesized mesoporous silica films doped with gold, by the dispersion of stable
AuNPs (8-9 nm) functionalized by dodecanethiol chains in an acid-catalyzed sol-gel silica solution.
Even though the size, shape and crystalline domains of the AuNPs remain unchanged during the
synthesis process, the catalytic activity was not evaluated. Cheng et al. [330] prepared mesoporous
gold-silica nanocomposites (Au loading from 6.9 to 11.4%wt) using a simple one-step method

involving the sol-gel reaction of the silica precursor (TEOS) with a gold sol (Liquid Bright Gold 5154,
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containing 5%wt metallo-organic gold compound in cyclohexanone) in the presence of DBTA as a
nonsurfactant template. After removal of DBTA by calcination at 550°C during 16 h, the mesoporous
worm-hole-like structure of the gold-silica nanocomposites, with AUNPs ranging between 2 and 8 nm
dispersed throughout the silica porous matrix, showed high surface area (up to 630 m2/g), large pore
volume (~0.5 cm?/g) and pore diameters of 3-5 nm with relatively narrow pore size distributions.

However, the catalytic activity of this material was not reported.

Bonnemann et al. [331] prepared monometallic Au and bimetallic Au-Pd catalyst by embedding pre-
synthesized tetraalkylammonium bromide-stabilized Au and Pd-Au alloy particles in a solid silica
matrix, following a modified sol-gel process. The colloidal Au and Pd-Au particles were prepared by
the co-reduction of Pd and Au salts (palladium acetate and gold chloride) with tetraoctylammonium
triethylhydroborate in dry THF under argon at ambient temperature during 16 h. After solvent removal
by evaporation under vacuum, the surfactant was removed by dipping the colloidal powder in diethyl
ether followed by precipitation with an ethanol/methanol mixture. The embedding of the resulting Au
and Pd-Au colloids was carried out in THF using TEOS as silica precursor. The sol was stirred at
70°C under reflux until the gelification was complete (2 days). The resulting gel was dried at 110°C,
calcined in air at 450°C, and subsequent reduced in H2 at 450°C. The resulting materials showed
mesoporous structure with a sharp pore diameter distribution and channels randomly distributed and
no tubes. Particle sizes ranging between 3.0 and 4.9 nm for both Au and Pd-Au catalysts were
observed. The monometallic Au catalyst displayed very low activity in the selective semi-
hydrogenation of 3-hexyn-1-ol, whereas the bimetallic Au-Pd catalyst exhibited high activity and was
remarkably resistant to deactivation. Some years later, Parvulescu et al. [332] evaluated the catalytic
activity of the before mentioned catalysts in the selective hydrogenation of 3-hexyn-1-ol,
cinnamaldehyde, and styrene. Their results showed that alloying Pd with Au in bimetallic colloids led
to enhanced activity and improved selectivity. Moreover, the bimetallic Au-Pd catalysts were very
stable against poisoning, as was evidenced for the hydrogenation of styrene in the presence of

thiophene.

Liu et al. [333] prepared Au-Ag alloy particles (<10 nm) supported on mesoporous MCM-41 which
were synthesized by one-pot approach using CTABr both as a stabilizing agent for AUNPs and as a
template for assembling the MCM-41 structure. After template removal by calcination at 560°C and

subsequent reduction at 600°C with 10% H2/N2 the alloy nanoparticles were uniformly dispersed on
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the silica support, but their size was enlarged (>30 nm). Moreover, the increase of Ag concentration
led to a bigger size of the alloy particles, suggesting that the presence of Ag provokes the
aggregation more severely, because of the Ag lower melting point. Besides, mesoporous silica
particles were very disordered. However, the bimetallic Au-Ag/MCM-41 catalysts (Au/Ag molar ratios
of 3/1, 5/1 and 10/1) were active for CO oxidation at 25°C, while pure Ag/MCM-41 did not exhibit any
catalytic activity, and Au/MCM-41 catalyst only had a low CO conversion. These results indicate that

the size of bimetallic Au-Ag nanoparticles is not a critical factor in the CO conversion.

1.3.3.7. Deposition-precipitation

As mentioned above (Section 1.3.3), the deposition-precipitation method requires the pH adjustment
of the gold precursor solution to high values in order to generate [Au(OH),Cls.s]~ species with little
chloride as possible. However, under alkaline conditions the surface of the MSM becomes negatively
charged and the interaction between the gold and the silica surface is very weak, hindering the gold
adsorption and facilitating the mobility and sintering of AuNPs [19, 186]. For this reason, it has been
reported that DP is not a suitable method for the incorporation of gold on silica materials, and other
strategies have been attempted, as it was described in the preceding sections. However, some gold
catalysts supported on MSM have been synthesized using this approach, as summarized in Table
1.9. For example, Hereijgers and Weckhuysen [334] prepared Au/SBA-15 by DP from a dilute
solution of HAuCls in HCI at pH of 9.5 using ammonia solution. After calcination, AuNPs with average
value of 4.0 nm were obtained, but the structure of the SBA-15 support was slightly damaged
because of the high pH effect. This catalyst did not show good catalytic performance in the selective
oxidation of cyclohexane to cyclohexanone. Ma et al. [220] synthesized monometallic Au/SBA-15 and
bimetallic Au-Pd/SBA-15 by DP using chloroauric acid solution and 1 M NaOH solution for adjusting
the solution pH to 7.0. After adding the SBA-15 support, the slurry was aged at room temperature for
12 h, followed by washing, drying at 70°C for 5 h and calcination at 200°C for 2 h. The surface area
and the pore size of the resulting catalysts were reduced two folds, in comparison with the SBA-15
support, but the pore volume and the adsorption isotherms of both catalysts were almost identical to
those of SBA-15. Moreover, the Au/SBA-15 catalyst showed well-developed parallel pore channels
with well dispersed AuNPs (in the range of 10-50 nm) on the intra-surface of SBA-15, as illustrated in
Figure 1.16(c), while the Au-Pd nanoparticles dispersed better compared to Au/SBA-15 catalyst but
did not enter into the channels of SBA-15 as depicted in Figure 1.16 (d). Albeit both catalysts were
active for the oxidation of benzyl alcohol, the Au-Pd/SBA-15 was more active than the Au/SBA-15,
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but its selectivity towards benzaldehyde was slightly smaller (99 vs. 96%). However, in comparison
with bimetallic Au-Pd/SBA-15 catalysts prepared by post-grafting modification of SBA-15 with MPS
and APTS, the activity of the bimetallic catalysts synthesized by DP was smaller and decreased with
time, indicating that the interaction between Au-Pd nanoparticles could be weaker when using the DP
method. Zhou et al. [232] synthesized Au/SBA-15 by DP using HAuCls aqueous solution whose pH
was adjusted to 7.0. After filtration, washing, freeze-drying and calcination in air at 200°C for 4 h, the
pink colored catalyst conserved the 2D hexagonal ordered structure of the SBA-15, but most of the
AuNPs (average size ranging between 10 to 15 nm) formed spherical aggregates outside the
channels of SBA-15, as it can be depicted in Figure 1.16(a). Li et al. [224] prepared Au/MCM-41 (Au
loading 1%wt) by pouring the as-synthesized support into a HAuCls solution. After mixing the slurry
for 24 h at 80°C, the solids were filtered, washed repeatedly in cycles of water and ethanol, and dried
at room temperature. Then, the template was removed by refluxing the solid in HCI/EtOH solution at
78°C for 24 h. The resulting material was reduced in a flow of 5% H2/Ar at 200°C for 4 h. This
catalyst displayed poor dispersion of AuNPs (particle size approximately in the range of 60-100 nm),
which were located on the external surface of the MCM-41 support. Moreover, the catalyst showed
low activity for the cyclohexane oxidation. Under comparable reaction conditions, cyclohexane
conversion was less than that obtained with the 1%Au/SBA-15 catalysts prepared by post-grafting of
the SBA-15 support with APS (<1% vs. 15.5%). Liu et al. [335] synthesized Au/SBA-15 by DP, by the
addition of the SBA-15 support to an aqueous solution of HAuCls whose pH was adjusted to 10 by
adding ammonia solution. After stirring for 2 h at room temperature, the water was evaporated, and
the sample was freeze dried for more than 24 h, and finally the solids were calcined at 200°C for 2 h
in vacuum. The resulting catalyst, with AuNPs of about 10 nm, was active for the oxidation of benzyl

alcohol.

Mokhonoana et al. [272] incorporated AuNPs into MCM-41, using ethylenediamine which served as
both a base and complexing agent for the Au(lll) species, through a modified DP method. An
aqueous solution of HAuCls; was mixed separately with both the as-synthesized MCM-41 (still
containing CTABr) and the calcined MCM-41 for 1 h, and then the pH was adjusted to 10 using 1M
ethylenediamine solution. The slurry was stirred at room temperature for 13 h, and the recovered
solids were washed with warm water to remove the chloride ions, dried and calcined at 500°C during
12 h (for the as-synthesized MCM-41) or 400°C during 4 h (for the calcined MCM-41). The resulting

catalysts (4 and 5% nominal Au loading, respectively), containing average AuNPs of 12 and 10 nm,
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respectively, retained the ordered structure and high surface area of the MCM-41 material. However,

upon calcination at 500°C, the AuNPs aggregated and migrated to the surface. Nevertheless, both

catalysts were active in the CO oxidation at T> 250°C.

Table 1.9. Characteristics and catalytic applications of the Au/MSM catalysts synthesized by
deposition-precipitation.

pH of

Au

Au loading

AuNP size

Support synthesis  Precursor owt) (nm) Catalytic application Ref.
SBA-15 9.5 HAuCl, 1.0 2.0-12.0 Cyclohexane oxidation [334]
SBA-15 7.0 HAuCl, 4.0 10.0-50.0 Benzyl alcohol Oxidation [220]
SBA-15 7.0 P':mg's“)z 32 [220]
SBA-15 7.0 HAuClq 0.39 10.0-15.0 [232]
SBA-15 HAuCl4 2.0 4.0-9.0 Ethylacetate combustion [336]
SBA-15 FAuCl 20 [336]

Fe(NOs)s 12.0
SBA-15 10.0 HAuCl4 0.16-0.20 Benzyl alcohol Oxidation [335]

MCM-41 HAuCl, 1.0 60.0-100.0 Cyclohexane oxidation [224]
MCM-41 10.0 HAuClq 5.0 9.0-13.0 CO oxidation [272]
MCM-41 10.0* HAuClq 3.7 11.0-15.0 CO oxidation [272]
MCM-41 6.4 HAuClq 1.312 2.0-3.0 [269]
HMM-2 1.7 HAuClq 2.0 32105 [337]

*pH adjusted using ethylenediamine.

Au/HMM-2 (Au 2%wt) was prepared by DP of HAuCls aqueous solution in alkaline conditions (pH
11.7) and the resulting solid sample was reduced under Hz at 200°C for 2 h [337]. The obtained

purple powder with homogeneously dispersed AuNPs (mean diameter of 3.2 £ 0.5 nm) retained the

3D-hexagonal structure of the HMM-2 after gold loading. However, the catalytic activity of this

material was not evaluated.
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Figure 1.16. TEM micrographs of Au/MSM prepared by deposition-precipitation. (a) Au/SBA-15 (Reproduced
by permission of Elsevier from Reference [232]); (b) Au/SBA-15 (Reproduced by permission of Elsevier from
Reference [336]); (c) Au/SBA-15 (Reproduced by permission of Elsevier from Reference [220]); (d) Au/SBA-15
(Reproduced by permission of Elsevier from Reference [220]); (e) Au/HMM-2 (Reproduced by permission of RSC
Publishing from Reference [337]).

1.3.3.8. Incipient wetness impregnation

Incipient wetness impregnation with HAuCls solution has been considered as an inappropriate
method for the synthesis of gold catalysts because it yields larger AUNPs (>30 nm), and for the
reason that the residual chloride present on the surface may poison the active sites of the catalysts
[182, 186, 198, 200]. To circumvent this problem, Delannoy et al. [338] proposed a modified IWI
method for the synthesis of gold catalysts supported on different oxides, including silica, involving a
washing step with ammonia 1M or with ammonium chloride 0.25 M, followed by calcination at high
temperature (300°C). The ammonia washing removes the chloride ligands responsible for the
aggregation of AuNPs, and leads to the formation of an amino-hydroxo-aquo cationic gold complex
[Au(NH3)2(H20)2-«(OH),J®-0+, which interacts with the support surface either electrostatically or
through grafting, preventing the gold leaching. Moreover, during calcinations, small AuNPs are
formed. Nevertheless, this method has been hardly exploited for the Au/MSM catalyst formulation.
On the other hand, it is important to underline that after the washing step with ammonia, some
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fulminating gold can be formed, and since it violently decomposes around 210°C, a drying

pretreatment must be introduced before calcination [339].

Gold catalysts supported on MCM-41 (Au loading of 1%wt) were prepared by Grams and Sobczak
[266-267] by IWI of the support with HAuCls. After mixing, the solids were dried at 100°C for 5 h
followed by calcination in air at 550°C for 3 h. The resulting catalysts exhibited hexagonally ordered
mesopores, as well as surface area, pore diameter and pore volume almost identical to the pristine
MCM-41 support. However, the metallic AuNPs showed lower dispersion in comparison to the same
catalysts prepared by co-precipitation in the presence of CTACI, and displayed diverse dimensions
and shapes, making the estimation of their size difficult to carry out. Moreover, it was found that the
presence of chloride ions in the surrounding of gold centers was approximately one order of
magnitude lower for the catalysts synthesized by IWI than for those prepared by co-precipitation. This
was attributed to the interaction of the gold precursor with the CTACI, leading to the formation of Au-
Cl species incorporated into the walls of the MCM-41 material. Although both catalysts showed
similar activity in the acetonylacetone (AcAc) cyclization (35 vs. 38% conversion), the selectivity
towards methylcyclopentenone was higher for the catalysts prepared by co-precipitation, which was

attributed to the presence of the chloride ions.

Liu et al. [335] prepared Au/SBA-15 by impregnation of the support with an aqueous solution of
HAuUCls. The slurry was stirred for 2 h at room temperature, and after evaporating water; the solids
were dried for more than 24 h using a freeze drier, and then calcined under vacuum at 200°C for 2 h.
The resulting catalyst containing AuNPs of about 10 nm was active for the oxidation of benzyl
alcohol, but its activity was slightly lower than that obtained with the Au/SBA-15 synthesized by

deposition-precipitation, which displayed similar AuNPs size.

Araki et al. [309] impregnated FSM-16 with HAuCl4 in aqueous solutions at various pH values (5, 7
and 10). The FSM-16 was added to the HAuCls solution, and the mixture was stirred at room
temperature for 24 h. After evaporation and washing with water, the Au®*/FSM-16 (Au loading of
2.5%wt) samples were reduced with Hz at 400°C for 2 h or by photo-reduction by irradiation with UV
light for 24 h after exposition to water vapor (20 Torr) for 2 h and then to methanol vapor (100 Torr)
for 2 h. After reduction in Hz, the samples impregnated at pH 5 gave a mixture of Au nano-wires
(mean diameter of 2.5 nm and a mean length of 18.1 nm) and nanoparticles (10 nm). However, only

AuNPs (mean diameter of 19.2 nm) were obtained on the external surface of the FSM-16 support,
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when UV was used. Moreover, as the pH value increased, only small AuNPs were formed, for both
reduction methods. For example, after reduction in Hy, the samples impregnated at pH 10 gave
homogeneously dispersed AuNPs in the mesopores with mean diameter of 1.7 nm, whereas the
photoreduction of the samples prepared at pH 10 gave AuNPs with a mean diameter of 2.5 nm in the
mesopores. Althoug these AuNPs showed high catalytic activity in the CO oxidation reaction, the rate
constant of the Au/FSM-16 synthesized at pH 10 was 40-80 times higher than those of other
Au/FSM-16 catalysts, because of the high dispersion of small AuNPs.

The IWI method was used recently by Wu et al. [223] to prepare gold catalysts supported on SBA-15
and organically functionalized SBA-15 with VTES. The supports were dispersed in HAuCls solution
after stirring for 2 h at room temperature; the slurries were sonicated for 20 min. The resulting
products were then evaporated, dried at 60°C for 48 h, and reduced under H at 250°C for 2 h. From
the characterization analysis it was found that: (i) the structure of the catalyst prepared with the
functionalized SBA-15 collapsed during the impregnation process, while the catalyst synthesized
using the unmodified SBA-15 as support exhibited the small-angle XRD profile typical of the well
ordered mesostructures; (ii) the XPS analysis revealed that both catalysts presented AuNPs as
metallic gold (Au9); (iii) the average diameters of the AuNPs were 8 and 9 nm for the catalysts
synthesized using the unmodified and the functionalized SBA-15, respectively. These AuNPs were
larger than those present on the catalysts prepared by one-pot synthesis process (~5 nm), indicating
that during the direct synthesis, the VTES led to the evenly dispersion of the AuNPs in the
mesoporous silica support; (iv) both catalysts displayed almost the same activity and selectivity in the
oxidation of cyclohexane, with a conversion of about 8% after 2 h of reaction. However, this activity
was practically doubled when the catalyst prepared by one-pot synthesis process was used, due to

the presence of smaller AuNPs.

Metallic AuNPs uniformly dispersed inside the pores of monolithic porous silica with average
diameter of about 4 nm were obtained by Shi et al. [340] and Cai et al. [341] after more than two
weeks of soaking the mesoporous support into HAuCl4 solution (0.03-0.05 M) at room temperature,
followed by reduction in Hz at 700°C for 1 h. However, the catalytic activity of this material was not

evaluated.

Tsung et al. [342] incorporated AuNPs with diameters in the range of 5-25 nm within the mesoporous

silica nanofibers, by impregnation overnight with HAuCls and subsequent reduction with Hz at
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temperatures ranging between 55 and 100°C. In this procedure, dichloromethane was added before
the reduction step, to induce the gold precursor adsorbed on the outer surfaces of the nanofibers to

move into the pore channels. However, no catalytic activity was reported.

Lotz and Froba [343] incorporated AuNPs into the mesopores of SBA-15 using the cluster compound
Auss(PPh3)12Ce  (diameter of 2.1 nm) as gold precursor. The cluster was dissolved in
dichloromethane. After addition of the SBA-15 support, the slurry was stirred for 30 min at room
temperature, the solvent was evaporated and the solids were dried under vacuum, followed by
annealing in air at 150-250°C. The resulting material retained the structure of the SBA-15, and the
Auss clusters decomposed to metallic gold within the pores by annealing. However, the catalytic

activity was not given.

AuNPs (2.5 £ 0.3 nm) closely packed in the mesopores of MCM-41-type mesoporous silica films
were prepared by impregnation with HAuCls by Fukuoka et al. [337, 344]. The silica materials were
immersed in aqueous solution of HAuCls. The mixtures were irradiated with ultrasonic wave for 30 s
under reduced pressure, and the samples were left in the solution for additional 24 h. After washing
with deionized water and drying under vacuum for 24 h, the resulting solids were reduced by H. at
400°C for 2 h or by UV-visible irradiation. With both reduction methods, the samples retained the
structure of the original supports. However, the catalytic activity of these materials was not

investigated.

The IWI method has been also employed for the synthesis of bimetallic Au catalysts. For example,
Venezia et al. [345] prepared bimetallic AuPd/HMS catalyst by co-impregnating the HMS support with
aqueous solutions of the two metal chlorides, PdCl, and AuCls, followed by a drying step at 120°C
and calcination at 400°C for 2 h. The resulting catalysts, containing PdO nanoparticles (7 nm) and
large AuNPs (18 nm), were active for methane oxidation. Li et al. [346] dispersed bimetallic Au-Pd
nanoparticles within monolithic mesoporous silica by immersion of the silica host into HAuCls solution
at room temperature. After soaking for two weeks, the samples were annealed in N2-Hz mixed gas at
500°C for 2 h to reduce gold ions and form AuNPs within the pores of the silica host. The Au/silica
samples were then immersed into a PdCl, solution at room temperature for two weeks, and
subsequently they were taken out and washed with deionized water, before annealing in the No-H

mixed gas starting at 500°C for 1 h. With this method, an assembly of AucorePdsner Nanoparticles into
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monolithic mesoporous silica was obtained, with an Aucore Of about 4 nm. However, the catalytic

activity of this material was not reported.

Tsoncheva et al. [336] used HAuCls and AuCI(PPhs), and Fe2Os; as gold and iron precursors,
respectively, to synthesize Au/SBA-15 and AuFe/SBA-15 materials. After impregnation of the support
with the gold and iron precursors, the solids were calcined in air at 200-400°C for 2 h, and the
resulting solids contained 2% Au and 12% Fe. From the analysis performed in this work, it was
pointed out that: (i) The monometallic Au materials showed similar surface area than the pristine
SBA-15, but the surface area of the bimetallic materials was reduced about 50% after the metals
loading. A similar tendency was observed for the total pore volume of the synthesized materials; (ii)
The low angle XRD patterns of the SBA-15-based materials were typical for SBA-15 structure and no
substantial changes were observed after the modification with Au and Fe; (iii) The temperature of
calcination had a significant effect on the AuNPs size. A broad size distribution of the AuNPs (small,
about 6-9 nm and larger ones, 20-50 nm) was observed after calcination 200°C, whereas
predominantly larger particles (50-70 nm) were found after calcination at higher temperatures (300-
400°C). On the other hand, no reflections of Fe203 crystalline phase were observed by XRD analysis,
indicating the formation of highly dispersed iron oxide phase; (iv) The monometallic and bimetallic
catalysts were active for the ethylacetate combustion. However, the catalytic activity of monometallic
catalysts was higher when AuCI(PPh3) was used as gold precursor, whereas the catalytic activity of
bimetallic catalysts was higher when HAuCls was used as gold precursor. Unfortunately, neither the
role of the different gold precursors nor the comparison of the catalytic activity of monometallic and

bimetallic catalysts was discussed.

1.3.3.9. SiO2-based gold catalysts

Another strategy to incorporate AuNPs into mesoporous silica is to modify the SiO, materials with
inorganic additives and synthesize SiO2-based gold catalysts. This approach allows the increase of
the isoelectric point of the support, which facilitates the deposition of the Au(OH)xCls-x~ species under
alkaline conditions required for DP method. At the same time, the sintering is minimized by the
separation of AuNPs from one another. Moreover, when adding inorganic additives, such as metal
‘active” oxides for example, they can also work as co-catalysts taking part in the reaction [347].
Furthermore, the “active” oxides may be responsible of the electronic interactions and structural

defects, factors that could represent the key issues in the formation and stabilization of small AuNPs,
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which may enhance the catalysts activity [348]. Therefore, silica-based materials have been largely
employed as supports for AuNPs, as summarized in Table 1.10. In Figure 1.17 the distribution of
AuNPs on different mesoporous SiO»-based supports is depicted, while some synthesis procedures

and catalytic applications are briefly discussed below.

In the late of 90, the Haruta’s group initiated the investigation of the catalytic activity of gold deposited
on titanium-containing mesoporous MCM-41 and MCM-48 materials, for the partial oxidation of
propylene to propylene oxide, in the presence of oxygen and hydrogen [349-361]. They prepared Ti-
doped MCM-41 and MCM-48 by means of a sol-gel process using tetrabutylorthotitanate [Ti(OC4Hg)4]
as titanium source, and then gold (4-12%wt) was loaded on these supports by DP (T = 70°C, pH =
6.5-7.0) or by liquid grafting methods using HAuCls or (CHs)2Au(O2CsH7) as gold precursors,
respectively. After calcination at 300°C for 4 h, AuNPs with diameters ranging between 2.0 and 5.0
nm, were homogeneously dispersed on the Ti-modified MCM supports. Although these catalysts
showed low propylene conversion (~5%), their selectivity towards propylene oxide was very high
(>90%). Moreover, Au/Ti-MCM-48 catalysts showed better performance in comparison with the Au/Ti-
MCM-41 catalyst, due to the three-dimensional pore system of the MCM-48 material. On the other
hand, is was pointed out that under the same reaction conditions, catalysts with the same gold
loading on pure MCM silica, and samples of Ti-MCM without gold loading were catalytically inactive,

indicating the existence of synergetic effects between gold and titanium in these catalysts.

Table 1.10. Characteristics and catalytic applications of the mesoporous SiO2-based gold catalysts.

Support syFr)!It-Ih::is Au Precursor Au(‘I)Z‘aNc:;ng Au:\ln;s)ize Catalytic application Ref.
Ti-MCM-41 7.0 HAuCl, & 28+1.0 CO oxidation [216]
Co-MCM-41 7.0 HAuCl, & 39+08 CO oxidation [216]
Al-MCM-41i 7.0 HAuCls a 17+02 CO oxidation [216]
N1 HhuCl 10 scsongaceine yzaion )
Ti-MCM-41 7.0 HAuCl, 2 4,0-12.0 2.0 Propylene oxidation [349]
Ti-MCM-41 7.0 HAuCl, 2 1.0 2205 Propylene oxidation [350]
Ti-MCM-41 7.0 HAuCl, 2 0.015-0.021 Propylene oxidation [351]
Ti-MCM-41 7.0 HAuCl, 2 0.19-0.37 2.8-3.8 Propylene oxidation [352]
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Table 1.10. Cont.

Support syl:\It-Ih::is Au Precursor Au(l/oojv(:;ng Au:\lnl'-;ns)lze Catalytic application Ref.
Ti-MCM-41 7.0 HAuCl, 2 0.42 21 Propylene oxidation [353]
Ti-MCM-41 6.5 HAuCl, 2 0.36 3.0+£1.0 Propylene oxidation [354]
Ti-MCM-41 7.0 HAuCl, 2 03+£1.0 2.0-5.0 Propylene oxidation [355]
Fe-MCM-41 7.0 HAuCl4 @ 5.0 <2.0 CO oxidation [362]

Co-MCM-41 7.0 HAuCl4 @ 5.0 >2.0 CO oxidation [362]
A-MCM-41 7.0 HAuCls @ 5.0 <2.0 CO oxidation [362]
Ti-MCM-48 7.0 (CH3)2Au(O2CsHy7) © 0.37-0.57 3.3-5.2 Propylene oxidation [351]
Ti-MCM-48 7.0 HAuCl, 2 0.01-0.32 2.0-2.6 Propylene oxidation [353]
Ti-MCM-48 6.5 HAuCl, 2 0.32 3.0+£1.0 Propylene oxidation [354]
Ti-MCM-48 7.0 HAuCl, 2 03+£1.0 2.0-5.0 Propylene oxidation [355]
Ti-MCM-48 7.0 HAuCls @ ~3.0 ~3.0 CO oxidation [211]
Ti-MCM-48 7.0 HAuCls @ 3.0-7.5 <1.0 CO oxidation [363-364]

Ti-SBA-15 HAuCls @ 0.62 51+29 CO oxidation [289]
Ti-SBA-15 15 Au colloids ¢ 247 2.7 CO oxidation [289]
Ti-SBA-15 AuNPs ¢ 1.47 57+21 CO oxidation [289]
Ti-SBA-15 9.5-10.0 AuCls a 1.0 1.0-8.0 CO oxidation [365]
Ti-SBA-15 ~10.0 HAuCls @ - 0.8-1.0 CO oxidation [366]
Ti-SBA-15 ~10.0 HAuCls @ - 0.8-1.0 CO oxidation [367]
Al-SBA-15¢ HAuCls 16.22-19.83 2.6-3.0 CO oxidation [368]
Al-SBA-15 ¢ HAUCls 17.97 3.0+08 CO oxidation [369]
Al-SBA-15 1 HAuCls 17.61 3.0+£1.0 CO oxidation [369]
Al-SBA-15 HAuCls 17.73 32+07 CO oxidation [369]
Al-SBA-15/ HAuCls 17.07 26+04 CO oxidation [369]
Ti-SBA-15 ~10.0 HAuCls @ - 0.8-1.0 CO oxidation [370]
Co-SBA-15 7.0 HAuCl, & 1.04.0 ~5.0 CO oxidation [371]
Ti-SBA-15 & 95 HAuCls a 1.0 2.0-9.0 Propene epoxidation [372]
Ti-SBA-15/ 9.5 HAuCl, 2 1.0 3.0-12.0 Propene epoxidation [372]
Ti-SBA-15 10.0 HAuCl, & 5.0-10.0 1.9-2.9 - [373]
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Table 1.10. Cont.

Support syl:\It-Ih::is Au Precursor Au(l/oojv(:;ng Au:\lnl'-;ns)lze Catalytic application Ref.
Ti(10-SBA-15 11.0 HAuCl, & 3.6 40£15 CO oxidation [374]
Ti20-SBA-15 11.0 HAuCl, & 1.7 43+15 CO oxidation [374]
Tiu40-SBA-15 11.0 HAuCl, & 3.0 72+32 CO oxidation [374]

Ti-SBA-15 9.0 HAuCl, & 1.0 2.0-15.0 Propene oxidation [375]
SBA-15-Ce0: Au colloids ¢ 1.76 2.7 CO oxidation [289]
SBA-15-Ce02 10.0 [Au(en)2]Cls 0.7 ~5.0 Lactose oxidation [90, 293]

Ce-HMS ~10.0 [Au(en)2]Cls 2.94 5905 [292]

Ti-HMS ~10.0 [Au(en)zICls 296 4803 herobic °§f:zt;vlzlecztﬁgfica“°” of oy

Fe-HMS ~10.0 [Au(en)2]Cls 2.87 41104 [292]

Ti-HMS HAUCI f 3.9 <20 Direct synthesis of H202 and in [376]
Ti-HMS HAUCs @ 46 Situ-H20-0DS [376]
Fe-HMS 9.0 HAuUCly @ 2.84 4.6 CO oxidation [377]
Ce-HMS 9.0 HAuUCly @ 344 74 CO oxidation [377]
Ti-HMS 9.0 HAuCl, & 3.02 5.2 CO oxidation [377]
Ti-HMS HAUCI, * 2324 45126 Orect s’;?:;ﬁ;gggggz andin— 137g)

Co-UVM-7 9.0 HAuCls 2 1.07-1.21 3.0-4.0 CO and propane oxidations [379]
Fe-AerosolSi 7.0 HAuCls 2 5.0 >2.0 CO oxidation [362]
Co-AerosolSi 7.0 HAuCls 2 5.0 <20 CO oxidation [362]
Al-AerosolSi / 7.0 HAuCls 2 5.0 <2.0 CO oxidation [362]
Co-AerosolSi / 7.0 HAuCls 2 - <2.0 CO oxidation [216]
Al-AerosolSi / 7.0 HAuCls a - <2.0 CO oxidation [216]

Ti-Silica Aerogel Thiol-capped AuNPs 0.14-20.0 1.0-4.0 CO oxidation [380]
Ti-Silica Aerogel Thiol-capped AuNPs 3.4-6.6 1.4-6.4 CO oxidation [381]

TiO2-SiO2 5.0-5.5 HAuCls & 0.2-3.2 2.1-3.2 CO oxidation (382]

TiO2-SiO2 7.0 HAuCls & 5.0-10.0 1.8-1.9 - [373]

Ti02-SiO2 7.0 HAuCl, @ - 1.8-6.4 CO oxidation [383]
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Table 1.10. Cont.

Support syl:\It-Ih::is Au Precursor Au(l/oojv(:;ng Au:lnl'-;ns)ize Catalytic application Ref.
Si02-Al203 - HAUCI4 b 2.05 ~4.5 [384]
Si02-Al:03 - HAUCls b-AgNO3 0.88-1.32 ~45 Oxidation and g(y)dmge”am” of 1384
Si02-Al203 9.0 HAuCl, 2 2.5 - [384]

2 Deposition-Precipitation; ? IWI; ¢ Liquid grafting method; ¢ In presence of polyvinylalcohol (PVA) as stabilizer;
¢ In presence of poly(diallyldimethylammonium) chloride (PDDA); f One-pot synthesis; 9 Thin film functionalized
with APS; " Thin film functionalized with MPS; / Functionalized with APS; / Functionalized with MPS; * Ti
incorporated by direct synthesis (Si/Ti molar ratio: 20); ! Ti incorporated by post-grafting (Si/Ti molar ratio: 20).

Ruszel et al. [365] synthesized Au/Ti-SBA-15 catalysts (1%wt Au) impregnating first the mesoporous
SBA-15 with titanium isopropoxide in isopropanol, followed by filtration, drying, and calcination at
400°C. The modified Ti-SBA-15 support was loaded with gold by DP at room temperature and pH
values of 9.5-10, using an aqueous solution of AuCls as gold precursor. After filtration, washing and
drying, the solids were calcined at 350°C for 4 h. The catalytic activity of the resulting catalysts was
evaluated in the CO oxidation of at low temperature, including “preferential” oxidation of CO in the
presence of H, (PROX). From the analysis carried out in this study, it was concluded that the
increase of the Ti content, leads to the decrease of the amount of the smallest AuNPs (1-2 nm), and
simultaneously contributes to the formation of large AuNPs (5-8 nm). Consequently, the Ti content
had a major influence on the catalytic activity. The high activity was observed for the catalysts
containing 0.13-1.32%wt of Ti, for which AuNPs of sizes between 1 and 4 nm were dominating.
However, catalysts without Ti were inactive. Moreover, these authors reported that the performance
of the best Au/Ti-SBA-15 catalyst in the PROX CO oxidation was better than that of the Au/TiO2
reference catalyst, distributed by World Gold Council.
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Figure 1.17. TEM micrographs of mesoporous SiO2-based gold catalysts. (a) Au/Ti-MCM-41 (Reproduced by
permission of Elsevier from Reference [350]); (b) Au/Al03-SiO, (Reproduced by permission of Elsevier from
Reference [384]); (c) Au/Ti-HMS (Reproduced by permission of Elsevier from Reference [378]); (d) Au/Co-
SBA-15 (Reproduced by permission of Elsevier from Reference [371]); (e) Au/Ti-SBA-15 (Reproduced by
permission of Elsevier from Reference [289]); (f) Au/Ti-MCM-48 (Reproduced by permission of Elsevier from
Reference [211]); (g) Au/Fe-MCM-41 (Reproduced by permission of Elsevier from Reference [362]); (h) Au/Al-
MCM-41 (Reproduced by permission of Elsevier from Reference [362)]); (i) Au/Co-MCM-41 (Reproduced by
permission of Elsevier from Reference [362]); (j) Au/Ce-HMS (Reproduced by permission of Elsevier from
Reference [377]); (k) Au/Fe-HMS (Reproduced by permission of Elsevier from Reference [377]); (I) Au/Co-
UVM-7 (Reproduced by permission of RSC Publishing from Reference [379]).

75



A layer-by-layer approach was reported by Yan et al. [366-367], who modified the surface of
mesoporous SBA-15 with TiO2 via hydrolytic surface sol-gel process, by mixing the SBA-15 with
proper amounts of titanium (IV) butoxide in a mixture of anhydrous toluene and anhydrous methanol.
After vacuum filtration, washing with anhydrous methanol and vacuum drying, the monolayer of
titanium oxide was hydrolyzed with an excess of deionized water. A second TiO2 layer was coated
following the same procedure, after washing thoroughly with anhydrous methanol and drying.
Subsequently gold was loaded on the surface of the modified support using the DP method at pH 10
and 60°C with HAuCls solution. After stirring for 2 h, the precipitates were separated by
centrifugation, washed with deionized water and dried at 40°C overnight. The resulting catalysts
showed uniform ultra small AuNPs (0.8-1.0 nm) assembled inside the ordered mesopores. These
AuNPs, present as oxidized (Au3*) and metallic (Au®) gold species, displayed high catalytic activity for

low-temperature CO oxidation.

Titania has been also used to modify the surface of HMS before the loading of AuNPs through an in
situ process, using DDA as template, TEOS, tetrabutylorthotitanate as silica and titanium sources,
and HAuCls as gold source [376]. After template removal by ethanol extraction at room temperature,
the dried powder was calcined at 400°C. The resulting Au/Ti-HMS catalyst (Au loading of 3.9%wt),
containing AuNPs of sizes <20 nm, showed high activity in the direct synthesis of H20, from Hz and
02 in methanol solvent. Additionally, high removal rates of bulky sulfur compounds were obtained

using the in situ generated H202 over the synthesized Au/Ti-HMS catalyst.

Chiang et al. [368-369] incorporated AuNPs over an acidic Al-SBA-15 thin film supports, prepared by
mixing pluronic P123 with sodium aluminate in water, followed by the addition of a surfactant mixture
solution including CTABr and SDS. The pH and temperature of this mixture were adjusted in the
range of 5-6, and 40-50°C, respectively. The as-synthesized AI-SBA-15 materials were
functionalized with APS by ethanol refluxing for 12-24 h at 80-90°C. Subsequently, gold was loaded
using HAuCls aqueous solution as gold precursor. After stirring, the solids were filtered and dried at
room temperature. Finally, the oxidized Au3* species were chemically reduced by means of NaBHa
aqueous solution. Before the catalytic tests in CO oxidation, the catalyst were activated by heating to
600°C under 10% H2/N. flow for 1 h, followed by cooling step to room temperature under No. The
resulting catalysts (Au loading of 16.22-19.83%wt), containing AuNPs of about 2.7 nm uniformly
distributed within the channels of the support, exhibited high activity for CO oxidation at 80°C, and
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this activity attained the highest value of ca. 97% CO conversion when using a Si/Al molar ratio of 39.
Moreover, it was reported that most of the Al was present in the tetrahedral framework well-dispersed
site, which contributed not only to generate acidity, but also to limit the Au particle size. In an attempt
to elucidate the effects of different aluminosilicate supports, the same authors prepared Au supported
on Al-SBA-15 thin films and on Al-SBA-15 normal form (Au loading of ~17%wt), using APS and MPS
as functionalizing agents [369]. After H2 reduction at 600°C, the size of AUNPs was almost similar for
all the supports (~3.0 nm). However, they found that hydrogen reduction is necessary to activate the
catalysts supported on Al-SBA-15 thin films, whereas for the normal AI-SBA-15 support the activation
must include a previous calcination step at 560°C for 6 h before reduction under H», to obtain good

catalytic performance of CO oxidation at 80°C.

Mixed mesoporous silica samples (MCM-41 and aerosol-derived silica) with Co, Al and Fe as
heteroelements (Si/heteroelement molar ratio of 30) were synthesized by Datye et al. [362]. These
modified materials were subsequently functionalized with amine groups (APS) before gold loading
(5%wt) with HAuCls at neutral pH. After reduction under Hz at 200°C for 2 h, the resulting SiO,-based
gold catalysts were active for CO oxidation. The size of the AuNPs of these catalysts was less than 2
nm for all samples, except for Au/Co-MCM-41 and Au/Fe-Aerosol silica. These authors concluded
that the addition of heteroelements did not lead to a significant improvement in the thermal stability of
catalysts, but contributed to increase the catalyst activity compared to the pure silica support. Among
the evaluated catalysts, the Au/Co-doped aerosol silica and the Au/Co-MCM-41 showed the highest

and lowest reactivity for CO oxidation, respectively.

Zepeda et al. [377] modified hexagonal mesoporous silica (HMS) with Fe3+, Ce#+ and Ti4* ions prior
to the incorporation of Au species by deposition-precipitation (nominal Au loading of 3.5%wt). The
added heteroatoms were incorporated principally into the HMS framework, and contributed to the
stabilization of AuNPs, which were located mainly in the internal pore network of the support. Gold
particle sizes of 4.6, 5.2 and 7.4 nm were obtained for Au/HMS-Fe, Au/HMS-Ti and Au/HMS-Ce,
respectively. The catalytic activity of the H reduced samples (300°C, 2 h) for total and preferential
CO oxidation followed the trend: Au/HMS-Fe > Au/HMS-Ce > Au/HMS-Ti.

Recently, Zepeda’'s group [384] proposed a “green-synthesis” process for the synthesis of
monometallic Au (Au loading of 2.05%wt) and bimetallic Au-Ag (Au and Ag loadings of 0.88 and

1.32%wt, respectively) catalysts supported on commercial mesoporous SiO2-Al2Os. In their approach,
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Camellia sinensis plant extract was used as biological reducing agent. The catalysts were
synthesized by IWI of the support with HAuCls and AgNOs. After addition of each one of metal
precursor solutions, Camellia sinensis extract (2 mL) was added to the slurry, followed by vigorous
stirring for 48 h at room temperature. Then, the samples were dried at 100°C in air flow. For both
catalysts, it was observed that after few minutes of the Camellia sinensis extract addition, the color of
the solutions changed drastically, indicating the reduction of both Au3* and Ag'* ions. The resulting
catalysts preserved the structural parameters of the SiO2-Al,O3 support. Moreover, from TEM
images, it was observed that in both catalysts the metallic particle sizes varied between 1.5 and 6.5
nm, with a mean value of about 4.5 nm. However, the bimetallic catalyst presented higher amounts of
AuNPs of size lower that 4.5 nm, in comparison with the monometallic catalyst, indicating that the
presence of Ag contributes to the regular morphology and dispersion of metallic particles. On the
other hand, metallic Au® (81%) and oxidized Au*' (19%) species were found in the monometallic
catalysts, whereas only metallic Au® species were present in the bimetallic catalyst, which also
contained metallic Ag® (93%) and oxidized Ag*' (7%) species, demonstrating that the use of Camellia
sinensis led to the formation of metallic nanoparticles. After catalytic activity evaluation in CO
oxidation, it was found that bimetallic catalyst displayed higher activity than the monometallic sample.
At a reaction temperature of 270°C, 100% CO conversion was obtained with the bimetallic Au-Ag
catalyst, whereas the CO conversion for the monometallic sample was 85%. Moreover, both catalysts
were more active than the monometallic catalyst synthesized by DP and calcined at 473°C for 3 h.
Conversely, the activity of the monometallic Au catalyst in the CO hydrogenation was 1.6 times more
active than the bimetallic catalyst, and 2 times more active than the monometallic catalyst
synthesized by DP. In this interesting “green” approach study, the high activity of the bio-reduced
catalysts was mainly attributed to the small metallic particles obtained, because of the absence of
calcination or reduction steps at high temperature. Moreover, it was hypothesized that hydroxyl and
carboxylic acid functional groups present the Camellia sinensis extract, could be responsible of the
bio-reduction process and the stabilization and protection as capping agent of the AuNPs,

respectively.

1.3.3.10. Other methods of synthesis
In the previous sections we presented the main methods for the synthesis of gold catalysts supported
on MSM. However, because of the advances in nanotechnology, other less-conventional methods,

using different technologies and gold precursors, have been published. Although these methods have
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not been largely employed, and the catalytic activity of the synthesized materials has not always

been investigated, it is worth to mention some of them.

Chatterjee et al. [385] deposited gold into the channels of MCM-48 (Au loading of ca. 5%wt) through
a process involving Ho-assisted reduction of HAuCls (aqueous solution) in supercritical CO2. The
resulting catalysts, containing AuNPs varying between 2 and 25 nm, were active for the selective
hydrogenation of crotonaldehyde. Moreover, it was reported that the size of AuNPs can be controlled
by tuning the CO> pressure, without disturbing the mesoporous structure. Similarly, Gupta et al. [386]
loaded pre-synthesized Au nanocrystals (mean diameter of 2.2 £ 0.3 nm) dispersed in toluene into
mesoporous SBA-15 and MCM-41 (2%wt), using supercritical CO> as antisolvent. It was estimated
that approximately 10-100 Au nanocrystals per pore were infused inside the mesoporous silica.

However, the catalytic activity of these materials was not evaluated.

Campelo et al. [387] synthesized Au/SBA-12 catalyst (Au loading of 1.2%wt) in a conventional
microwave oven, using gold bromide dissolved in ethanol-acetone mixture (1:1v/v), as Au precursor.
They obtained well and homogeneously dispersed AuNPs of ca. 1.9 nm, highly active for styrene

oxidation.

Corma et al. [388] prepared Au/MCM-41 (loading of 0.20-30 mmol-Au/g support) using a gold-
carbene complex [(carbene)AuCl] as Au precursor. The resulting catalysts were active for the
hydrogenation of alkenes and the Suzuki cross-coupling reaction between halobenzene and

arylboronic acids.

Small Au clusters (~1 nm) have been deposited on mesoporous SBA-15, MCF and HMS using
triphenylphosphine-protected Au11 (Aus1:TPP) clusters as gold precursor [335, 389]. To do this, the
Au11:TPP clusters and the support were dispersed in CH2Clo/C2HsOH (80/20) and stirred for 2 h. After
filtration, the resulting solids were calcined at 200°C for 2 h under vacuum. The resulting catalysts
were active, highly selective and reusable for the oxidation of various alcohols with H.O, such as

benzyl alcohol, under microwave heating.

Silver-catalyzed electroless deposition was used to incorporate AUNPs with sizes of 5.0 to 9.0 [390]
and ca. 6.4 nm [391] within the channels of mesoporous SBA-15, but the catalytic activity of the

obtained materials was not reported.
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Chen et al. [392-396] and Sun et al. [397] have reported a sonochemical method for the incorporation
of AuNPs into mesoporous silica at room temperature. The AuNPs ranging from 2 to 9 nm were
dispersed uniformly within the pores of the silica support by the immersion of the host material into a
chloroauric acid solution (0.8 mmol/L) containing 0.2 mol/L of isopropanol during 2 to 3 weeks. The
mixture was subsequently irradiated for various periods from 600 to 7200 s with 40 kHz ultrasonic
waves at 100 W output power. The filtered solid was washed with distilled water and dried at 120°C
for 30 min. After ultrasonic irradiation, the AuNPs were formed within pores of the mesoporous silica.

However, no catalytic activity was reported.

The bio-assisted synthesis of AUNPs supported on mesoporous silica tubes was recently reported by
Jan et al. [398], who deposited synthetic polypeptides (PLL and PLT) on the walls of polycarbonate
membrane pores to form multilayer films for in-situ mediating the formation of AuNPs embedded in
porous silica nanostructures. After calcination at 400-500°C for 3-10 h, the resulting materials

having AuNPs of ~6.5 nm, displayed promising catalytic activity for the reduction of p-nitrophenol.

Recently, Deng et al. [399] prepared multifunctional microspheres with a core of nonporous silica-
protected magnetite particles, a transition layer of active gold nanoparticles, and an outer shell of
ordered mesoporous silica with perpendicularly aligned pore channels. These catalytic materials
showed excellent catalytic activity for the reduction of 4-nitrophenol as well as highly selective
epoxidation of styrene using t-butyl hydroperoxide as oxidant. Moreover, the resulting catalysts
containing nanocrystals of 12.2 and 8.3 nm for Au and magnetite nanoparticles, respectively,
presented the surface evenly covered by AuNPs and displayed the three low-angle XRD diffraction

peaks typical of 2-D hexagonal mesostructures.

Lee et al. [400] fabricated a nanoreactor framework of a Au/SiO2 yolk/shell structure through selective
etching of metal cores from Au/SiO- by treatment with KCN. Although gold core diameters showed
high values (43-104 nm) depending on the added amount of KCN, these Au/SiO- yolk/shell particles

were active for the catalytic reduction of p-nitrophenol by NaBHs.

1.3.4. Conclusions and outlook
The high catalytic activity of gold at the nanoscale discovered in the late 1980s has been one of the
most exciting discoveries in the field of catalysis and, since then, gold catalysts have been

synthesized on a variety of metal oxides supports. Particularly, silica was considered an inappropriate
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support for AuNPs, until the revolutionary work of Haruta’s group [19, 207, 305-306] confirmed that
silica materials could be suitable supports for AuNPs using appropriate synthesis methods. Since the
chemical vapor deposition approach employed in those studies requires special equipment and
expensive gold precursors, extensive research has been developed to synthesize gold catalysts
supported on mesoporous silicas, such as MCM-41, MCM-48, SBA-15 and SBA-16, because of the
excellent properties of these materials as catalytic supports. Mesoporous SBA-15 has proven to be a
better support for gold catalyst in comparison with other mesoporous silica materials, including HMS,
MCM-41, MCM-48, SBA-16, because it has a two-dimensional (2D) hexagonal pore structure, large
pore size and strong pore wall, allowing the immobilization and stability of AuNPs inside the pores
[217, 222, 231].

Although the catalytic activity of Au/MSM catalysts has been evaluated in numerous catalytic
reactions, as illustrated in Tables 1.5-1.10, from the published results one can say that gold catalysts
supported on mesoporous silicas would have a significant impact on the redox type reactions in liquid
phase, in which the mesoporous architecture could enhance the diffusivity of bulky reactants and
products, while the AuNPs are kept inside the pores. However, the main problem of the synthesis of
Au/MSM catalysts lies in obtaining very small (about 2 nm) and well dispersed AuNPs. To overcome

these problems, the main strategies and their related drawbacks can be summarized as follows:

Because of the low isoelectric point of silica (~2.0), the conventional IWI and DP methods are not
appropriate for the incorporation of gold nanoparticles (AuNPs) into MSM, although some strategies
such as washing with a base or reduction under hydrogen at high temperatures have been employed
to synthesize active gold catalysts following these procedures. However, these approaches have not
been largely employed, because the AuNPs are usually formed both inside and outside the channels,
and the control of shape and particle size is not possible. Despite the fact that the use of pre-
synthesized capped AuNPs contributes to circumvent this problem, and seems to be a promising
approach in which the size and shape of gold particles can be controlled before the gold loading, this

strategy has not been extensively applied in catalytic applications.

A general trend consists then in the modification of the silica materials either by direct or post-grafting
functionalization with amine or thiol groups. These groups can act not only as ligands enhancing the
interaction between the metal precursors and the silica surface, but also as mild reductants under

basic conditions for in situ reduction of Au(lll). Even if several active AuU/MSM have been prepared
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using functionalized mesoporous silicas by direct or subsequent incorporation of the gold precursor,
as summarized in Tables 1.5 to 1.7, the main problems related to these procedures lie in the
followings facts: (i) The gold loading and particle size are correlated with the amount of organic
functional ligands, but high concentrations of organic functional groups may hinder the condensation
of silica precursors to form an ordered framework, when using direct functionalization, or significantly
reduced surface area, pore diameter and pore volume, when using the post-grafting functionalization;
(i) The post-synthetic functionalization of MSM does not allow the homogeneous distribution of the
organic functional groups on the pore surface, and consequently, the AuNPs are not homogeneously
distributed after gold loading; (iii) The calcination step required for the removal of functional groups,
may contribute to the formation of large AuNPs, with the inherent negative effect on the catalytic
activity; (iv) When using the simple way of direct incorporation of the gold precursor during the
mesoporous silica synthesis, the AuNPs are not necessarily placed within the pores, which can lead

to metal leaching and poor life of catalysts.

The modification of silica supports with other metal oxides to produce SiO>-based gold catalysts, is
also an interesting approach, because it allows modifying the isoelectric point of the silica, facilitating
the incorporation and dispersion of the AuNPs by simple deposition-precipitation of gold precursor, as
summarized in Table 1.10, while simultaneously the functionalizing oxides may take part in the

reaction as co-catalysts for the enhancement of the catalytic activity.

Despite the fact that rapid advances in nanotechnology have allowed the emergence of new
sophisticated methods for preparing Au/MSM catalysts, it is worth considering the feasibility of the
synthesis procedures for applications other than at a laboratory scale. Some disadvantages of
various preparation methods lie in the fact that the experimental procedures are not suitable for
general applications because of the requirements of special equipment and/or expensive or
complicated synthesis of the gold precursors. Moreover, in many cases, the catalytic activity of such

catalysts has unfortunately not always been evaluated.

Thus, considering that the success of the introduction of AuNPs into MSM requires the fulfillment of
three criteria [205]: (i) retaining the order structure of the MSM; (ii) achieving very small uniform and
well dispersed AuNPs; and (iii) attaining high and controlled gold loading; the use of gold complex
Au(en)2Cls (en = ethylenediamine) can be regarded as a promising precursor for the synthesis of not

only Au/MSM, but also of gold supported on amorphous silicas. Although this precursor has not been
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widely used, the catalysts prepared using Au(en).Cls have displayed not only small and well
dispersed AuNPs, but also high catalytic activities in both gas and liquid phase oxidation reactions
[90, 206].

Finally, it is true to say that gold catalyst has become a hot topic for chemical reactions; however,
there are still challenges ahead for the development of Au/MSM satisfying the main requirements of
any catalyst: a synthesis method as easy and inexpensive as possible with high activity, selectivity
and stability. Moreover, the identification of the active gold species is still a challenging task for most

of the chemical reactions catalyzed by gold.
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Chapter 2. Hypotheses and objectives

2.1. Hypotheses

According to the literature review, the catalytic oxidation of lactose is a good alternative for producing
lactobionic acid. Although palladium and bismuth promoted palladium have showed high activity and
selectivity for this process, the synthesis of robust catalysts for making the catalytic process more
competitive, is still a challenge. In this context, the following hypotheses were proposed in this

project:

- Gold catalysts supported on mesoporous silica materials (Au/MSM) would be robust catalysts for
the oxidation of lactose to lactobionic acid, and the reaction control would be easier in comparison to
the oxidation over palladium and bismuth promoted palladium catalysts, since gold is not prone to

oxidation.

- The modification of the mesoporous silica support with ceria could enhance the catalytic activity of

the Au/MSM, because of its favorable oxidation activity.

- Lactobionic acid could be produced successfully by a demineralization step using bipolar membrane

electrodialysis and/or ion-exchange technology.

2.2. Objectives

In order to verify the research hypotheses, the following objectives were formulated:

2.2.1. General objective
The main objective of this project is to selectively produce lactobionic acid by a two step process
comprising the oxidation of lactose over Au/MSM and the demineralization of the salt solution at the

reactor outlet.

2.2.2. Specific objectives
- Optimize the formulation of gold catalysts supported on mesoporous silica and on mesoporous

silica decorated by ceria.

- Characterize the synthesized catalytic materials, and evaluate their catalytic activity on the oxidation

of lactose to lactobionic acid.
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- Optimize the operating reaction conditions, using a thermostated magnetically stirred glass reactor.
- Investigate the catalyst stability after consecutive oxidation reaction cycles.

- Study the feasibility of bipolar membrane electrodialysis and ion exchange technology for

recovering lactobionic acid from its salt solution obtained after lactose oxidation.
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Chapter 3. Selective production of lactobionic acid
by aerobic oxidation of lactose over gold
crystallites supported on mesoporous silica

This chapter reports the synthesis and characterization of gold catalysts supported on mesoporous
silica (Au/MSM) by co-condensation of a mixture of bis [3-(triethoxysilyl)propyl] tetrasulfide
(BTESPTS), tetraethyl orthosilicate (TEOS) and the gold precursor (HAuCls) in acidic media, using
the triblock co-polymer EO2PO70EQ20 (P123) as template. The influence of the reaction conditions

on the lactose oxidation to LBA is also presented and discussed.

Published in Applied Catalysis A: General 2011, 402(1-2), 94-103 by Luis-Felipe Gutiérrez, Safia

Hamoudi, Khaled Belkacemi

3.1. Abstract

Partial oxidation of lactose over Au-based catalyst system using nanostructured silica materials with
improved activity, selectivity and stability was investigated as a novel chemo-catalytic approach for
selective synthesis of lactobionic acid (LBA) for therapeutic, pharmaceutical and food grad

applications.

Highly active gold crystallites dispersed on mesoporous silica (SiO2-meso) using bis-[3-(triethoxysilyl)
propyl] tetrasulfide (BTESPTS), a silane coupling agent to immobilize gold, were successfully
formulated, and their catalytic activity was evaluated in an agitated semi-batch reactor. The catalysts
were characterized by N2 physisorption, XRD, XPS and TEM. The influence of the reaction
conditions, i.e., temperature, pH value, metal loading and catalyst/lactose ratio on lactose conversion
were investigated. After 100 min of reaction, the catalyst containing 0.7% Au showed the highest
catalytic activity (100% lactose conversion) and a 100% selectivity towards LBA, when it was used at

a catalyst/lactose ratio of 0.2 under alkaline (pH 9.0) and mild reaction temperature (65°C).

3.2. Introduction

Lactose is an important by-product of the cheese and casein manufacture, whose production is
estimated to about 1.2 million tons per year [4]. Because of its low solubility and sweetness, as well
as a certain intolerance of some population segment, the use of lactose is limited in many

applications. However, as a consequence of its worldwide surplus and low cost, there is a great
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interest in the research of innovative processes for transforming lactose, and expanding its
applications in the food and pharmaceutical industries as value-added lactose derivatives. Some
significant developments include the production of highly valued pharmaceutical products and
functional food ingredients such as lactulose, lactitol, lactobionic acid, lactosucrose, and galacto-

oligosaccharides [20].

Lactobionic acid (LBA) (4-O-B-D-galactopyranosyl-D-gluconic acid) is a high value-added product
obtained from lactose oxidation, with excellent properties for food and pharmaceutical applications.
The main commercial use of LBA is as ingredient of the solutions employed for stabilizing organs
prior to transplantation [43]. LBA is also used in calcium supplementation, and represents a new
ingredient in skin care products featuring potent antioxidant and humectant properties [8, 401]. In the
food industry, LBA can be used as acidulant with a sweet taste; as filler in cheese production; as

firming agent, and to fortify functional drinks with essential minerals such as Fe and Cu [8, 402].

LBA production by means of heterogeneous catalytic oxidation of lactose on Pd/C and Pd-Bi/C
catalysts was first reported by Hendriks et al. [10]. Since then, some studies of lactose oxidation over
platinum, palladium and bismuth-promoted palladium supported catalysts have been investigated [13,
16, 77, 80-85, 87, 89, 403]. Although these reactions are environmentally safer than chemical and
biochemical oxidations, the main problem reported for these catalysts is their deactivation during
reaction [404]. Platinum is less prone to deactivation by over-oxidation, but its selectivity towards
aldonic acids formation is lower than that of palladium. It has been also demonstrated that the
presence of bismuth or lead as promoters, and the strict control of the oxygen concentration, diminish
the susceptibility of catalyst to poisoning, and it improves its selectivity towards aldonic acids [85, 87,
405]. In recent published works of our research group, bimetallic catalyst supported on mesoporous
SBA-15 (1.02%Pd, 0.64%Bi; Bi/Pd molar ratio of 0.3) was used for lactose oxidation at 65°C under
microaerial and alkaline conditions (pH 9.0). This catalyst was highly active (96% lactose conversion)
and 100% selective towards LBA, when the reaction was conducted during 3 h with consecutive
addition of air and nitrogen periodically to avoid the catalyst poisoning by over-oxidation [85, 87].
However, even if bismuth-promoted palladium catalysts are promising for the oxidation of lactose to
LBA, improved catalysts showing high activity and selectivity towards LBA are needed, in order to
facilitate the reaction control, to avoid the presence of toxic substances derived from the possible

leaching of Pd and Bi, and to make the catalytic process more competitive [4].
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Supported gold catalysts have shown to outperform palladium catalysts for the oxidation of
carbohydrates, because they are less prone to over-oxidation, and they exhibit high activity and
selectivity towards aldonic acids [404]. However, the oxidation of lactose over gold catalyst has been
scarcely investigated. Recent studies indicate that supporting gold nanoparticles on Al2Os, TiO2, and
CeO- allowed to achieve moderate to high conversions (>80%) and selectivities (up to 95%), using
Au loadings in the range of 0.4-2.0% [13-16]. Even though these relatively high conversions and
selectivities were reached, the oxidation of lactose to LBA still necessitates cumbersome and costly

downstream separation steps.

Since the pioneering work of Haruta [406], intensive research efforts were initiated to use gold-based
catalysts for liquid phase oxidation. The activity of heterogeneous gold catalysts strongly depends on
the gold cluster size deposited on the catalyst surface. Then, a weak stability of these clusters
against sintering during the synthesis of the catalyst is problematic and undesirable and could

hamper the catalyst applications [407].

Owing to their high surface area, highly ordered structure, good thermal stability and excellent
mechanical properties, mesoporous silicas are considered very attractive catalyst supports.
Consequently, synthesis of metal nanoparticles supported on such materials has received much
attention in recent years [231]. However, gold nanocrystallites dispersed on silica materials are
mobile and sinter easily under severe synthesis conditions of temperature, especially during the
calcination step. To avoid this problem, Hu et al. [280] reported a simple method to confine gold
nanoparticles in the mesoporous silica walls in the presence of BTESPTS. This catalytic system

exhibited fairly interesting activity for alcohol oxidation.

The aim of this work focuses on the synthesis and characterization of gold nanoclusters highly
dispersed on mesostructured silica material using BTESPTS and application of this material as a
catalyst for selective oxidation of lactose to LBA. Specifically, the catalyst characterization by means
of nitrogen sorption, powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and
transmission electron microscopy (TEM) was investigated, as well as the influence of the reaction
conditions, i.e., temperature, pH value, gold loading and catalyst-to-lactose ratio (catalyst/lactose), on
lactose conversion. To the best of our knowledge, mesostructured silica has not been used as

support in the oxidation of lactose over gold catalysts.
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3.3. Experimental

3.3.1. Materials

All reagents were of the highest purity and were used without further purification. Gold (lll) chloride
trihydrate (HAuCls-3H20), tetraethyl orthosilicate (TEOS), bis-[3-(triethoxysilyl) propyl] tetrasulfide
(BTESPTS), o-lactose monohydrate and LBA were purchased from Sigma Aldrich. Pluronic P123
(EO20PO70EO20, M2y, = 5900 g/mol) was graciously offered by BASF. For HPLC analysis, sodium
hydroxide solution 50% and HPLC grade anhydrous sodium acetate from Fluka, were used for

eluents preparation.

3.3.2. Catalyst preparation

Gold catalysts were synthesized as reported recently by Hu et al. [280]. In a typical synthesis, 10 g of
P123 were dissolved in 375 mL of a 2 N HCI solution at room temperature. After complete dissolution
of the template agent, the temperature was increased to 40°C. Then, a mixture of 20.8 g TEOS and
2.1 g bis-[3-(triethoxysilyl) propyl] tetrasulfide was added drop wise under continuous and vigorous
agitation. Subsequently, solutions of HAuCls in 2 N HCI were added drop wise, according to the
different investigated catalyst gold loadings (0.4, 0.5, 0.7, 0.8 and 1.0%). The obtained mixture was
stirred at 600 rpm for 24 h at 40°C, and then hydrothermally aged for 72 h at 100°C. After vacuum
filtration, the solid was thoroughly washed with deionized water and ethanol at room temperature.
Finally, the catalyst was vacuum-dried overnight at 100°C, and the resulting solids were calcined at

500°C for 5 h at a heating rate of 1°C/min, using a programmable oven.

3.3.3. Characterization

Nitrogen adsorption/desorption isotherms of calcined samples were obtained using a volumetric
adsorption analyzer (Model Autosorb-1, Quantachrome Instruments, Boyton Beach, FL) at 77 K.
Before the adsorption analysis, the samples were degassed for 3 h at 200°C. Total pore volume was
estimated from the amount adsorbed at 0.99 relative pressures. Pore size distributions were
calculated using the desorption branch of the N2 adsorption/desorption isotherms and the Barrett—
Joyner-Halenda (BJH) method [408].

Powder X-ray diffraction (XRD) patterns were obtained using an Ultima Il Rigaku Monochromatic

Diffractometer using Cu Ka radiation (A = 1.5406 A). Small angle powder diffraction patterns were
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acquired at a scanning rate of 1°/min in the 26 range of 0.6-3°, while wide angle powder XRD were

obtained at the same scanning rate in the 26 range 25-80°.

The catalyst surface and the oxidation state of gold in the catalysts were studied by X-ray
Photoelectron Spectroscopy (XPS) analysis using an Axis-Ultra spectrometer from Kratos (UK)
equipped with an electrostatic analyzer of large ray, a source of double X-rays Al-Mg without
monochromator and an Al source with monochromator. The pressure in the XPS room was
maintained between 5 x 10-% and 5 x 1078 torr during the analysis. All the spectra were recorded with
the Al monochromatic source with a power of 300 W. The flyover spectrum used to determine the
elementary composition was recorded with pass energy in the analyzer of 160 eV and an energy step
of 1 eV, using lenses in hybrid mode, which maximizes the sensitivity. The detailed spectra with high
resolution were recorded with pass energy of 40 or 20 eV, and step energy of 50 or 100 meV. The
spectra with high resolution are used for the chemical analysis [409]. The adjustment of the envelope
calculated with the experimental spectrum was carried out using CasaWPS software from Kratos
(UK). The binding energy (BE) scale was calibrated by measuring C1s peak (BE = 285.0 eV) from the

surface contamination.

Transmission electron microscopy (TEM) images were taken on a JEM-3010 electron microscope
(JEOL, Japan) with an acceleration voltage of 80-120 kV. The catalysts samples were suspended in
methanol and ultrasonically treated during 10 min. Then, the suspension (5 L) were disposed

uniformly and dried on a nickel grid.

3.3.4. Lactose oxidation experiments

Lactose oxidation experiments were carried out at atmospheric pressure in a thermostated and
magnetically stirred 300 mL-glass reactor. In a typical oxidation reaction, 175 mL of 20 mM lactose
solution were heated under continuous agitation (600 rpm) until the desired reaction temperature was
reached, whereas 500 mL/min of nitrogen flow were simultaneously bubbled for stripping off the
dissolved oxygen. Once the reaction temperature was reached, the stirring was increased to 900
rpm, the catalyst was added and the pH of the solution was adjusted at the desired value, by the
addition of few drops of 1 M NaOH aqueous solution. Then, air was bubbled through the reaction
mixture at a constant flow rate of 40 mL/min. During the reaction, the pH value was kept constant by
adding 1 M aqueous NaOH solution, by means of a pH STAT Titrator (Metrohm® 842 Titrando®,
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Switzerland), and the dissolved oxygen concentration was monitored using an oxygen probe (Ocean

Optics, Inc., USA) connected to an optic fiber sensor system (TauTheta Instruments LLC, USA).

The time ‘zero’ of the reaction corresponded to the moment when air was bubbled through the
reaction mixture. Reactions were carried out during 180 min. In order to optimize the reaction
conditions, the effects of reaction temperature (50-70°C), pH (7.0-10.0), catalysts metal loading
(0.4-1.0%), as well as catalyst/lactose ratio (0.1-0.3) were evaluated. Liquid samples were taken at

regular intervals for the subsequent HPLC analyses.

3.3.5. Reaction sample analysis

Samples of reaction mixture were analyzed using a chromatographic system DX-ICS 2500 (Dionex,
USA) equipped with a gradient pump GP50 and an electrochemical detector ED50 with a thin-layer
type amperometric cell outfitted with gold electrodes and an Ag/AgCl reference electrode. The
chromatographic separation of lactose and LBA was performed on a CarboPac PA1 analytical
column (4 mm x 250 mm i.d., Dionex) and a CarboPac PA1 guard column (4 mm x 50 mm i.d.,
Dionex) at a flow-rate of 1 mL/min. Sodium hydroxide solution 50% and anhydrous sodium acetate
(NaOAc) from Fluka diluted in deionized water were used as eluents. Chromeleon software (Dionex,
USA) was used to perform all the calibration and integration of chromatographic data. All

supplementary details can be found in Belkacemi et al. [85].

3.4. Results and discussion
3.4.1. Material characterization

3.4.1.1. Nitrogen physisorption

Textural properties of the mesoporous silica (SiO2-meso) and Au/SiO2-meso catalysts were obtained
from low-temperature (77 K) nitrogen adsorption/desorption isotherm measurements, which allow
calculation of the specific surface areas, specific pore volumes, and mesopore size distributions, as
summarized in Table 3.1. These isotherms and the corresponding pore size distributions using the
BJH theory are depicted in Figure 3.1 and Figure 3.2 for the initial mesoporous silica material and Au
catalysts with Au loadings of 0.4, 0.7 and 1%. As shown in Figure 3.1, the shape of the obtained
isotherms corresponds to type IV according to IUPAC classification and displayed a broad H1 type
hysteresis loop characteristic of large pore mesoporous solids [410]. The initial increase in adsorption

capacity at low relative pressure is due to monolayer adsorption on mesopores. The upward
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deviation in the range of P/Py=0.4-0.8 is associated with progressive mesopores filling. As the
relative pressure increases, the adsorption isotherm for the mesoporous support displays a sharp
increase characteristic of capillary condensation inside uniform mesopores. There were uncommon
hysteresis loops at P/Po values between 0.4 and 0.7 for the Au/SiO2-meso catalysts. These loops
look more flat in comparison to that of initial mesoporous silica support indicating that some structural
defects were formed in the mesoporous framework [411-412]. Similarly when they incorporated gold
nanoparticles in mesoporous silica, Hu et al. [280] reported the formation of void defects in their
catalysts and concluded that the formation of these structural defects that could be attributed to the

incorporation of gold in the mesoporous silica walls.

The nitrogen physisorption of the support and Au catalysts reveals also that they have high BET
surface areas. The support exhibited dual pores size distribution which reduces to one pore
distribution of nearly 4 nm of average pore size after gold incorporation as depicted in Figure 3.2 and
Table 3.1.
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Figure 3.1. Nitrogen adsorption/desorption of mesoporous silica material and Au on mesoporous silica at
different Au loadings.
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Table 3.1. The textural parameters of the mesoporous silica support as well as Au catalyst samples
prepared at different Au loadings.

Materials BET surface area Pore diameter (nm) Total pore volume
(m2.g-1) (cm3.g-1)
Si0, meso 995.7 3.70 and 4.73 1.087
0.4%Au/Si0,-meso 813.9 3.50 0.716
0.7%Au/Si0,-meso 827.3 3.70 0.779
1.0%Au/SiO,-meso 790.1 3.70 0.651
7.0
5i0,-meso
6.0 ﬂ
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Figure 3.2. Pore size distributions of mesoporous silica material and Au/SiO,-meso at different Au loadings.

It is noticed in Table 3.1, that the BET surface area of mesoporous silica support approaches
1000 m2 g-'with a total pore volume of =1.1 cm3g~'and dual-pore size distributions centered at
around 3.7 and 4.7 nm. By incorporation of gold crystallites, the BET surface area decreased notably
to ~820 m2 g-* for the catalysts with Au loadings of 0.4 and 0.7%. Further increment of Au loading to
1% decreases further the BET surface area. Similar tendency can be observed for the total pore

volume where about 41% of the initial pore volume of the support is lost when 1% of Au is
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impregnated by filling the support pore size of 4.7 nm. Therefore, incorporation of metallic gold has a
consequential impact on the BET specific surface area, specific pore volume and pore size of the
silica material. The pore and structural morphology of the synthesized mesoporous silica material and

those of the Au catalysts can be further verified by transmission electron microscopy (TEM).

3.4.1.2. X-ray diffraction

The small angle XRD patterns of the mesoporous silica support and the synthesized catalysts with
different gold loadings (0.4, 0.7 and 1.0%) are shown in Figure 3.3. It can be noticed that there is a
peak at about 26 = 1.0 degree, which is broader than the narrow peak normally reported for the well-
ordered hexagonal mesoporous silica such as SBA-15 [145]. Then the structure obtained by co-
condensing silica source and BTESPTS as a silane coupling agent to immobilize gold in the
presence of P123 is not that of SBA-15 for all tested gold loadings. Similar low angle XRD patterns
where previously reported by Besson et al. [413] using bis-[3-(trietoxysilyl) propyl] disulfide and TEOS
in the presence of P123. These patterns signify the presence of a correlated distribution of framework
pores but the lack of a regular cylindrical pore structure. This is in agreement with the TEM findings

presented below.
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Figure 3.3. Low angle XRD profiles of mesoporous silica material and Au/SiO.-meso at different Au loadings.

Figure 3.4 shows the wide angle XRD patterns of the catalysts loaded with gold at 0.4, 0.7 and 1.0%.
The well resolved characteristic diffraction peaks at around 38°, 45° and 65°, assigned to the (1 1 1),

(200), and (2 20) lattice planes of face-centered cubic structure of gold, indicate that gold is in
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crystalline form after the catalysts synthesis, and reveal the presence of metallic gold species [224,
400]. It can be noticed that for a 0.4 and 0.7% gold loadings, the diffraction peaks are weak. This can

be attributed to the low Au loading and the better Au crystallite dispersion on the mesoporous silica

support.
200
—0.4 % Au
160 - ——0.7 % Au
- ——1.0 % Au
2 120 (111)
E {2 0‘0) {2 20}
g
g 80
Lo
40 -

|

25 30 35 40 45 50 55 60 65 70 75 80
2-0 degrees

Figure 3.4. Wide angle XRD profiles of Au on mesoporous silica at different Au loadings.

3.4.1.3. Transmission electron microscopy

Figures 3.5a—f show the transmission electron microscopy (TEM) micrographs of the mesoporous
silica material, and Au catalysts with Au loading of 0.4, 0.5, 0.7, 0.8 and 1.0%, respectively. The TEM
image of the mesoporous silica material (Figure 3.5a) clearly shows the wormhole pore arrangement
structure confirming the small angle XRD analysis stipulating the existence of wormhole structure. It
can be understood from these results that unlike SBA-15 which have a hexagonal framework
structure with cylindrical mesopores, the present mesoporous material presents a wormhole-like
framework structure containing interconnected 3D-mesopores that can be ideal for the minimization

of diffusion limitation phenomena often encountered in adsorption and catalytic reactions.

The TEM image of 0.4% Au/SiO2-meso shows similar wormhole-like framework mesostructure
(Figure 3.5b). The average pore size is generally up to 3-4 nm. Some of gold crystallites are
distinguishable and their dimension can be located between 11 and 18 nm, with an average value of
~14 nm then excluded from the pores and indicating that they are on the external catalyst surface.

The TEM image of 0.7 and 0.8% Au/SiO2-meso shows identical pattern where Au crystallites seemed
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to be better dispersed having dimensions between 3 and 14 nm, with an average values of ~7 and 9
nm, respectively (Figures 3.5d and e). Au crystallites in 0.5 and 1.0% Au/SiO.-meso have larger size

up to 21 nm with average values of circa 11 for both catalysts (Figures 3.5¢ and f).

a) Silica-meso support d) 0.7% Au/Silica-meso

Nanocrystallites of Ao i
& |

¢) 0.5 % Au/Silica-meso f) 1.0 % AulSilica-meso

Figure 3.5. (a) TEM micrographs of mesoporous silica material; (b) 0.4% Au/SiO2-meso; (c) 0.5% Au/SiO2-
meso; (d) 0.7% Au/SiO2-meso; (€) 0.8% Au/SiO2-meso; (f) 1.0% Au/SiO2-meso.
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Table 3.2 compares the average Au crystallite dimensions obtained by TEM and those computed
using wide angle XRD analysis data and Scherrer's equation. The average Au crystallite sizes
obtained with the two methods are somewhat different. As the estimated crystallite size using
Sherrer's equation gives a rough estimate of the crystallite size and is known to lake precision, the

more trustful crystallite size data could be those estimated using TEM analysis.

Table 3.2. Average crystallite size of Au catalyst samples obtained with TEM and XRD analysis of
catalyst samples prepared at different Au loadings.

Catalyst TEM average metal crystallite XRD average metal crystallite
size (nm) size (nm)

0.4%Au/SiO,-meso 14 +1 201

0.5%Au/SiO,-meso "M+1

0.7%Au/SiO,-meso 7+1 14-15£1

0.8%Au/SiO,-meso 9+1

1.0%Au/SiO,-meso 1M+1 24-25+ 1

3.4.1.4. X-ray photoelectron spectroscopy (XPS) analysis

The oxidation state of the loaded gold on the catalysts was investigated by XPS. The presence of Au
4f, Si 2p, Si 2s, C1s and O photoelectron peaks in all catalysts was detected by XPS measurements.
For the sake of clarity only Au 4f photoelectron peaks are presented and discussed for the Au/SiO»-
meso catalysts with Au loadings of 0.4, 0.7 and 1.0%. The spectra of the Au 4f peaks for the 3
catalysts are depicted in Figures 3.6a—c for Au loadings of 0.4, 0.7 and 1.0%, respectively. The
experimental curves of Au 4f core levels spectra present well-defined 2 spin orbit split Au 4fs, and
2Au 4f7p components, after the peak deconvolution process using Kratos software. Table 3.3
summarizes the binding energies (BE) of these spin orbit split components for all Au loadings. The
components Au 4f7 (1) and Au 4f72 (2) binding energies are important and can be used to determine
the oxidation state of gold species [414-416]. The Au 4f7o (1) component with BE values between
84.1 and 84.4 eV can typically be assigned to pure metallic Au® species for all Au loadings [409, 414,
416). The 4f712 (2) component at 85.2-85.5 ascertains the presence of Au* in catalyst loadings of 0.4
and 0.7%, while the 4f72 (2) component at ~86.5 eV confirmed the presence of Au3* species in

catalyst loading of 1.0% [416]. Owing to the peak surfaces of Au*'and Au*3 species which are
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significantly smaller than that of Au® species, most of the gold crystallites are present in the metallic
state even though Au* and Au3* presence can be detectable.

Table 3.3. Binding energies of Au 4f7;2 and 4fs;, deconvoluted peaks of catalyst samples prepared at
different Au loadings.

Au loading (%) 412 (1) (eV) 45 (1) (eV) 4f12 (2) (eV) 4fs (2) (eV)
04 84.20 87.85 85.45 89.05
0.7 84.10 87.60 85.20 88.80
1.0 84.37 88.07 86.47 90.17
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Figure 3.6. XPS-spectra of Au 4f photoelectron peak for: (a) 0.4% Au/SiO2-meso; (b) 0.7% Au/SiO2-meso; (c)
1.0% Au/SiO2-meso.

99



3.4.2. Catalyst activity

As mentioned in the introduction section, gold nonoclusters dispersed on ordered mesoporous silica
has never been tested to evaluate their capability to partially oxidize lactose to LBA. The next
sections will treat on the optimization of lactose conversion to LBA over Au/SiO2-meso as an
oxidation catalyst where main conditions such as the reaction temperature, pH, catalyst to lactose

ratio and catalyst gold loading are investigated.

3.4.2.1. Effect of Au catalyst loading on lactose oxidation kinetics

Figure 3.7 shows the kinetic profiles of lactose oxidation to LBA over Au/SiO2-meso at 0.7%. The
Au/SiO2-meso silica at 0.7% Au loading exhibited a pretty good activity to oxidize lactose to LBA. The
lactose oxidation over this catalyst exhibited favorable and outstanding lactose conversion to LBA
where the rates of lactose consumption as well as LBA formation were markedly high and the lactose
conversion essentially completed (it reached about 100%) after 80 min of reaction. It is worth
mentioning that lactose was almost depleted after only 80 min of reaction where LBA concentration
reached a value of 7.8 g/L starting from exactly 7.5 g/L of lactose. This means that
7.5/342.29 ~0.022 moles of lactose were oxidized to give 7.8/358.3 ~0.022 moles of LBA

consequently, 100% of selectivity towards LBA formation was reached using this catalyst.
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Figure 3.7. Kinetic profiles of lactose uptake and LBA production during lactose oxidation over 0.7% Au/SiO-
meso catalyst. Conditions: T = 65°C; pH 9; Catalyst to lactose ratio R = 0.2. Bares stand for the standard
deviation for two repetitions.

The oxidation of lactose over other investigated catalysts (0.4, 0.5, 0.8 and 1% Au/SiO2-meso)
showed clearly much lower kinetic patterns. Even if the conversion of lactose was not complete for

these catalysts, the selectivity towards lactose was also 100%.
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At Au loading of 0.4, 0.5 and 1%, the formation of larger metal crystallites (see Table 3.2) built up and
lowered the metal availability at the reaction surface area. This diminution of the catalyst dispersion is
one possible reason which could presumably affect the catalyst activity. However, the small metal
cluster size is not the only sufficient condition to ensure a good catalyst activity. It is well known that
the oxidation state of metals is a very important parameter in the catalytic activity. In the case of the
carbohydrate oxidation over gold catalysts, the oxidation state of gold species could play an
important role in the catalyst activity and this has been hardly investigated. As shown by XPS
analysis, our results indicate that the presence of oxidized gold species may affect the activity of gold

catalysts in carbohydrate oxidation.

Although some works found in the literature for the oxidation of alcohols over Au supported catalysts
reported the presence of mainly the metal Au® with the presence of Au* and rarely Au3* species [417-
418], in the similar manner as reported in the present work, however, it cannot be stated clearly
which species are responsible for the Au oxidation activity in the liquid phase and the role of the

oxidation state of gold is still matter of discussion.

Exploiting the determination of the initial reaction rate of lactose conversion to LBA for each

investigated Au loading, as evaluated by Eq. (1):

.- d[LBA],
o (1)

allowed to show that maximum catalyst activity was obtained at Au loading of 0.7% as depicted in
Figure 3.8. As we can observe in this figure, the trend in the particle size with Au loading variation
shows a minimum value of ~7 nm at Au loading of 0.7% where the catalyst activity is at its maximum
value. It is possible to state that the Au catalyst, as prepared by the reported procedure, is very
sensitive to the catalyst loading which may control the gold particle size. Furthermore, in the liquid
phase reactions, which is the case for the present work, the activity of supported gold catalysts could
depend on the gold cluster size and the reaction kinetics could be structure-sensitive depending on
the support chemical nature [419], particularly if the support is a metal oxide which is the case in the
present study. This could be ascribed to the significant interactions between the noble metal and the
support [420]. Actually, the reason why this behavior occurs is not known for the moment and needs

deep investigations.

101



Z 016 - 16
b { 4
o012 ' " b 12 2
. ¥ e 3 5
;: N il i \'&,_f_ “y P40 .8
= 0.08 ,"n,i__i-' ' -8 o
— - —_—
- N - 6 [—|
= r’ ! ‘ £
E 004 {€<— | -4 7
£ ¢ E [
T 0.00 d——v—r , 0

0.3 0.4 05 0.6 0.7 0.8 09 1.0 1.1
Au loading (wt%)

Figure 3.8. Trends of the initial rate and the Au crystallite size versus Au loading. Bares stand for the standard

deviation for two repetitions for each catalyst synthesis.
The initial rate ry is plotted versus the gold crystallite size as depicted in Figure 3.9, shows a volcano-
type tendency if the trivial point (0, 0), corresponding to the reaction activity of the pure support, i.e.,
SiO2-meso, which was verified to not exhibit any oxidation activity) is included in the data. From this
figure, the crystallite size where maximum of activity is obtained is in the vicinity of 6 nm. This finding
fairly corroborates those of other works reported in the literature for reactions catalyzed by gold [186,
188, 421].
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Figure 3.9. Trend of the initial rate versus the Au crystallite size. The vertical bares stand for the standard
deviation in the initial rate while horizontal bares stand for the standard deviation in the crystallite size for two
repetitions for each catalyst synthesis. Dashed line represents only a general tendency.
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3.4.2.2. Effect of catalyst/lactose ratio on the oxidation kinetics using 0.7%
Au/SiO2-meso

In our recent work [85], using 0.21 g catalyst (1.02%Pd-0.64%Bi/SBA-15)/g lactose for the
microaerial oxidation of lactose, we found the maximal conversion of lactose to LBA at 65°C in
alkaline conditions (pH 9.0). Based on these results, in this study we have evaluated the effect of
different catalyst/lactose ratio on the oxidation of lactose over 0.7% Au/SiO2-meso at 65°C and pH
9.0 under agitation of 900 rpm, using air (40 mL/min) as oxidizing agent. Figure 3.10 shows the effect
of this ratio on the reaction kinetics. The evaluation effect of this ratio on the initial reaction rate ro as
depicted in Figure 3.10, allows clearly to observe that the kinetic behavior is well favored at R=0.2
and levels off. Irrefutably, the more concise observation of the reaction kinetics with ro determination
at the beginning of the reaction asserted that the reaction kinetics can be considered identical at R
ratios of 0.2 and 0.3. Decreasing this ratio to 0.1 led to a significant decrease in the reaction kinetics.
From these results, it is decided to select the 0.2 catalyst/lactose ratio as the optimal value for the
evaluation of the effects of temperature and pH on the lactose conversion. This ratio is comparable to
that obtained in our recent work [85] for the catalytic oxidation of lactose over bimetallic 1.02%Pd-
0.64%Bi/SBA-15 catalyst, with the advantage that in the case of gold catalysts, the bubbling of
nitrogen, required to avoid the catalyst’ over oxidation when using Bi-Pd catalysts, is not necessary,

making easier the reaction control.

0.15 4

0.12
L - === = *
0.09 e |

0.06 ¥

”
0.03 +{’

0.00 Y Y T ]
0.05 0.10 0.15 0.20 0.25 0.30

Initial rate (g LBA. L', min"')
A"

R (g catalyst. g ' lactose )

Figure 3.10. Effect of the catalyst/lactose ratio, R, on the initial reaction rate, ro during the partial oxidation of
lactose to LBA over 0.7% Au/SiO,-meso catalyst. Conditions: T=65°C; pH 9.0. Bares stand for the standard
deviation for two repetitions of the catalyst synthesis.
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3.4.2.3. Effect of pH on the oxidation kinetics using 0.7% Au/SiO2-meso

The influence of pH, in the range of 7-10, on the lactose conversion was investigated using the
0.7%Au/SiO2-meso at 0.2 catalyst/lactose ratio. During these experiments, temperature, agitation and
airflow were kept constant at 65°C, 900 rpm and 40 mL/min, respectively. As shown in Figure 3.11,
the oxidation of lactose over gold catalyst is pH-dependent as reported for the oxidation of other
carbohydrates over metal catalysts [85-86, 404]. The initial reaction rate was clearly enhanced by
increasing the pH value up to 9.0, where a maximum of activity was reached which led to nearly
100% lactose conversion with 100% selectivity towards LBA. Similar to our recent findings for lactose
oxidation over bimetallic 1.02%Pd—0.64%Bi/SBA-15 catalyst [86], it has been recently reported that
gold catalysts could be deactivated by the strong adsorption of the reaction products, which occupy
the active sites of the catalyst surface, when pH is neutral (pH 7) [13]. However, the catalyst activity
declined readily at pH 10. This strongly alkaline condition induced a partial decomposition of the
catalyst due to the dissolution of silica material at very high alkaline conditions. Similar results were
reported by Mirescu and Prife [14], who found a pronounced decrease in the activity and selectivity
in the oxidation of lactose with Au/TiO2 and Au/Al,O3 catalysts, when the pH values were higher than
9.0. This behavior was also reported in our investigations on the partial oxidation of lactose to LBA
over bimetallic Pd-Bi/SBA-15 catalyst [85-86]. Consequently, the pH of 9.0 was kept constant to the
further experiments evaluating the effect of the reaction temperature on the catalytic activity of the
0.7%Au/SiO2-meso.
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Figure 3.11. Effect of the pH on the initial reaction rate, ro during the partial oxidation of lactose to LBA over
0.7% Au/SiO,-meso catalyst. Conditions: T = 65°C; R = 0.2. Bares stand for the standard deviation for two
repetitions of the catalyst synthesis.
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3.4.2.4. Effect of temperature on the oxidation kinetics using 0.7% Au/SiO2-
meso

The effect of temperature on lactose oxidation kinetics over fresh 0.7% Au/SiO2-meso catalyst was

investigated in the range (50-70°C).

The pH has been kept constant at 9.0 and the ratio catalyst/lactose used was 0.2 g catalyst/g lactose.
The reaction kinetics in terms of production rate of LBA versus the temperature variation is depicted
in Figure 3.12. At 50°C the reaction kinetics is slow. The main reason could be the poor activation
state of the reaction at this temperature. The reaction kinetics carried out at 60°C exhibited clearly a
more pronounced rate of LBA production. The greater activation of the reaction at this temperature
could constitute the main reason of the kinetic improvement. Even if the obtained rate is relatively
high, it is a room to further improvement at higher temperature. Indeed, the kinetics of lactose
oxidation to LBA performed at 65°C showed during the first 100 min of reaction a very high rate of
lactose depletion, reaching a conversion of almost 100%. After only 80 min, the lactose conversion
was 96%. The selectivity of the catalyst during the reaction of lactose oxidation into LBA was found
always 100% (see Figure 3.7). The rate of LBA production increased significantly and reached
~0.12 g LBAL"min-', as exhibited in Figure 3.12. The kinetics of lactose oxidation performed at
70°C exhibited an acceptable but slower consumption rate of lactose, reaching a conversion 94%
after 100 min and residual non consumed lactose representing about 6% of the initial concentration
even after prolonged time of reaction (results not shown). This indicates that the reaction halted after
100 min due to a possible depletion of oxygen in the reaction medium. Indeed, at relatively higher
temperature (80°C), the oxygen solubility decreased readily and its concentration is almost zero at
atmospheric pressure as measured using the optic fiber oxygen sensors. Consequently, the available
02 concentration was too low to sustain and maintain the oxidation activity, which could explain the
decrease in the lactose conversion. This is clearly shown in terms of LBA production rate (Figure
3.12), where further increment in the temperature higher than 65°C affected markedly the kinetics
due to the lack of oxygen at the surface of the catalyst. However, it is worth to mention that the
temperature has not affected the catalyst selectivity towards LBA production, which remained 100%

in all cases.
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Figure 3.12. Effect of the reaction temperature on the initial reaction rate, ry during the partial oxidation of
lactose to LBA over 0.7% Au/SiO.-meso catalyst. Conditions: pH 9.0; R = 0.2. Bares stand for the standard
deviation for two repetitions of the catalyst synthesis.

3.5. Conclusions
For the first time, gold catalysts supported on mesoporous silica material functionalized with silane
coupling agent (BTESPTS) were successfully investigated for lactose oxidation using air as oxidizing

agent.

XPS analysis suggested that gold nanoparticles were present in the catalysts as both metallic and
oxidized species. Furthermore, these nanoparticles seemed to be within the mesoporous framework

and on the surface of silica material, as indicated by TEM measurements.

After catalyst evaluation in a certain range of gold loadings, catalyst/lactose ratio, temperature and
pH, the 0.7%Au/SiO.-meso catalyst was found highly active (100% of conversion, after only 80-
100 min of reaction) and 100% selective towards LBA when it was added at a ratio of 0.2
catalyst/lactose under the reaction conditions of 65°C, pH of 9, 40 mL/min, 900 rpm. Comparing with
the palladium or bismuth-promoted palladium supported catalysts, the reaction control using
0.7%Au/SiO2-meso catalyst is easier because the control of oxygen flow, required to avoid the over
oxidation of Pd and Bi-Pd catalysts, is not necessary, and additionally, no side products are
detected. Thus, due to the ease of synthesis, as well as because of its excellent catalytic
performance, the 0.7%Au/SiO2-meso catalyst can be regarded as major breakthrough on the way to

an industrial process of catalytic oxidation of lactose.
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Chapter 4. Characteristics and lactose oxidation
activity of gold catalysts supported on
mesoporous silica synthesized in the presence of
thioether functional groups

This chapter presents the influence of different molar ratios of BTESPTS/TEOS in the synthesis

mixture of Au/MSM on the characteristics and activity for the lactose oxidation.

4.1. Abstract

Gold catalysts supported on mesoporous silica materials (Au/MSM) were synthesized by co-
condensation of a mixture of bis [3-(triethoxysilyl) propyl] tetrasulfide (BTESPTS), tetraethyl
orthosilicate (TEOS) and the gold precursor (HAuCls) in acidic media, using the triblock co-polymer
EO20PO70EO2 (P123) as template. In order to investigate the effect of the thioether functionalities on
the characteristics and lactose oxidation activity of the catalytic materials, different BTESPTS/TEOS
molar ratios were added to the synthesis mixture. The characterization analyses (XRD, N-
physisorption, and TEM) indicated that with increasing the BTESPTS/TEOS molar ratio, the structure
of the catalysts changed from a highly ordered 2D hexagonal structure to a mixed hexagonal-vesicle
and cellular foam structure. This mesostructure transformation affected the catalytic activity, mainly
by the accessibility of reagent to the AuNPs. Although all the Au/MSM catalysts were 100% selective
towards the desired lactobionic acid, the samples synthesized with BTESPTS molar concentrations
of 6-10% showed the highest catalytic activity (100% lactose conversion, after about 120 min of
reaction). The coexistence of metallic and oxidized Au species with relative abundances of Au? (80-
85%) >>>Au*! (10-15%) > Au*3 (4-6%) was revealed by XPS analysis.

4.2. Introduction

One of the most important contributions to the catalysis science has been the discovery of the
catalytic activity of gold in the late 80s, by the Haruta’s group [167]. Since then, gold at the nanoscale
has been deeply studied as a catalyst in a variety of industrially relevant reactions, including oxidation
and hydrogenation of organic compounds [11, 90, 168-170], C—C coupling reactions [422-426],
water-gas shift reaction [171-173], acetylene hydrochlorination [175, 427], direct synthesis of
hydrogen peroxide [176], reduction of NO to N2 [177-178] and the addition of nucleophiles to
acetylenes [179]. As a result of this wide investigation on gold catalysis, nowadays it is well known
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that the catalytic activity of supported gold catalysts is strongly influenced by different factors,
including the size and shape of gold nanoparticles (AuNPs), the synthesis procedure, the support’s

nature, the gold-support interface interactions, as well as the oxidation state of gold [146].

Owing to their unique physicochemical and mechanical properties (ordered and controllable porous
structure, high surface area, pore volume, thermal stability, easy functionalization and good
biocompatibility), mesoporous silica materials (MSM) are very suitable as catalyst supports, since
they provide high dispersion of metal nanoparticles and facilitate the access of the substrates to the
active sites [18]. However, the interaction of gold with most of the oxide material supports is weak, as
demonstrated by experimental and theoretical calculations where the binding energy of Au to an
oxide support was found to be weaker than the Au-Au bonds leading to agglomeration [428]. Due to
the low isoelectric point of silica (~2), the deposition-precipitation method is not appropriate for the
synthesis of gold catalysts supported on MSM (Au/MSM), because under the high pH conditions
required to hydrolyze the HAuCls, the weak interaction between the negatively charged silica surface
and the [Au(OH):Clsn] species hinders the gold adsorption and facilitates the mobility of AuNPs,
which can sinter easily during the synthesis process, especially during the calcination step, yielding
low gold loadings and inactive catalysts [19]. Consequently, various alternative methods have been
proposed, which have been comprehensively reviewed recently [146]. Among them, the one-pot
synthesis method in the presence of bis-[3-(triethoxysilyl) propyl] tetrasulfide (BTESPTS,
C18H4206S4Si2) as thioether functionality proposed by the Richards’s group [280], is one of the
simplest procedures allowing the synthesis of highly active and robust Au/MSM. The catalysts
synthesized following this approach have demonstrated excellent catalytic performance in various
redox reactions [281, 429]. We prepared recently various Au/MSM with different nominal gold
loadings (0.4-1.0%), in which the BTESPTS/TEOS molar ratio was about 0.04 (corresponding to a
BTESPTS molar concentration in the synthesis mixture of about 7.2%). These catalysts were found
highly active and 100% selective towards lactobionic acid (LBA) from lactose oxidation. However,
unlike of the SBA-15 which has a 2D hexagonal framework structure with cylindrical mesopores, they

exhibited wormhole-like framework structure with interconnected 3D-mesopores [11].

Taking into account that this synthesis method has been scarcely studied, with the aim of getting a
better understanding of the effect of the thioether functionalization on the characteristics of Au/MSM

catalysts, herein we synthesized various Au/MSM samples varying the BTESPTS/TEOS molar ratio
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from 0 to 0.11, corresponding to molar concentrations of the thioether functionality in the synthesis
mixture from 0 to 18%. These catalysts were characterized by means of BET surface, powder X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and transmission electron microscopy
(TEM). The catalytic activity of the synthesized Au/MSM materials was investigated on the partial

oxidation of lactose, under the optimal conditions found in our recent works [11, 90].

4.3. Materials and methods

4.3.1. Materials

All reagents were of the highest purity and were used without further purification. Gold (1l) chloride
trihydrate (HAuCls.3H20) (>99.9%), tetraethyl orthosilicate (TEOS) (>99.0%), bis [3-(triethoxysilyl)
propyl] tetrasulfide (BTESPTS) (>90.0%), o-lactose monohydrate (>96%) and lactobionic acid
(>97%) were purchased from Sigma Aldrich. The triblock co-polymer P123 (EO20PO70EQ2o,
Ma=5900 g-mol') was graciously offered by BASF. Sodium hydroxide solution 50% and anhydrous

sodium acetate, both HPLC grade from Fluka, were used for eluents preparation for HPLC analysis.

4.3.2. Catalysts preparation

Gold catalysts were synthesized following a similar procedure to that of mesoporous silica SBA-15
[145], as reported in our previous work [11]. The Au/MSM catalysts were synthesized by co-
condensation of a mixture of TEOS, BTESPTS and HAuCls in acidic media, using P123 as template.
In a typical synthesis procedure, after the complete dissolution of P123 in 2N HCI solution, the
temperature was increased to 40°C, and a mixture of TEOS and BTESPTS was added drop wise
under continuous and vigorous agitation. Subsequently, the proper amount of HAuCls in 2N HCI
solution was added drop wise, in order to obtain a nominal gold loading of 0.7%. The obtained
mixture was stirred at 600 rpm for 24 h at 40°C, and then it was hydrothermal aged under static
conditions for 72h at 100°C. After vacuum filtration, the recovered solids were thoroughly washed
with water and ethanol at room temperature. Finally, the catalysts were vacuum-dried overnight at
100°C and then calcined at 500°C for 5h at a heating rate of 1°C/min, using a programmable oven.
When 4 g of P123 were used, the molar composition of each mixture was xTEOS:(oo41 -
yBTESPTS:0.24HCl:6 67H20:8 75410 °HAUCls, where x = 0.041, 0.0406, 0.0402, 0.0394, 0.0385, 0.0377,
0.0369, 0.0361, 0.0353, 0.0344 and 0.0336, corresponding to BTESPTS molar concentrations of 0,
1,2, 4,6, 8,10, 12, 14, 16 and 18%, respectively. The calcined catalysts were designated FO, F1,
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F2, F4, F6, F8, F10, F12, F14, F16 and F18, corresponding to the different BTESPTS molar

concentrations, respectively.

4.3.3. Catalysts characterization

Powder X-ray diffraction (XRD) patterns were obtained with an Ultima Il Rigaku monochromatic
diffractometer using CuKo. radiation (A=1.5406A). Small angle powder diffraction patterns were
acquired at a scanning rate of 1%min in the 26 range of 0.6-3°, while wide angle powder XRD was

obtained at the same scanning rate in the 2@range 25-80°.

Transmission electron microscopy (TEM) images were taken on a JEM-3010 electron microscope
(JEOL, Japan) with an acceleration voltage up to 200 kV. The catalysts samples were suspended in
methanol and ultrasonically treated during 10 minutes. Then, the suspension (5 uL) were disposed

uniformly and dried on a nickel grid.

Nitrogen adsorption/desorption isotherms of the calcined samples were obtained using a volumetric
adsorption analyzer (Model Autosorb-1, Quantachrome Instruments, Boyton Beach, FL) at -196°C.
Before the adsorption analysis, the samples were degassed for 3h at 200°C. Total pore volume was
estimated from the amount adsorbed at 0.99 relative pressures. Pore size distributions were
calculated using the desorption branch of the N adsorption/desorption isotherms and the Barrett-
Joyner-Halenda (BJH) method [408].

The catalyst surface and the oxidation state of gold in some representative Au/MSM samples were
studied by X-ray Photoelectron Spectroscopy (XPS) analysis using an Axis-Ultra system
spectrometer from Kratos (UK), equipped with an electrostatic analyzer of large ray, a source of
double X-rays Al-Mg without monochromator and an Al source with monochromator. The pressure in
the XPS room was maintained between 5x10-% and 5x108 torr during the analysis. All the spectra
were recorded with the Al monochromatic source with a power of 300 Watts. The flyover spectrums
used to determine the elementary composition was recorded with pass energy in the analyzer of 160
eV and an energy step of 1 eV, using lenses in hybrid mode, which maximizes the sensitivity. The
detailed spectra with high resolution were recorded with pass energy of 20 or 40 eV, and step energy
of 50 or 100 meV. The spectra with high resolution are used for the chemical analysis [409]. The
adjustment of the envelope calculated with the experimental spectrum was carried out using
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CasaWPS software from Kratos (UK). The binding energy (BE) scale was calibrated by measuring

C1s peak (BE = 285.0 eV) from the surface contamination.

4.3.4. Lactose oxidation experiments

Lactose oxidation experiments were carried out at atmospheric pressure in a thermostated and
magnetically stirred 300 mL-glass reactor, following the optimal conditions found in our previous
works [11, 90]. In a typical oxidation reaction, 175 mL of 20 mM lactose solution were heated under
continuous agitation (600 rpm) until the temperature reached 65°C, while nitrogen (500 mL-min-') was
simultaneously bubbled for stripping off the dissolved oxygen. Subsequently, the stirring was
increased to 900 rpm, the catalyst was added at a 0.2 catalyst/lactose ratio and the pH of the solution
was adjusted to 9.0 by the addition of few drops 1M NaOH aqueous solution. Then, air was bubbled
through the reaction mixture at a constant flow rate of 40 mL-min-!. During the reaction, the pH value
was kept constant by adding 1M NaOH aqueous solution, by means of a pH STAT Titrator
(Metrohm® 842 Titrando®, Switzerland), and the dissolved oxygen concentration was monitored using
an oxygen probe (Ocean Optics, Inc., USA) connected to a fiber optic sensor system (TauTheta
Instruments LLC, USA).

The time ‘zero’ of the reaction corresponded to the moment when air was bubbled through the
reaction mixture. Triplicate reactions were carried out during 180 min. Liquid samples were taken at

regular intervals for the subsequent HPLC analyses.

4.3.5. Reaction sample analysis

Samples of the reaction mixture were analyzed using a chromatographic system DX- ICS 2500
(Dionex, USA) equipped with a gradient pump GP50 and an electrochemical detector ED50 with a
thin-layer type amperometric cell outfitted with gold electrodes and an Ag/AgCl reference electrode.
The chromatographic separation of lactose and LBA was performed on a CarboPac PA1 analytical
column (4mmx250 mm i.d., Dionex, USA) in conjunction with a CarboPac PA1 guard column
(4mmx50mm i.d., Dionex, USA). Sodium hydroxide solution 50% and anhydrous sodium acetate
(NaOAc) were used to prepare the eluents (0.1M NaOH and 0.1M NaOH-0.5M NaOAc) in filtered and
vacuum-degassed HPLC-Grade water. Chromeleon software (Dionex, USA) was used to perform all
the calibration and integration of chromatographic data. The complete details of the analysis method

can be found in our previous work [90].
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4.4. Results and discussion

4.4.1. Catalysts characterization

4.4.1.1. X-ray diffraction

The low-angle XRD patterns of the mesoporous silica SBA-15 and Au/MSM catalysts synthesized
with different BTESPTS/TEOS molar ratios are presented in Figure 4.1. Three well-resolved
diffraction peaks: one high-intensity peak at about 26=0.9° and two low-intensity peaks at circa
26=1.6° and 1.8°, corresponding to the (100), (110), and (200) reflections, respectively, can be seen
in F1 and F2 samples, indicating that catalysts synthesized with low molar concentrations of
BTESPTS retained the bi-dimensional p6mm hexagonal symmetry typical of the mesoporous SBA-15
materials [145]. However, the patterns of F1 and F2 samples shifted to a higher value and showed a
slight decrease in the diffraction-peaks’ intensity, indicating that the incorporation of both the thioether
functionalities and gold caused some loss of symmetry, as well as an effect on the interplanar

distance and angle of the mesoporous SBA-15 [90].
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Figure 4.1. Low-angle XRD patterns of mesoporous silica SBA-15 and Au/MSM catalysts synthesized with
different BTESPTS/TEOS molar ratios.
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On the other hand, it can be observed that with increasing the molar concentration of TESPTS in the
synthesis mixture, the (110) and (200) diffraction peaks became less intense and ultimately
disappeared, revealing that the incorporation of the thioether functionalities destroyed partly the
ordered structure of the mesoporous SBA-15 [430]. In samples with molar concentration of BTESPTS
higher than 10%, the main (100) peak almost disappeared, indicating that from this concentration
level, the BTESPTS might hinder the condensation of the silica source (TEOS) to form an ordered
mesoporous framework. This trend might be due to the formation of a micro-emulsion between the
BTESPTS and the triblock co-polymer P123 during the synthesis process, which could destroy or
alter the ordered mesoporous structure of silica, as demonstrated by Liu et al. [431] during the
preparation of thioether-bridged mesoporous organosilicas by co-condensation of a mixture of

BTESPTS and tetramethoxysilane in the presence of P123.
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Figure 4.2. Wide-angle XRD patterns of Au/MSM catalysts synthesized with different BTESPTS/TEOS molar
ratios.
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The wide-angle XRD patterns of the Au/MSM samples are presented in Figure 4.2. For the catalysts
prepared with low amounts of BTESPTS (F1 to F6), it can be observed the well resolved
characteristic diffraction peaks at around 38°, 45°, 65° and 78°, assigned to the (111), (200), (220)
and (311) lattice planes of face-centered cubic structure of gold (JCPDS Card No. 4-784), indicating
the crystalline state of gold after the removal of the template and the thioether functionalities, and
revealing the presence of metallic gold species [400]. However, with the increase of the BTESPTS
loading, the (111) diffraction peak became less intense, while the (200), (220) and (311) diffraction
peaks are difficult to observe accurately, suggesting a better dispersion of small AUNPs. According to
the Scherrer’s equation the size of AUNPs decreased from about 50 to 5 nm, with the increase of the
molar concentration of BTESPTS in the synthesis mixture. This behavior could be due to the fact that
higher amounts of BTESPTS facilitate the formation of the AuCls —thioether complexes, which
during the hydrothermal aging form Au clusters stabilized by thioether groups, and are subsequently
decomposed to produce well dispersed small AuNPs after the calcination at high temperature [279].
However, taking into account that is difficult to estimate the true particle size and to understand the

structural changes only from the XRD analysis, TEM was used to further elucidate the XRD data.

4.4.1.2. Transmission electron microscopy

The TEM images of the mesoporous silica SBA-15 and of some representative Au/MSM catalysts are
shown in Figure 4.3. As it can be observed, the mesoporous SBA-15 sample shows the well-ordered
2D hexagonal pore arrangement and the long-range mesopore architecture described by Zhao et al.
[145]. This structure was retained when low amounts of BTESPTS were added to the catalysts
synthesis mixture, as observed in the F2 sample. However, when the amount of BTESPTS increased
in the synthesis mixture (i.e. F4-F12 samples), the 2D hexagonal structure was no longer the
dominant phase, and instead an irregular wormhole-like framework structure was observed,
consistent with the loss of symmetry suggested by the XRD analysis. In the case of the F6 sample, a
mixed hexagonal symmetric structure with a vesicle-like structure is clearly observed, while as far as
F8 and F10 are concerned, a wormhole-like structure is predominant. As the molar concentration of
BTESPTS increased in the synthesis mixture, the mesophase transformation continued, forming a
mixed phase of hexagonal-vesicle and mesostructured cellular foam material, as it can be seen in
F14 and F18 catalysts. The same behavior was reported by Liu et al. [431] for mesoporous

organosilicas synthesized with different molar ratios of BTESPTS/TMOS.
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Figure 4.3. TEM micrographs of mesoporous silica SBA-15 and Au/MSM catalysts synthesized with different
BTESPTS/TEOS molar ratios.
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As far as the particle size is concerned, the TEM images revealed that the amount of BTESPTS
added to the synthesis mixture has also an influence on both the size and the dispersion of the
AuNPs. For low values of BTESPTS (i.e. F2 sample), large spherical gold aggregates with sizes
varying from 25 to 130 nm predominated on the surface of the mesoporous silica support, which is in
good agreement with the high intensity of the XRD diffraction peaks obtained for this sample. The
formation of these large gold aggregates could be explained taking into account that with low
concentrations of BTESPTS in the synthesis mixture, only few AuCls —thioether might be produced,
and since the interaction between the silica surface and the hydrolyzed gold species is weak, the
adsorbed gold particles coalesced easily during calcination at high temperature, forming large gold
aggregates. When the molar concentration of BTESPTS was 4% (F4 sample), unevenly distributed
AuNPs with sizes varying from 7 to 15 nm were observed. However, consistent with the wide-angle
XRD results, a further increase of the molar concentration of BTESPTS in the synthesis mixture led
to the formation of well dispersed AuNPs with sizes in the range of about 5 to 11 nm, as depicted in
the TEM images of F6 to F18 samples. This trend is probably due to the presence of higher amounts
of the BTESPTS which facilitate the complexation of AuCls with the thioether groups and the
stabilization and dispersion of the AuNPs on the mesoporous silica support, after the template

removal.

4.4.1.3. Nitrogen physisorption

The textural properties of the mesoporous silica SBA-15 and the calcined Au/MSM catalysts obtained
from the low temperature nitrogen sorption analysis are summarized in Table 4.1, while the nitrogen
adsorption/desorption isotherms are shown in Figure 4.4. As it can be noticed, the isotherms of all
samples exhibited the characteristic type IV according to IUPAC classification [165], with a hysteresis
loop due to the capillary condensation of nitrogen inside the mesopores. However, it can be noticed
that the hysteresis loops of the Au/MSM catalysts synthesized in the presence of BTESPTS
concentrations in the range of 4 and 12% looks flatter in comparison to that of the catalysts prepared
with lower amounts of BTESPTS, confirming that above certain BTESPTS concentration, structural
defects are formed in the mesoporous framework [412]. According to Wu et al. [279], these defects
are formed after the removal of the thioether functionalities during the calcination at high temperature,
and they are considered favorable sites for the formation of AuNPs. A further increase in the
BTESPTS concentration (14% or more) led to a deviation of the hysteresis loop from the H1 type to a

hysteresis loop that could be regarded as H2. The observation of hysteresis loops type H2 suggests
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the presence of nonuniform size pores and/or pores with narrow necks and wide bodies (usually
referred as “ink-bottle” pores) [165]. These results are consistent with the TEM images, as well as
with previous reports [280-281, 429]. Thus, the structure of the catalysts synthesized in the presence
of high concentrations of BTESPTS may be a wormhole-like or a foam-like structure with irregular

porosity.

Table 4.1. Textural parameters of the mesoporous SBA-15 and Au/MSM synthesized in the presence
of different amounts of BTESPTS.

Sample BET surface area Pore diameter Total pore volume
(m?/g)? (nm)® (cm?/g)°
SBA-15 931.2 6.80 1.260
FO 718.2 3.72 0.868
F1 7719 2.92 0.923
F2 754.1 3.7 0.800
F4 779.2 3.7 0.885
F6 806.8 3.72 0.752
F8 812.8 3.73 0.707
F10 790.2 1.85 0.637
F12 841.1 1.84 0.749
F14 729.5 1.97 0.677
F18 738.5 1.97 0.691

a Calculated according to Brunauer-Emmett-Teller (BET) equation for data collected in the relative equilibrium pressure
interval of 0.03 < P/Py < 0.3. ® BJH pore diameter calculated from the desorption branch. ¢ Estimated from the amount of

nitrogen adsorbed at a relative pressure P/Po of 0.99.

From data presented in Table 4.1, it is noticed that the BET surface area, pore diameter and total
pore volume of all the Au/MSM catalysts is lower than that of SBA-15, as a consequence of the
incorporation of gold species, and according to the different amounts of BTESPTS in the synthesis
mixture. Moreover, the catalysts synthesized with BTESPTS concentration between 6 and 12%
showed values of BET surface area higher than those of the samples synthesized in the presence of
low and high amounts of BTESPTS (1-4 and 14-18%, respectively). This trend can be explained
taking into account that after the removal of the thioether functionalities by calcination, void defects in
the pore walls of the F6 to F12 samples can be formed which might lead to an increase in the total

surface area [277]. However, because of the interactions between the surfactant molecules and the
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Figure 4.4. Nitrogen adsorption/desorption isotherms of mesoporous silica SBA-15 and Au/MSM
catalysts synthesized with different BTESPTS/TEOS molar ratios.
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silicate and organosilicate precursors during the hydrothermal aging step, higher amounts of
BTESPTS in the synthesis mixture can generate the contraction of the micelle size and even
destruction of the self assembly behavior, deteriorating the mesostructure and reducing the surface
area. As reported by Liu et al. [431], a strong interaction between the hydrophobic bridging groups in
BTESPTS  (ie., -CH2CH2CH,-S-S-S-S-CH.CH2CH2-) with the more  hydrophobic
polypropyleneoxide blocks of the surfactant, can induce the penetration of silicate species into the
micelle core, leading to a reduction of the pore diameter and the total pore volume, as observed in
Table 4.1.

4.4.1.4. X-ray photoelectron spectroscopy (XPS) analysis

In order to investigate if the BTESPTS concentration could affect the oxidation state of gold in the
calcined catalysts, XPS analysis were carried out on three representative Au/MSM samples (F2, F8
and F14). Although the presence of C 1s, O 1s, Si 2p, Si 2s and Au 4f photoelectron peaks was
detected in the XPS measurements, only the spectra of the Au 4f core levels of the Au/MSM catalysts
are shown in Figure 4.5, since typical spectra of these elements can be found in our previous work
[90]. As seen, the experimental curves of the Au 4f core-level spectra of the three catalysts presented
two spin-orbit split peaks centered at binding energies (BE) of ~84.0 and 87.8 eV, which are typical
BE values of the spin doublet of the metallic state Au 4f7 and Au 4fsp2, respectively [409]. Both peaks
were deconvoluted into three well-defined components using the Kratos software. These
components, designed as Au 4f7p.1, Au 4f7p.2 and Au 4f7p3 for the Au 4f7 peak, and Au 4fsp-1, Au
4fspo and Au 4fsp.s for the Au 4fsp peak, were assigned to Au®, Au*! and Au*3 [409], respectively,
indicating the coexistence of metallic and oxidized species on the catalysts after the calcination at
high temperature. However, the relative surface concentrations of the three gold species followed the
order Au® >>> Au* > Au’*, as shown in Table 4.2. Moreover, the concentration value of metallic gold
AuC in the catalysts followed the order F8 (85.85%) > F2 (80.3%) > F14 (79%), while the
concentration of Au3* was similar in the three samples (~5%). Although we have obtained similar Au
species distributions in gold catalysts supported on mesoporous silica and mesoporous silica
decorated by ceria [11, 90], the differences found between the relative surfaces concentrations of
gold species, suggest that the concentration of the BTESPTS in the synthesis mixture could affect
the oxidation state of gold in the Au/MSM catalyst, in agreement with the color of the samples (Figure
4.6). During calcination at high temperature, the color of the samples changed from the pale beige,

characteristic of the presence of thioether-stabilized Au clusters (sample Au/MSM-as), to the pink-
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ruby, characteristic of the presence of metallic AuNPs. This color change indicates that most of the
Au species are reduced to metallic Au® during the calcination step [287] However, it is worth noting,
that the color intensity of the catalysts increased as the molar concentration of BTESPTS increased
in the synthesis mixture. The pale pink color of the catalysts synthesized in the presence of low
concentrations of BTESPTS (1-4%), became light pink and pink-violet, when the BTESPTS
concentrations increased from 6 to 10% and from 12 to 18%, respectively. Moreover, it can be
observed in the F18 sample, the presence of some violet agglomerates, characteristic of oxidized Au

species.

Table 4.2. Binding energies (BE) of Au 4f7, and 4fs;, deconvoluted peaks and its relative surface
distribution in Au/MSM catalysts.

Catalyst Peak BE (eV) Gold species Concentration
sample (%)
F2 Au 4f7p4 84.07 Auo 45.88
Au 4f7.5 84.85 Aut 8.72
Au 4f7.3 86.59 Au 2.52
Au 4fs4 87.77 Auo 34.45
Au 4fsp. 88.52 Aut 6.55
Au 4fsp.3 90.26 Aus 1.89
F8 Au 4f7p4 84.19 Aue 49.09
Au 4f7. 85.43 Aut 5.65
Au 4f7.3 87.24 Au 245
Au 4fs4 87.89 Aue 36.74
Au 4fsp. 89.10 Aut 4.23
Au 4fsp.3 90.91 Aus 1.84
F14 Au 4f71p-1 83.93 Aue 4511
Au 4f722 84.97 Au* 8.56
Au 4f71p:3 86.89 Aus 345
Au 4fs1-1 87.63 AuP 33.88
Au 4fsi- 88.64 Au* 6.42
Au 4fs1-3 90.56 Aus 2.59

aExpressed as a percentage of the total area of the Au 4f peak (taken as 100%).
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Figure 4.5. XPS-spectra of the Au 4f core-level of Au/MSM catalysts synthesized with different
BTESPTS/TEOS molar ratios.
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Figure 4.6. Images of mesoporous silica SBA-15 and Au/MSM catalysts synthesized with different
BTESPTS/TEOS molar ratios.

4.4.2. Catalytic activity

The catalytic performance of the Au/MSM catalysts was investigated on the selective production of
LBA by aerobic oxidation of lactose, since this relatively new product is a high value-added lactose
derivative with excellent properties for food and pharmaceutical applications [6].

Figure 4.7 shows the kinetic profiles of lactose oxidation to LBA over the Au/MSM catalysts prepared
with different concentrations of BTESPTS in the catalysts synthesis mixture. F1 and F2 samples did
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not show any catalytic activity, because of the high size of the loaded gold particles (see Figure 4.3).
The kinetic of lactose oxidation over F4 catalysts was characterized by a slow reaction rate, reaching
a lactose conversion of about 95% after 3h of reaction. With increasing the molar concentration of
BTESPTS in the synthesis mixture to 6-10%, the obtained F6-F10 catalysts showed similar pretty
good activity to oxidize lactose to LBA, allowing conversions close to 100% after 80-100 min of
reaction. A further increase in the amounts of BTESPTS, led to a catalytic materials (F12-F18)
showing lower lactose conversion patterns, as clearly depicted in Figure 4.7. It is worth mentioning
that all the Au/MSM catalysts were 100% selective towards LBA, since no side products were
detected by HPLC analysis.

The activity of gold catalysts has been mainly attributed to the Au particle size. Nevertheless, the
small metal cluster size is not the only sufficient condition to ensure a good catalyst activity [11].
Herein, with the exception of the F4 sample, we have Au/MSM catalysts with similar nominal gold
loadings and particle sizes, but with significant differences in their catalytic activity. It is possible that
the different speciation of gold on the catalysts could have affected their catalytic activity, and that
catalysts containing more metallic Au® are more active, as suggested by the XPS analysis. However,
in our recent study, the 0.7%Au/SBA-15 catalysts with similar Au speciation than the F14 sample
were highly active for lactose oxidation under the same reaction conditions [90]. Thus, if the chemical
state of the loaded gold can not explain the trend in the kinetic behavior of the Au/MSM, a better
AuNPs dispersion and reagent’ accessibility is other possible reason which could presumably affect
the catalyst activity. As depicted in Figure 4.3, F6-F10 materials presented a wormhole-like structure
containing interconnected 3D-mesopores that can be ideal for the minimization of diffusion limitation
phenomena often encountered in adsorption and catalytic reactions. On the contrary, in the F12-F18
catalysts a mixed hexagonal-vesicle and cellular foam mesostructure is predominant, in which not all
the AuNPs can be attained by the reagent, thus decreasing the effective area of the catalysts and

consequently their catalytic activity.
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Figure 4.7. Kinetics profiles of lactose oxidation to LBA over Au/MSM catalysts synthesized with different
BTESPTS/TEOS molar ratios.

4.5. Conclusion

The characteristics of Au/MSM synthesized in the presence of different BTESPTS/TEOS molar ratios
were investigated by means of XRD, N2-physisorption, TEM and XPS analysis. It was found that with
increasing the molar concentration of BTESPTS the structure of the synthesized materials changes
from a highly ordered 2D hexagonal structure to a mixed hexagonal-vesicle and cellular foam
structure. This mesostructure transformation affected the lactose oxidation activity of the synthesized
materials. The highest lactose conversions were obtained after 80-100 min reaction using the
catalysts synthesized from mixtures containing 6-10% molar concentration of BTESPTS, which were
characterized by the predominance of a wormhole-like structure, favorable for the reagent
accessibility to the AuNPs of about 8 nm intercalated in the silica wall. Lower concentrations of
BTESPTS led to materials with unevenly catalytically inactive large AuNPs (25-130 nm), while higher
amounts of BTESPTS produce materials whose mesostructure do not allow the easy access of
reagents to the AuNPs, thus with lower catalytic activity. These results indicate that the amount of
thioether functionalities can be systematically modified to synthesize gold catalysts with different

structures.
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Chapter 5. Effective gold catalyst supported on
mesoporous silica decorated by ceria for the
synthesis of high value lactobionic acid

This chapter relates the synthesis and characteristization of Au/SBA-15 and various Au/SBA-15-
CeO. catalysys synthesized by cation adsorption of the gold complez Au(en).Cls. The effects of
various Ce/Si molar rations on the activity for selectively oxidize lactose into lactobionic acid is

discussed.

Published in Applied Catalysis A: General 2012, 425-426, 213-223 by Luis-Felipe Gutiérrez, Safia

Hamoudi, Khaled Belkacemi.

5.1. Abstract
Gold supported on mesoporous SBA-15 and SBA-15-CeO. with Ce/Si molar ratios of 0.1, 0.2, 0.4

and 0.6 were synthesized via wet chemical process using a gold cationic complex precursor
[Au(en)2]** (en = ethylenediamine), and investigated as catalysts for the partial oxidation of lactose to
selectively synthesize lactobionic acid (LBA) for therapeutic, pharmaceutical and food grade

applications.

These catalysts were characterized by N2 physisorption, XRD, FTIR, TEM and XPS. N2 physisorption
and XRD analysis revealed that SBA-15-CeO, with the investigated Ce/Si molar ratios support
possess ordered hexagonal mesoporous structure, characterized with a high surface area and large
pore volume, similar to SBA-15, whereas BET surface area and pore volume of catalyst were
significantly decreased upon impregnation. XPS analysis revealed the coexistence of metallic and
oxidized gold species (Au?, Au* and Au3*) in all prepared catalysts and the presence of both Ce3* and

Ce#* oxidation states for gold supported on mesoporous SBA-15-CeO; catalysts.

The influence of the pH value on lactose conversion was also investigated. After 60 min of reaction,
the 0.7%Au/SBA-15-CeO, (Ce/Si=0.1 and 0.2) catalysts showed high catalytic activity (100%
lactose conversion) and a 100% selectivity towards LBA, when they were used at a catalyst/lactose
ratio of 0.2, under alkaline (pH 9.0) and mild reaction temperature (65°C). At the optimized conditions,
0.7% Au/SBA-15-Ce0; catalysts with Ce/Si of 0.1, 0.2 and 0.4 were more active than 0.7% Au/SBA-

15 catalyst. A maximum of activity is reached at Ce/Si of 0.2. The experimental catalytic tests and
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characterizations show clearly the role of Ce in the enhancement in the catalyst activity where the

coordination and agglomeration states of Ce atoms could have an important effect.

5.2. Introduction

Since the pioneering work of Haruta et al. [167], it is now well known that the catalytic performance of
heterogeneous gold catalysts strongly depends on the synthesis method, the nature of support, the
gold cluster size deposited on the catalyst surface, and the thermal history of the catalyst [432].
However, the conventional wet-impregnation methods are not appropriate to obtain the required
highly dispersed gold nanoparticles (AuNPs), since they usually yield inactive large spherical
particles which weakly bind to the support [303]. To avoid these problems, other methods (i.e.
coprecipitation, deposition—precipitation and chemical vapor deposition) have been developed for the
synthesis of gold catalysts [194, 198, 207]. Among them, the deposition—precipitation (DP) of HAuCls
aqueous solution in alkaline media (pH 6-10) has been proposed as one of the simplest techniques
to obtain high dispersion of Au-NPs and highly active supported gold catalysts [303]. Nevertheless,
the DP method is not appropriate for the incorporation of AuNPs into silica materials, because under
the high pH conditions required to hydrolyze the HAuCls, the weak interaction between the negatively
charged silica surface and the [Au(OH)nCls-n]  species facilitates the mobility of gold particles, which
can easily sinter during the synthesis process, especially during the calcination step, yielding inactive
catalysts [207]. To overcome this drawback, various alternative methods have been proposed, given
that mesoporous silicas are considered very attractive catalyst supports, because of their high
surface area, thermal stability, ordered structure and excellent mechanical properties. Some well
documented techniques include the chemical vapor deposition using expensive organometallic gold
precursors [207]; the modification of SiO2 with organic functional groups before gold loading [203];
the one-pot synthesis by the incorporation of both gold and the coupling agent containing functional
groups into the synthesis of mesoporous SiO [205]; the use of cationic gold complexes such as
[Au(en)2]Cl3 (en = ethylenediamine) and Au(PPhs)sCl [297, 433]; the synthesis of SiO2 in the
presence of gold colloids or the dispersion of gold colloids protected by ligands or polymers onto SiO:
[208, 311]; and the modification of SiO> supports by other metal oxides, such as TiO2, Al2O3 and
CeO2 to form SiO,-based gold catalysts [210-211].

Particularly, ceria is known for its high oxygen storage capacity and for its favorable oxidation activity,

and it has been reported that the addition of CeO. improves the activity of gold catalysts supported
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on SiO; for gas-phase reactions [434]. Moreover, the most frequently adopted catalytic reaction to
evaluate the performance of gold catalysts has been the CO oxidation. However, the catalysts
synthesized by the above mentioned techniques have been hardly investigated for liquid phase
oxidations, which include interesting industrial applications for the synthesis of a wide variety of fine

chemicals.

On the other hand, lactose is an important by-product of the cheese and casein manufacture that can
be used as raw material for the production of high value lactobionic acid (LBA) (4-O-B-D-
galactopyranosyl-D-gluconic acid) via heterogeneous catalytic oxidation. LBA has showed excellent
properties for food and pharmaceutical applications. The main commercial use of LBA is as
ingredient of the solutions employed for stabilizing organs prior to transplantation [43], and it
represents a new ingredient in skin care products featuring potent antioxidant and humectant
properties [401]. LBA can be also used in calcium supplementation, as acidulant with a sweet taste;
as filler in cheese production; as firming agent, and to fortify functional drinks with essential minerals
such as Fe and Cu [8, 402].

The oxidation of lactose over platinum, palladium and bismuth-promoted palladium supported
catalysts has been largely investigated [10, 13, 16, 80, 82-85, 87, 89, 403], and it is well documented
that the main problem of these catalysts is their poisoning and deactivation by over-oxidation during
reaction [85, 87, 404]. Supported gold catalysts have been suggested to outperform palladium
catalysts for the oxidation of carbohydrates, because they are less prone to over-oxidation, and they
exhibit high activity and selectivity towards aldonic acids [404]. However, the oxidation of lactose over
gold catalyst has been scarcely investigated. Recent studies indicate that gold catalysts supported on
Al,O3, TiO2, and CeO- allowed to achieve moderate to high conversions (>80%) and selectivities (up
to 95%), using Au loadings in the range of 0.4-2.0% [13-16].

Very recently, our research group successfully synthesized highly active gold crystallites dispersed
on mesoporous silica (SiO2-meso) using bis-[3-(triethoxysilyl) propyl] tetrasulfide (BTESPTS), as a
silane coupling agent to immobilize gold. This catalytic material was found 100% selective towards

LBA production from lactose partial aerial oxidation [11].
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Although these relatively high conversions and selectivities were reached, the oxidation of lactose to
LBA over gold catalysts still necessitates the development of new catalysts with high activity, stability

and selectivity towards LBA.

The main objectives of this work were to synthesize and characterize a new gold catalyst supported
on mesostructured silica decorated by ceria for the oxidation of lactose to LBA. Specifically, the
catalyst characterization by means of BET surface, powder X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR) and transmission
electron microscopy (TEM) has been investigated, as well as the influence of the pH value on lactose
conversion. To the best of our knowledge, it is the first time that the oxidation of lactose to LBA over

gold catalyst supported on mesoporous silica decorated by ceria is reported.

5.3. Experimental

5.3.1. Materials

All reagents were of the highest purity and were used without further purification. Gold (Ill) chloride
trihydrate  (HAuCls3H20), tetraethyl orthosilicate (TEOS), cerium (lll) nitrate hexahydrate
(Ce(NO3)3.6H20), a-lactose monohydrate and LBA were purchased from Sigma Aldrich. Pluronic
P123 (EO2PO70EO20, Mav=5900 g/mol) was graciously offered by BASF. For HPLC analysis,
sodium hydroxide solution 50% and HPLC grade anhydrous sodium acetate from Fluka, were used

for eluents preparation.

5.3.2. Synthesis of mesoporous SBA-15 and SBA-15-Ce0O;

The synthesis of SBA-15 was carried out in acidic media using Pluronic P123 as a templating agent,
as described by Zhao et al. [145]. Hexagonally ordered SBA-15-CeO, was synthesized using triblock
copolymer (P123) as a templating agent, and tetraethyl orthosilicate (TEOS) and cerium nitrate as
silicon and cerium precursors, respectively. In a typical synthesis, 4 g of P123 were dissolved in 140
mL of HCI solution (pH 2.0) at room temperature. After complete dissolution of the template agent,
appropriate amounts of cerium nitrate and TEOS were added in order to reach a molar ratio Ce/Si of
0.1. The obtained mixture was stirred at 600 rpm for 2 h at room temperature and subsequently kept
under static conditions for 24 h at 40°C, transferred into a 1000 mL Pyrex bottle and then
hydrothermally aged for 48 h at 100°C. After vacuum filtration, the solid phase was thoroughly

washed with deionized water and ethanol at room temperature. Finally, the solid was vacuum-dried
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overnight at 100°C, and then calcined at 550°C for 6 h at a heating rate of 1°C/min, using a

programmable oven.

5.3.3. Synthesis of Au(en),Cl3

The cationic gold complexes Au(en)2Cls were synthesized as described by Zhu et al. [206]. Typically,
0.5 g of HAuCls-3H20 were dissolved in 5 mL of deionized water, and then ethylenediamine (en) was
dropwise added until the formation of a transparent brown solution. The solution was stirred for
30 min, and subsequently ethanol (~35 mL) was added. After vacuum filtration, the solid was washed

with ethanol and then vacuum-dried overnight at 100°C.

5.3.4. Catalyst preparation

Gold-supported SBA-15 and SBA-15-CeO; catalysts were synthesized via wet chemical process,
following the procedure reported by Zhu et al. [206]. In our previous work [11] we found that gold
catalysts supported on mesoporous silica containing 0.7% Au exhibited a high catalytic activity
(~100% lactose conversion) and a 100% selectivity towards LBA, when it was used at a
catalyst/lactose ratio of 0.2 under alkaline (pH 9.0) and mild reaction temperature (65°C). Thus, in
order to obtain a nominal gold loading of 0.7%, 30 mg of [Au(en).]Cls were dissolved in ~40 mL of
deionized water, and the pH was adjusted to 10 by the addition of 1-M NaOH aqueous solution.
Then, 2 g of support were added and the mixture was stirred for 3 h, maintaining the pH at a value of
10 by the addition of 1-M NaOH aqueous solution. After vacuum filtration, the solid was washed with
deionized water. Finally, the catalyst was vacuum dried overnight at 100°C, and the resulting solids

were calcined at 500°C for 5 h at a heating rate of 1°C/min, using a programmable oven.

5.3.5. Catalyst characterization

Nitrogen adsorption/desorption isotherms of calcined samples were obtained using a volumetric
adsorption analyzer (Model Autosorb-1, Quantachrome Instruments, Boyton Beach, FL) at -196°C
(77 K). Before the adsorption analysis, the samples were degassed for 3 h at 200°C. Total pore
volume was estimated from the amount adsorbed at 0.99 relative pressures. Pore size distributions
were calculated using the desorption branch of the N2 adsorption/desorption isotherms and the
Barrett-Joyner-Halenda (BJH) method [408].

Powder X-ray diffraction (XRD) patterns were obtained with an Ultima Ill Rigaku Monochromatic
Diffractometer using CuKa radiation (A =1.5406 A). Small angle powder diffraction patterns were
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acquired at a scanning rate of 1%min in the 26 range of 0.6-3°, while wide angle powder XRD was

obtained at the same scanning rate in the 26 range 20-80°.

Transmission electron microscopy (TEM) images were taken on a JEM-3010 electron microscope
(JEOL, Japan) with an acceleration voltage up to 200 kV. The catalysts samples were suspended in
methanol and ultrasonically treated during 10 min. Then, the suspension (5 uL) were disposed

uniformly and dried on a nickel grid.

Transform Infrared (FTIR) spectra were recorded in absorption mode on a Varian 1000 FTIR
spectrometer in the range of 400-4000 cm-' by the co-addition of 20 scans at a 8 cm~" resolution.
FT-IR analysis were carried out at room temperature using potassium bromide (KBr) pellets
containing about 0.5% of the solid samples, which were compacted in a uniaxial press under a
nominal pressure of 6.89 kPa. The spectrum of dry KBr was taken for background subtraction, before

recording the samples.

The catalyst surface and the oxidation state of gold in the catalysts were studied by X-ray
Photoelectron Spectroscopy (XPS) analysis using an Axis-Ultra system spectrometer from Kratos
(UK) equipped with an electrostatic analyzer of large ray, a source of double X-rays Al-Mg without
monochromator and an Al source with monochromator. The pressure in the XPS room was
maintained between 5 x 10-° and 5 x 10-8 Torr during the analysis. All the spectra were recorded
with the Al monochromatic source with a power of 300 W. The flyover spectrum used to determine
the elementary composition was recorded with pass energy in the analyzer of 160 eV and an energy
step of 1 eV, using lenses in hybrid mode, which maximizes the sensitivity. The detailed spectra with
high resolution were recorded with pass energy of 40 or 20 eV, and step energy of 50 or 100 meV.
The spectra with high resolution are used for the chemical analysis [409]. The adjustment of the
envelope calculated with the experimental spectrum was carried out using CasaWPS software from
Kratos (UK). The binding energy (BE) scale was calibrated by measuring C 1s peak (BE =285.0 eV)

from the surface contamination.

5.3.6. Lactose oxidation experiments
Lactose oxidation experiments were carried out at atmospheric pressure in a thermostated and
magnetically stirred 300 mL-glass reactor, following the optimal conditions found in our previous work

[11], as described above in the catalyst preparation section. In a typical oxidation reaction, 175 mL of
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20 mM lactose solution were heated under continuous agitation (600 rpm) until the temperature
reached 65 + 0.5°C, whereas 500 mL/min of nitrogen flow were simultaneously bubbled for stripping
off the dissolved oxygen. Subsequently, the stirring was increased to 900 rpm, the catalyst was
added and the pH of the solution was adjusted at the desired value, by the addition of few drops 1-M
NaOH aqueous solution. Then, air was bubbled through the reaction mixture at a constant flow rate
of 40 mL/min. During the reaction, the pH value was kept constant by adding 1-M NaOH aqueous
solution, by means of a pH STAT Titrator (Metrohm® 842 Titrando®, Switzerland), and the dissolved
oxygen concentration was monitored using an oxygen probe (Ocean Optics, Inc., USA) connected to

a fiber optic sensor system (TauTheta Instruments LLC, USA).

The time ‘zero’ of the reaction corresponded to the moment when the air was bubbled through the
reaction mixture. Reactions were carried out using a catalyst/lactose ratio of 0.2. Liquid samples were

taken at regular intervals for the subsequent HPLC analyses.

5.3.7. Reaction sample analysis

Samples of reaction mixture were analyzed using a chromatographic system DX-ICS 2500 (Dionex,
USA) equipped with a gradient pump GP50 and an electrochemical detector ED50 with a thin-layer
type amperometric cell outfitted with gold electrodes and an Ag/AgCl reference electrode. In order to
improve sensitivity, minimize the baseline drift and clean the gold working electrode, a triple potential
waveform of Es: 0.1, E2: 0.6 and E3: -0.8 V was applied for duration times of t1: 0.5, t: 0.09 and t:
0.07 s. The chromatographic separation of lactose and LBA was performed on a CarboPac PA1
analytical column (4mm x 250 mm i.d., Dionex) in conjunction with a CarboPac PA1 guard column
(4mm x 50 mm i.d., Dionex). Sodium hydroxide solution 50% and anhydrous sodium acetate
(NaOAc) from Fluka were used to prepare the eluents A (0.1 M NaOH) and B (0.1 M NaOH-0.5 M
NaOAc) in filtered and vacuum degassed HPLC-Grade water. All eluents were stored in closed and
pressurized bottles with helium. The flow rate was set at 1 mL/min. For the analysis the flow gradient
was programmed as follows: From 100% eluent A (isocratic for 10 min) to an eluent composition of
60% A- and 40% B-solutions in 10 min using a linear gradient. Then, isocratic period of this eluent
composition for 10 min, and subsequently the eluent was returned to 100% A-solution in 5 min, using
a linear gradient. Chromeleon software (Dionex, USA) was used to perform all the calibration and

integration of chromatographic data.
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5.4. Results and discussion
5.4.1. Catalyst characterization

5.4.1.1. Nitrogen physisorption

Textural properties of the mesoporous SBA-15 and SBA-15-CeO, materials as well as 0.7%Au/SBA-
15 and 0.7%Au/SBA-15-CeQ; catalysts were obtained from the low-temperature (77 K) nitrogen
adsorption/desorption isotherm measurements, from which the specific surface areas, specific pore
volumes and mesopore size distributions were calculated and summarized in Table 5.1. It is noticed
that the direct synthesis of SBA-15-CeO, allows conserving high values of BET surface area
(802.4 m?/g) and total pore volume (1.05 cm3/g). Compared with pure mesoporous SBA-15, the total
pore volume of SBA-15-CeO; reduces slightly. Similar results have been reported by Mu et al. [435]
for the incorporation of ceria into SBA-15 at different Ce/Si molar ratios (0.02-0.2). However, the BET
surface area and the total pore volume decreased notably after gold loading, because of the partial
pore blockage of the support. When comparing with the SBA-15-CeQ> support, the BET surface area
and the total pore volume were reduced in about 60 and 40%, respectively. Moreover, as depicted in
Figure 5.1b, the SBA-15-CeO2 support and the gold catalyst showed a binodal pore size distribution
with very similar values (3.9 and 6.6 nm and 3.7 and 6.2 nm, respectively). The pore and structural
morphology of the synthesized SBA-15-CeQ> support and of the supported gold catalyst can be

further verified by transmission electron microscopy (TEM).

Table 5.1. Textural parameters of the mesoporous SBA-15-CeO; support and 0.7%Au/SBA-15-CeO>
catalyst (Ce/Si molar ratio 0.1).

Material BET surface area Pore diameter Total pore volume
(m’lg)® (nm)? (cm’lg)°
SBA-15 931.2 6.8 1.260
SBA-15-CeQ; 8024 3.9and 6.6 1.052
0.7%Au/SBA-15 4791 6.2 0.849
0.7%Au/SBA-15-Ce02 310 3.7and 6.2 0.627

2 Calculated according to Brunauer-Emmett-Teller (BET) equation for data collected in the relative equilibrium pressure
interval of 0.03 < P/Py < 0.3. » BJH pore diameter calculated from the desorption branch. ¢ Estimated from the amount of

nitrogen adsorbed at a relative pressure P/P, of 0.99.
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Overall, it can be observed that both catalysts are quite similar. Owing to the incorporation of ceria in
SBA-15  framework.0.7%Au/SBA-15 presents relatively better textural characteristics than
0.7%Au/SBA-15-CeQ catalyst.

The N2 adsorption-desorption isotherms and the corresponding BJH pore size distributions
calculated from the desorption-branch for SBA-15, SBA-15-CeO; and 0.7%Au/SBA-15-CeO>
materials are shown in Figure 5.1. The isotherms for 0.7% Au/SBA-15 catalyst are not shown in this

figure. However, they displayed a similar pattern like those of SBA-15.
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Figure 5.1. Nitrogen adsorption/desorption isotherms (a) and pore size distributions (b) of SBA-15, SBA-15-
Ce02 and 0.7%Au/SBA-15-CeO, materials (Ce/Si molar ratio 0.1) (for clarity, the isotherms of SBA-15 were
up-shifted 150 cm?/g).

As it can be observed in this figure, the shape of the nitrogen adsorption/desorption isotherms of all
samples exhibits the characteristic type IV according to IUPAC classification [165], and displayed a
broad H1 type hysteresis loop characteristic of large pore mesoporous solids [410], indicating that the
mesoporous structure has been maintained after incorporation of ceria and gold. The initial increase
in adsorption capacity at low relative pressure is due to monolayer adsorption on mesopores,
whereas the upward deviation in the range of P/Py between 0.4 and 0.8 is associated with
progressive mesopores filling. As the relative pressure increases, the adsorption isotherms display a
sharp increase characteristic of the capillary condensation inside uniform mesopores. However, it can
be noticed in Figure 5.1a that the incorporation of ceria and gold into the mesoporous SBA-15 led to
a slight reduction in the N2 adsorption capacity. Moreover, similar to the results obtained by Mu et al.
[435], the desorption branch of the isotherms of SBA-15-CeO2 and 0.7%Au/SBA-15-CeO> indicates

that these materials have both a regular cylindrical mesopore system, as well as an ink bottle type
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mesopores [158]. This is in accordance with the binodal pore size distributions exhibited for these
materials, as illustrated in Figure 5.1b. Furthermore, the hysteresis loop at P/P, values between 0.4
and 0.8 for the 0.7%Au/SBA-15-CeO; catalyst looks more flat in comparison to that of SBA-15-CeO:
support, indicating that some structural defects were formed in the mesoporous framework [412],
which is in agreement with the small angle XRD diffraction peaks for this material, as showed in
Figure 5.2.

5.4.1.2. X-ray diffraction

The small angle XRD patterns of the mesoporous SBA-15, SBA-15-CeQ> and 0.7%Au/SBA-15-CeO;
materials are illustrated in Figure 5.2. For SBA-15 and SBA-15-CeO, materials, it can be noticed the
presence of three well-resolved diffraction peaks, associated with the bi-dimensional p6mm
hexagonal symmetry typical of the mesoporous SBA-15 materials [145]: one high-intensity peak at
about 26=10.9°, and two low-intensity peaks at circa 26 =1.6° and 1.8°, corresponding to (1 0 0),
(110), and (2 0 0) reflections, respectively. Similar low-angle XRD patterns have been reported by
Mu et al. [435] for the direct synthesis of lanthanide-containing SBA-15 under weak acidic conditions
(pH 1.5-3.0), indicating that the addition of ceria at a molar Ce/Si ratio of 0.1 does not destroy the
characteristic structure of SBA-15. However, the decrease in the intensity of the diffraction peaks
observed for the SBA-15-CeO, sample indicates a slight loss of the long-range order typical of the
SBA-15 silica material. On the other hand, it can be seen in Figure 5.2 that after impregnation, the
intensity of the diffraction peaks of the catalyst was reduced, and the peaks shifted to a higher value,
indicating that the incorporation of gold species causes some loss of symmetry as well as an effect
on the interplanar distance and angle of the mesoporous SBA-15-CeO; support. For sake of clarity in
this figure, the XRD pattern of 0.7%Au/SBA-15 catalyst is not shown. Meanwhile, it was similar to
SBA-15 XRD pattern.

The inset in Figure 5.2 depicts the wide angle XRD patterns of the 0.7%Au/SBA-15-CeQO; catalyst.
The XRD pattern presented three characteristic diffraction peaks at around 38°, 45° and 65°,
assigned to the (111), (200), and (2 2 0) lattice planes of face-centered cubic structure of gold,
indicating that gold is in crystalline form after the catalysts synthesis, and revealing the presence of
metallic gold species [400]. However, owing to the peak-broadening effect of the small crystallite size
and low loading, XRD Au peaks are difficult to observe accurately. On the other hand, the wide-angle

XRD diffractograms of the gold supported catalyst show no characteristic diffraction peaks belonging
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to CeOz, which can be due to cerium crystallites being too small and well dispersed in the framework
of SBA-15 to be detectable by XRD. Similar results have been published by Dai et al. [161] for the
direct synthesis of cerium(lll)-incorporated SBA-15 mesoporous molecular sieves with a molar ratio
of Si/Ce = 10.
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Figure 5.2. Low angle XRD patterns of SBA-15, SBA-15-CeO, and Au/SBA-15-CeO, materials. Inset: Wide
angle XRD pattern of 0.7%Au/SBA-15-CeO, catalyst (Ce/Si molar ratio 0.1).

5.4.1.3. Transmission electron microscopy

Figures 5.3a-d show the transmission electron microscopy (TEM) micrographs of the mesoporous
SBA-15, SBA-15-Ce02, 0.7%Au/SBA-15 and 0.7%Au/SBA-15-CeO> catalyst, respectively. The TEM
image of SBA-15 silica material (Figure 5.3a) clearly shows the well-ordered 2D hexagonal pore
arrangement and the long-range mesopore architecture as described by Zhao et al. [145]. Figure
5.3b shows the TEM image of the SBA-15-CeO, material, in which it can be noticed the well-
preserved structure of SBA-15, confirming that the introduction of ceria at a Ce/Si molar ratio of 0.1
does not alter its regular order array of mesopores, as indicated by the XRD analysis. Similar results
have been recently published by Li et al. [436] for the direct synthesis of CeO2/SiO. via sol-gel
process, with Ce/Si molar ratio ranging from 0.03 to 0.3. The TEM micrographs of calcined
0.7%Au/SBA-15 and 0.7%Au/SBA-15-CeO; catalysts presented in Figures 5.3¢ and d, respectively,
show a regular array of mesopores, as well as well dispersed and not aggregated spherical gold
nanoparticles, having dimensions of about 5-6 nm. However, in agreement with the low-angle XRD
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analysis, it can be observed that the hexagonal order of the 0.7%Au/SBA-15-CeO, sample was

weakened after gold loading, in comparison with the mesoporous SBA-15-CeQ> support.

Figure 5.3. TEM micrographs of (a) mesoporous SBA-15; (b) SBA-15-CeO, (Ce/Si molar ratio 0.1); (c)
0.7%Au/SBA and (d) 0.7%Au/SBA-15-Ce0s.

5.4.1.4. Fourier transform infrared spectroscopy (FTIR) analysis

The FTIR spectra of the mesoporous SBA-15, SBA-15-CeO2 and 0.7%Au/SBA-15-CeO; catalyst in
the range of 400-4000 cm~' are shown in Figure 5.4. As it can be seen in this figure, the IR patterns
of the mesoporous SBA-15-CeO, and gold supported mesoporous SBA-15-CeQ; catalyst were

almost the same than those of the SBA-15 silica material. It is also the case for that of 0.7%Au/SBA-
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15 catalyst (results not shown). In the hydroxyl region (3000-4000 cm-) all samples presented a
characteristic broad low-frequency absorption band between 3000 and 3700 cm-', centered circa
3430 cm~1, which is assigned to the stretching vibrations of the hydrogen-bonded surface silanol
(=SHOH) groups, and to the adsorbed water situated inside the channels of the mesoporous
materials [437]. The slight shift to a higher value observed in this absorption band for SBA-15-CeO;
(3435cm™) and 0.7%Au/SBA-15-CeO, (3433 cm™') materials, compared with pure SBA-15
(3430 cm-), is probably due to the presence of some defect sites created for the incorporated
materials [161]. Moreover, it can be observed in Figure 5.4 that gold loading significantly diminished
the peak intensity of this absorption band, which could be associated to the partial blockage or
destruction of the support pore structure, in agreement with the obtained results of the N2 adsorption—

desorption and XRD analysis.
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Figure 5.4. FTIR spectra of mesoporous SBA-15, SBA-15-CeO, (molar ratio Ce/Si = 0.1) and 0.7%Au/SBA-
15-CeO; (molar ratio Ce/Si = 0.1).

The absorption band presented at about 1630 cm~"is attributed to the remaining water physisorbed
on the materials surface at room temperature [438]. Moreover, all materials presented the typical
absorption band centered at circa 1080 cm=' and its shoulder part between the IR bands of 1100-
1300 cm™1, ascribed to the asymmetric stretching vibration of Si—O—Si, which are a result of partial

ordering of the silicate framework at the pore surface [439]. The absorption band observed in the
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mesoporous SBA-15 centered at 962 cm™' can be attributed to the stretching vibrations of Si—O in
the SO—R* groups, as R*=H* in the calcined sample, that is the S—OH groups [161]. For the
SBA-15-CeO2 and 0.7%Au/SBA-15-CeO.materials, this band shifted towards a lower wavenumber
values after the incorporation of ceria and gold species (962 vs. 952), which could be attributed to the
asymmetric vibration of the S—O—Ce after the incorporation of ceria in the framework of these
materials. However, since multiple species are believed to absorb in this frequency region, the
assignment of this peak is the source of controversy, and because of the large number of silanol
groups present in the calcined silica materials shows an absorption peak at this frequency, this band
cannot be taken as a definitely proof of ceria incorporation [439]. It is worth noting that gold addition
weakened both the peak intensities of bands centered at 960 and 1080 cm-!, probably as a
consequence of the partial blocking or partial damage of the support pores, in agreement with the
XRD and N2 adsorption—desorption analysis. On the other hand, the characteristic IR absorption
bands of SiO in SBA-15, centered at circa 805 and 460 cm-!, were assigned to the symmetric

stretching and bending vibrations of the intertetrahedral oxygen atoms of SiO, respectively [161].

5.4.1.5. X-ray photoelectron spectroscopy (XPS) analysis

X-ray photoelectron spectroscopy was used to determine the chemical state of the elements in the
0.7%Au/SBA-15-CeO, catalyst. The presence of C 1s, O 1s, Si 2p, Si 2s, Au 4f, and Ce 3d
photoelectron peaks was detected in the XPS measurements. The spectra of the O 1s, Si 2p, Au 4f
and Ce 3d core levels have been collected and shown in Figures 5.5a—d, respectively. The O 1s XPS
spectrum depicted in Figure 5.5a shows the presence of two oxygen components at binding energies
(BE) of 530.3 and 532.9 eV, which can be assigned to CeO2 and SiO, respectively [440]. Figure 5.5b
presents the symmetrical Si 2p photoelectron peak centered at 103.9 eV, which agree well with the

values reported in the literature for SiO,—CeQ> [441].

The oxidation states of the loaded gold and their surface proportions on the 0.7%Au/SBA-15-CeQ>
and 0.7%Au/SBA-15 catalysts were investigated by XPS. The experimental curves of Au 4f core
levels spectra of the 0.7%Au/SBA-15-CeO. (Ce/Si=0.1 M), showed in Figure 5.5¢, present the
doublet of two spin orbit components Au 4f;> and Au 4fs. separated by 3.7 eV, which were
characterized by the presence of three well-defined spin orbit split Au 4f7o and three Au 4fsp
components, after the peak deconvolution process using the Kratos software. The BE and the
proportion of these spin orbit split components are summarized in Table 5.2, whereas Table 5.3
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summarizes the chemical species of gold present in the fresh and spent Au/SBA-15-CeO, and
Au/SBA-15 catalysts after reaction at pH 9. As it can be noticed in Figure 5.5¢, the Au 4f curve fitting
showed the presence of three Au 4f7, components (Au 4f7p-1, Au 4f7p2 and Au 4f7-3) with
photoelectron peaks located at BE 83.4, 84.9 and 86.3 eV, which can be assigned to Au?, Au*' and
Au*3, respectively [409], indicating the coexistence of metallic and oxidized species on the catalyst,
with relative surface concentrations of Au® (78.17%) > Au* (13.08%) > Au3* (8.76%). Similar Au 4f
spectra were found for the 0.7%Au/SBA-15 and 0.7%Au/SBA-15-CeO:; catalysts at other Ce/Si molar
ratios. These results are in agreement with the findings of Carretin et al. [442], who demonstrated
that the cationic species of gold (Au* and Au’*) can be stabilized on the ceria surface by creating
Ce3* and oxygen-deficient sites in the ceria. For gold catalysts supported on mesoporous silica at
0.7% gold loading, we found that gold crystallites were mainly present in the metallic state (91.44%)
even though oxidized Au* was also present (8.56%) [409].
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Figure 5.5. XPS-spectra of (a) O 1s, (b) Si 2p, (c) Au 4f and (d) Ce 3d core-level photoelectron spectra of the
0.7%Au/SBA-15-CeO; catalyst (molar ratio Ce/Si = 0.1).
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Table 5.2. Binding energies of Au 4f72 and 4fs;, deconvoluted peaks and its relative surface
distribution in 0.7%Au/SBA-15-Ce02 (Ce/Si = 0.1 M).

Peak Binding energy Gold species Concentration
(eV) (%)?

Au 47101 83.4 Au® 44.71 (40.10)
Au 4710 84.9 Au* 7.48 (12.92)
Au 4703 86.3 Aus 5.67 (4.17)
Au 4fsi-1 87.1 Au® 33.46 (30.01)
Au 4fsp-2 88.6 Aut 5.60 (9.67)
Au 4fsip3 90.01 Aus 3.09 (3.12)

a Expressed as a percentage of the total area of the Au 4f peak (taken as 100%). Values in parenthesis correspond to

concentration of catalyst after reaction at pH=9.0.

Figure 5.5d shows the XPS spectra of the Ce 3d core level of the 0.7%Au/SBA-15-CeQ: (Ce/Si
0.1 M) catalyst, which was fitted into eight components in accordance with Burroughs et al. [443]. In
general, it appears that the cerium binding energies in the 0.7%Au/SBA-15-CeQ, catalyst are slightly
higher than in pure ceria, which could be ascribed to the coordinative unsaturation of surface cerium
ions as a consequence of the very small ceria particle size, as reported previously for silica-
supported ceria [441]. Nevertheless, it can be seen in Figure 5.5d that Ce 3d XPS spectra are
composed of two sets of spin-orbital multiplets labeled as v and u as proposed by Burroughs et al.

[443]. The bands labeled v together represent the 3ds. ionization states, whereas the group of u

bands corresponds to the 3dsp ionization states [443]. It is well known that peaks u, u", u™, v, v" and

v are characteristic of Ce#* 3d final states, whereas u' and V' are typical of Ce3* 3d final states

[444]. The doublets u, v and u", v" are attributed to the Ce#* 3d%f2 O 2p* and Ce#* 3d%f! O 2p?,

respectively [443]. The photoelectron peaks v’ and u"” are assigned to the Ce4+ 3d%f0 O 2pS state,

and this last one peak, associated to the Ce 3ds2 and located at BE of around 917 eV, has been
established as the best characteristic peak to differentiate Ce4* from Ce3* [444]. Moreover, the
presence of V' is characteristic of the Ce** oxidation state in CeO- [444]. Consequently, from Ce 3d
XPS spectra showed in Figure 5.5d, it is clear that cerium displays the presence of both Ce3* and
Ce** oxidation states in the 0.7%Au/SBA-15-CeO; catalyst. Following the method proposed by Wang
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et al. [444], from the peak area obtained by the deconvolution procedure, the Ce4*/Ce3* atomic ratio

and Ce¥/(Ce3* + Ce#*) ratio were 3.21 and 0.24, respectively.

5.4.2. Catalytic activity

5.4.2.1. Optimization of the pH

The optimization of the catalytic activity of the 0.7%Au/SBA-15-CeO> (Ce/Si = 0.1) and 0.7%Au/SBA-
15 catalysts was investigated on the partial oxidation of lactose for the selective synthesis of
lactobionic acid (LBA) at different pH values (see Figures 5.6a—€). The temperature,
catalyst/lactose ratio, agitation and airflow were kept constants at 65°C, 0.2, 900 rpm and 40 mL/min,
respectively, during these experiments, since they were found the optimal values in our previous
work using gold supported on mesoporous silica material, allowing 100% lactose conversion and
100% selectivity towards LBA, after 100 min of reaction under alkaline (pH 9.0) conditions [11]. As
shown in Figures 5.6a—e the oxidation of lactose over both gold-based catalysts is pH-dependent as
reported for the oxidation of other carbohydrates on metal catalysts [85-86, 404]. Similar to our recent
findings for lactose oxidation over 0.7%Au/mesoSiO2 [11] and bimetallic 1.02%Pd-0.64%Bi/SBA-15
catalysts [86], at low pH of 7 (Figure 5.6a) the kinetics of lactose oxidation is characterized by a slow
reaction rate, and after 100 min of reaction the conversion reached was about 80%. No side products
were detected by HPLC analysis indicating 100% selectivity towards LBA. As in the case of Pd
catalysts, it has been recently reported that gold catalysts could be deactivated by the strong
adsorption of the reaction products, which occupy the active sites of the catalyst surface [13]. As
depicted in Figures 5.6b and ¢, when increasing the pH value up to 9.0, the reaction exhibited
favorable and outstanding lactose conversion to LBA, and the rates of lactose consumption as well
as LBA formation were markedly high. A similar behaviour was found when using the 0.7%Au/SBA-
15 catalyst, as presented in Figures 5.6d and e. It is worth mentioning that lactose was almost
depleted after only 60 min of reaction where LBA concentration reached a value of 7.37 g/L starting
from 7.28 g/L of lactose. This means that 7.28/342.29 ~0.021 moles of lactose were oxidized to give
7.37/358.3 ~0.021 moles of LBA consequently, 100% of selectivity towards LBA formation was
reached. Higher pH values (>9.0) were not tested, because in our previous work we found that at
these very high alkaline conditions (pH >9.0), the gold catalysts supported on mesoporous SiO» were
partially decomposed, due to the dissolution of silica material [11, 85]. Similar results have been
reported by Mirescu and Prusse [14], who found a pronounced decrease in the activity and selectivity

141



in the oxidation of lactose with Au/TiO2 and Au/Al,O3 catalysts, when the pH values were higher than
9.0. This behavior was also reported in our investigations on the partial oxidation of lactose to LBA
over bimetallic Pd-Bi/SBA-15 catalyst [85-86].
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Figure 5.6. Effect of the pH on the kinetics of lactose oxidation to LBA acid over 0.7%Au/SBA-15-CeO;
catalyst (Ce/Si=0.1 M). (a) pH 7; (b) pH 8; (c) pH 9 and 0.7%Au/SBA-15 catalysts (d) pH 8; (e) pH 9.
Conditions: T=65°C; catalyst/lactose ratio 0.2, air flow=40 mL/min, agitation = 900 rpm.
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The activity of gold catalysts has been mainly attributed to the size of gold particles. However, the
small metal cluster size is not the only sufficient prerequisite to ensure a good catalyst activity,
because it is well known that the oxidation state of metals is a very important parameter in the
catalytic activity [14]. Despite the extensive work on the gold catalysts, different controversial
proposals are found in the literature about the nature of the active species responsible for the
oxidation reactions. Moreover, since most of the studies deal with the CO oxidation because it is the
most frequently adopted catalytic reaction to evaluate the performance of gold catalysts, in the case
of the carbohydrate oxidation over gold catalysts, the role of metallic and oxidized gold species in the
reaction mechanisms has been hardly investigated and is still under debate. In order to have a better
understanding of the activity of gold species in the lactose oxidation over 0.7%Au/SBA-15-CeO:
catalysts, XPS analysis were made after the reaction carried out at pH value of 9.0. The relative
surface concentrations are of Au species and their binding energies as determined by deconvoluted
peaks of Au 4f7 and Au 4fs; are shown in Table 5.2 for 0.7% Au/SBA-15-CeO; with Ce/Si molar
ratio of 0.1. These Au species surface concentrations are also comparatively depicted in Table 5.3 for
Au/SBA-15-Ce0, (Ce/Si=0.1), Au/SBA-15 and Au/meso-SiO2 previously published [11] with Au
loading of 0.7%.

Table 5.3. Comparative preponderance of Au species in Au/SBA-15, Au/SBA-15-CeQ2, and Au/SiO2-
meso [11].

Catalyst Au/SBA-15-Ce0, Au/SBA-15 Au/ SiO-meso
e Fresh Aud 78.17 79.00 91.44
Au* 13.08 14.10 4.89
Au® 8.76 6.90 3.66
e Spent Auo 70.11 77.00 ND*
Au* 22.59 14.10 ND
Aus 7.29 8.90 ND

In general, it can be noticed that after reaction the concentration of Au® and Au* diminished, whereas
the concentration of Au* increased. It is well known that the oxidation state of metals is a very

important parameter in the catalytic activity. In the case of the carbohydrate oxidation over gold
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catalysts, the oxidation state of gold species could play a role in the catalyst activity and this has
been hardly investigated. We wanted tentatively find out if really the oxidation state is involved to
determine the catalyst activity. As shown by XPS analysis investigated for the Au 4f core level as
summarized in Table 5.3, our results indicate that the presence of oxidized gold species (such as Au*
and/or Au3* may affect the activity of gold catalysts in carbohydrate oxidation. From Table 5.3, it is
worth mentioning that fresh Au/SBA-15-CeO. and Au/SBA-15 have somewhat similar composition in
their oxidized species. However ceria-doped catalyst exhibited more pronounced activity than
Au/SBA-15. Furthermore, Even if Au/meso-SiOz (see our previous publication [11]) is characterized
by higher level in Au?, its activity was lower than that of Au/SBA-15-CeO.. To be consistent, the Au
oxidation state is not solely the parameter which controls the catalyst activity for this reaction. Other

not known parameters could effectively have an effect on this activity.

Although some works found in the literature for the oxidation of alcohols over Au supported catalysts
[445-446] reported the presence of mainly the metal Au® with the presence of Au* and rarely Au3*
species, in the similar manner as reported in the present work. However, it cannot state clearly which
species are responsible for the Au oxidation activity in the liquid phase and the role of the oxidation

state of gold is still matter of discussion.

5.4.2.2. Catalyst support effect on the activity

It is well known that the nature of support is also important for the catalytic performance of supported
gold catalysts. For that purpose a comparative activity study was carried out using 0.7%Au/SBA-15
and 0.7%Au/SBA-15-CeO, (Ce/Si=0.1) catalysts at pH 8 and 9. Figure 5.7 comparatively
summarizes these activities in terms of initial reaction rate ro (LBA formed/min), for Au/SBA-15,
Au/SBA-15-Ce02 at Ce/Si = 0.1 as well as Au/meso-SiO2 (from our previous published work), under

identical reaction conditions.

As depicted in this figure, Au/SBA-15-CeQO. catalyst exhibited enhanced activity towards lactose
conversion towards LBA for both pH conditions. From these results, it is to expect that possibly Ce

played a certain role in this enhanced activity.
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Figure 5.7. Activity comparison of the catalysts at pH 8 and pH 9. Conditions: T = 65°C; catalyst/lactose ratio
0.2, air flow = 40 mL/min, agitation = 900 rpm.

5.4.2.3. Ce/Si molar ratio effect on the activity

Because of its high oxygen storage capacity and well-known catalytic and redox properties, the

presence of ceria in the catalyst not only might contribute to the stabilization and the dispersion of

gold particles, but also might contribute to the reaction mechanism.

To investigate the effect of Ce/Si molar ratio selective promotion of Au/SBA-15 catalyst by
progressive addition of CeO, was carried out to see whether the activity changes because of Ce
dependence. We prepared 4 new catalysts Au/SBA-15-CeO> with Ce/Si molar ratios of 0.1, 0.2, 0.4
and 0.6 and carried out the activity tests at pH 9 under identical other reaction conditions. Figure 5.8
depicts the initial reaction rate of LBA formation for all Au/SBA-15-CeQ; catalysts at Ce/Si = 0.1, 0.2,
0.4, and 0.6 as well as for Au/SBA-15 catalyst.

As depicted in Figure 5.8, the Au/SBA-15-CeO; catalyst activity depends greatly on the Ce/Si molar
ratio. A maximum of activity is reached at Ce/Si of 0.2. Furthermore, catalysts prepared with Ce/Si
molar ratio of 0.1, 0.2, 0.4 exhibited enhanced activity in comparison to that of Au/SBA-15 catalyst.
The catalyst with Ce/Si of 0.6 seems to exhibit similar activity of the Ce-non promoted Au/SBA-15

catalyst.

To verify if the Au crystallite size has an effect on the enhancement of this activity we carried out the
TEM characterization of the different Au/SBA-15-CeQ> catalysts and proceeded to the determination

of the average Au crystallite size. As shown in Figure 5.9, the Au crystallite size was mostly invariant
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with Ce/Si molar ratio and remains in the vicinity of 4 £ 0.5 nm in the same magnitude of the Au
crystallite size obtained for Au/SBA-15.

0.20
0.18 -
0.16

0.14
0.12
0.10
0.08

F

0.06

Tuitial v te (VLB Aaviay

0.04

0.02 1
“.00 L] ¥ L] 1

Ce/Si
Figure 5.8. Initial rate of LBA formation vs. Ce/Si molar ratio for 0.7%Au/SBA-15-CeO; catalysts.
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Figure 5.9. Au crystallite size vs. Ce/Si molar ratio for 0.7%Au/SBA-15-CeQ catalysts.

Also to verify if the Ce/Si molar ratio has an effect on the Au speciation changes in fresh and spent
Au/SBA-15-CeO, as well as Au/SBA-15 catalysts which possibly can be responsible in the
enhancement of catalyst activity and the selectivity, we have carried out XPS characterization of the
different Au/SBA-15-CeQ> catalysts before and after the reaction and proceeded to the determination
of the gold species prevalence or preponderance. As shown in Table 5.4, the prevalence of Au? and

Au’* species was mostly invariant with Ce/Si molar ratio for fresh and spent catalysts. Only very slight
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variations can be observed for the Au* specie for both fresh and spent catalysts. The standard
deviation from the average content of Au* remains to <8% which can be considered within the
standard error of the procedure to quantify these contents. The Au speciation changes without the
presence of Ce occur also where for Au/SBA-15 catalyst Au® undergoes oxidation by forming Au* in

the presence of lactose while the prevalence of Au* species remains constant at pH 9.

Table 5.4. Au speciation changes as determined by XPS characterization for fresh and spent
Au/SBA15 and Au/SBA-15-Ce0- catalysts at different pH and Ce/Si molar ratios.

Concentration of gold species

Catalyst (%)?

Au® Au* Au
0.7Au/SBA-15-CeO, Ce/Si 0.1M 62.75 32.28 4.97
0.7Au/SBA-15-CeO, Ce/Si :0.1M after RxN at pH 9 52.5 38.57 8.93
0.7Au/SBA-15-Ce0, Ce/Si 0.1M after contact H,0 at pH 9 69.13 24.97 5.89
0.7Au/ SBA-15-CeO; Ce/Si 0.2M 61.66 32.54 5.79
0.7Au/SBA-15-CeO, Ce/Si :0.2M after RxN at pH 9 48.94 42.2 8.86
0.7Au/SBA-15-Ce0, Ce/Si:0.2M after contact H20 at pH 9 67.36 24.58 8.06
0.7Au/SBA-15-CeO, Ce/Si = 0.6M 64.56 29.88 5.56
0.7Au/SBA-15-Ce0, Ce/Si = 0.6M after RxN at pH 9 44.95 4743 7.62
0.7Au/SBA-15-Ce0; Ce/Si = 0.1M b 7817 13.08 8.76
0.7Au/SBA-15-Ce0O, Ce/Si = 0.1M after RxN at pH 7 © 75.11 17.74 7.15
0.7Au/SBA-15-Ce0; Ce/Si = 0.1M after RxN at pH 9 © 70.11 22.59 7.29
0.7Au/SBA-15-Ce0; Ce/Si : 0.4M 60.02 31.26 8.72
0.7Au/SBA-15 79.0 14.10 6.90
0.7Au/SBA-15 after RxN at pH 9 77.0 14.10 8.90

a Expressed as a percentage of the total area of the Au 4f peak (taken as 100%). ® This sample was taken from the first
batch of Au/SBA-15 CeQ2 catalyst, for which the composition in gold species was a little different. It had more metallic
gold.

These experiments and characterizations results state clearly that Au crystallites properties such as
their size and the prevalence of their oxidation state remained mostly invariant with Ce/Si molar ratio

despite the enhancement of the catalyst's activity. Then possibly other catalyst properties such as the
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catalyst coordination environment could be affected with the presence of CeO, within the catalysts
making that Au/SBA-15-CeO: catalyst activity is greatly dependent from the Ce/Si molar ratio. Similar
findings were reported by Timofeeva et al. [447] when they investigated the Ce-SiO2 mesoporous
SBA-15 materials for oxidative catalysis of cyclohexene and cyclohexanol with increasing Ce content.
They investigated deeply the behavior of these materials in terms of IR, DR-UV-vis and DRIFT
spectroscopy characterizations where they found that the coordination and the agglomeration states
of cerium atoms as well as the density and the content of silanol groups on the surface of the Ce-
SBA-15 are the key factors determining the catalytic activity of Ce-modified SBA-15 supports. Also
identical explanations were also given by Chen et al. [448] when they studied the dual promotions of
catalytic activity of Ce dopant and Ce loading based on Pt/SBA-15 catalysts used for CO oxidation.
They concluded that the obvious activity promotion of Pt/Ce-SBA-15 catalysts was highly depend on
the strong metal-support interactions induced by the Ce loading where new coordination

environments and Ce aggregation appeared after Ce species introduction depending on Ce/Si ratio.

For example for 0.7%Au/SBA-15-CeO; catalyst with Ce/Si = 0.1, the Ce4*/Ce3* ratio was diminished
to 1.54 after reaction as determined by XPS analysis. Thus, it is possible that CeO; assists in the

oxidation of lactose to LBA under reducing conditions through the reduction of Ce#* to Ce3*.

5.5. Conclusions

For the first time gold catalyst (0.7% Au nominal loading) supported on mesoporous SBA-15-CeQ,
synthesized via wet chemical process using a gold cationic complex precursor [Au(en)z]?*
(en = ethylenediamine), was successfully investigated for lactose oxidation using air as oxidizing

agent.

Through XRD, TEM, and N2 adsorption analysis, we found that the support possess ordered
hexagonal mesoporous structure, high surface area and large pore volume, similar to SBA-15.
Introduction of gold species causes some of defects in hexagonal ordering structure and decreases
the BET surface area and the total pore volume. Gold nanoparticles were well dispersed and not

aggregated, and seem to be within the mesoporous framework channels.

XPS analysis indicated the coexistence of metallic and oxidized species on the catalyst, with relative
abundances of Au® > Au* > Au3*, whereas the XPS spectra of the Ce 3d core level suggested the
presence of both Ce3* and Ce** oxidation states in the 0.7%Au/SBA-15-CeO catalyst.
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The catalytic activity investigated at different pH values, indicated that when increasing the pH value
up to 9.0, the reaction exhibited 100% of conversion, after only 60-80 min, and 100% selective
towards LBA, when the catalyst was added at a ratio of 0.2 catalyst/lactose under the reaction
conditions of 65°C, 40 mL/min, 900 rpm. The high activity and selectivity of the 0.7%Au/SBA-15-
CeO: catalyst could be due to a synergy of the following factors: (i) the low size (~5 nm) of well
dispersed gold nanoparticles; (ii) the presence to CeO2 which can stabilize the dispersion of gold
particles and enhance the mobility of surface oxygen species; and (iii) the redox properties of Ce that

might contribute to the reaction mechanism.

This study demonstrated clearly that 0.7%Au/SBA-15-CeO- catalyst outperforms 0.7%Au/SBA-15
catalyst in terms of activity. This activity depends greatly on the Ce/Si molar ratio were the

coordination and agglomeration states of cerium atoms could probably have an important effect.

Comparing with the palladium or bismuth-promoted palladium supported catalysts normally used in
carbohydrates oxidation, the reaction control using 0.7%Au/SBA-15-CeO catalyst is easier because
the control of oxygen flow, required to avoid the over oxidation of Pd and Bi-Pd catalysts, is not
necessary, and additionally, no side products are detected. Thus, owing to the ease of synthesis, as
well as because of its excellent catalytic performance, the 0.7%Au/SBA-15-CeO; catalyst is very

efficient for the catalytic oxidation of lactose to high value lactobionic acid.

149






Chapter 6. Synthesis of high value lactobionic acid
by aerobic oxidation of lactose on Au/SiO,
catalysts

Submitted to Catalysis Science & Technology by Luis-Felipe Gutiérrez, Safia Hamoudi, Khaled

Belkacemi

6.1. Abstract

Gold supported on mesoporous SBA-15 and amorphous fumed silica (Cab-O-Sil) were synthesized
via wet chemical process using a gold cationic complex precursor Au(en)2Cls (en = ethylenediamine)
and evaluated as catalysts for the synthesis of high value lactobionic acid (LBA) by aerobic oxidation
of lactose. The catalysts were characterized by N2 physisorption, XRD, FTIR, TEM and XPS. N2
physisorption and XRD analyses revealed that Au/SBA-15 possesses ordered hexagonal
mesoporous structure, high surface area and large pore volume, similar to the pristine SBA-15
support. However, the BET surface area and pore volume of SBA-15 support were significantly
decreased upon gold loading. Conversely, Au/Cab-O-Sil exhibited N2 adsorption-desorption isotherm
typical of macroporous amorphous materials, and its BET surface area was very similar to that of
Cab-O-Sil support, indicating that gold species were mainly located on the support surface. XPS
analysis indicated the coexistence of metallic and oxidized species (Au?, Au* and Au3*) in both
Au/SBA-15 and Au/Cab-O-Sil catalysts. Both catalysts exhibited high activity and 100% selectivity
towards LBA. Lactose was almost depleted after 100 min (Au/SBA-15) and 140 min (Au/Cab-O-Sil) of
reaction under alkaline (pH 9.0) and mild reaction temperature (65°C), when they were used at a
catalyst/lactose ratio of 0.2, respectively, indicating the better performance of gold catalyst supported
on SBA-15.

6.2. Introduction

Carbohydrates have long time been used in the manufacture of bulk and fine chemicals, and they are
currently viewed as renewable raw material for the “green chemistry” of the future. Because of its
worldwide surplus and low cost, the transformation of lactose into high value derivatives has drawn
the attention of researchers and industry in the last years. As a result, products such as epilactose,

galacto-oligosaccharides, lactitol, lactobionic acid, lactosucrose, lactulose, sialyllactose and tagatose,
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have found important applications in the food and pharmaceutical industries, as value-added lactose
derivatives [21, 23].

Owing to its antioxidant, chelating and humectant properties, lactobionic acid (LBA) (4-O-B-D-
galactopyranosyl-D-gluconic acid; C12H22012) is a high value-added oxidation product of lactose, with
high potential applications in the food, pharmaceutical and chemical industries. The main commercial
use of LBA is as ingredient of the solutions employed for stabilizing organs prior to transplantation
[43], and it represents a new ingredient in skin care products featuring potent antioxidant, wound
healing, humectant anti-aging and keratinizing properties [115, 401]. It is also commercially applied
as ion sequestrant in detergent solutions [95]. LBA is an excellent carrier for calcium
supplementation, and it has recently been employed in the design of functional nanoparticles for
carrying drugs [96, 98]. LBA can be also used as acidulant with a sweet taste; as filler in cheese
production; as firming agent, and to fortify functional drinks with essential minerals such as Fe and
Cu [8, 402].

The selective conversion of lactose to LBA relates to the oxidation of the free aldehyde group of the
glucose-moiety in the lactose molecule. Although this reaction can be accomplished by chemical,
biochemical, electrochemical and heterogeneous catalytic processes, the latter can be considered as

the “greenest” approach.

Lactose oxidation on Pt, Pd and Bi-promoted Pd supported catalysts has been largely investigated
[10, 13, 16, 80, 82-85, 87, 89, 403], and it is well documented that problems connected to their
deactivation by over-oxidation and Bi leaching during the reaction limit their utilization [404].
Moreover, since bismuth is prone to leaching, applications of catalysts containing this metal are not
appropriate for food and pharmaceutical applications [9]. Conversely, gold catalysts have shown high
activity, selectivity, reusability and resistance to poisons for the selective oxidation of carbohydrates.
Therefore, they can be recommended for the green production of fine chemicals, pharmaceuticals
and food ingredients, owing to its bio-compatibility [12, 404]. Except for few reported works [13-16,
449], LBA production by means of heterogeneous catalytic oxidation over gold catalysts has been
hardly investigated. These studies indicated that gold nanoparticles supported on Al,O3, TiO2, and

CeO; allowed to attain moderate to 5 high conversions (>80%) and selectivities (up to 95%).
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Mesoporous silica materials with ordered and controllable porous structure, excellent mechanical
properties, high surface area, pore volume and thermal stability are very suitable catalyst supports,
because they provide high dispersion of metal nanoparticles and facilitate the access of the
substrates to the active sites [146]. Nevertheless, the conventional deposition precipitation method is
not appropriate for the incorporation of gold nanoparticles (AuNPs) into silica materials, because
under the high pH conditions required to hydrolyze the most commonly used gold precursor (HAuCls),
the weak interaction between the negatively charged silica surface and the [Au(OH),Cls.n] species
facilitates the mobility of gold particles, which can easily sinter during the synthesis process,
especially during the calcination step, yielding inactive catalysts [207]. Consequently, alternative

synthesis methods have been proposed, which have been recently thoroughly reviewed [146].

We have recently reported highly active gold crystallites dispersed on mesoporous silica using bis-[3-
(triethoxysilyl) propyl] tetrasulfide (BTESPTS), as a silane coupling agent to immobilize gold onto the
SiO2 support. This catalyst with irregular shapes and pores presenting a wormhole-like framework
structure containing interconnected 3D-mesopores was found 100% selective towards LBA
production from partial aerial oxidation of lactose. However, the use of BTESPTS to immobilize gold
species is costly procedure. Moreover, relatively moderate to high BTESPTS/Si molar ratios are
required to have active and selective Au/mesoporous SiO. catalysts. For these ratios, the well
ordered structure of hexagonal silica materials is destroyed. On the other hand, the effect of the
siliceous structure of the support on the lactose oxidation using supported AuNPs on silica materials

has been very scarcely studied.

In order to contribute to the fascinating topic of catalysis by gold, the main objectives of this work are:
(i) to prepare and characterize a gold catalyst supported on mesoporous SBA-15, using a cationic
gold complex Au(en).Cl; (en = ethylenediamine) as relatively cheaper precursor, where the
morphology and porous highly ordered structure of the support can be conserved; (ii) to evaluate the
activity of this catalyst in the selective LBA synthesis from lactose oxidation, and (iii) to investigate the
influence of the support structure by comparing this catalyst with a gold catalyst supported on
amorphous fumed SiO, (Cab-O-Sil) similarly synthesized, and with a gold catalyst supported on a
wormhole-like SiO, obtained in our recent work [11]. The catalysts characterization by means of BET
surface, powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Fourier transform

infrared spectroscopy (FTIR) and transmission electron microscopy (TEM) was investigated, as well
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as the influence of the pH value on lactose conversion. To the best of our knowledge, it is the first
time that the oxidation of lactose to LBA over gold catalysts supported on silica materials having

different structures, is comparatively investigated.

6.3. Experimental details

6.3.1. Materials

All reagents were of the highest purity and were used without further purification. Gold (1l) chloride
trihydrate (HAuCls.3H20), tetraethyl orthosilicate (TEOS), a-Lactose monohydrate and lactobionic
acid were purchased from Sigma Aldrich. Amorphous fumed silica Cab-O-Sil® M5 was obtained from
CABOT. Pluronic P123 (EO20PO70EO20, May = 5900 g/mol) was graciously offered by BASF. Sodium
hydroxide solution 50% and anhydrous sodium acetate, both HPLC grade from Fluka, were used for

eluents preparation for HPLC analysis.

6.3.2. Synthesis of mesoporous SBA-15
Mesoporous SBA-15 was synthesized in acidic media using Pluronic P123 as templating agent, as

described previously by Zhao et al [145].

6.3.3. Synthesis of Au(en).Cl;

The cationic gold complexes Au(en).Cls were synthesized as described by Zhu et al [206]. Typically,
0.5 g of HAuCls.3HO were dissolved in 5 mL of deionized water, and then ethylenediamine was
added dropwise until the formation of a transparent brown solution. This solution was stirred for 30
minutes, and subsequently ethanol (~35 mL) was added. After centrifugation, the solid was washed
with ethanol and then vacuum-dried overnight at 100°C. The yellowish gold precursor was kept

protected from light to prevent its decomposition [146].

6.3.4. Catalyst preparation

The cationic gold complexes Au(en)2Cls may act as acid by loosing a proton from the coordinated
amine group, under basic conditions. Based on this principle, Au/SBA-15 and Au/Cab-O-Sil catalysts
were synthesized by deposition-precipitation of Au(en)2Cls at pH 10 as reported by Zhu et al. [206],
given that in alkaline media the negative-charged surface of SiO2 can readily adsorb the [Au(en)2]**
cations, by deprotonation reaction of ethylenediamine ligands [146]. In a typical synthesis, in order to

obtain a nominal gold loading of about 0.7%, 30 mg of Au(en).Cl; were dissolved in 40 mL of
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deionized water, and the pH was adjusted to 10 by the addition of 1-M NaOH aqueous solution.
Then, 2 g of siliceous support were added and the mixture was stirred for 3 h, maintaining the pH at a
value of 10 by adequate addition of few drops of 1-M NaOH aqueous solution. After vacuum filtration,
the yellowish solids were washed with deionized water. Subsequent to vacuum-drying overnight at
100°C, the obtained catalysts were calcined at 500°C for 5 h at a heating rate of 1°C/min, using a
programmable oven. Calcined samples showed a light pink color, as showed in Figure 6.1, which is

characteristic of the presence of AuNPs.

Figure 6.1. (a) Au/SBA-15 (b) Au/Cab-O-Si

6.3.5. Catalysts characterization

Nitrogen adsorption/desorption isotherms of SiO2 supports and calcined Au/SiO; catalysts were
obtained using a volumetric adsorption analyzer (Model Autosorb-1, Quantachrome Instruments,
Boyton Beach, FL) at -196°C. Before the adsorption analysis, the samples were degassed for 3h at
200°C. Total pore volume was estimated from the amount adsorbed at 0.99 relative pressures. Pore
size distributions were calculated using the desorption branch of the N2 adsorption/desorption
isotherms and the Barrett-Joyner-Halenda (BJH) method [408].

Powder X-ray diffraction (XRD) patterns were obtained with an Ultima Ill Rigaku Monochromatic
Diffractometer using CuKa radiation (A=1.5406A). Small angle powder diffraction patterns were
acquired at a scanning rate of 1°/min in the 26 range of 0.6-3°, while wide angle powder XRD was
obtained at the same scanning rate in the 26 range 20-80°.

Transmission electron microscopy (TEM) images were taken on a JEM-3010 electron microscope
(JEOL, Japan) with an acceleration voltage up to 200 kV. The catalysts samples were suspended in
methanol and ultrasonically treated during 10 minutes. Then, the suspension (5 L) were disposed
uniformly and dried on a nickel grid.
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Transform infrared (FTIR) spectra were recorded in absorption mode on a Varian 1000 FTIR
spectrometer in the range of 400-4000 cm-1. FTIR analysis was carried out at room temperature
using potassium bromide (KBr) pellets containing about 0.5% of the solid samples, which were
compacted in a uniaxial press under a nominal pressure of 6.89 kPa. The spectrum of dry KBr was

taken for background subtraction, before recording the samples.

The catalyst surface and the oxidation state of gold in the catalysts were studied by X-ray
Photoelectron Spectroscopy (XPS) analysis using an Axis-Ultra system spectrometer from Kratos
(U.K.) equipped with an electrostatic analyzer of large ray, a source of double X-rays Al-Mg without
monochromator and an Al source with monochromator. The pressure in the XPS room was
maintained between 5x10-9 and 5x10- torr during the analysis. All the spectra were recorded with the
Al monochromatic source with a power of 300 watts. The flyover spectrum used to determine the
elementary composition was recorded with pass energy in the analyzer of 160 eV and an energy step
of 1 eV, using lenses in hybrid mode, which maximizes the sensitivity. The detailed spectra with high
resolution were recorded with pass energy of 40 or 20 eV, and step energy of 50 or 100 meV. The
spectra with high resolution are used for the chemical analysis [409]. The adjustment of the envelope
calculated with the experimental spectrum was carried out using CasaWPS software from Kratos
(U.K). The binding energy (BE) scale was calibrated by measuring C1s peak (BE=285.0 eV) from the

surface contamination.

6.3.6. Lactose oxidation experiments

Lactose oxidation experiments were carried out at atmospheric pressure in a thermostated and
magnetically stirred 300 mL-glass reactor, following the optimal conditions found in our previous work
[11]. In a typical reaction, 175 mL of 20 mM lactose solution were heated under continuous agitation
(600 rpm) until the temperature reached 65+0.5°C, while nitrogen (500 mL/min) was simultaneously
bubbled for stripping off the dissolved oxygen. Subsequently, the stirring was increased to 900 rpm,
the catalyst was added and the pH of the solution was adjusted at the desired value, by the addition
of few drops 1-M NaOH aqueous solution. Then, air was bubbled through the reaction mixture at a
constant flow rate of 40 mL/min. During the reaction, the pH value was kept constant by adding 1-M
NaOH aqueous solution, by means of a pH STAT Titrator (Metrohm® 842 Titrando®, Switzerland),
and the dissolved oxygen concentration was monitored using an oxygen probe (Ocean Optics, Inc.,

USA) connected to a fiber optic sensor system (TauTheta Instruments LLC, USA).
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The time ‘zero’ of the reaction corresponded to the moment when the air was bubbled through the
reaction mixture. The reactions were carried out during 180 minutes using a catalyst/lactose ratio of
0.2 as optimized in our previous work [11]. Liquid samples were taken at regular intervals for the

subsequent HPLC analyses.

6.3.7. Reaction sample analysis

Samples of reaction mixture were analyzed using a chromatographic system DX- ICS 2500 (Dionex,
USA) equipped with a gradient pump GP50 and an electrochemical detector ED50 with a thin-layer
type amperometric cell outfitted with gold electrodes and an Ag/AgCl reference electrode. In order to
improve sensitivity, minimize the baseline drift and clean the gold working electrode, a triple potential
waveform of E1: 0.1, E2: 0.6 and Es: -0.8V was applied for duration times of t1: 0.5, t: 0.09 and ts:
0.07 s. The chromatographic separation of lactose and LBA was performed on a CarboPac PA1
analytical column (4mmx250 mm i.d., Dionex, USA) in conjunction with a CarboPac PA1 guard
column (4mmx50mm i.d., Dionex, USA). Sodium hydroxide solution 50% and anhydrous sodium
acetate (NaOAc) were used to prepare the eluents A (0.1M NaOH) and B (0.1M NaOH-0.5M NaOAc)
in filtered and vacuum-degassed HPLC-Grade water. All eluents were stored in closed and
pressurized bottles with helium. The flow-rate was set at 1 mL/min. For the analysis, the flow gradient
was programmed as follows: From 100% eluent A (isocratic for 10 min) to an eluent composition of
60%A and 40%B in 10 min using a linear gradient. Then, isocratic period of this eluent composition
for 10 min, and subsequently the eluent was returned to 100%A in 5 min, using a linear gradient.
Chromeleon software (Dionex, USA) was used to perform all the calibration and integration of

chromatographic data.

6.4. Results and discussion
6.4.1. Catalyst characterization

6.4.1.1. Nitrogen physisorption

Textural properties of the SiO2 supports (mesoporous SBA-15, Cab-O-Sil and SiO2-meso) and
Au/SiO; catalysts (0.7%Au/SBA-15, 0.7%Au/Cab-O-Sil and 0.7%Au/SiO2-meso) were obtained from
the low-temperature (-196°C) nitrogen adsorption/desorption isotherm measurements, from which the
specific surface areas, specific pore volumes and mesopore size distributions were calculated and
summarized in Table 6.1. It is noticed that the BET surface area and the total pore volume of the
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SBA-15 decreased notably after incorporation of gold, because of the partial blockage of the support
pores. When comparing with the pristine mesoporous SBA-15 support, the BET surface area and the
total pore volume were reduced by = 50 and 30%, respectively. On the other hand, the BET surface
area of Cab-O-Sil and 0.7%Au/ Cab-O-Sil were very similar (~190 m2/g), indicating that gold species
were mainly located on the support surface. Now, when comparing these catalysts with the
0.7%Au/SiO2-meso obtained in our recent work [11] using BTESPTS as organic functional ligand, the
BET surface area of the latter catalyst (827.3 m2/g) was about twice than that of 0.7%Au/SBA-15 and
more than four times than that of 0.7%Au/Cab-O-Sil. This can be explained by the fact that after the
removal of the functional ligands by calcination, void defects on the pore walls are formed, which
leads to higher values of surface area higher than pure SBA-15. However, the pore diameter and the
total pore volume of this catalyst (3.7 nm and 0.779 cm3/g, respectively) were lower than those of the

Au/SBA-15 catalysts synthesized using the Au(en)2Clz complex.

Table 6.1. Textural parameters of silica supports and gold on silica catalysts

Material BET surface area Pore diameter Total pore volume
(mg)* (nm)? (cmilg):
SBA-15 931.2 6.8 1.260
0.7%Au/SBA-15 4791 6.2 0.849
Cab-O-Sil 188.1 - 0.889
0.7%Au/Cab-O-Sil 190.4 - 0.713
SiO2-meso? 995.7 3.70and 4.73 1.087
0.7%Au/SiO2-meso 827.3 3.70 0.779

a Calculated according to standard Brunauer-Emmett-Teller (BET) equation for data collected in the relative equilibrium
pressure interval of 0.03 < P/Py < 0.3. ® BJH pore diameter calculated from the desorption branch. ¢ Estimated from the

amount of nitrogen adsorbed at a relative pressure P/Po of 0.99. d Data from reference [11]

The N adsorption—desorption isotherms of the synthesized materials are shown in Figure 6.2a. As it
can be observed, the shape of the N2 adsorption-desorption isotherms of SBA-15 and 0.7%Au/SBA-
15 exhibited the characteristic type IV according to [UPAC classification [165], and displayed a broad
H1 type hysteresis loop characteristic of large pore mesoporous solids [410], indicating that the
mesoporous structure was maintained after gold loading. However, the incorporation of gold into the
mesoporous SBA-15 led to a slight reduction in the N2 adsorption capacity. The initial increase in

adsorption capacity at low relative pressure is due to monolayer-multilayer adsorption on mesopores,
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whereas the upward deviation in the range of P/Po between 0.5 and 0.8 is associated with
progressive mesopores filling. As the relative pressure increases, the adsorption isotherms displayed
a sharp increase characteristic of the capillary condensation inside uniform mesopores. Furthermore,
the hysteresis loop at P/Po values between 0.5 and 0.8 for the 0.7%Au/SBA-15 catalyst looks slightly
different in comparison to that of SBA-15 support, indicating that some structural defects were formed
in the mesoporous framework [412], which is in agreement with the small angle XRD diffraction
peaks for this material, as shown in Figure 6.3. On the other hand, the shape of the N2 adsorption-
desorption isotherms of Cab-O-Sil and 0.7%Au/ Cab-O-Sil exhibited the characteristic type I
according to IUPAC classification [165], and displayed a narrow H3 type hysteresis loop at P/Po
values higher than 0.8, characteristic of aggregates or agglomerates of particles forming slit shaped

pores with non-uniform size and/or shape [450].

The BJH pore size distributions calculated from the desorption branch of the synthesized SBA-15,
SiO2-meso, 0.7%Au/SBA-15 and 0.7%Au/SiO2-meso materials are shown in Figure 6.2b. It is
observed that SBA-15 support exhibited a narrow pore distribution centered at about 6.8 nm of
average pore size, which was reduced to 6.2 nm after incorporation of gold nanoparticles into the
channel system. On the other hand, the SiO>-meso support presented dual-pore size distribution
centered at around 3.7 and 4.7 nm, which reduces to one pore distribution of ~ 4 nm average pore
size after gold loading. The structural morphology of the synthesized Au/SiO; catalysts can be further

verified by transmission electron microscopy (TEM).
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Figure 6.2. Nitrogen adsorption/desorption isotherms (a) and pore size distributions (b) of SBA-15,
0.7%Au/SBA-15, Cab-O-Sil and 0.7%Au/Cab-O-Sil materials (for clarity, the isotherms of SBA-15,
0.7%Au/SBA-15 and Cab-O-Sil were up-shifted by 500, 450 and 300 cm?3-g, respectively).
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6.4.1.2. X-ray diffraction

The small angle XRD patterns of the SBA-15 support and Au/SBA-15 catalyst are illustrated in Figure
6.3a. Both materials showed the presence of three well-resolved diffraction peaks, associated with
the bi-dimensional p6mm hexagonal symmetry typical of the mesoporous SBA-15 materials [145]:
one high intensity peak at about 20 = 0.9°, and two low-intensity peaks at circa 26 = 1.6° and 1.8°,
corresponding to (100), (110), and (200) reflections, respectively. However, it can be seen in Figure
6.3a that after gold loading the intensity of the diffraction peaks of the catalyst was reduced, and the
peaks shifted to a higher value, indicating that the incorporation of gold caused some loss of
symmetry and long-range order, as well as a decrease in the interplanar distance of the mesoporous
SBA-15, which is in agreement with the N2 adsorption results discussed above. In contrast, the small
angle XRD patterns of the Cab-O-Sil support and Au/Cab-O-Sil catalyst presented in Figure 6.3b
confirmed that these samples were amorphous, because of the absence of reflection peaks. In our
previous work we found for both silica support and Au/SiO.-meso catalyst a single peak at about 26 =
1.0° (Figure 6.3c), which was broader than the narrow peak normally reported for the well-ordered
hexagonal mesoporous SBA-15, indicating the presence of a correlated distribution of framework
pores but a lack of regular cylindrical pore structure [11]. Thus, from these results we can state that
the use of the Au(en).Cls complex allows preserving the structure of the SiO2 support, while the
modification of the silica support with the functional ligand BTESPTS leads to the formation of some

structural defects in the mesoporous silica framework.

The wide angle XRD patterns of the 0.7%Au/SBA-15, 0.7%Au/Cab-O-Sil and 0.7%Au/SiO2-meso
catalysts presented in Figure 6.3d, showed three characteristic diffraction peaks at around 38°, 45°
and 65°, assigned to the (111), (200), and (220) lattice planes of face-centered cubic structure of
gold, indicating that gold was in crystalline form after the catalysts synthesis, and revealing the
presence of metallic gold species [400]. However, owing to the peak-broadening effect of the small
crystallite size and low loading, the estimation of gold particle size from the XRD Au peaks is quite
difficult to determine accurately. Thus, we used transmission electron microscopy (TEM) analysis in

order to know the gold particle size ranges in the Au/SiO; catalysts, as presented below.
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Figure 6.3. (a) Low angle XRD patterns of SBA-15 and 0.7%Au/SBA-15 materials. (b) Low angle XRD
patterns of Cab-O-Sil and 0.7%Au/Cab-O-Sil materials. (¢) Low angle XRD patterns of SiO>-meso and
0.7%Aul SiO>-meso materials. (d) Wide angle XRD patterns of 0.7%Au/SBA-15, 0.7%Au/Cab-O-Sil and
0.7%Au/ SiO>-meso catalysts.
6.4.1.3. Transmission electron microscopy
Representative transmission electron micrographs of the Au/SiO; catalysts and their corresponding

gold particle size distributions are presented in Figures 6.4a-c.

The TEM image of 0.7%Au/SBA-15 catalyst (Figure 6.4a) clearly shows the well-ordered 2D
hexagonal pore arrangement and the long-range mesopore architecture typical of SBA-15 material
[145], confirming that the introduction of gold using the Au(en)2Cl3 complex as precursor does not
alter the regular order array of mesopores, as indicated above by the XRD and N2 physisorption
analyses. Moreover, the TEM images of the 0.7%Au/SBA-15 sample revealed that AUNPs with sizes
of about 6.1+1.0 nm were well dispersed and not aggregated, and most of them were located within

the mesoporous framework channels of the SBA-15 support. On the contrary, the TEM image of
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Figure 6.4. Representative transmission electron micrographs and gold particle size distributions of (a)
0.7%Au/SBA-15, (b) 0.7%Au/Cab-O-Sil and (c) 0.7%Au/SiO>-meso (Reproduced by permission of Elsevier
from Reference [11])

0.7%Au/Cab-O-Sil (Figure 6.4b) shows an amorphous bulk material with large grains. The AuNPs
were also well dispersed and not aggregated on the surface of the SiO2 support, since their
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penetration into the Cab-O-Sil support needs to overcome significant barriers [290]. The mean gold
particle size in this catalyst was determined as 5.9£1.5 nm. Figure 6.4c shows the TEM image of the
0.7%Au/SiO2-meso, in which a wormhole-like framework structure containing interconnected 3D-
mesopores can be observed, confirming the results of the small angle XRD analysis. This catalyst
presented well dispersed and not aggregated Au crystallites having dimensions between 3 and 14
nm, with an average values of about 7.0£1.0 nm. Thus, taking into account that the silica support did
not have significant influence on the gold particle size, the use of the Au(en)2Cls complex also results
in well dispersed AuNPs without important modifications of the support architecture, because the
positively charged [Au(en)2]** ions undergo ion-exchange with the surface protons of supports with a
low isoelectrical point, such as silica [298]. Moreover, it is worth to mention that even if we used two
silica supports considered as vulnerable to the aggregation of AuNPs (amorphous Cab-O-Sil and
wormhole 3D mesoporous silica) [451], no significant growth of the AuNPs was observed after
calcination at 500°C with both synthesis methods. This could be due to the low gold loading

employed in the catalysts synthesis.

6.4.1.4. Fourier transform infrared spectroscopy (FTIR) analysis

The infrared spectra at the Si—O vibration region of the SBA-15 and Cab-O-Sil supports and both
0.7%Au/SBA-15 and 0.7%Au/Cab-O-Sil catalysts are shown in Figure 6.5. For sake of clarity, the
FTIR spectra of the SiO2-meso support and the 0.7%Au/SiO2-meso catalyst are not presented in this

figure, because they showed identical patterns to the illustrated samples.

As it can be noticed in this figure, the IR patterns of all samples were very similar, indicating the easy
loading of gold on SiO2 using the Au(en)Cls complex, since no other special absorption bands
different than those corresponding to SiO2 were detected in the FTIR analysis. In the hydroxyl region
(3000-4000 cm-1) all samples presented a very weak band at ~3746 cm-! corresponding to the
terminal silanol groups [300], and a characteristic broad low frequency absorption band centered at
about 3430 cm!, which is assigned to the stretching vibrations of the hydrogen-bonded surface
silanol (=Si-OH) groups, and to the adsorbed water situated inside the channels of the mesoporous
materials [437]. The gold loading diminished the peak intensity of this absorption band in Au/SBA-15
catalyst, which could be associated to the partial pore blockage and loss of symmetry of the pristine
SBA-15 support structure, in agreement with the obtained results of the N2 adsorption—desorption

and XRD analyses.
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Figure 6.5 FTIR spectra at the Si-O vibration region of SBA-15, 0.7%Au/SBA-15, Cab-O-Sil and 0.7%Au/Cab-
O-Sil samples.

The absorption band presented at about 1631 cm-' can be attributed to the remaining water
physisorbed on the materials surface at room temperature [438], to the implication of the strong
absorption band assigned to the different SiO4 units vibrating modes, or to a possible H—O—H

deformation which interacts through hydrogen bonds with silanol groups [300].

The typical absorption band centered at ~1078 cm-! and its shoulder part at ~1228 cm-' could be
ascribed to the asymmetric stretching vibration of Si—O—Si bridging the SiO4 structural units, which
are a result of partial ordering of the silicate framework at the pore surface [439]. The absorption
band observed at nearly 962 cm-' can be attributed to the stretching vibrations of Si—O in the
Si—OH groups [161]. It is worth noting that gold addition weakened both the peak intensities of
bands centered at 960 and 1080 cm-1, probably as a consequence of the partial blocking or partial
damage of the support pores of the Au/SBA-15 catalyst. On the other hand, the characteristic IR
absorption bands of SiO centered at ~807 and ~457 cm-', correspond to the symmetric stretching

and bending vibrations of the intertetrahedral oxygen atoms of SiO>, respectively [161].
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6.4.1.5. X-ray photoelectron spectroscopy analysis

The oxidation state of the loaded gold in the Au/SiO2 catalysts was determined by means of X-ray
photoelectron spectroscopy (XPS) analysis. Although the presence of C 1s, O 1s, Si 2p, Si 2s, and
Au 4f photoelectron peaks was detected in the XPS measurements, only the spectra of the Au 4f
core levels of 0.7%Au/SBA-15 and 0.7%Au/Cab-O-Sil catalysts are shown in Figures 6.6a and 6.6b,

respectively.

As it can be noticed in Figure 6.6, the experimental curves of Au 4f core level spectra of both
catalysts presented a doublet of two spin orbit components Au 47, and Au 4fs;, separated by 3.7 eV,
which were characterized by the presence of three well-defined spin orbit split Au 4f72 and three Au
4fs;p components (Au 4fsp1, Au 4fspo and Au 4fsp.3), after the peak deconvolution process using
Kratos software. The BE and the proportion of these spin orbit split components are summarized in
Table 6.2. The Au 4f curves fitting showed the presence of three Au 4f72 components (Au 4f7p.1, Au
4f7p.0 and Au 4f7.3) with photoelectron peaks located at about 84.0, 85.0 and 86.6 eV, which were
assigned to Au?, Au*! and Au*3, respectively [409], indicating the coexistence of both metallic and
oxidized species on the catalysts. However, it can be noticed that most of the AUNPs were present in
the metallic state, since the relative surface concentrations found in the 0.7%Au/SBA-15 and
0.7%Au/Cab-O-Sil catalysts followed the order Au® (79.0 and 81.6%) > Au* (14.1 and 12.7%) > Au*?
(6.9 and 5.7%), respectively. Similar distribution of gold species were found in the 0.7%Au/SiO2-meso
catalyst using BTESPTS as a functional ligand to immobilize gold on silica support [11]. The slight

variation in peak positions could be due to the surface charging effects.
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Figure 6.6. XPS-spectra of Au 4f core-level of (a) 0.7%Au/SBA-15 and (b) 0.7%Au/Cab-O-Sil catalysts.
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Table 6.2. Binding energies (BE) of Au 4f7 and 4fs» deconvoluted peaks and its relative surface
distribution in 0.7%Au/SiO; catalysts.

Concentration

Catalyst sample Peak BE (eV) Gold species %)
) a
Au 4704 83.74 Aul 45.12 (44.02)
Au 4f7p.2 85.03 Au* 8.05 (8.08)
Au 4f7p.3 86.56 Aus* 3.95 (5.10)
0.7%Au/SBA-15
Au 454 87.45 Aul 33.88 (32.94)
Au 4fsp. 88.70 Au* 6.04 (6.05)
Au 4fs1-3 90.23 Aus* 2.96 (3.82)
Au 4f71-1 83.40 Auo 46.60 (47.12)
Au 4f72 84.64 Aut 7.25(5.79)
Au 4f71p5 86.30 Aud 3.26 (4.20)
0.7%Au/Cab-O-Sil
Au 4fsp.4 87.11 AuP 35.00 (35.39)
Au 4fsp. 88.31 Au* 5.44 (4.35)
Au 4fsp.3 89.97 Au3t 2.45 (3.16)
Au 4704 84.03 Aul 45.71 (ND)?
Au 4t 85.07 Aut 8.27 (ND)
Au 4f71p5 86.76 Aud 3.22 (ND)
0.7%Au/SiO2-meso
Au 4fsi-1 87.73 Auo 34.20 (ND)
Au 4fsi. 88.74 Aut 6.19 (ND)
Au 4fs15 90.43 Aud 2.41 (ND)

a Expressed as a percentage of the total area of the Au 4f peak (taken as 100%). Values in parenthesis correspond to

concentration of gold species on the spent catalysts after reaction at pH=9.0. » ND: Not determined

6.4.1.6. Catalytic activity

After the pioneering work of Haruta’s group [167], nowadays it is well known that the catalytic
performance of gold catalysts is highly influenced by the size and shape of gold particles, the catalyst
synthesis methods, the nature of the support, the gold support interface interactions and the oxidation
states of gold in the synthesized catalysts. Herein, the catalytic activity of the 0.7%Au/SiO. catalysts

was investigated on the partial aerobic oxidation of lactose for the selective synthesis of lactobionic
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acid (LBA) at pH values of 8.0 and 9.0 as depicted in Figures 6.7a-d. The temperature, agitation,

airflow and catalyst/lactose ratio were kept constants at 65°C, 900 rpm, 40 mL/min and 0.2,

respectively, since they were found optimal values in our recent work using the 0.7%Au/SiO2-meso

catalyst, allowing 100% lactose conversion and 100% selectivity towards LBA, after about 100 min of

reaction under alkaline conditions [11]. pH values higher than 9.0 were not tested, because we found

in our previous works a pronounced decrease in the catalytic activity at very high alkaline conditions,

since the Au/SiO2-meso and the bimetallic Pd-Bi/SBA-15 catalysts partially decomposed, due to the

dissolution of silica support [11, 85-86]. Similar results have been published by Mirescu and Prife

[14] for the oxidation of lactose over Au/TiO2 and Au/Al2O3 catalysts.
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Figure 6.7 Effect of the pH on the kinetics of lactose oxidation to LBA acid over Au/SiO; catalysts. (a)
0.7%Au/SBA-15 at pH=8.0; (b) 0.7%Au/SBA-15 at pH=9.0; (c) 0.7%Au/Cab-O-Sil at pH=8.0; and (d)

0.7%Au/Cab-0O-Sil at pH=9.0. Reaction conditions: T=65°C; Catalyst/Lactose ratio 0.2, air flow = 40 mL/min,

agitation=900 rpm.

As it can be observed in Figures 6.7a-d, the oxidation of lactose over Au/SiO; catalysts is pH-

dependent as reported for the oxidation of carbohydrates and alcohols on metal catalysts [404, 452],

and both catalysts were 100% selective towards LBA, since no side products were detected by HPLC
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analysis. Moreover, it can be noticed in Figure 6.7 that the Au/SBA-15 catalyst showed a better
performance than the Au/Cab-O-Sil material. When increasing the pH value up to 9.0, the reaction
exhibited favorable and outstanding lactose conversion to LBA. Indeed, the rates of lactose
consumption as well as LBA formation were markedly high and the lactose conversion essentially

completed (nearly 100% conversion) after 100 and 140 min of reaction, respectively.

Although the activity of gold catalysts has been mainly attributed to the size and oxidation state of
gold particles, these parameters are not the only sufficient prerequisite to define the catalyst activity,
because it is well known that the nature of support is also important for the catalytic performance of
supported gold catalysts. Thus, taking into account that the loading, particle size and oxidation state
of gold in the investigated Au/SiO2 samples were almost similar, in order to evaluate the effect of
support on the catalytic activity, we determined the initial reaction rate of lactose conversion to LBA
for the three Au/SiO; catalysts (Au/SBA-15, Au/Cab-O-Sil and Au/SiO2-meso) by means of equation

(1). The results are presented in Figure 6.8.

- d[LBA],

at |, (1)
It is noticed in Figure 6.8 that the initial reaction rate at pH 8.0 is quite similar for all Au/SiO2 catalysts
with values close to 0.07 g LBA-L-"-min-'. However, when increasing the pH value up to 9.0, the initial
reaction rate was significantly improved and the nature of support played a certain role in the catalytic
activity, following the same order of the specific surface area of catalysts (Au/SiO2-meso > Au/SBA-
15 > Au/Cab-O-Sil). In addition, the different architectures of the silica supports allow us to explain
these results. The Au/SiO.-meso catalyst showed a wormhole-like framework structure containing
interconnected 3D-mesopores, which may fairly favor transport phenomena inside the pores than the
hexagonal framework structure with cylindrical mesopores of the Au/SBA-15, can do. The amorphous
architecture and lower surface area of Cab-O-Sil, give rise to a limited number of active sites, thus
lowering the reaction rate. Consequently, the connectivity of cubic and 3D mesoporous architectures
could make easier the diffusivity of reactants and products, enhancing the mass transfer and reaction

rate, while the AUNPs were kept inside the pores.

In order to have a better understanding of the gold species activity during the lactose oxidation over
the 0.7%Au/SBA-15 and 0.7%Au/Cab-O-Sil, XPS analysis were carried out on spent catalysts
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obtained after reaction at pH value of 9.0. However, the slight variation in the relative surface
concentrations after reaction, presented in parenthesis in Table 6.2, does not allow determining

accurately the nature of the active species responsible for the lactose oxidation.

0.12 { HEN 0.7%AuU/Cab-0-Sil
[/ 0.7%AUu/SBA-15

0.0 { === 0.7% Au/Meso-5i02

0.08 1

0.06 A

0.04 4

Initial rate (g LBA L1 * min-1)

0.02
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8 pH value 9

Figure 6.8 Initial rate of LBA synthesis by aerobic oxidation of lactose on Au/SiO- catalysts. Reaction
conditions: T=65°C; Catalyst/Lactose ratio 0.2, air flow = 40 mL/min, agitation=900 rpm.

6.5. Conclusions

Different Au/SBA-15 and Au/Cab-O-Sil catalysts (0.7% Au nominal load) were synthesized via wet
chemical process using a gold complex precursor Au(en).Cls (en = ethylenediamine), and
successfully investigated for the aerobic oxidation of lactose. Through XRD, TEM, and N2 adsorption
analyses, we found that the use of this precursor allows the preservation of the silica support SBA-15
structure, where AuNPs of ~ 6.0 nm were well dispersed and not aggregated. Moreover, XPS
analysis indicated the coexistence of metallic and oxidized species on the catalyst, with relative

abundances of Au® > Au* > Aus+.

Although the Au/SiO2 catalysts showed high activity and 100% selectivity towards LBA, the Au/SBA-
15 catalyst was more active than the Au/Cab-O-Sil sample, converting nearly 100% lactose after 100
and 140 min of reaction, respectively, under identical reaction parameters.
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The effect of the catalyst support was investigated by comparing three Au/SiO2 catalysts with the
same loading, particle size and oxidation state of gold, but having different specific surface area and
structure (3D-mesoporous Au/SiOz-meso, 2D-mesoporous Au/SBA-15 and amorphous Au/Cab-O-
Sil). The catalytic activity varied with the same order as the surface area for the investigated
catalysts. Moreover, the 3D-mesoporous architecture allowed ensuring a better catalytic
performance, because of higher surface area and pore connectivity, which could lead to a higher

number of active sites, thus enhancing the mass transfer and reaction rate.

Considering that the success of the introduction of AuNPs into mesoporous silica requires the
fulfillment of three criteria [205]: (i) retaining the order structure of the silica support; (ii) achieving
very small uniform and well dispersed AuNPs; and (iii) attaining high and controlled gold loading; the
use of the gold complex Au(en)Cl3 can be regarded as a promising precursor for the synthesis of

gold supported on mesoporous silicas for the oxidation of organic compounds in liquid phase.
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Chapter 7. Catalysts recycle and deactivation

Supported gold catalysts have shown very high activity and selectivity in carbohydrates oxidation
reactions. However, the catalyst stability is equally important, since if they maintain their activity and
selectivity after recycling and regeneration, the process costs could be reduced. This chapter
presents a preliminary study on the catalysts performance after consecutive lactose oxidation
reactions, in order to have a better understanding of the deactivation causes and to propose an

efficient catalyst regeneration procedure.

7.1. Experimental methodology

7.1.1. Catalysts synthesis

For these experiments, two new catalysts (Au/SBA-15 and Au/SBA-15-CeQ> (molar ratio Ce/Si of
0.2)) with nominal gold loadings of 1.9 and 0.9%, respectively, were synthesized by the cation
adsorption procedure using the complex Au(en)2Cls, following the method described in Chapter 5.
The samples were stored away from light in plastic bottles under N. atmosphere at ambient

temperature, in order to prevent any alteration [453].

7.1.2. Lactose oxidation reactions

Reactions were carried out in a similar manner to that described in previous chapters, with some
modifications. Typically, lactose solutions (~20 mM) were oxidized during 60 min at pH 8.0 under
continuous agitation (1000 rpm), using a catalyst/lactose ratio of 0.2. The temperature was
maintained at 65+1°C, while air was continuously bubbled at about 200 mL/min. HPLC was used to

analyze the reaction products, according to the method described previously (Chapters 3-6).

7.1.3. Catalyst deactivation study

Considering that the main causes of gold catalysts deactivation are the sintering of gold
nanoparticles, the changes in the oxidation states of gold, the leaching of the active phase and the
strong adsorption of the reaction products on the catalyst surface [14, 454], the following procedure

was used for understanding the catalysts deactivation phenomena:

Three consecutive reactions cycles were carried out using the synthesized catalysts. However, given
that after every reaction there is an inevitable catalyst loss after its recovery by filtration, in order to
use always the same catalyst/lactose ratio, the first cycle consisted in three oxidation reactions. The
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catalysts recovered from these three reactions were used in the second cycle (two reactions), and

the third cycle (one reaction) was performed using the catalysts recovered from the second cycle.

Fresh and spent catalysts were analyzed by means XPS and TEM. Histograms of the gold particle
size distribution were obtained by counting at least 100 particles on the TEM images for each
sample. The leaching of gold was investigated by means of ICP-AES analysis of the solutions after

reaction.

7.1.4. Catalyst regeneration procedures

Two catalyst regeneration procedures were investigated: (i) For the Au/SBA-15 samples, the
catalysts were recovered by filtration after each reaction, then thoroughly washed with enough
deionized water at room temperature and subsequently dried overnight under vacuum at 40°C. (ii) In
the case of Au/SBA-15-CeO, samples the procedure (i) was used to regenerate the catalysts after
the first reaction cycle. However, after the second cycle, the catalysts were recovered by filtration,
thoroughly washed with enough deionized water at room temperature, dried overnight under vacuum
at 40°C, and calcined in air at 400°C for 4h at a heating rate of 2°C/min, using a programmable oven.

The samples were stored under the same conditions described above (See 7.1.1.).

7.2. Results and discussion

7.2.1. Catalysts activity and selectivity after consecutive reactions

Table 7.1 presents the conversions and selectivities towards lactobionic acid obtained after three
consecutive lactose oxidation reactions using Au/SBA-15 and Au/SBA-15-CeQ; catalysts. As it can
be observed, the lactose conversion over fresh and regenerated Au/SBA-15 catalysts decreased
continuously after the first cycle. The fresh catalyst was highly active, but its activity diminished about
40% and 65% after being regenerated by washing with water, and recycled one and two times,
respectively. However, in spite of this activity decrease, the selectivity towards lactobionic acid was

always 100%, since no other products were found by means of HPLC analysis.

On the other hand, it can be noticed that the activity of the Au/SBA-15-CeO; catalysts decreased
about 73% after the first cycle. However, after regeneration by calcination the catalytic activity and
selectivity were similar to those of the fresh catalysts, suggesting that organic components from the

substrate and the reaction product are strongly adsorbed on the catalyst surface. Similar to Au/SBA-

172



15 samples, this catalyst showed 100% selectivity towards lactobionic acid after consecutive reaction

cycles.

Table 7.1. Effect of catalyst reuse on the lactose conversion (X) and selectivity (S) towards
lactobionic acid @.

Catalyst Cycle 1 Cycle 2 Cycle 3

X (%) S (%) X (%) S (%) X (%) S (%)
Au/SBA-15 100 100 63 100 25 100
Au/SBA-15-Ce0: 100 100 27 100 1006 1006

a Values after 60 min of reaction. » Values after 40 min of reaction using the catalysts regenerated by calcination.

7.2.2. Catalysts deactivation

7.2.2.1. Gold particle size of fresh and spent catalysts

Since it is well known that the activity of supported gold catalysts is strongly influenced by the gold
particle size, samples of Au/SBA-15 and Au/SBA-15-CeO. before and after oxidation reactions were
analyzed by means of TEM. A slight increase in the gold particle size after every reaction was
observed in the case of Au/SBA-15 catalysts, as presented in Figure 7.1. The fresh catalysts showed
well distributed spherical gold nanoparticles of about 7.1+1.7 nm. After two and three reactions the
gold nanoparticles were still well dispersed on the mesoporous silica support, but their average
particle size increased up to 8.6+1.3 and 9.7+1.9 nm, respectively. Although this increase in the
particle size could have affected the catalyst activity, any conclusion cannot be drawn only with these
data, taking into account that gold nanocrystallites of 9.0+1.0 nm supported on mesoporous silica
were also highly active in the same reaction [11]. On the other hand, the TEM images of the fresh
and spent Au/SBA-15 catalysts show the well-ordered 2D hexagonal pore arrangement and the long-
range mesopore architecture typical of mesoporous silica materials [145], indicating that the catalyst

structure was conserved after three consecutive reactions.

Similar to Au/SBA-15 samples, some slight increase in the gold particle size of Au/SBA-15-CeO;
catalysts was observed after consecutive lactose oxidation reactions (Figure 7.2). The fresh catalyst
presented well dispersed gold nanoparticles of about 6.6+1.4 nm, which increased up to 7.1+1.7 and
8.2+1.7 nm after two and three reactions, respectively. However, given that after the second reaction

the lactose conversion was significantly reduced (See Table 7.1), while there was only a minor
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increase in the gold particle size (6.6+1.4 vs. 7.1+1.7), the catalyst deactivation cannot be attributed

to the sintering of gold nanoparticles, and other causes could be responsible of this phenomena.

TAE1Tnm

E 7 ] )} 10 11 12
Particle size (nmy

16

SEX1.3nm
14

12

10 4

Frequency (%)

E 7 g El 10 11
Particle size (nmj

20 4 4718 rm

13

10

Frequency (%)

3 E T g k] o 11 12 13 14 13
Particle size (nmy)

Figure 7.1. TEM images and particle size distribution Au/SBA-15 catalysts. (a) Before the reaction. (b) After
two reactions. (c) After three reactions.
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Figure 7.2. TEM images and particle size distribution Au/SBA-15-CeQ; catalysts. (a) Before the reaction. (b)
After two reactions. (c) After two reactions and calcination at 400°C during 4h. (d) After three reactions.
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It is worth noting that after the catalyst regeneration by calcination at 400°C for 4h, the gold particle
size did not show any significant increase in comparison to the fresh and spent catalysts after two
reactions cycles. Nevertheless, after the third reaction cycle the size of gold particles on this
regenerated catalyst increased more than those on the fresh catalyst after two reactions, which could

be due to some structural damages after the regeneration process by calcination.

7.2.2.2. Oxidation states of gold in fresh and spent catalysts
With the aim to investigate if the oxidation state of the loaded gold on the Au/SBA-15 and Au/SBA-
15-Ce0O, catalysts could be involved in the catalytic activity decline, fresh and spent catalysts

samples were analyzed by means of X-ray photoelectron spectroscopy.
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Figure 7.3. Typical XPS-spectra of Au 4f core-level photoelectron spectra of fresh and spent Au/SBA-15 and
Au/SBA-15-Ce0; catalysts.

Similar to the XPS spectra presented in Chapters 5 and 6, the experimental curves of Au 4f core
levels spectra of the fresh and spent catalysts, showed in Figure 7.3, presented the doublet of two
spin orbit components Au 4f7» and Au 4fs;, separated by 3.67 €V, which were characterized by the
presence of three well-defined spin orbit split Au 4f7» and three Au 4fs; components (Au 4fs.1, Au
4fspo and Au 4fs0.3), after the peak deconvolution process using the Kratos software. The BE and the
proportion of these spin orbit split components are presented in Table 7.2, while the comparative
preponderance of Au species in the fresh and spent samples is showed in Table 7.3. The Au 4f
curves fitting showed the presence of three Au 4f7p components (Au 4f7p.1, Au 4f72 and Au 4f712.3)

with photoelectron peaks located at around 84.0, 85.1 and 86.7 eV, which were assigned to Au?, Au*
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and Aus3*, respectively [409], indicating the coexistence of metallic and oxidized species on the

catalysts. The slight variation in the peak positions could be due to the surface charging effects, as

well as to the different size of gold nanoparticles [455].

Table 7.2. Binding energies (BE) of Au 4f7 and 4fs deconvoluted peaks and its relative surface

distribution in fresh and spent Au/SBA-15 and Au/SBA-15-CeQ- catalysts.

Catalyst Peak BE (eV)  Gold species Concentration (%)?
Au/SBA-15 Au 4f75.4 84.10 Au 38.74
Au 4f71.9 84.99 Aut 14.08
Au 4f7p3 86.56 Aust 4.38
Au 4fsp-1 87.77 Auo 28.99
Au 4fsp.o 88.66 Aut 10.54
Au 453 90.23 Ausdt 3.28
Au/SBA-15 after three reactions Au 4f7-1 84.00 Auo 43.75
Au 4f7-9 84.82 Aut 10.19
Au 4f7p3 86.35 Ausdt 3.25
Au 4fsp-1 87.67 Auo 32.74
Au 450 88.49 Au* 7.63
Au 453 90.02 Ausdt 2.44
Au/SBA-15-Ce0, Au 474 83.94 Auo 40.54
Au 4f7.9 85.53 Aut 13.29
Au 4f7p3 87.45 Aust 3.36
Au 4fsi-1 87.61 Auo 30.34
Au 4500 89.20 Au* 9.95
Au 4fs1.5 91.12 Aus* 2.52
Au/SBA-15-Ce0; after two Au 4f7p-1 83.83 Auo 41.37
reactions Au 47 85.25 Aut 11.05
Au 4f7.3 86.52 Aus* 2.87
Au 4fs54 87.50 Au 34.29
Au 4500 88.92 Au* 8.27
Au 4fs1.5 90.10 Aust 2.15
Au/SBA-15-Ce0- regenerated Au 474 84.20 Auo 49.6
by calcination gt 400°C for 4h AU 4f 86.06 Au 4.96
after two reactions Au 4 89.00 AU 353
Au 4fs.1 87.87 Au? 37.12
Au 4fsp.2 89.73 Aut 2.85
Au 4fs1.5 92.67 Aust 2.64

a Expressed as a percentage of the total area of the Au 4f peak (taken as 100%).
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From the results presented in Tables 7.2 and 7.3, it can be noticed that the relative surface
concentrations found in both fresh and spent catalysts samples followed the order Au® > Au* > Aus*,
respectively, and that after oxidation reactions the concentration of metallic gold increased while
those of the oxidized species decreased. Moreover, it can be observed that the fresh and spent
Au/SBA-15 and Au/SBA-15-CeO. catalysts have somewhat similar gold species composition.
However, in agreement with the results presented in Chapter 5, ceria-doped catalyst exhibited more
pronounced activity than Au/SBA-15, taking into account that the kinetic behavior of both catalysts
was comparable, but the gold content in the Au/SBA-15 catalyst was almost twice than the loaded on
the Au/SBA-15-CeO, samples. The redox properties of ceria probably have contributed to increase

their activity.

Table 7.3. Comparative preponderance of gold species in fresh and spent Au/SBA-15 and Au/SBA-
15-Ce0; catalysts.

Gold species (%)

Catalyst

Au® Au* Au3t
Au/SBA-15 67.73 24.62 7.66
Au/SBA-15 after three reactions 76.49 17.82 5.69
Au/SBA-15-Ce0, 70.88 23.24 5.88
Au/SBA-15-CeQ, after two reactions 75.66 19.32 5.02

- - 1 i 0

Au/SBA-15-Ce0; regenerated by calcination at 400°C for 86.72 711 6.17

4h after two reactions

Noteworthy is the fact that the catalysts regenerated by calcination showed the highest concentration
of metallic gold, and that they were most active than the fresh catalysts, given that in the third
reaction cycle lactose was almost depleted after only 40 min. However, it can be noticed that for this
catalyst the BE shifted to higher values, and this makes complicated the interpretation of the gold
species present in this sample. Nevertheless, if the XPS spectra of this sample is deconvoluted to
four subspectra, as presented in Figure 7.4, the Au 4f curves fitting showed the presence of two Au
4f7, components with photoelectron peaks located at around 84.2 and 86.2 eV, which are related to
Au® and Aud*, respectively [409]. The relative abundances of Au® and Au3* are 92.8 and 7.2%,

respectively.
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Figure 7.4. XPS-spectra of Au 4f core-level photoelectron spectra of spent Au/SBA-15-CeQ; catalyst
regenerated by calcination at 400°C for 4h.
An extensive work has been made on various reactions catalyzed by gold, however as far as
oxidation reactions in liquid phase are concerned, different controversial proposals are found in the
literature about the nature of the active species, and the role of metallic and oxidized gold species in
the reaction mechanism is still under debate. We have tentatively tried to find out if the oxidation state
was involved in the catalyst activity decline, but unfortunately the obtained results do not allow
drawing any conclusion. Although the data presented in Table 7.3 suggest that high concentrations of
metallic gold could enhance the catalytic activity, the presence of oxidized gold species may also
affect the activity of gold catalysts in carbohydrates oxidations. Further studies are needed to confirm
which species are responsible of the catalytic activity in these reactions. Moreover, it is interesting to
remind that Au3* is very unstable even at room temperature, and it can be easily reduced to Au* and

AuC during exposition to electron or photon beam in TEM and XPS analyses [453].

7.2.2.3. Leaching of the active phase

To study the leaching of the active phase, liquid samples were taken after oxidation reactions cycles
and analyzed by means of ICP. As it can be noticed in Table 7.4, gold starts to leach into the reaction
solution from the second oxidation cycle, and the leaching increased after the third cycle. At the
beginning, the concentrations of gold were about 27.1 and 12.9 ppm for the catalytic systems
(lactose solution + catalyst) of Au/SBA-15 and Au/SBA-15-CeQ;, respectively. After the first reaction

cycle, about 1.5% of the active phase present in the Au/SBA-15 catalyst, leachs into the solution.
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This amount increased until 4.1% after the second reaction cycle. In the case of the Au/SBA-15-CeQ;
the percentage of gold leached into the reaction solution after the first and second reaction cycles
were 2.9% and 6.7%. These important values suggest that leaching of the active phase is an

important cause of deactivation of these catalytic samples.

Table 7.4. Gold content in the reaction solutions after consecutive oxidation cycles.

Catalyst Gold content (ppm)

Cycle 1 Cycle 2 Cycle 3
Au/SBA-15 <DL 0.395 1.121
Au/SBA-15-Ce0; <DL 0.378 0.863

7.3. Conclusions

The nature of the deactivation of gold catalysts supported on mesoporous SBA-15 and SBA-15-CeO>
after consecutive lactose oxidation reactions has been investigated by means of TEM, XPS and ICP-
EOS analysis. Regeneration of the catalysts was carried out by washing with water and by
calcination at 400°C for 4h. The catalysts regenerated by washing with water showed lower activity
than the fresh ones, whereas the catalyst calcination after washing with water can be regarded as an
efficient regeneration procedure, since the regenerated catalysts displayed similar activity than the

fresh ones.

Although a combination of numerous factors may be the reason of the catalysts deactivation, the
obtained results indicate that the main cause of deactivation is the strong adsorption of organic
species on the catalyst surface, although leaching of gold during the reaction and sintering of gold
nanoparticles could have contributed to the overall decline of catalyst activity. More analysis such as

TPO and DSC-TGA are necessary to verify the nature and amount of these adsorbed species.
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Chapter 8. Production of lactobionic acid by means
of a process comprising the catalytic oxidation of
lactose and bipolar membrane electrodialysis

In this chapter, the feasibility for recovering lactobionic acid from its sodium salt obtained at the

reactor outlet after lactose oxidation over gold catalysts supported on mesoporous silica materials.

Published in Separation and Purification Technology 2013, 109, 23-32 by Luis-Felipe Gutiérrez,

Laurent Bazinet, Safia Hamoudi and Khaled Belkacemi.

8.1. Abstract

Lactobionic acid (LBA) is a high value-added oxidation product of lactose with numerous potential
applications in the food, pharmaceutical and chemical industries. This study aimed to investigate the
viability of producing LBA from a sodium lactobionate (LBNa) solution obtained by the aerobic
oxidation of lactose over gold nanoparticles supported on mesoporous silica, using a three-
compartment bipolar membrane electrodialysis (BMED) stack with an effective area of 0.01 m2. The
results indicated that LBNa was continuously split in LB (lactobionate anion) and Na* ions during
BMED, which formed LBA and NaOH in the acid and base compartments, respectively. A
demineralization rate of about 50% was achieved after applying a voltage difference of 5.0 V during
100 min followed by 5.5V during 80 min, while the LBA concentration increased about 2.5 times in
the acid compartment. The specific energy consumption was 0.57 kW-h-kg! over the whole stack.
Although sodium was found in small amounts (17.5 ppm) in the acid compartment, these results
show for the first time the viability of producing LBA by means of an integral process comprising the
catalytic oxidation of lactose and BMED, with the advantage that the NaOH could be efficiently

recovered for its reutilization in further oxidation reactions.

8.2. Introduction
LBA (4-O-B-D-galactopyranosyl-D-gluconic acid; C12H22012; FW 358.30 Da; pKa 3.8) is an aldonic

acid obtained from the oxidation of lactose. The chemical structure of LBA comprises a galactose
moiety linked to one gluconic acid molecule via an ether-like linkage. LBA and its mineral salts
(mainly Ca-, K- and Na-lactobionate) are commercially produced in small quantities for industrial and

medical applications, as well as for research use. According to Affertsholt-Allen [7], the LBA market is
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between 15000 and 17000 tons per year, with an expected annual growth rate of 5%. LBA has
numerous potential applications as ingredient in foods, pharmaceutical and chemical products, due to
its antioxidant, chelating and humectant properties. The main commercial application of LBA is as
ingredient of the solutions employed for stabilizing organs prior to transplantation [43], and it
represents a new ingredient in skin care products featuring potent antioxidant, wound healing,
humectant anti-aging and keratinizing properties [115, 401]. LBA is an excellent carrier for calcium
supplementation, and it has recently been employed in the design of functional nanomaterials for
carrying drugs [96, 98]. LBA has also been proposed as acidulant with a sweet taste; filler in cheese
production; firming agent, and to fortify functional drinks with essential minerals such as Fe and Cu
[8, 402]. Additional commercial and proposed applications of LBA can be found in the complete

review recently published by our research group [6].

The selective conversion of lactose to LBA can be accomplished by chemical, electrochemical,
biocatalytic or heterogeneous catalytic oxidation processes. However, since the pH must be kept in
alkaline conditions during reaction by adequate addition of a Na-, Ca- or K- base, the obtained
product is mainly a salt solution of lactobionate, which must be demineralized if the desired final
product is LBA.

The use of ion-exchange resins is normally the first choice for acidifying organic salts due to its
simplicity and low cost. Nevertheless, BMED could be preferable because it can be considered as a
“green” process to achieve the conversion of the acid salts into their acidic forms [17], given that this
technology does not generate large volumes of chemical effluents, thus avoiding a cumbersome

regeneration step required in the ion-exchange technologies.

The production of organic acids by means of BMED has been largely studied. The general process is
based on the ability of bipolar membranes (BM) to split water into H* and OH at the membrane
bilayer interface [456-457]. Thereby, the acid salts dissociating in the same way than in conventional
electrodialysis, can form acids and bases with the H*and OH  ions generated by the BM [458]. The
stack unit may use BM in combination with conventional cation- and/or anionexchange membranes
(CEM and AEM, respectively) [459]. Under this approach, numerous acids of low and/or medium
molecular size (under 203 Da), such as acetic [460-461], ascorbic [462], citric [463-467], formic [456,
468-470], galacturonic [471], gluconic [17, 463], itaconic [472], lactic [461], malic [473], p-
toluenesulfonic [474], propionic [461], salicylic [475], sebacic [476] and tartaric [477-478] has been
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recovered from their organic salts. However, the recovery of large size organic acids such as LBA
(358.3 Da) using electrodialysis processes is a challenging task, because of the difficulties for their
migration across the anion-exchange membranes, which normally show high resistances to the
transport of larger compounds. To the best of our knowledge, the only study for separating LBA by
means of electrodialysis was carried out by Peretti et al. [479]. They reported a LBA recovery of only
16.2%wt after applying a conventional electrodialysis treatment during 250 min at 15V to a lactose
bioconversion solution containing LBA, lactose, fructose and sorbitol. This low yield was attributed to
the system mass transfer limitations, particularly to the small permeability of the ion-exchange

membranes.

In this study we aimed to investigate the viability of producing LBA by means of an integral process
comprising the catalytic oxidation of lactose followed by a BMED treatment, making special emphasis
on the electrodialysis step. Thus, the LBNa solution obtained in our recent work by the oxidation of
lactose over gold nanoparticles supported on mesoporous silica [11], was passed through a three-
compartment BMED system, with the purpose of recovering both the LBA and the NaOH solutions,
the latter being able to be utilized in further oxidation reactions to control the pH. To the best of our

knowledge, the viability of such process is hardly investigated.

8.3. Experimental details
8.3.1. Materials

8.3.1.1. Chemicals

All reagents were of the highest purity and were used without further purification. a-lactose
monohydrate (>96%), lactobionic acid (>97%) and NaCl (>98%) were purchased from Sigma
Aldrich. Sodium hydroxide solution 50% and anhydrous sodium acetate, both HPLC grade from

Fluka, were used for eluents preparation for HPLC analysis.

8.3.1.2. LBNa production

LBNa was synthesized by aerobic oxidation of lactose over gold nanoparticles supported on
mesoporous silica, according to our recent work [11], with some modifications. In a typical oxidation
reaction, 175-200 mL of 20 mM lactose solution were heated under continuous agitation (600 rpm)
until 65+1°C, while 500 mL-min-! of nitrogen flow were simultaneously bubbled for stripping off the

dissolved oxygen. Once the temperature was reached, the stirring rate was increased to about 1000
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rpm and the catalyst (0.7%Au) was added at a catalyst/lactose ratio of 0.2. Subsequently, air flow
was continuously bubbled at 400 mL-min-', while the pH of the reaction media was adjusted to
8.0+0.5 by addition of 0.5 M NaOH aqueous solution. Under these conditions, lactose was
completely depleted after 60 min, as indicated by HPLC analysis of the reaction medium. Under
these operating conditions, the oxidation reactions were 100% selective towards LBA, since no side
products were detected by HPLC analysis. After reaction, the catalyst was separated from the slurry
by filtration, and the filtrate was further used in the BMED experiments. Supplementary details,
including the synthesis, properties and characteristics of the catalyst, as well as the optimization of

the oxidation reaction, can be found in Gutiérrez et al. [11].

8.3.1.3. Membranes

The membranes used in the electrodialysis experiments were a cation-exchange membrane
Neosepta CMX-SB (Tokuyama Soda Ltd., Tokyo, Japan), an anion- exchange membrane ASM
(Tokuyama Soda Ltd., Tokyo, Japan), and two bipolar membranes BP-1 (Tokuyama Soda Ltd.,
Tokyo, Japan). The ASM membrane was selected for this study, since it has one of the loosest
structures among all the anionic-exchange membranes commercially available, according to the

manufacturer. The main properties of these three membranes are presented in Table 8.1.

Table 8.1. Main properties of the cationic, anionic and bipolar membranes used in the stack.

Membrane Thickness Electric resistance Electrical conductivity
(um) (Q cm?)? (mS/cm)
Clean After 3 runs Clean After 3 runs Clean After 3 runs
CMX-SB 168 +£3 173+3 1.81+£0.29 1.78 £0.03 9.64 +1.98 9.78+0.19
ASM 161+4 175+3 1.19+£0.14 1.41+0.07 13.79£1.79 12.57 £ 0.71
BP-1b 225+ 2 228+2 9.49+0.57 6.39+0.19 2.38+0.18 3.56 +0.11
BP-1¢ 225+2 229+ 2 9.49+0.57 7.28+0.14 2.38+0.18 3.14+0.08

a Equilibrated with 0.1 N NaCl solution at 25°C. ® Membrane close to cathode. ¢ Membrane close to anode.

8.3.2. BMED cell and protocol
Figure 8.1 illustrates the configuration of the BMED stack employed in this study, which was operated
in recirculation mode. The module was an MP type cell (ElectroCell AB, Taby, Sweden). Specifically,
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the stack comprised a 316 stainless-steel electrode as cathode, and a dimensionally stable electrode

(DSA) as anode, both giving 0.01 m2 of effective electrode area.

NaOH LBNa LBA

NaCl LBNa LBA

e

[
N
L=,
[

Figure 8.1. Configuration of the BMED cell. AEM: anion-exchange membrane; BM: bipolar membrane, CEM:
cation-exchange membrane.

The membranes, separated by flow distribution gaskets, were arranged to give one cell unit of three
compartments for passing the following three solutions: LBNa (~5 g-L-*, pH~8, k ~1150 uS-cm-', 350
mL, 300 mL-min""), LBA (~2 gL', pH~2.7, k ~150 uS-cm', 300 mL, 300 mL-min-') and NaOH
(~0.013 g-L1, pH~10.5, k ~300 uS-cm-, 500 mL, 300 mL-min-') solutions. The electrolyte solution
(NaCl, 20 g-L-') was pumped into a closed loop at a flow rate of 800 mL-min-!. Each compartment
was connected to an external reservoir to allow a continuous recirculation. The solutions were
circulated using centrifugal pumps, and their flow rates were controlled by means of flow-meters. In
order to eliminate all the gas bubbles, the solutions were circulated in the system for 5-10 min before

the current was switched on.

During the BMED process the total increase of the current intensity was 17 mA (from 28 mA to 45
mA, at the end of the experience). The voltage was maintained constant at 5V during the first 100
min and increased further to a value of 5.5 V for the last 80 min. The first step, where the voltage was
constant, allowed avoiding water splitting at membrane interfaces, and consequently a decrease in
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the LBA potential migration. The subsequent increase of the voltage to a value of 5.5V, and keeping
it constant during 80 min using a programmable 0-60V DC power supply (Xantrex HPD 300 W, model
60-5, Xantrex Technology Inc., Burnaby, Canada), will allow to accelerate the LBA migration, always
without water splitting. The effective membrane area of the system was 0.01 m2. All the experiments
were started at about 25°C, but since the BMED system was not equipped to maintain constant

temperature, the temperature slightly increased by 6°C after 180 min of operation.

8.3.3. Analysis methods and calculations

8.3.3.1. pH
The pH of solutions in each compartment was continuously measured using a pH-meter model SP20

(epoxy gel combination pH electrode, VWR Symphony), produced by Thermo Orion (West Chester,
PA).

8.3.3.2. Conductivity

The conductivity of solutions in each compartment was continuously measured with an YSI
conductivity meter (model 3100-115V, YSI Inc. Yellow Springs, Ohio, USA) with an automatic
temperature compensation (ATC) immersion probe (model 3252, k = 1 cm, YSI Inc.). The collected
data were employed to calculate the demineralization rate (DR), as reported by Bazinet [480]:

k. —k
DR:’fomo (1)

where ki and kr are the initial and final conductivities of the diluate solution, respectively.

8.3.3.3. LBA determination

The concentration of LBA in the diluate and concentrate solutions was determined by HPLC, as
reported in our recent works [11, 90]. Liquid samples (750 uL) were taken from each compartment at
regular intervals and analyzed using a liquid chromatographic system DX- ICS 2500 (Dionex, USA)
equipped with a gradient pump GP50 and an electrochemical detector ED50 with a thin-layer type
amperometric cell outfitted with gold electrodes and an Ag/AgCl reference electrode. In order to
improve sensitivity, minimize the baseline drift and clean the gold working electrode, a triple potential
waveform of E1: 0.1, E2: 0.6 and Es: -0.8V was applied for duration times of t1: 0.5, t: 0.09 and ts:

0.07 s. The chromatographic peak separation was performed on a CarboPac PA1 analytical column
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(4mmx250 mm i.d., Dionex, USA) in conjunction with a CarboPac PA1 guard column (4mmx50mm
i.d., Dionex, USA). Sodium hydroxide solution 50% and anhydrous sodium acetate (NaOAc) were
used to prepare the eluents A (0.1M NaOH) and B (0.1M NaOH-0.5M NaOAc) in filtered and
vacuum-degassed HPLC-Grade water. Both eluents were stored in closed and helium-pressurized
bottles. The flow-rate was set at 1 mL-min-'. For the analysis, the flow gradient was programmed as
follows: From 100% eluent A (isocratic for 10 min) to an eluent composition of 60%A and 40%B in 10
min using a linear gradient. Then, isocratic period of this eluent composition for 10 min, and
subsequently the eluent was returned to 100%A in 5 min, using a linear gradient. Calibration and

integration of chromatographic data was carried out with Chromeleon software (Dionex, USA).

8.3.3.4. Sodium determination

Sodium was measured with a flame atomic absorption spectrometer (Analyst 200, PerkinElmer, Inc,
USA), using an air-acetylene flame. Before measuring the samples at 589 nm, the spectrometer was
calibrated with three standard solutions. Blanks and standards were periodically analyzed between

samples on a randomized basis, to confirm the validity of the calibration curve.

8.3.3.5. Zeta potential

Zeta potential of the LBNa solution was measured using a Zetasizer Nano ZS (Malvern Instruments
Ltd, UK). This instrument calculates the zeta potential by determining the electrophoretic mobility (the
rate of migration per unit electric field strength of a charged particle), following the Smoluchowski
approximation. Indeed, by directly measuring the electrophoretic mobility of a particle, the zeta

potential may then be determined using the well-known Henry Equation:

_26Zf(K,)

U
E 37,

(2)

where vy is the electrophoretic mobility, ¢ is the dielectric constant, Z is the zeta potential, f(Ka) is

Henry's function, and 7 . is the viscosity. Henry's function generally has value of either 1.5 or 1.0. For

measuring zeta potential in aqueous solutions of moderate electrolyte concentration, a value of 1.5 is

used and this is referred to as the Smoluchowski approximation.

The electrophoretic mobility is obtained by performing an electrophoresis experiment on the sample

and measuring the velocity of the particles using laser doppler velocimetry. Samples (~750 uL) were
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poured into zeta potential cells (Disposable capillary cell DTS 1060, Malvern Instruments Ltd, UK)
and analyzed at 25°C. Before each measurement, the cells were rinsed with ethanol and HPLC grade

water, and then dried with an air blast [481].

8.3.3.6. Current efficiency, energy consumption and system resistance
The current efficiency (7), defined by the ratio between the produced LBA and the electric charge

passed through the stack, was calculated according to the Eq. (3), proposed by Wang et al. [482]:

%)= (C =GV 140

77( NIt (3)

where Ct and Co (mol-L-") are the concentrations of LBA in the acid compartment at time t and 0,
respectively; z is the ion’s absolute valence; V (L) is the circulated volume of solution; F is the
Faraday constant (96500 C mol-); / (A) is the current, N is the number of repeating units in the stack,
and t (s) is the operation time. Since the volume change in the acid compartment was negligible

during the process, V was equal to 0.3 L throughout.

The specific energy consumption E (kW-h-kg-') was calculated by means of Eq. (4) [483], which

allows extrapolating the results for the production of 1 kg of LBA:

Ul
=] comr
’ (4)
where U (V) is the voltage across the BMED stack, / (A) is the current, Ci (mol-L-") is the

concentration of produced LBA at time ¢, V is the solution volume (0.3 L), and M is the molar mass of
LBA (358.30 g mol).

The system resistance was determined using Ohm’s Law, from the voltage read directly from the
indicators of the power supply and the current intensity from a digital multimeter (model MX 52, ITT

Instruments, Bagneux, France).

8.3.3.7. Membrane thickness

The membrane thickness was measured using a Mitutoyo Corp. IDC type Digimatic indicator with
automatic encoder (Model ID-C112 EB, Kanagawa-Ken, Japan) especially devised for plastic film
thickness measurements, with a resolution of 1 ym and a range of 12.7-0.001 mm, as indicated by
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Bazinet and Araya-Farias [484]. The Digimatic indicator was equipped with a 10-mm-diameter flat
contact point. The membrane thickness values were averaged from at least six measurements at

different locations on the effective surface of each membrane.

8.3.3.8. Membrane electrical conductivity

The membrane electrical conductance (G) was measured with a specially designed cell (Laboratoire
des Materiaux Echangeurs d’lons, Créteil, France) coupled to a YSI conductivity meter (Model 35;
Yellow Springs Instrument Co., Yellow Springs, OH, USA) as described by Bazinet and Araya-Farias
[484]. A 0.1N NaCl reference solution at about 25°C was used. The membrane electrical resistance

was calculated as indicated by Cifuentes-Araya et al. [485]:

= =R R (5)

where Rn is the transverse electric resistance of the membrane (Q), Rm+s is the resistance of the
membrane and of the reference solution measured together (Q), Rs is the resistance of the reference
solution (Q), G is the conductance of the membrane (S), Gm+s is the conductance of the membrane
and of the reference solution measured together (S), and Gs is the conductance of the reference
solution (in S). The membrane electrical conductivity k» (mS-cm') was calculated as proposed by
Lteif et al. [486]:

" R,A (6)

where L is the membrane thickness (cm) and A the electrode area (1 cm2).

8.3.3.9. Scanning electron microscopy

Scanning electron microscopy (SEM) images of membranes were taken using a scanning electron
microscope (JEOL, model JSM-840A, Peabody, Massachusetts, USA) equipped with an energy
dispersive X-ray spectrometer (EDS) (NORAN Instruments, Inc., USA). The EDS conditions were 15
kV accelerating voltage with a working distance of 12-13 mm. The samples were coated with a thin
layer of gold/palladium in order to make them electrically conductive, and to increase the image
quality [485].
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All assays were carried out in triplicate. Data are reported as mean + standard deviation.

8.4. Results and discussion

8.4.1. Process parameters

8.4.1.1. pH

The pH variation of the three compartments during the BMED process is presented in Figure 8.2. As
it can be noticed, the pH of the LBNa solution decreased from a mean value of 7.7 to about 6.2, due
to its demineralization. Under the influence of an electric field, sodium ions migrate towards the
cathode and leave the diluate compartment by crossing the CEM, while the lactobionate ions (LB )
diffuse in the direction of the anode, leaving the diluate compartment and moving through the AEM
into the acid compartment. As confirmed by the zeta potential and electrophoretic mobility values of
the LBNa solution, which were -30.45+1.77 mV and -2.39+0.14x10-¢ m2V-1s-1 at the beginning, and -
21.90+1.84 mV and -1.71+0.14x10-¢ m2V-1s-! at the end of the process, respectively, the migration of
LB was towards the anode. Owing to these dissociation and migration, the pH of the feed solution

drops progressively, without observations of reaching a plateau after 180 min of operation.
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Figure 8.2. Variation of the pH values in the diluate, base and acid compartments during the recovery of LBA
from LBNa by means of BMED.

By combination with the hydroxide ions (OH ) produced by water splitting at the anionic side of the
BM, the Na* ions coming from the diluate solution formed NaOH, as indicated by the slight increase
of the pH value observed in the base compartment (from about 10.1 until a constant value close to
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10.7, Figure 8.2). On the other hand, LBA was continuously produced in the acid compartment by the
reaction between the LB ions coming from the diluate and the H* generated by the BM. The pH
value of the acid compartment, showed a slight increase from a mean value of 2.7 until circa 3.0 in
the first hour of treatment, and this latter value remained constant until the end of the process. This
minor pH raise could be due to the leakage of Na* ions through the BM, as confirmed by the sodium
analysis and discussed below; and/or to a possible leakage of OH ions coming from the BM through
the CEM. A similar behavior was reported by Jaime-Ferrer et al. [456] in the splitting of sodium
formate into formic acid and sodium hydroxide, using a two-compartment BMED system. Moreover,
since the pH of the LBNa solution is still basic during the first hour of the electrodialysis process,
some hydroxide ions could have passed through the AEM, contributing to the slight pH increase in

the acid compartment.

8.4.1.2. Conductivity

Figure 8.3 shows the conductivity variation of each one of the solutions during the BMED treatment.
As depicted in this figure, the conductivity of the LBNa solution continuously decreased from about
860 to around pS-cm!, due to the migration of Na* and LB ions through the CEM and AEM
membranes into the base and acid compartments, respectively. This drop in the electrical
conductivity represented an average demineralization rate of 46.0+3.1%, as calculated by means of
Eq. 1.
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Figure 8.3. Variation of the electrical conductivity in the diluate, base and acid compartments during the
recovery of LBA from LBNa by means of BMED.
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As far as the acid and base solutions are concerned, the conductivities of these solutions in the acid
and base compartments constantly increased from about 150 and 280 to circa 410 and 930 uS-cm,
respectively, as a result of the constant formation of LBA and NaOH, by the reaction between the
LB and Na* ions coming from the diluate compartment, with the H* and OH  generated by water
splitting in the BP, respectively. Furthermore, taking into account that the conductivity of the base
solution was higher than that of the LBA solution, and that protons are transported more rapidly from
the membrane interphase than the lactobionate ions, the increase in the electrical conductivity of the

solution in the base compartment was faster than in the acid compartment.

It can also be noticed in Figure 8.3 that when increasing the voltage difference from 5 to 5.5V after
the first 100 min of treatment, the slope of the conductivity curves became more pronounced,
indicating a higher demineralization rate at higher voltage values. This effect can be better observed
in Figure 8.4, in which we have plotted the number of transported charges (q=/ x f) during the
operation time, as proposed by Casademont et al. [487]. From this figure, it can be observed that
during the first 100 min at a constant voltage of 5V, there were less transported charges than those
transported in 80 min at 5.5V (~12x10% vs. 13.3x103 C, respectively). This rapid increase in the
transported charges, as well as the pronounced increase in the slope observed in Figure 8.4,
indicates that a higher voltage could be employed in order to promote the mass transfer and the

process yield, without water splitting at AEM and CEM.
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Figure 8.4. Effect of voltage on the number of charges transported during the recovery of LBA from LBNa by
means of BMED.
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8.4.1.3. LBA and Na+ concentrations

Figure 8.5a presents the variation of the LBA concentration in the diluate and acid compartments
during the BMED treatment. As it can be observed in this figure, the LBA concentration in the diluate
compartment diminished from 13.640.97 to 7.6+0.86 mM, indicating that approximately 45% of the
LBNa present in the feed solution was recovered as LBA in the acid compartment. These values
were in agreement with the formation of LBA in the acid compartment, where the LBA concentration
increased from a mean value of 4.440.15 to about 11.4+0.17 mM, according to the HPLC analysis.
Thus, the LBA recovery obtained in this preliminary study is more than twice than that reported by

Peretti et al. [479] for the LBA separation from the lactose bioconversion medium by means of

Conductivity
LBA

Zymomonas mobilis.
14 ¢ Diluate (3@ 900 14
A Acid compartment = G & Cohductivity 260
X s LBA -
12 800 8 Ha 240
5 ) % 220
g 10 = n g g
= z £ a0 g
b g 500 Wg g 2
-
-1 c
& 8 2] 160
500
R 140
8
100 7 120
0 20 40 60 80 100 120 140 160 180
41 . . . . . . . . . Time (min)
0 20 40 60 80 100 120 140 160 180
Time {min)
o r“g 12 13
390

LBA (mM)
Na (ppm)

] 20 40 60 80 100 120 140 160 180

Time (min)

Figure 8.5. (a) LBA concentration in the diluate and acid compartments, and sodium concentration in the
diluate (b) and acid (c) compartments during the recovery of LBA from LBNa by means of BMED.

On the other hand, Figure 8.5b shows that Na* concentration in the diluate solution diminished from a
mean value of 260+12 to 130+9 ppm, which means that about 50% of the Na* ions passed through
the CEM into the base compartment to produce NaOH by combination with the OH ions generated

by the BM. This value is quite similar to the average demineralization rate calculated from the
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conductivity data (46.0+3.1%) by means of Eq. (1). Moreover, it is worth noting that the decreasing
rates of the electrical conductivity, LBA and Na* concentrations in the diluate solution followed similar
trends, as depicted in Figure 8.5b, while the increasing rate of the LBA followed almost the same

tendency than the electrical conductivity, as showed in Figure 8.5c.

Unexpectedly, the concentration of sodium ions increased in the acid compartment from 1.0 to about
17.5 ppm. The presence of Na* ions in this compartment could be due to their leakage through the
BM, because under the applied current the dissociated Na* ions from the electrolyte solution may
migrate into the acid compartment due to both the concentration gradient between the electrolyte
solution and the LBA solution, and to the voltage difference, which act as driving forces. Effectively, it
has been demonstrated that salt ions can diffuse across commercial BM, resulting in a salt
contamination of the produced acids, when using high electrolyte concentrations in the solution next
to the BM [488]. For example, Jaime-Ferrer et al. [456, 468] recently reported a Na* flux rate of
leakage through the bipolar membrane of 2x10-> dm? Ah-1, which caused 0.1% of current efficiency
loss, when using a three compartments cell for regenerating formic acid and sodium hydroxide from a
sodium formate solution. The passage of sodium ions from the diluate compartment containing the
LBNa solution through the AEM is quite difficult, because the migration of the dissociated Na* and
LB ions were towards the cathode and anode, respectively, as demonstrated previously with the
Na* and LB concentrations and the conductivity data, as well as with the zeta potential and

electrophoretic mobility values.

8.4.1.4. Current efficiency, energy consumption and system resistance

The performance of the BMED process was estimated by means of the current efficiency and the
specific energy consumption, since they are important parameters for assessing the suitability of any
electro-membrane process for practical applications. The current efficiency, representing the ratio of
the produced LBA and the number of Faradays passed through the system, was calculated for the
two steps of constant voltage difference (5.0 and 5.5V). The results indicated that during the period at
5.0V, the current efficiency rapidly increased until reaching a plateau at about 40% after the first 60
min of operation. However, when the voltage difference was increased to 5.5V, the current efficiency
of the system constantly increased, with no signs of reaching a plateau. Thus, the current efficiency
of the global process after 180 min was about 42%. Although low, this value of current efficiency was
similar to that obtained by Saxena et al. [489] for the production of lactic acid from lactate salts, and
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to that reported by Molnar et al. [471] for the recovery of galacturonic acid by means of bipolar

electrodialysis.

The low current efficiency obtained in this preliminary study was thought to be owing to the following
factors: (/) the low conductivity of the solutions in the acid and diluate compartments, which make
difficult the ion’s mobility in the electrodialysis stack, and (ii) the low applied voltage, which leads to a
low current density. Due to the low conductivities of the feed and acid solutions, it is possible that part
of the applied electricity could have been consumed for water splitting rather than in the migration of
ions [490]. Higher concentrations of the LBNa solution in the feed stream, as well as an increase in
the voltage difference could enhance the migration rate of LB ions into the acid compartment,
increasing the current efficiency of the system. However, taking into account that the LBNa solution
employed in these experiments was the solution obtained at the outlet of the oxidation reactor (see
8.3.1.2.), an increase in the concentration of the initial lactose solution should be done, in order to

reach higher concentrations of LBNa.

On the other hand, the specific energy consumption calculated from Eq. (4) was 0.57 kW-h-kg-' over
the whole stack. This value was similar to that obtained by Madzingaidzo et al. for the recovery of
lactic acid from sodium lactate [490], but lower than that reported for the recovery of other acids, such

as galacturonic [471] acid, for example.

As far as the system global resistance is concerned, at the beginning of the process, the electrical
conductivities of the solutions in the base and acid compartments were too low, which conduct to a
high system global resistance (~215 Q). However, once the LB and Na* ions began to migrate from
the diluate solution, the electrical conductivities of the solutions in the base and acid compartments
increased. This phenomenon favored the decrease in the system global resistance as a function of
time. Nevertheless, after increasing the voltage difference at 5.5V, the decrease rate of the system
resistance was lower than in the first 100 min, and a plateau was reached at about 150 min. Then,
the system resistance showed a tendency to increase, since the conductivity of the feed solution
become lower, generating a higher resistance to the current pass.

8.4.2. Membrane parameters
Thickness, electrical resistance, electrical conductivity and scanning electron micrographs were used

to characterize the membranes, as well as to determine the presence of fouling after three
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consecutive runs. The results of these analyses are presented in Table 8.1 and in Figures 8.6a, 8.6b
and 8.6c.

Clean BM - Anionic side BM - Electrolvic solution Sldi'E BM - Base compartment side
Clean BM - Cationie side BM - Acid compartment side BM - Electrulyie sululivn side
(b}
Clean CFEM CEM - RBase compartment side

CEM - Diluate compariment side

{a]
.HhF. = Acld compartmens side

Clean AEM AEM - Diluate compartment side

Figure 8.6. Scanning electron micrographs of the surface of (a) BM, (b) CEM and (¢) AEM before and after
the BMED process.
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As it can be noticed in Table 8.1, the thickness values of the CEM (168 + 3 vs. 173 £ 3 um) and BM
(225 + 2 vs. 228 + 2 um) did not show significant changes after the BMED process. This indicated
that no fouling was formed on these membranes, as confirmed by the SEM images of both sides of
the membrane surfaces presented in Figures 8.6a and 8.6b. On the contrary, the AEM showed a
significant increase in its thickness value after the three consecutive runs (1614 vs. 175+3 um),
compared with the clean membrane. In Figure 8.6¢ it can be observed a fouling layer deposited on
the diluate compartment side of the AEM. In order to identify the nature of this fouling layer, we used
X-ray elemental analysis (Figures 8.7a and 8.7b). It can be noticed in Figure 8.7a that chloride and
carbon were the predominant elements of the clean AEM surface. However, after the three run
experiments, it was observed that the chloride peak is no more present, while two peaks
corresponding to Si and O appeared (Figure 8.7b). Taking into account that we used gold crystallites
supported on mesoporous silica as catalyst for producing the LBNa solution from lactose, the fouling
layer on the surface of the AEM was attributed to minor amounts of the insoluble silica support (SiO2)
of the catalyst that could have passed through the filter paper after the oxidation reaction. The

presence of this membrane fouling could also have contributed to decrease the current efficiency of
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Figure 8.7. X-ray elemental analyses of the AEM surface before (a) and after (b) the BMED process.
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The above results of the membrane parameters are in agreement with the obtained values of electric
resistance and electrical conductivity of the membranes, which are known to increase and decrease,
respectively, in the presence of membrane fouling [484]. For this reason, the electric resistance of the
AEM increased (1.19 + 0.14 vs. 1.41 £ 0.07 Q), while its electrical conductivity slightly decreased
(13.79 £ 1.79 vs. 12.57 + 0.71 mS-cm") after the BMED process.

8.5. Conclusions

The production of LBA by means of an integrated process comprising the catalytic oxidation of
lactose and BMED, with special emphasis on the electrodialysis step, was demonstrated for the first
time. By circulating a LBNa solution obtained from the oxidation of lactose over gold catalysts through
a three-compartment BMED system, LBA was obtained. Indeed, under the low voltage difference
applied during BMED (5.0-5.5 V), the current efficiency after 180 min was about 42%, and the
conversion of LBNa into LBA was circa 50%. This LBA recovery was more than twice than that
reported previously by Peretti et al. [479]. However, there is still space to improve the process
performance for industrial applications, since low yield and current efficiency were obtained in this
study compared to the data given in the literature for the recovery of other acids by means of BMED.
Further improvement of the process in terms of yield and current efficiency may be possible by: (i)
adding more cell units into the electrodialysis system, which would increase the effective area; (i)
increasing the concentration of the solutions circulating through the stack; and (iii) using a higher
voltage difference during the operation of the system, but lower to the limiting current densities for
AEM and CEM for avoiding water splitting. Owing to the high value and potential applications of this
practically new lactose derivative, work is underway to optimize this electrodialysis process LBA

recovery from its sodium salt.

198



Chapter 9. Production of lactobionic acid from
sodium lactobionate solution by ion exchange on a
commercial strong acid resin: Kinetic data and
modeling

Submitted to Solvent Extraction and lon Exchange by Luis-Felipe Gutiérrez, Safia Hamoudi and
Khaled Belkacemi.

9.1. Abstract

Lactobionic acid (LBA) is a high value added product obtained by the oxidation of lactose. Since this
reaction should be conducted in alkaline media by adequate addition of a Na-, Ca- or K-base, the
final product is usually a lactobionate salt solution instead the acid form. In this study, we have
investigated the behavior of a strong cation exchange resin (Amberlite™ FPC23 H) for the production
of a LBA solution from its sodium lactobionate salt (LBNa). The sodium exchange efficiency was
evaluated at three different temperatures (5, 25 and 35°C). The strong cation exchange resin
exhibited a good performance in the removal of sodium from the LBNa solution. In all cases, sodium
concentration in LBA solution was reduced below 5 ppm. A complete sodium removal was achieved
after about 30 min at 5°C, and after circa 10 min at 25 and 35°C. Various kinetic models were used
for the evaluation of experimental ion-exchange kinetic data. The rate constants, equilibrium
capacities and related correlation coefficients for each kinetic model were calculated and discussed.
Results showed that both the pseudo-second order and the reversible reaction models adequately
describe the experimental kinetic data. The activation energies computed using the rate constants
obtained with these models were 50.87 and 36.12 kJ/mol, respectively. SEM images indicate that

resin showed some physical attrition after ion-exchange process.

9.2. Introduction

Carbohydrates have long been used in the production of fine chemicals, and they are currently
viewed as renewable raw materials for the “green chemistry” [6]. Lactose, the important cheese and
casein manufacturing by-product, has been extensively employed for producing high value
derivatives, owing to its worldwide surplus and low cost. Some significant developments include the
production of a variety of functional food ingredients and pharmaceutical products, such as
epilactose, galacto-oligosaccharides, lactitol, lactobionic acid (LBA), lactosucrose, lactulose,
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sialyllactose and tagatose, which can be obtained by enzymatic, microbial or chemical modification of
lactose [6, 21, 25].

Owing to its its antioxidant, chelating, humectant and emulsifying properties, LBA (4-O-B-D-
galactopyranosyl-D-gluconic acid; C12H2012; FW 358.30 Da; pKa 3.8) is a high value-added
oxidation product of lactose, with high potential applications in the food, pharmaceutical and chemical
industries [6, 90]. The main commercial application of LBA is as ingredient of the solutions employed
for stabilizing organs prior to transplantation [43], and it represents a new ingredient in skin care
products, featuring potent antioxidant, wound healing, humectant anti-aging and keratinizing
properties [115, 401]. LBA is an excellent carrier for calcium supplementation, and it has also been
proposed as acidulant with a sweet taste; filler in cheese production; firming agent, and to fortify
functional drinks with essential minerals such as Fe and Cu [8, 402]. Additional commercial and

proposed applications of LBA have been recently reviewed [6].

The selective production of LBA from lactose relates to the oxidation of the free aldehyde group of
the glucose-moiety in the lactose molecule. Although this reaction can be accomplished by chemical,
biochemical, electrochemical and heterogeneous catalytic processes, the heterogeneous catalytic
oxidation is a promising process, since it can easily be integrated into other lactose transformation
technologies, besides being considered as a “green” approach [6, 9]. However, the main product of
this reaction is a lactobionate salt solution rather than the protonated acid form, given that the pH
must be kept in alkaline conditions during reaction by adequate addition of a Na-, Ca- or K-base. This
is mandatory in order to enhance the reaction rate and to avoid the adsorption of the reaction
products on the catalyst surface. We have recently reported the selective production of sodium
lactobionate (LBNa) by the aerial oxidation of lactose over gold nanocrystallites supported on
mesoporous silica materials [11, 90]. Although various applications have been proposed for
lactobionate salts [99], if the desired product is LBA, the demineralization of the sodium salt solution
produced at the reactor outlet, is a prerequisite.

There are three techniques available for industrial acidification of organic salts: adding inorganic
acids, ion-exchange processing, and demineralization using bipolar membrane electrodialysis
(BMED) [17]. Very recently we obtained a demineralization rate of about 50% after applying a voltage
difference of 5-5.5V during 180 min to a BMED stack with three-compartment configuration [491].
Although this preliminary study indicated that BMED could be a promising technology for recovering
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LBA from LBNa, with the advantage that the NaOH solution could be efficiently recovered for being
re-used in further oxidation reactions, this process still needs additional improvement for achieving

the goal of eventual industrial applications.

lon-exchange processing has been widely used for organic acid production. Various studies related
to the recovery of lactic acid from fermentation broths by means of ion-exchange technology have
been published [492-493]. However, studies on the recovery of LBA by means of ion-exchange are

lacking in the open literature.

Herein, we investigated the efficiency of producing LBA from LBNa as a function on the temperature,
using a strongly acidic commercial cation exchange resin (Amberlite™ FPC23 H). A kinetic
investigation on the sodium exchange was carried out employing various simplified kinetic models to
describe the experimental data. The activation energy was calculated from the Arrhenius plots of the
rate constants. To the best of our knowledge, it is the first time that acidifying of LBNa into LBA by

means of ion exchange technology is reported.

9.2. Experimental details
9.2.1. Materials

9.2.1.1. Chemicals

All the chemicals employed were of the highest purity and were used without further purification. a-
lactose monohydrate (>96%) and lactobionic acid (>97%) were purchased from Sigma Aldrich
(Oakville, ON, Canada). Hydrochloric acid (35-38%) was acquired from Fisher Scientific (Ottawa, ON,
Canada). Sodium hydroxide solution 50% and anhydrous sodium acetate, both HPLC grade were

procured from Fluka (Oakville, ON, Canada).

9.2.1.2. Resin

The macroreticular strongly acidic cation exchange resin in its hydrogen ion form, Amberlite™ FPC23
H (Rohm and Haas Company, Philadelphia, PA), was chosen because it is in compliance with FDA
for being used in food industry. Its physical and chemical properties, as well as the specifications as
reported by the manufacturers are given in Table 9.1.

Before performing the ion exchange experiments, the resin was pre-treated as advised by the manufacturer, in

order to remove the residual sulfonated polystyrene that may leach in the liquid phase during the process. This
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preconditioning step was carried out by rinsing the resin beads with enough demineralized water (about 20
bed volumes), and then with sufficient 5% hydrochloric acid solution (4 bed volumes), for converting the resin

in the desired H* ionic form.

Table 9.1. Physical and chemical properties of the Amberlite FPC23 Ha

Properties Value
Matrix Macroreticular crosslinked polystyrene
Functional groups Sulfonates
Physical form Spherical beads
lonic form as shipped H*
Uniformity coefficient 1.34
Harmonic mean size (mm) 0.580-0.800
Mean beads size (mm)? 0.569 + 0.103
Fines content (<425 mm) 5.0% max
Total exchange capacity (eq/L) >2.21
Moisture holding capacity (%) 44-53
Moisture content as shipped (%)° 77.28 £0.36
Bulk apparent density (g/L) 830

pH (aqueous slurry) 3.0-5.0
Maximum operating temperature 135°C
Relative density 1.25

a Data collected from the product brochure provided by the manufacturer. ® Determined by measuring beads from SEM

images. ¢ Determined by vacuum drying at 80°C during 48h.

9.2.2. LBNa production

LBNa was produced by the aerobic oxidation of lactose over gold crystallites supported on
mesoporous silica, according to our recent work [11], with some modifications. Typically, 175-200 mL
of ~20 mM lactose solution were heated under continuous agitation (600 rpm), while 500 mL/min of
nitrogen were simultaneously bubbled for stripping off the dissolved oxygen. Once the temperature
reached 65+1°C, the stirring rate was increased to ~1000 rpm and the catalyst was added at a
catalyst/lactose ratio of 0.2. Subsequently, air was continuously bubbled at 200 mL/min, while the pH
of the reaction media was adjusted at 8.0+0.5 by addition of 0.5 M NaOH aqueous solution. Once the
reaction was completed, the the liquid phase obtained by filtration was poured in plastic bottles and
stored at -15°C until the subsequent ion-exchange experiments.
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9.2.3. lon-exchange experiments

The cation exchange experiments were carried out in a batch system consisting in a well
magnetically stirred (~700 rpm) beaker flask immersed in a controlled thermostatic bath to maintain
the temperature constant at the desired value. Preliminary equilibrium experiments were first
conducted at room temperature for systems containing different resin/solution (w/v) ratios (R), in
order to obtain the optimal R value to guarantee a complete sodium removal from the LBNa solution.
Once the R value was determined, the effect of three temperatures (5, 25 and 35+£1°C) on the ion-
exchange kinetics was investigated. During these experiments, the temperature and pH of the slurry
were continuously measured by means of a thermocouple connected to a sensor system (TauTheta
Instruments LLC, USA), and using a pH STAT Titrator (Metrohm® 842 Titrando®, Switzerland),
respectively. Kinetics data were obtained by taking liquid samples at regular intervals, which were
subsequently analyzed for their sodium content. Each experiment was carried out at least in duplicate

under identical conditions.

9.2.4. Analysis methods and calculations

9.2.4.1. LBA determination

LBA was determined by HPLC, as reported previously in our recent works [11, 90]. Samples were
analyzed using a liquid chromatographic system DX-ICS 2500 (Dionex, USA) equipped with a
gradient pump GP50 and an electrochemical detector ED50 with a thin-layer type amperometric cell
outfitted with gold electrodes and an Ag/AgCl reference electrode. In order to improve sensitivity,
minimize the baseline drift and clean the gold working electrode, a triple potential waveform of E:
0.1, E2: 0.6 and Es: -0.8V was applied for duration times of t1: 0.5, t2: 0.09 and t3: 0.07 s. The
chromatographic peak separation was performed on a CarboPac PA1 analytical column (4mmx250
mm i.d., Dionex, USA) in conjunction with a CarboPac PA1 guard column (4mmx50mm i.d., Dionex,
USA). Sodium hydroxide solution 50% and anhydrous sodium acetate (NaOAc) were used to prepare
the eluents A (0.1M NaOH) and B (0.1M NaOH-0.5M NaOAc) in filtered and vacuum-degassed
HPLC-Grade water. Both eluents were stored in closed and helium-pressurized bottles. The flow-rate
was set at 1.0 mL/min. The flow gradient was programmed as follows: From 100% eluent A (isocratic
for 10 min) to an eluent composition of 60%A and 40%B in 10 min using a linear gradient. Then,
isocratic period of this eluent composition for 10 min, and subsequently the eluent was returned to
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100% eluent A in 5 min, using a linear gradient. Calibration and integration of chromatographic data

was carried out using Chromeleon software (Dionex, USA).

9.2.4.2. Sodium determination

The sodium remaining in liquid samples during the cation exchange experiments was measured with
a flame atomic absorption spectrometer (AAnalyst 200, PerkinElmer, Inc, USA) at 589 nm
wavelength, using an air-acetylene flame. Before analysis, the spectrometer was calibrated with
standard solutions. Blanks and standards were periodically analyzed between samples on a

randomized basis, to confirm the validity of the calibration curve.

9.2.4.3. Scanning electron microscopy

In order to determine if there were any structural changes and/or any adsorbed materials on the resin
beads surface, scanning electron microscopy (SEM) images were taken before and after cation
exchange experiments, using a scanning electron microscope (JEOL, model JSM-840A, Peabody,
Massachusetts, USA) equipped with an energy dispersive X-ray spectrometer (EDS) (NORAN
Instruments, Inc., USA). The EDS conditions were 15 kV accelerating voltage with a working distance
of 12-13 mm. The resin samples were coated with a thin layer of gold/palladium before analysis, to

make them electrically conductive and to increase the image quality.

9.2.4.4. Sodium exchange and ion exchange efficiency
The amount of sodium exchanged per unit amount of resin at any time, t, (Q: in mg/g) and the ion

exchange efficiency 7 (%) were calculated using the following equations [494]:

(Co _Ct)V

Qt =
W (1)

C,—C
_% =S 100
="¢

0 (2)

where Co and C: are the concentrations of sodium in the solution at the initial and any time ¢,

respectively (mg/L), V the volume of LBNa solution (L); and w is the mass of the resin employed (g).
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9.3. Results and discussion

9.3.1 LBNa production

Typical kinetic profiles of the lactose oxidation reaction over gold catalysts supported on mesoporous
silica are presented in Figure 9.1. As seen, lactose was completely depleted after about 60 min, as
indicated by the constant values of dissolved oxygen and pH obtained after this time, and
subsequently confirmed by HPLC analysis. The reaction was 100% selective towards LBA, since no
side products were detected by HPLC. This was also confirmed by molar mass balance where
always molar equality was obtained between lactose consumption and LBA formation. More details
on the catalytic production of LBNa production over gold catalysts, including the catalysts properties

as well as the oxidation reaction optimization, can be found in our recent works [6, 11, 90].
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Figure 9.1. Experimental kinetic profiles of lactose oxidation over gold catalysts supported on mesoporous
silica. Lines stand for experimental tendency.

9.3.2 LBA production by adsorption exchange

The production of LBA from its sodium salt using cation exchange resins involves the ion-exchange
equilibrium at the resin-solution interface, in which the H* initially present in the resin are partially
replaced by the dissociated Na* ions coming from the LBNa solution. The H* ions released by the
resin form LBA with the lactobionate ions (LB ) present in the solution. The general reaction of this
process may be schematized as:
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RSO3 H, " + gLB™ + gNa®
ko f|

RYWWUSO;'H, 5'Nag' + gLB™ + 3 5Na™ + sH' 3)

where RV SO H,, represents the cationic resin in its initial hydrogen ion form containing o

active sites; LB and Na* indicate the dissociated form of the LBNa solution; and

RV SO5H,, 5"Nas' corresponds to the cationic resin after the ion exchange process, with

active sites occupied by the Na* ions.

9.3.2.1. Effect of the resin/solution ratio on exchange kinetics
A first series of experiments were carried out in order to investigate the effect of the resin/solution
ratio (R) on the sodium exchange kinetics. Figure 9.2 shows the kinetics profiles of Na* exchange

obtained at room temperature, using three different R values (14.3, 20.0 and 30.0 mg resin/mL LBNa

solution).
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Figure 9.2. Sodium concentration kinetic profiles in LBNa solution during the exchange adsorption process of
sodium on Amberlite™ FPC23 H at different resin/solution (mg/mL) ratios.

As it can be observed, the sodium exchange kinetics was enhanced with the increase of R. For the
three R values investigated, the concentration of Na* in the LBNa solution decreased rapidly in the
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early stage of the process (3-5 min). The equilibrium was attained at about 10 min, where the amount
of Na* in the LBNa solution did not change significantly. In all cases, sodium concentration was
reduced below 5 ppm, as indicated by sodium analyses. Moreover, it should be noted that after 10
min, the pH values of the slurry (insert in Figure 9.2) are very close to those of the pure resin in
aqueous solution (See Table 9.1), which allowed us to confirm that the Na* exchange was complete.
However, the ion exchange efficiency, calculated by means of Eq. (2), increased from 96.2 to 99.4%
when R was augmented from 14.3 to 30.0. For this reason, the R value of 30.0 was selected for

evaluating the influence of temperature on the sodium exchange kinetics from the LBNa solution.

9.3.2.2. Effect of the temperature on exchange kinetics
Figure 9.3 presents the kinetics profiles of sodium adsorption exchange obtained at three different

temperatures, using a constant R value of 30 mg resin/mL LBNa solution.
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Figure 9.3. Kinetic profiles of sodium adsorption exchange on Amberlite™ FPC23 H at different temperatures.

As it can be seen, the kinetic curves indicate that higher amounts of sodium were exchanged by
increasing the temperature. A complete Na* exchange was achieved after about 30 min at low
temperature (5°C), while less than 10 minutes were necessary to exchange almost all the sodium
present in the LBNa solution when the temperature was increased up to 25 and 35°C. However,
neither the cation exchange efficiency nor the exchange capacity of the resin showed significant
differences when the ion exchange experiments were carried out at temperatures of 25 and 35°C, as

it can be noticed in the data listed in Table 9.2. Moreover, as observed in the kinetics curves, the
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initial rate of exchange was very fast and thereafter it slowed down when the temperatures were 25
and 35°C, while for the experiments carried out at 5°C, the rate of exchange was slow and almost
constant during the whole process. After 5 min of operation, the exchange conversion values of the
resin (1 < Q/Qe < 0) were 0.93 and 0.98 for the experiments at 25 and 35°C, respectively, while at

low temperature of 5°C this value was only 0.57.

9.3.2.3. Kinetic modeling

The kinetics of ion-exchange processes is governed either by diffusion through a thin liquid film, by
diffusion in and through the resin particles, or by the velocity of the chemical exchange occurring at
the adsorbed sites inside the resin particles [495]. However, the rate equations describing the ion
exchange reactions based on diffusion phenomena are quite complex and difficult to be solved. For
example, the Nerst-Plank equation has been successfully applied to explain this kind of processes,
but its mathematical complexity makes difficult its practical applications. Consequently, taking into
account that the understanding of the kinetics might reveal the mechanism of the rate controlling
process, and that for simplification commodities a lumped analysis of the kinetic data is sufficient for
practical operations, simplified but reasonably adequate kinetic models are frequently employed [496-
500]. In this study we used four different simplified kinetic models to describe the experimental kinetic
data obtained at different temperatures, in an attempt to identify the controlling step of the adsorption

exchange process.

Table 9.2. Exchange capacity and ion exchange efficiency as a function of temperature during the
adsorption exchange of sodium from LBNa on Amberlite FPC23 H

Temperature (°C) Q. (mglg)? 7 (%)?
5 8.63 £0.51 748+4.4
25 11.46 + 0.31 99.3+21
35 11.47 +0.84 99.4+14

2 Data collected after 600 s of contact between the resin and the LBNa solution using a resin/solution (w/v)
ratio of 30 mg/mL.

On the other hand, taking into account that correlation coefficients (R?) indicate the fit between the
experimental data and the linearized forms of the model, in order to have a better estimation of the
model accuracy in comparison to experimental data, the average percentage error was also

calculated, by means of Eq. (4):
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where N is the number of experimental data, and Xiexp and Xipre Stand for experimental and predicted

values, respectively.

9.3.2.3.1. Pseudo-first order kinetic model
The pseudo-first order model proposed by Lagergren [501] is one of the most widely used

approaches to describe the kinetics of the adsorption and ion-exchange processes. This model can

be expressed in its differential form as:

Y
g _
-=k(0.-0) 5
where Qe and Q¢ are the amounts of Na* exchanged per unit amount of resin at equilibrium and any

time, t, respectively (mg/g), and k1 is the pseudo-first-order rate constant (s-).

Assuming that ks and Qe are constant, the integration of Eq. (5) employing the boundary conditions
thatatt=0, Q:=0;and thatat t = t, Q:= Q;, gives:

In(Q, ~0,)=1n(Q,) k¢ (6)

The model parameters (ks and Qe), computed from the slope and intercept of the plots of Eq. (6),
respectively, as well as the R? and APE values, are presented in Table 9.3. The pseudo-first-order
rate constants (k1), varying in the range of 0.14-0.60 min-!, increased with the ion-exchange process
temperature. Moreover, it can be noticed that the predicted values of Qe are lower than those
obtained experimentally, with the exception of that determined at 25°C. On the other hand, although
the R2 values suggest good fit between the model and the experimental data, especially at 25°C, the
APE values indicate that the experimental data deviated considerably from the predicted ones at all
the temperatures investigated. As it can be observed in Figure 9.4a, there was a poor agreement
between the model-predicted values (solid lines) and the experimental data at the three temperatures
studied. The model seems to predict well the first stages of the process, where the diffusion of Na*
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through the solution would be rate controlling, but it failed to predict the subsequent process steps, as

well as the value at equilibrium (Qs).

Table 9.3. Kinetic model parameters of sodium exchange on AmberliteTM FPC23 H at different
temperatures.

Temperature (°C)

Kinetic model
5 25 35

Q. (experimental, mg/g) 11.47 11.50 11.50
Pseudo-first order

ks (min-") 0.144 0.564 0.600

Qe (predicted, mg/g) 10.85 12.46 9.30

R? 0.9763 0.9972 0.9785

APE (%) 18.19 31.40 26.03
Pseudo-second order

k2 (9/mg-min) 0.013 0.040 0.118

Qe (predicted, mg/g) 13.70 12.52 11.85

R? 0.9907 0.9801 0.9989

APE (%) 7.92 22.07 9.08
Intra-particle diffusion

ki (mg/g-min%?) 0.300 0.464 0.605

Qe (predicted, mg/g) 12.93 15.12 14.98

R? 0.947 0.716 0.618

APE (%) 34.29 1490.57 104.95
Reversible reaction

ks (min-") 0.149 0.550 0.636

k2 (kg/m3-min) 0.0120 0.0473 0.0520

R? 0.9763 0.9972 0.9785

APE (%) 12.66 20.59 8.91

210



Ot fmg g~

Ot fmg g~

200 400 500 200 4000 41200 1400 1800 1200

0 200 400 00 200 4000 4200 1400 1600 1200 ]
Time {5} Time {s)

Figure 9.4. Modeling of sodium ion-exchange curves calculated by different kinetic model approaches: (a)
Pseudo-first order model, (b) Pseudo-second-order model, () Intra-particle diffusion model, and (d)
Reversible reaction model.

9.3.2.3.2. Pseudo-second order kinetic model

The pseudo-second order kinetic model proposed by Ho and McKay [502] considers as the rate-
limiting step the formation of chemisorptive bonds involving sharing or exchange of electrons
between adsorbate and the adsorbent [503]. It predicts the behavior over the whole range of the
process, and is frequently used to provide the ion exchange capacity, rate constant and the initial rate

of ion exchange systems [504]. Mathematically, this model is commonly expressed in its differential

form as:

th =k _ 2
=k(0.-0) o

After integrating the Eq. (7) employing the same boundary conditions used above for the pseudo-first

order model, and re-arranging, the following equation in a linear form is obtained:
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where k2 is the pseudo-second-order rate constant (g/mg-s).

The model parameters (k2 and Qe), calculated from the intercept and slope of the t/Q; against t plot,
respectively, as well as the R? and APE values, are listed in Table 9.3. Similar to the results found
when applying the pseudo-first-order model, the k values increased as the temperature increased,
varying in the range of 0.011-0.118 g/mg-min. Although the predicted values of Q. are somewhat
higher than the experimental ones, as depicted in Figure 9.4b, the application of the pseudo-second
order kinetic model indicated a good agreement between the experimental and the predicted data,
especially for the experiments carried out at 5°C. For this low temperature, the model predicts well
the behavior of the experimental values over the whole range of the process. However, for the
experiments carried out at 25 and 35°C, the model failed to predict the second step of the adsorption
exchange process, in which the diffusion of Na* ions within the resin matrix would be the rate
controlling. Nevertheless, it is worth mentioning that the ion exchange rate data should not be
expected to obey any equation very closely in a such region such where the diffusion and mass

action velocities are comparable, because of the equilibrium closeness [495].

9.3.2.3.3. Intra-particle diffusion model
As mentioned previously, the rates of adsorption exchange process can be limited by boundary layer

diffusion (external mass transfer), intra-particle diffusion (mass transfer through the pores) or by the
exchange reaction, or by a combination of all these phenomena [505]. Thus, having in mind that
neither the pseudo-first nor the pseudo-second kinetic order models can identify the diffusion
mechanisms, the experimental data were treated with the intra-particle diffusion model proposed by
Weber and Morris [506]:

0 =kt o

where ki is the intra-particle diffusion rate constant (mg/g-min95).

It has been proposed that if intra-particle diffusion is the rate-limiting step, the values of ion
exchanged per unit amount of resin (Qy) vary linearly with the time square root. Moreover, if the intra-
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particle diffusion is the sole rate-limiting step, the Q: vs. {5 describes a linear plot where the ordinate
to origin is zero [506]. However, this was not the case in this study, since the plots of the
experimental data fitted to the intra-particle diffusion model are not linear over the whole time range.
Consequently, as it can be observed in Figure 9.4c, this model failed to describe the experimental
kinetic data. Thus, intra-particle diffusion could not be the only rate-controlling step of the process.
However, as seen in Figure 9.5, the curves of Q: vs. 15 can be separated into three and two linear
regions (for 25 and 35°C and 5°C, respectively), indicating that three or two steps take place [507]:
The first, corresponding to the diffusion of Na* ions through the LBNa solution to the external surface
of the resin beads, took place at high rate (0.6-0.8 mg/g-min03), especially at 25 at 35°C. The second
linear portion may be attributed to the diffusion of Na* ions within the resin matrix, where intra-particle
diffusion is the rate-limiting. The third is the final equilibrium stage where ion diffusion is very slow
due to their extremely low Na* concentration in the solution. As observed, this last step was not
observed in the experiments carried out at 5°C, because the equilibrium at this temperature was

reached after about 30 min of operation.
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Figure 9.5. Intra-particle diffusion plots of sodium adsorption exchange on Amberlite™ FPC23 H at different
temperatures.

9.3.2.3.4. Reversible reaction model
Various studies have been proposed a reversible reaction model, based on the mass action law and
the reaction equilibrium relationship, to describe the kinetics of ion exchange processes, assuming

that they can be considered as a reversible chemical reaction, in which an exchange of ions between
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two phases (liquid and solid) takes place [495-496, 508-509]. Applying this approach to the reaction

presented in Eq. (3), the rate of Na* exchanged in the process can be written as:

M - kl[Na*]—kz[R--'Na]
dt (10)

where k1 (min-') and k2 (kg/m3-min) are the forward and reverse reaction rate constants, respectively.
If the concentration terms refer to the liquid phase, Eq. (10) can be rewritten as:

dCt — klct —k2 (Co _Cz)
dt m (11)

where m is the amount of resin employed per unit volume of solution (kg/m3), and Co and C: are the

concentrations of sodium in the solution at the initial and any time t, respectively (mg/L).

Taking into account that at the equilibrium the variation of the sodium concentration in the solution

approaches to zero, Eq. (11) becomes:

k_(C,-C)

Kk =M
¢ k2 mC (12)

e

Combining Egs. (11) and (12) yields:

2o {h+B)e-c)
m

The integration of Eq. (13) using the same boundary conditions described previously, gives the

following linear equation:

In(1— F) = —(kl &jf

(14)

c,-C

t

CO _Ce

F;:

where is the dimensionless fractional variable describing the equilibrium state at time ¢.
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The experimental plots of In (1-Fy) versus t allow the determination of the values of the reaction
constants ks and ko, values by combination with the equilibrium described by Eq. (12). These values,
along with those of R2 and APE are presented in Table 9.3. A good relationship between the
experimental data and the predicted values was found for the three temperatures investigated, as it
can be observed in Figure 9.4d. However, it is worth noting that the APE values are similar to those
obtained when applying the pseudo-second order model, especially for the experiments carried out at
25 and 35°C. Moreover, it was also found that k1 is temperature dependent, varying between 0.149
and 0.636 min-' within the temperature interval of 5-35°C. Although k. also increased with
temperature, their low values indicated that the reverse reaction is not favored under the

experimental conditions employed in this study.

9.3.2.4. Evaluation of activation energy

Arrhenius plots of the obtained forward reaction rate constants using the pseudo-second order and
the reversible reaction models at the three temperatures investigated were used to determine the
apparent activation energy of the process. Using the pseudo-second order kinetic model, the
activation energy was 50.87 kJ/mol. This value suggests that the ion-exchange process may be
regarded as a chemical reaction one diffusion-controlled process, since high activation energies (40-

800 kJ/mol) are suggested for chemisorption processes [510].

On the other hand, when using the rate constants obtained with the reversible reaction model the
activation energy was 36.16 kJ/mol, suggesting that the process is close to the limit between physical

adsorption and chemisorption [510].

9.3.2.5. Scanning electron microscopy

Representative scanning electron micrographs and X-ray elemental analyses of the Amberlite FCP23
H before and after the ion exchange process are presented in Figure 9.6. The SEM images
presented in Figures 9.6a and 9.6b revealed that the mean diameter of the spherical resin, calculated
by counting at least 100 beads, was 0.57+0.10 mm, which is within the range of the harmonic mean
size specified by the manufacturer (0.58-0.80 mm). Moreover, although there was no noteworthy
deposition of ions on the resin beads surface, there appears to be some sort of damages, as judged
by the fissures and physical attrition presented for some broken beads after the ion exchange

process.
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From the X-ray elemental analyses, it can be observed that sulfur is the predominant element of the
resin, in agreement with its functional groups (sulfonates). After the ion exchange experiments a
sodium peak was identified in Figure 9.6b, indicating that some Na* were present as adsorbed ions
on the resin surface. However, the low intensity of this peak, suggest that Na* diffused within the

resin matrix during the process.

)

AEBL D 154kl

Figure 9.6. SEM micrographs and X-ray elemental analyses of the Amberlite™ FPC23 H before (a) and after
(b) the adsorption exchange of Na* from LBNa.
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9.4. Conclusion

The strongly acidic cation exchange resin Amberlite™ FPC23 H has been used for the production of
LBA from a LBNa solution obtained by means of oxidation of lactose over gold catalysts supported on
mesoporous silica materials. The adsorption exchange process was shown to be very fast. The
equilibrium was reached after about 30 min at low temperature (5°C), and within 10 min at 25 and
35°C. Four simplified kinetic models were used for describing the experimental data. The pseudo-
second order and the reversible reaction models were observed to predict reasonably well the
kinetics of the process at all the temperatures investigated. These results suggest that the adsorption
exchange can be seen as a kind of chemical reaction, for which the kinetic order is two with respect
to the number of adsorption sites available for exchange, and in which the chemical adsorption

exchange step is the rate controlling.
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General conclusions

The studies described in this doctoral dissertation allowing drawing three general groups of
conclusions concerning the synthesis and characterization of Au/MSM catalysts, their catalytic
activity in the micro-aerial oxidation of lactose and the demineralization process, which can be

summarized as follows:
- Synthesis and characterization of catalysts

In this thesis two approaches were employed to synthesize the Au/MSM materials: (i) co-
condensation with thioehter functionalities (BTESPTS) as stabilizing ligand following a similar
procedure to that for mesoporous silica SBA-15, and (ii) the wet adsorption of the gold complex
[Au(en)2]** in alkaline media. Although these two approaches allowed the preparation of highly active
and selective Au/MSM catalysts with nominal loading of 0.7% for the lactose oxidation, the main

differences between the synthesized materials were related to their mesoporous structure.

As far as the co-condensation method is concerned, the studies on the increasing the concentration
of BTESPTS in the synthesis reaction mixture, revealed that the structure of the catalytic materials
was transformed for highly 2D-hexagonal to a mixed hexagonal-vesicle and cellular foam structure.
Low concentrations of BTESPTS (0-4% molar) led to materials with ordered 2D-hexagonal structure
typical of SBA-15, but with large inactive AuNPs. Catalysts synthesized from solutions containing 6-
10% of BTESPTS showed a wormhole-like structure favorable for the access to reagent to the well
dispersed AuNPs anchored on the silica walls. Higher concentrations of BTESPTS (12-18%)
contributed to the structure transformation, and materials with a mixed hexagonal-vesicle and cellular
foam structure, were obtained. The average particle size of the AUNPs loaded on the MSM following

this method was about 8 nm.

On the other hand, the wet adsorption of the gold complex [Au(en)2]** in alkaline media, can be
regarded as a simple method to synthesize Au/SiO; catalysts, including amorphous, MSM and ceria
modified MSM. The Au/SBA-15 and Au/SBA-15-CeQ; catalysts prepared following this approach
presented well dispersed AuNPs of about 5-6 nm, and they retained the structure of their original

support.
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From the characterization analysis, it is worth to mention that the XPS study on the oxidation states
of gold on all the Au/MSM surfaces revealed the coexistence of metallic and oxidized Au species,
with relative abundance following the order Au® >>>Au*! > Au*3, indicating that gold was not
completely reduced after the calcination step at high temperature. In the case of Au/SBA-15-CeQ>

catalysts, cerium was found in both oxidized Ce3* and Ce#* states.
- Catalytic activity

The operating conditions of the lactose oxidation were optimized using Au/MSM catalysts
synthesized from a mixture containing a molar concentration of BTESPTS of about 7%. The influence
of temperature, pH value, metal loading and catalyst/lactose ratio on lactose conversion was
investigated. After 100 min of reaction at pH 9.0 and T=65°C, the catalyst containing 0.7% Au
showed the highest catalytic activity (100% lactose conversion) and a 100% selectivity towards LBA,

when it was used at a catalyst/lactose ratio of 0.2.

The mesostructure transformation observed when increasing the molar concentration of BTESPTS in
the synthesis mixture, affected the lactose oxidation activity of the synthesized materials. Under
optimal operating conditions, the catalysts synthesized from mixtures with low concentrations of
BTESPTS were inactive, probably since the amount of ligand was not enough to stabilize the loaded
gold, allowing the formation of unevenly gold aggregates ranging between 25 to 130 nm. On the
contrary, the catalysts synthesized from mixtures containing molar concentration of BTESPTS of 6-
10%, showed the highest catalytic activity (100% lactose conversion after 80-100 min reaction with
100% selectivity towards LBA). Since the Au particle size of these materials was similar (~8 nm), this
behavior was attributed to the predominance of a wormhole-like structure, favorable for the reagent
accessibility to the AuNPs intercalated in the silica walls. Higher amounts of BTESPTS (12-18%) led
to materials whose mesostructure do not allow the easy access of reagents to the AuNPs, thus with

lower catalytic activity.

The Au/SBA-15 and Au/SBA-15-CeQ> catalysts exhibit high activity for lactose oxidation and 100%
selectivity towards LBA. The catalytic activity of the Au/SBA-15 was comparable to that of the
Au/MSM synthesized by the co-condensation method. By varying the molar ratio of Ce/Si in the
Au/SBA-15-Ce0, catalysts, it was found that the maximum of activity was reached at Ce/Si of 0.2.

Furthermore, catalysts prepared with Ce/Si molar ratio of 0.1, 0.2, 0.4 exhibited enhanced activity in
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comparison to that of Au/SBA-15 catalyst, while the catalyst with Ce/Si of 0.6 exhibited similar activity
to that showed by Au/SBA-15 catalyst. The high oxygen storage capacity and catalytic and redox
properties of ceria, might have contributed to the stabilization and dispersion of gold particles, but
also to the reaction mechanism. However, the coordination and agglomeration states of Ce atoms

could also have an important effect on the catalytic activity.

The brief study on the catalysts performance after consecutive lactose oxidation reactions indicated
the main causes of deactivation of Au/MSM catalysts are the leaching of the active phase and the
strong adsorption of organic species on the catalyst surface. To overcome the loss of activity after
consecutive reactions, the calcination was found to be an efficient regeneration procedure, since the
catalytic activity of the calcined spent samples was similar to that of the fresh ones. However, this

treatment generates structure defaults favouring the leaching of gold into the reaction solution.

In summary, highly active and selective Au/MSM for lactose oxidation can be synthesized by the co-
condensation method using concentrations of the thioether functionalities in the range of 6-10%, or
by the wet adsorption of the gold complex [Au(en)2]3* in alkaline media, which can be efficiently
reutilized after regeneration by calcination. In comparison to the Pd and Pd-Bi supported catalysts,
the main advantage of the sinthezised Au/MSM are their complete selectivity towards the desired

LBA, and the easy control of the reaction.
- Demineralization process

The demineralization of the sodium lactobionate solution obtained at the reactor outlet was
investigated by means of bipolar membrane electrodialysis and ion exchange technology. Both
processes might be used for producing LBA from its sodium salt. A complete sodium removal was
achieved after about 10 min at room temperature, when using a commercial strong cation exchange
resin (Amberlite™ FPC23 H). On the other hand, in this study we used for the first time BMED for
recovering LBA from its sodium lactobionate. A demineralization rate of 50% was achieved after
applying a voltage difference of 5.0-5.5 V during 100-180 min to a three-compartment electrodialysis
stack. This demineralization rate can be considered low, and consequently further improvement is

needed for industrial applications.
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Recommendations for future work

The following are some recommendations for those interested in further investigations on this

research field:

1. Although most of the studies conducted for the aerobic oxidation of carbohydrates indicate that the
reaction occurs via an oxidative dehydrogenation mechanism, it has been demonstrated that oxygen
atoms originating from hydroxide ions, instead of molecular oxygen, have been incorporated into the
substrate during the oxidation reactions which are promoted by alkaline conditions at high pH values.
A deep study on the mechanism of lactose oxidation over Au/MSM would contribute to the incredible

growing of catalysis by gold.

2. We tried tentatively to found the active Au species on the synthesized materials. However, we
always found metallic and oxidized Au species in the fresh and spent catalysts, and the slight
variation observed was not enough to draw any conclusion. More detailed experiments could help to
find out if Au metallic species are the responsible of the catalytic activity of Au/MSM, and if the

presence of oxidized Au species affects the catalytic activity of these materials.

3. The optimization of the bipolar membrane electrodialysis process for demineralizing the sodium
lactobionate solution could be of great interest, taking into account that this technology might be
easily coupled to the oxidation reaction, and it has the additional advantage that NaOH could be

efficiently recovered for its reutilization in further oxidation reactions.
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