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Abstract

Glycerol is inevitably produced by 10 wt% in total biodiesel production which resulted in
large surplus of low-grade glycerol in the market. Therefore, intensive efforts are undertaken
to valorize raw glycerol to chemical intermediates, mostly using catalytic processes, such as
hydrogenolysis, dehydration, oligomerization and oxidation. Glycerol esterification with acetic
acid (acetylation) is one of processes to get useful chemicals such as glycerol monoacetate
(MAG) and diacetate (DAG) that have applications in cryogenics and polymers, as well as
glycerol triacetate (TAG), widely used in food industries as humectant and also act as cold
flow improver and viscosity reducer for biodiesel. Glycerol acetylation is generally performed
in batch operation using homogenous catalysts like sulfuric acid and p-toluene sulfonic acid,
but also heterogeneous solid acid catalysts such as sulfated mesoporous silica, supported
heteropolyacids, or acidic ion exchange resins like Amberlyst-15. However, the solid catalysts
get deactivated due to leaching of active species. The single-stage transformation of glycerol
with high triacetin selectivity is impossible, as the reaction comprises a series of consecutive
esterification steps forming various intermediates, and each of them is controlled by chemical
equilibrium due to the formation of water as an unavoidable by-product.

In the present work, a modified Dean-Stark apparatus and toluene as an entrainer were
used to remove the water formed in the reaction via azeotropic distillation and to shift the
reaction equilibrium towards the product side. Several organic ion exchange resins like
Amberlyst-15 (A15) and Amberlyst-70 (A70) and inorganic materials like silica, silica-alumina
and alumina-supported heteropolyacids (STA = silicotungstic acid, TPA = tungstophosphoric
acid, PMA = phosphomolybdic acid) were used as catalysts. The catalysts were intensively
characterized by various techniques (BET, XRD, Py-IR and others). The activity test revealed
that organic catalysts A70 and A15 as well as supported inorganic catalysts STA/SiO, and
TPA/SIO, showed significantly higher glycerol conversion and selectivity to TAG compared to
other supported catalysts. The maximum selectivity to TAG was more than 94% with both A15
and A70 catalysts after 24 h. The inorganic STA/SiO, and TPA/SiO, catalysts showed 71.4%
and 67.4% selectivity to TAG, respectively, after 24 h. The high activity of the A15 and A70
catalysts is strongly related to the specific acidity, in particular, Brgnsted acidic sites, and
thermal stability of the catalysts. Regarding inorganic catalysts, the activity correlated with the
acidity which in turn depends on the stabilization of the respective heteropolyacid (Keggin
structure).

In addition, glycerol acetylation was also performed in continuous gas phase operation as it
has several advantages, especially large-scale production and application in industry. Some
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selected supported heteropolyacid catalysts (like STA/SiO,, STA/AlL,O; and blank support
AlL,O3;) from batch operation were evaluated in continuous fixed bed quartz reactor in the
temperature range of 225-325 °C using an acetic acid: glycerol feed (molar ratio 6: 1). The
selected catalysts exhibited excellent activity, however, selectivity to the desired TAG was
rather low (<16%). On the other hand, high selectivity to acrolein was observed (80-84%) at
325 °C at a complete conversion of glycerol. These observed catalytic results can be strongly
correlated with the acidity of the catalysts. Thus, another series of low acidic SiO,-based
mixed metal oxide (SiM30 where M = TiO,, MgO, ZrO,, SrO and Sc,0;) catalysts were
prepared by the sol-gel method in a molar ratio of 30:1 and tested in gas phase glycerol
acetylation. Furthermore, other SiO,-TiO, composites such as Ti-SiO, and Ti-SBA-15
(prepared by the impregnation method) and Ti-MCM-41 (prepared by sol-gel method)
catalysts were also evaluated in gas phase glycerol acetylation. The prepared catalysts were
characterized by several physico-chemical techniques (BET, XRD, Py-FTIR, UV-vis, ATR-IR,
TEM-EDX and XPS) in order to derive structure-activity relationship. All catalysts (except
blank SiO, support) showed excellent activity (~100% glycerol conversion) at 325 °C, but
related product distribution showed remarkable differences. Among the prepared catalysts,
SiO.-TiO, composites (SiTi30, Ti-SiO,, Ti-SBA-15 and Ti-MCM-41) exhibited more than 39%
selectivity to desired TAG at <300 °C, whereas the other catalysts were either less selective
towards TAG or selective towards undesired acrolein. In addition, the influence of space
velocity and molar ratio of acetic acid to glycerol were investigated. At a high molar ratio of
acetic acid to glycerol (9/1), the selectivity to TAG increased to 59% at complete conversion of
glycerol at 300 °C. The SiTi30 catalyst was also stable in a long-term stability test up to 200 h
with a certain decrease in TAG selectivity (from 32% to 10%). However, after regeneration
(600 °C for 5 h in air) the activity and TAG selectivity dropped to 95% and 7%, respectively.
The Ti-MCM-41 catalyst was evaluated in a long-term stability test at 275 °C and it showed
high activity and selectivity to TAG (42%) for the first hour but then it started to deactivate
rapidly mainly due to deposition of carbonaceous compounds. Regeneration at 500 °C in air
could restore the same activity and selectivity, but the catalyst deactivated rapidly following
the same conversion and selectivity pattern. The characterization results revealed that the
high catalytic activity of SiO,-TiO, composites (SiTi30, Ti-SiO,, Ti-SBA-15 and Ti-MCM-41)
should be related to the formation of Si-O-Ti bonds within the silica matrix. Among the
prepared catalysts, SiTi30 produced the best yield of TAG (average 20% in 200 h) at 300 °C
using a 6: 1 molar ratio of acetic acid to glycerol at 2.73 h” WHSV.
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Zusammenfassung

Bei der Biodieselproduktion fallt Glycerin als Koppelprodukt mit 10 Ma-% Anteil an.
Aufgrund des starken Wachstums der Biodieselproduktion steigt der Uberschu an weniger
reinem Glycerin standig an. Deshalb gibt es intensive Bemihungen, dieses Rohglycerin
chemisch zu verwerten, meistens durch katalytische Prozesse, wie z.B. Dehydratisierung,
Hydrogenolyse, Oxydation, Acetylierung oder Veretherung. Die Veresterung von Glycerin mit
Essigsaure (Acetylierung) flhrt zu hochwertigen Produkten wie Glycerinmonoacetat
(Monoacetin, MAG) und Glycerindiacetat (Diacetin, DAG), mit Anwendungen im Bereich
Kaltetechnik und Polymerchemie, und zu Glycerintriacetat (Triacetin, TAG), das vielfaltige
Anwendungen als Feuchthaltemittel hat und als Biodieselzusatz zur Verringerung der
Viskositat verwendbar ist. Die Acetylierung von Glycerin mit Essigsaure erfolgt generell in
Batchreaktoren mit homogenen Katalysatoren, wie z.B. Schwefelsdure oder p-
Toluensulfonsaure, oder mit heterogenen Katalysatoren, wie z.B. sulfatiertem mesopordésem
SiO,, getragerten Heteropolysauren oder sauren lonenaustauscherharzen. Problematisch ist
der Aktivitatsverlust der festen Katalysatoren durch Leaching. In einer einfachen Batch-
Reaktion ist es unmdglich, hohe Triacetin-Selektivitaten zu erreichen, da die Gesamtreaktion
aus einer Reihe von Folgereaktionen besteht, deren jeweilige Gleichgewichte durch das in der
Veresterung gebildete Reaktionswasser ungunstig liegen.

In der vorliegenden Arbeit wird mit einem modifizierten Dean-Stark-Wasserabscheider und
Toluen das gebildete Reaktionswasser azeotrop entfernt und somit das chemische
Gleichgewicht in Richtung TAG verschoben. Verschiedene organische
lonenaustauscherharze, wie Amberlyst-15 (A15) und Amberlyst-70 (A70), und anorganische
Materialien, wie  Silica, Silica-Alumina  und getragerte  Heteropolysauren
(STA=Wolframatokieselsaure, TPA=Molybdatokieselsaure und PMA=Molybdato-
phosphorsaure) wurden als Katalysatoren eingesetzt. Diese wurden mit verschiedenen
Methoden (wie BET, XRD, Py-IR und anderen) charakterisiert. A70, A15, STA/SiO, und
TPA/SIO, zeigten von allen Katalysatoren die hoéchsten Glycerinumsatze und TAG-
Selektivitaten. Mit A15 und A70 lie® sich nach 24 h eine maximale TAG-Selektivitat von 94 %
erreichen, mit STA/SiO, und TPA/SIO, wurden Selektivitaten von 71,4% bzw. 67,4% erzielt.
Die hohe Aktivitat der lonenaustauscherharze ist verbunden mit ihrer hohen spezifischen
Aciditat, insbesondere der Bronsted-Aciditat, und mit ihrer thermischen Stabilitat. Die Aktivitat
der anorganischen Katalysatoren korreliert mit der Aciditat, die von der Stabilisierung der
Heteropolysaure (Keggin-Struktur) abhangt.
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Weiterhin wurde die Acetylierung von Glycerin auch kontinuierlich in der Gasphase
durchgefihrt. Ein solches Verfahren ware insbesondere vorteilhaft flr eine industrielle
Produktion. Ausgewahlte Katalysatoren von den Flissigphasenexperimenten, wie STA/SiO,,
STA/AIO3; und Al,O3, wurden in einem Quarz-Reaktor im Temperaturbereich 225-325°C mit
einem Essigsaure/Glycerin-Gemisch (molares Verhaltnis=6:1) getestet. Die Katalysatoren
zeigten eine exzellente Aktivitat. Die erreichbare Selektivitat fur TAG war niedrig (<16 %),
aber bei 325 °C werden 80-84 % Selektivitat fir Acrolein bei vollem Glycerinumsatz gefunden,
was mit der starken Aciditat der Katalysatoren korreliert. Eine Reihe von schwach aciden
SiO,-MOx-Katalysatoren (MOx = TiO,, MgO, ZrO,, SrO und Sc,03) wurde auf einer Sol-Gel-
basierten Methode mit einem molaren Verhaltnis von 30:1 hergestellt und getestet. Weiterhin
wurden Ti-SiO; und Ti-SBA-15 Katalysatoren durch Trankung und Ti-MCM41 durch einen Sol-
Gel-Prozess hergestellt und in der Gasphasenacetylierung unter identischen Bedingungen
evaluiert. Die Charakterisierung erfolgte durch verschiedene Methoden (BET, XRD, Py-IR,
UV-vis, ATR-IR, TEM-EDX und XPS) um Struktur-Aktivitats/Selektivitats-Beziehungen
abzuleiten. Alle Katalysatoren auller SiO, erreichten bei 325 °C vergleichbar hohe
Glycerinumsatze von nahezu 100%. Die jeweilige Produktzusammensetzung unterschied sich
jedoch signifikant. SiTi30, Ti-SiO,, Ti-MCM41 und Ti-SBA-15 zeigten Selektivitaten fur TAG
von mehr als 39% bei 300°C, wahrend die anderen Katalysatoren weniger TAG und mehr
Acrolein lieferten. Der Einfluly von Verweilzeit und molarem Essigsaure/Glycerin-Verhaltnis auf
die Selektivitdt wurde untersucht. Bei einem Verhaltnis von 9:1 wurde an SiTi30 bei 300°C
eine TAG-Selektivitdt von 59% bei vollem Glycerinumsatz erreicht. Der gleiche Katalysator
war stabil in einem 200 h-Test. Die TAG-Selektivitdt fiel von 32% auf 10%. Nach
Regenerierung mit Luft bei 600°C wurden ein Glycerinumsatz von 95% und eine TAG-
Selektivitdt von 7% erreicht. Der Ti-MCM-41-Katalysator wurde bei 275°C einem
Stabilitatstest unterzogen und erreichte am Anfang hohe Aktivitdt und Selektivitdt zu TAG
(42%). Es erfolgte aber schnelle Desaktivierung durch Ablagerung kohlenstoffhaltiger
Verbindungen. Nach Regeneration bei 500°C in Luft wurden die vorherige Aktivitat und
Selektivitat wieder hergestellt. Die Ergebnisse der Charakterisierung zeigen, dass die hohe
Aktivitat und Selektivitat von SiTi30, Ti-SiO,;, Ti-MCM41 und Ti-SBA-15 mit dem
Vorhandensein von Si-O-Ti-Bindungen in der SiO,-Matrix verbunden sind. Von allen
Katalysatoren erreichte SiTi30 die beste TAG-Ausbeute (20 Ma-% wahrend 200 h) bei 300°C
mit einem molarem Essigsaure/Glycerin-Verhéltnis von 6 und bei einer WHSV von 2,73 h™.
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1. Introduction

1 Introduction

1.1 The role of biomass in the future energy and chemicals supply

Biomass valorization has become an important field of research to develop new and
sustainable technologies for the production of energy and chemicals, especially in the field of
transportation fuel sector which strongly depends on fossil sources. Biomass can be defined
as the material formed biologically excluding the material formed geologically or being
fossilized. This includes plants, animals, algae, and biological waste from households,
agriculture, animals or foods. Currently, fossil coal is the main source of energy, however,
with worldwide supply and depletion of fossil based fuel becoming more and more
expensive. Also the use of fossil fuels and their derivatives represents the main source of
greenhouse gas (mainly CO;) emission worldwide which drives researchers to find an
alternative to fossil fuels [1].

Biomass is an ideal and sustainable source of organic compounds that can replace the
fossil fuels for the production of renewable fuels and chemicals. Furthermore, the usage of
biomass and its derivatives will reduce the emission of greenhouse gas. In recent years,
several developing countries have implemented ambitious biofuel targets or mandates, in
order to achieve a high level of energy supply and the proportion of biofuel used for
transport. Brazil is the world’s leading user of biofuel with 19% of transport fuel currently
derived mainly from biomass and in Europe, Germany is the leading consumer and producer
of biofuel [2]. For long term sustainability, European commission in January 2014 within the
framework of energy and climate policy has set a target to use at least 27% of EU energy
from renewables by 2030 [3].

M Coal

W il

B Gas
Nuclear

M Renewables

2012
2040

Figure 1.1. Fuel share in world-energy demand [3].



1. Introduction

According to world energy outlook to 2040, the share of fossil fuel including oil, coal and
gas will remain the major source of energy over the next three decades. The share of oil
slowly will decrease from 31% in 2012 to 26% in 2040 and reach the level of coal and gas.
The contribution of energy from renewable and nuclear sources will increase to 19% and 7%
by 2040 as shown in Figure 1.1. The intention is more towards the use of carbon-free energy
based on renewable and nuclear power [3].

The global consumption of biomass derived biofuel is expected to increase from 1.3
million barrels of oil equivalent per day (mboe/d) in 2012 to 2.2 mboe/d in 2020 and 4.6
mboe/d in 2040. Biofuel will contribute 8% of global transportation fuel by 2040 and the
consumption will be concentrated in United States, Brazil and in the European Union as
shown in Figure 1.2.

However, the use of biofuel is a controversial topic and so the European Union Energy
Council agreed to reset the target defined by Renewable Energy Directive (RED)
(2009/28/EC) from 10% to 7% of biofuel admixture by 2020 [3]. In order to achieve original
RED 2020 target of 10%, incorporation of advanced biofuel derived from cellulosic biomass,
agricultural and forestry residues and from the algae are promising [4].
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Figure 1.2. Biofuels consumption by road transport versus region [3].

1.2 Biomass-derived biofuels and platform chemicals

Biomass-derived feedstock can be classified into three general classes: 1) starch or
sugars — from edible feedstocks like corn, sugarcane, etc., 2) lignocellulosic feedstock from
agriculture residues, pulp and paper waste, etc., and 3) triglycerides from feedstocks like
plant oil, animal fat, etc. [5]. Biodiesel and bioethanol are most extensively used liquid
biofuels. Bioethanol is mainly produced from sugar and starch crops by fermentation
processes but it can be also obtained from lignocellulosic biomass like wood and starch by
hydrolysis and fermentation processes. Biodiesel is mainly produced by transesterification of
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oil and fat (triglycerides) with methanol or ethanol in the presence of base as a catalyst,
where oil is obtained from oilseed crops or oil based residues as shown in Figure 1.3 [6].

o o
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Triglyceride

Figure 1.3. Biodiesel production from triglyceride.

Biodiesel can be used directly or in a mixture with conventional diesel in different ratios.
The blending of biodiesel with conventional diesel in the ratio of 20: 80 can be used in
regular diesel engines without modification. Moreover, biodiesel is less toxic, biodegradable
and reduces particulate and hydrocarbon emission. Generally, all kind of plant /edible oil
such as soya, palm, sunflower and rapeseed oil can be used as feedstock for biodiesel
production, also known as first generation biofuels [7]. However, there are a number of social
and economic problems with first generation biofuels, as the most of the land is needed to
grow food crops. The most controversial issue with first generation biofuels is ‘fuel vs food’
[8]. To overcome this problem, second generation biofuels have been developed, in which
non-edible oil such as Jatropha oil, Pongamia oil, and Jojoba oil are used. These plants
require minimal cultivation and do not use the traditional agricultural land. Additionally,
development of biodiesel from non-edible algae oil as a next generation feedstock is
expected in the coming years. Algae can produce 80-180 times more oil per hectare annually
than plants. Around 9% of total transportation fuel is expected to be made from algae by
2030 [8, 9]. Biodiesel is mostly consumed in Europe as a road transportation fuel mainly
obtained from rapeseed oil. The development and the commercial growth of biodiesel have
been rapidly expanding in Europe and US over last few years. According to the OECD-FAO
Agriculture Outlook 2014, global production of biodiesel is expected to reach 40 bin L by
2023 and 19 bin L in Europe by 2020 [10].

1.3 Biomass-derived glycerol

As the global production of biodiesel continues to increase, this will lead to a surplus of
the by-products in this process. The major byproduct is glycerol, which is inevitably produced
by 10 wt% in total biodiesel production which results in a large amount of glycerol in the
market [11]. In the conventional biodiesel process, high methanol to oil ratio is used (1: 6) in
order to achieve complete conversion of oil. The excess methanol remains in glycerol and
later it is recovered by distillation. The composition of bioglycerol (or crude glycerol) is quite
variable with 65-85% (w/w) glycerol, more than 20% methanol, water, methyl esters,
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inorganic salts, unreacted triglycerides, etc. Many companies like Evonik and BASF have
started to use sodium methylate catalyst instead of NaOH or KOH as it produces excellent
yields of biodiesel and better quality of glycerol. Similarly, glycerol is also by-product in the
oleochemicals synthesis, where plant oil and animal fats are hydrolyzed to produce fatty
acids. Oleochemicals are used to prepare soaps and detergents as well as they have
applications in the synthesis of lubricants. In the past, glycerol was prepared by
epichlorohydrin process, in which chlorination of propene (fossil feedstock) produces allyl
chloride, which is further oxidized with hypochlorite in the presence of base to give
epichlorohydrin. Hydrolysis of epichlorohydrin will produce glycerol [11, 12]. The world
scenario of crude glycerol production is shown in Figure 1.4. The global production of crude
glycerol from biodiesel is expected to be 41.9 billion liters by 2020. Thus, the utilization of
crude glycerol has become a serious issue and especially to make biodiesel industry
economically and environmentally liable [13].
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Figure 1.4. World’s scenario of crude glycerol production [13].

Glycerol is a simple polyol (IUPAC name is propane-1,2,3-triol) which is a colourless,
odourless and viscous liquid. The three hydroxyl groups of glycerol are responsible for its
hygroscopic nature and miscibility with water. Traditionally glycerol has applications in
cosmetic and pharmaceutical products (skin care, cough syrup); it also serves as additive in
food industries (humectant, solvent, sweetener, preserving food, etc.), and is used as
chemical intermediate in the synthesis of nitroglycerin (explosives), alkyd resin, soap, etc.
[14]. Glycerol is a nontoxic, edible, sustainable and biodegradable compound. However, the
technical and economic analysis shows that the demand is rather low to consume the
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surplus amount of glycerol. Hence, several efforts are taken to convert low value glycerol to
value added products especially for the sustainability of biodiesel industry.

1.4 Glycerol conversion into value added chemicals

The potential conversion of low cost and a surplus amount of glycerol into value-added
chemicals can facilitate the replacement of fossil based products. In comparison with
glycerol, most of the molecules from fossil feedstocks (e.g. propane) are unfunctionalized;
glycerol is already functionalized molecule, easily to transform into valuable product via
different reaction pathways. Moreover, these products can be of interest for several chemical
industries because of the availability and low cost of glycerol [15]. For instance, Solvay is
already producing epichlorohydrin (100,000 tons p.a.) from glycerol by Epicerol® process in
Thailand and announced to start a second plant in China to produce 100,000 tons/year
epichlorohydrin by the same process [16, 17]. In last few years, several catalytic processes
that convert low value bioglycerol to value added products have been reported in the
literature in particular oxidation, dehydration, reforming, acetalization, hydrogenation,
oligomerisation, etherification and acetylation, as shown in Figure 1.5.

The oxidation of glycerol produces dihydroxyacetone, hydroxypyruvic acid, mesoxalic
acid, glyceric acid, tartronic acid, oxalic acid and intermediates (glycoxylic acid, glycolic acid
and glyceraldehyde). In particular, mesoxalic and tartronic acid have applications in the
synthesis of fine chemicals and novel polymers, moreover, tartronic acid can act as an
oxygen scavenger and anti-corrosive agent. Dihydroxyacetone is used as an ingredient in
tanning agents and building blocks for polymer synthesis. Generally, supported noble metal
nanoparticles such as Pd, Pt, Bi and Au are used as catalysts, mostly in an aqueous medium
at acidic or basic conditions and with pure oxygen or air as oxidant either in batch, semi-
batch or fixed-bed reactor [18].

The dehydration of glycerol leads to acrolein in the presence of acidic catalysts. Currently,
acrolein is produced from propylene oxide by using BiMo mixed oxide catalysts. Acrolein is
extensively used in the synthesis of polymers and poly-acrylates. Acrolein is also used in the
synthesis of fine chemicals and feed additives like DL-methionine (an amino acid used to
feed animals). Dehydration of glycerol is generally performed in gas or liquid phase using a
solid acid catalyst such as zeolite and mixed metal oxides [19]. Moreover, several supported
heteropolyacids and salts of heteropolyacids have been employed for glycerol dehydration
reaction [19, 20].

Hydrogenation of glycerol produces 1,2-propanediol (1,2-PD), 1,3-propanediol and
ethylene glycol in the presence of metallic catalysts. 1,2-PD has applications in polyester
resins, pharmaceuticals, cosmetics, flavors and fragrances, as an anti-freezing agent, animal
feed, etc. 1,3-PD is also used in the synthesis of special polyester fiber, fiims and coatings
[21, 22, 15]. Catalytic hydrogenolysis of glycerol generally is carried out over heterogeneous
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catalysts like Cu, Pd, Pt, Ru, Rh supported on ZnO, alumina, carbon and silica. Several
commercial catalysts have been employed for these reactions such as 5% Ru/alumina
(Johnson Matthey), 5%Pt/C (Degussa), Raney copper (Grace Davision) and copper chromite
(Sud-Chemie). The Cu-based catalyst was found to be more selective towards PD while Ru
and Pd based catalysts showed poor selectivity to PD [15]. H, can also be generated in situ
from hydrogen donor molecule; such process is called catalytic transfer hydrogenation.
Simple molecules like hydrazine, cyclohexene, formic acid, formates, alcohols like 2-
propanol and methanol can be used as H, donors. Several research groups have used Pd,
Pt, Rh, Ni and Cu supported catalyst for transfer hydrogenation of glycerol. The use of Ni-
Cu/AlL,O; catalyst showed 82% selectivity for 1,2 PD at 90% of glycerol conversion using
formic acid as a hydrogen donor [23, 24].
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Figure 1.5. Possible ways to convert glycerol into value-added chemicals.

Glycerol was found to be an alternative to methane reforming for the production of
hydrogen rich gas. It is important to note that the Dutch company BioMethanol Netherland
Chemie produces syngas by reforming of glycerol and the resultant syngas is subsequently
used to produce methanol [18, 19]. Generally, reforming of glycerol is performed over
heterogeneous metallic catalysts such as Rh, Ru, Ni, Ir, Co, Pt and Fe. Rh was found to be
the most active and coke resistant catalyst but number of reports is relatively low, probably
due to higher cost of Rh. Ni and Pt are mostly used catalysts for steam reforming of glycerol
[25].
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Acetalization of glycerol with carbonyl compound (mainly acetone/benzaldehyde) is
generally performed using homogeneous acid catalysts (like HCI, H;PO,, p-toluene sulfonic
acid) or heterogeneous acid catalysts (ion exchange resins [26], supported heteropolyacids
[27], metal oxides [28]) to form cyclic acetals such as 5-membered 1,3-dioxolan and 6-
membered 1,3-dioxane. The ratio of these isomers depends on temperature, molar ratio of
reactants, structure of carbonyl compound (aldehyde or ketone) and on the catalyst used.
Glycerol acetals can enhance the cold flow property of biodiesel and can also be used as
diesel fuel additive to reduce the emission of CO and hydrocarbons. Moreover, they are used
in cosmetics, fragrance, food and beverages as additives and as pharmaceuticals and anti-
knocking agent in fuels [29]. The blending of acetals with gasoline in the range of 1-5 vol%
results in a significant reduction of gum formation, improving its antioxidant potential,
moreover, an increment in octane number was observed [30].

Glycerol etherification with alcohols (like tert-butyl alcohol) or lower olefins (like isobutene)
is an acid catalyzed and consecutive reaction to form mono tert-butyl ether (with two
isomers), di- tertiary butyl ether (with two isomers) and tri-tert-butyl ether. Di and tri ethers
are used as fuel additives which reduce the viscosity and improve the cold flow property of
diesel; moreover, they act as octane boosters and reduce particulate, CO and hydrocarbon
emission [6]. In the presence of tert-butyl alcohol as an etherifying agent, water is formed
during the reaction which inhibits the formation of higher ethers, whereas isobutene can
undergo oligomerization to form higher hydrocarbons (C8 or C12). Glycerol etherification was
performed over Brgnsted acidic heterogeneous catalysts such as ion exchange resins [31],
Hyflon (perflurosulfonic isomer similar to Nafion®) [32], supported heteropolyacids [33, 34],
sulfated metal oxide or carbon (SiO,, ZrO,) [35-37].

Besides glycerol etherification with alcohols or olefins, many researchers are also working
on glycerol oligomerization or polymerization to produce diglycerol and polyglycerols. These
products have potential application in cosmetic, polymer and plastic industries and can be
used as a lubricant and emulsifier in the food industry [38, 39]. During glycerol dimerization
in the presence of acidic or basic catalyst, three isomers of diglycerol might be formed as aa’
(linear), af (branched), or BB’ dimer [40]. Glycerol oligomerization can be performed over
acid catalyst such sulfuric acid (homogeneous) [41], zeolite (different Si/Al ratio) [42] and ion
exchange resins (Amberlyst-16) [43]. Super-acidic ion exchange polymer like Nafion® foil
(perfluorinated along with sulfonic groups) was used in a falling film reactor in which the foil
was placed in a tube above the bulk of glycerol. The reactor was evacuated using oil pump
and a dephlegmator was used to remove the condensed water. With this technique 85%
selectivity to diglycerol can be reached at more than 90% glycerol conversion [40]. On the
other side, homogeneous basic catalysts such as carbonates of alkali metals (Na,COs,
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Cs,CO; and CsHCO3) and heterogeneous MgO, CaO, SrO, BaO, Faujasite X and Y and
Zeolite Beta catalysts have been employed for glycerol oligomerization [44-46].

From the literature, it can be noticed that the effective conversion of glycerol into value-
added chemicals is still a hot topic. In cases, it is difficult to reach high selectivity towards the
desired product at high glycerol conversion. Because of the two primary hydroxyl groups and
one secondary hydroxyl group, it can undergo several possible reactions. Hence, it is very
difficult to find optimal catalysts and reaction conditions. Comparatively, much research has
been carried out on oxidation, dehydration and hydrogenation; however, few processes are
established.

Some of the reactions such as etherification and oligomerization are acid catalyzed
consecutive reactions. Most of the researchers have used strong Brgnsted acid catalysts
such as ion exchange resin and supported or non-supported heteropolyacids. However, in
the presence of water both reactions are equilibrium controlled and hence selectivities to
desired products are limited. Similar to this, another interesting approach to utilize glycerol is
its esterification with acetic acid to form value added acetins. In addition, some other acid
catalyze reactions (e.g. dehydration of glycerol) may also run during esterification of glycerol
to form side products.

1.5 Glycerol esterification with acetic acid (acetylation)

Valorization of glycerol via esterification with acetic acid or acetic anhydride (acetylation)
can be an attractive sustainable alternative for the utilization of low value glycerol. During this
process, monoacetyl glycerol (MAG, monoacetin), diacetyl glycerol (DAG, diacetin) and
triacetyl glycerol (TAG, triacetin) are formed simultaneously in three consecutive reaction
steps as shown in Figure 1.6. Depending on the position of acetyl groups, monoacetin (MAG)
and diacetin (DAG) exist in two different isomers. MAG and DAG have application in food
industry, cryogenics and as starting monomer for the production of biodegradable polymer
[47]. In particular, MAG is used in the manufacture of explosives (dynamite), tanning leather
and solvent for dyes, whereas DAG can act as softening agent, plasticizer, printing ink and
solvent [48]. TAG can act as viscosity reducer and cold flow improver for biodiesel, anti-
knock additive and octane booster for gasoline being a sustainable and renewable
alternative for trialkyl ethers (MTBE and ETBE). TAG is also widely used in food industries as
a humectant, emulsifier and binder, in beverage industries as a flavor enhancer and
emulsifier, in pharmaceuticals as antifungal agents and plasticizer, in cosmetics to maintain
the moisture in creams/ lotions moreover, in cigarette filters to plasticize and solidify and in
production of photographic films and various perfumes [49-51].

Glycerol esterification with acetic acid (acetylation) is an acid catalyzed and consecutive
three-step reaction where each step is controlled by chemical equilibrium due to the
formation of water as an unavoidable by-product. Traditionally, glycerol acetylation is
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performed using homogeneous mineral acids such sulfuric acid, hydrofluoric acid and p-
toluene sulfonic acid, however, these acid catalysts have several major drawbacks as they
are toxic, corrosive and difficult to remove from the reaction mixture. Hence, to overcome
these difficulties, it is desired to replace hazardous mineral acids by solid acid catalysts.
Glycerol acetylation reaction has been mostly studied in batch reactors using solid acid
catalysts such as ion exchange resins, supported heteropolyacids, MoO; and WO; promoted
metal oxides (ZrO,-TiO,) [52] and magnesium fluorides [53], often with excess of acetic acid,
but the observed selectivity for TAG was rather low due to the thermodynamic equilibrium
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Figure 1.6. Consecutive esterification of glycerol with acetic acid.

Various types of SOs;H-functionalized oxides have been employed for this reaction, for
instance, Melero et al. used an SBA-15 functionalized-SO3;H catalyst with acetic acid to
glycerol molar ratio of 9 which exhibited 85% combined selectivity for DAG and TAG at 90%
conversion of glycerol [54]. On the other hand, Testa et. al. reported the use of sulfated
mesoporous SiO, showing 60% selectivity to TAG after 24 h at complete conversion of
glycerol [55]. Similarly, Kim et al. used different solid acid catalysts at low temperature and
found that sulfonic acid functionalized SBA-15 exhibited high selectivity to TAG at complete
conversion compared to all other catalysts [56]. Activated carbon [57, 58] and carbonaceous
material such as cellulose [59] and hydrothermal carbon [60] have been used for SOzH-
functionalization, which further were employed as a catalyst in glycerol acetylation. The best
result reported were 57% selectivity for TAG at 98% conversion of glycerol over SOzH-
hydrothermal carbon using 9/1 acetic acid to glycerol molar ratio. Sulfated Ce-ZrO, and KIL-
ZrO, (KIL=SiO;) resulted in 16% and 20% selectivity for TAG using 9 and 6 acetic acid to
glycerol molar ratio, respectively, at complete conversion of glycerol [61, 47]. Similarly,
Mallesham et al. used sulfated SnO, giving 55% selectivity for TAG with high acetic acid to
glycerol molar ratio of 9/1 [62]. However, most of these catalysts either show low selectivity
towards TAG (4-10%) or undergo severe deactivation due to leaching of active sulfonic
group from the surface of support.

lon exchange resins like Amberlyst-15 and Amberlyst-36 were also used for glycerol
acetylation and other esterification reactions [63, 64]. For example, Zhou et al. used
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Amberlyst-15 as a catalyst and found high selectivity for TAG (44.5%) using an acetic acid to
glycerol molar ratio of 9 at complete glycerol conversion [65]. Alternative concepts for
reaction engineering have been studied, for instance, Rezayat et al. used Amberlyst-15 for
continuous synthesis of triacetin in supercritical carbon dioxide reaction medium, giving
100% selectivity for triacetin with 41% yield at a high molar ratio of glycerol to acetic acid
(1:24) and high pressure (up to 200 bar) [66]. Acetic anhydride was also used as an
acetylating agent to achieve 100% selectivity for TAG using sulfated carbon, Amberlyst 15/35
and zeolite [67-70]. However, such a high excess of acetic acid, expensive acetic anhydride
and high pressure are not desired for an industrial process. Hasabnis et al. performed
reactive distillation of glycerol with acetic acid over Amberlyst-15 using toluene as an
entrainer, however, the selectivity to TAG (39.8%) was rather low [71].

Heteropolyacid immobilized on different oxide supports such as SiO,, zeolite, ZrO,,
Nb,O3;, SBA-15 and MCM-41 mainly prepared by impregnation method have been employed
for glycerol acetylation reaction with different acetic acid to glycerol molar ratio (varying from
5/1 to 16/1) [72- 77]. Zhu et al. used silicotungstic acid supported on zirconia and showed
32.3% selectivity for TAG with 10/1 acetic acid to glycerol molar ratio at complete conversion
of glycerol [78]. Very recently, Patel et al. used MCM-41 and ZrO, supported
tungstophosphoric acid catalysts, but the selectivity for TAG was found to be rather low with
15% and 4%, respectively [48]. The same group also used 30 wt% tungstophosphoric acid
impregnated on MCM-48 support to exhibit 30% selectivity for TAG using 6/1 acetic acid to
glycerol molar ratio [79]. Huang et al. 2014 used the homogeneous tungstophosphoric acid
supported on ionic liquid as a catalyst which showed 98% selectivity for TAG using high
acetic acid to glycerol molar ratio (10/1) and toluene as an entrainer under nitrogen flow of
150 ml/h [80]. Recently, Rastegari et al. developed a continuous process using tubular
reactor for glycerol acetylation over Amberlyst-36 as a catalyst in the liquid phase using
acetic acid to glycerol molar ratio of 7, exhibiting high conversion (100%), but the selectivity
to TAG was rather low (nearly 13%) [81].

According to the literature, limited selectivity to TAG in glycerol acetylation was observed,
as all three consecutive steps remain in equilibrium in the presence of water. In addition,
glycerol acetylation is an endothermic reaction and its standard reaction Gibbs free energies
(AG) are positive which indicates that the reaction is non-spontaneous and
thermodynamically resisted. The Gibbs free energies for the first (AGgyycero-mac) and second
(AGmac_pac) steps are 19.15 and 17.80 kJ/mol, respectively, whereas for the third step
(AGpac_Tac) is relatively high to 55.58 kd/mol [82]. This means that third step should be the
most difficult one. In order to increase selectivity of the desired TAG, it is necessary to shift
the equilibrium and the best route would be the removal of water formed during the course of
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reaction. The water can be removed by means of azeotropic distillation using an external
component referred to as entrainer.

Moreover, solid catalysts get deactivated due to leaching of active species in the liquid
phase. Thus it would be attractive to transform liquid phase batch processes into continuous
flow processes, as this has several advantages, especially in the view of their
implementation in the industry. Surprisingly, very few reports are available on continuous
flow glycerol acetylation [81].

Table 1.1. Summary of catalysts and conditions for glycerol acetylation reported in the literature.

Performances Reaction conditions
Catalysts ) Reference
X, S (TAG) T (°C), AA: glycerol molar ratio
X =90%,
SO3;H-SBA-15 125, 9: 1 [54]
S(DAG + TAG) = 85%
X =100% 105, 3: 1,
A15 ] ) [67]
S(TAG) = 100% Acetic anhydride
X=41%
A15 110, 24: 1, scCO, 200 bar [66]
S(TAG) = 100%
X =60%
PMA/NauSY 120, 16: 1 [72]
S(TAG) = 4%
X =70%,
TPA/SIO, 120, 16: 1 [73]
S(TAG) = 8%
X =99%, 120, 3: 1,
A15 , [71]
S(TAG) = 39.8% EDC** as entrainer
Zeolite Beta, K-10, X =100%, 60, 4: 1, [68]
A15 S(TAG) = 100% Acetic anhydride
X =94%,
TPA/Cs-ZrO, 120, 5: 1 [74]
S(TAG) = 3%
X =98%,
TPA/Nb,Os5 120, 5: 1 [75]
S(TAG) = 19%
] X =100%,
MoO3/TiO,-ZrO, 120, 6: 1 [52]
S(TAG) =7.5%
X =75%,
TPA/Ac. Carbon 120, 16: 1 [83]
S(TAG) = 12%
X =94%,
MgF,(OH) 100, 3: 1 [53]
S(DAG + TAG) = 94%
o X = 96%,
SO3H-ionic liquid 140, 5: 1 [84]
S(TAG) =15.1%
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Performances Reaction conditions
Catalysts ] Reference
X, S (TAG) T (°C), AA: glycerol molar ratio
X =99.6%,
SO3;H-Ac. Carbon 105, 9: 1 [57]
S(TAG) =41%
X =92%,
SOzH-Ac. Carbon 120, 10: 1 [58]
S(TAG) = 34%
X (AA*) = 95%,
A15, A36 120, 1: 8 [63]
S(MAG) = 70%
X =97%,
A15 110, 9: 1 [64]
S(TAG) =43.2%
X =77%,
PMA/SBA-15 110, 8: 1 [76]
S(TAG) = 15%
X =100%,
SO3H-Ce0,-ZrO, 120, 6: 1 [61]
S(TAG) = 16.5%
X =96%,
TPA 60, 3: 1 [77]
S(MAG) = 66%
X =97%,
A15 110, 9: 1 [65]
S(TAG) = 44%
X =96%,
Ag-TPA 120, 10: 1 [85]
S(TAG) =5.2%
] X =100%,
SO3H-SiO, 105, 3: 1 [55]
S(TAG) =49%
X =100%,
STA/SIO, 120, 10: 1 [78]
S(TAG) = 32.3%
X =100%,
SO;3;H-SBA-15 80, 6: 1 [56]
S(TAG) =27%
SO3H-cellulose X =100%,
80, 6: 1 [59]
carbon S(TAG) = 10%
SO3H-ZrKIL-2 X =100%,
. 100, 10: 1 [47]
KIL-2 = SiO, S(TAG) = 20%
X =97%,
Y/SBA-3 110, 8: 1 [86]
S(TAG) = 56%
X =92%,
TPA/MCM-41 100, 6: 1 [48]
S(TAG) = 10%
X =99%,
TPA/MCM-48 100, 6: 1 [79]
S(TAG) = 13%
X =99%,
SO3H-Sn0O;, 100, 9: 1 [62]

S(TAG) = 56%
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Performances Reaction conditions
Catalysts ) Reference
X, S (TAG) T (°C), AA: glycerol molar ratio
X =100%, 115, 4: 1
SO3H-Carbon ) ) [70]
S(TAG) = 100% Acetic anhydride
X =100%, 100, 10: 1, N, = 150 ml/h,
TPA-lonic liquid [80]
S(TAG) = 98% Toluene as entrainer,
SO3H-Hydrothermal X =98%,
115, 5: 1 [60]
Carbon S(TAG) =57%
X =100%, 100, 7: 1,
A15 . . [81]
S(TAG) = 14% Continuous fixed bed reactor
SO3H-Act Carbon, X =100%, 80, 4: 1 (69]
H-Y S(TAG) = 100% Acetic anhydride
Ac. Carbon X =88.5%,
) 120, 5: 1 [87]
(Karanja seeds) S(TAG) = 4%
A15: Amberlyst-15, A36: Amberlyst-36
AA*: Acetic acid conversion, EDC**: Ethylene dichloride (entrainer)

1.6 Heteropolyacids as catalysts

Heteropolyacids (HPAs) are a class of solid acids made up of a particular combination of
hydrogen and oxygen with certain metals and non-metals. These materials have metal-
oxygen octahedra as their basic structural units and are able to release protons, thereby
forming polyoxometalate anions (heteropolyanions). Depending upon the composition and
combination of metal atom and non-metal hetero-atom, various structures of heteropolyacids
are formed such as Keggin, Silverton, Dawson, Anderson, etc. Among all the HPA
structures, Keggin-type polyoxometalates are the most stable, acidic and thus most
prominent structure [7]. The chemical composition of Keggin structure can be represented as
XM12040°% (with X is a central hetero-atom, generally the main group element such as Si*,
P>*, x is its oxidation state and M is a metal ion, generally d-block element Mo®*, W®*, V°*).
The Keggin type heteropolyanions are generally prepared under acidic pH by simple
inorganic reactions as shown in the following equations.

[PO,1?~ + 12[Mo00,]*~ + 24[H]* - [PMo,,0413~ + 12H,0 (eq. 1.1)

[Si0 )% + 12[W0,]*~ + 24[H]* > [SiW;,040]* + 12H,0 (eq. 1.2)

The Keggin structure consists of a central XO, tetrahedron surrounded by twelve MOsg
octahedra arranged in the four M3O4; groups sharing edges and connected to the central X
heteroatom through an oxygen atom (see Figure 1.7). Generally, Keggin heteropolyanions
are linked together through protonated water species (H;O", Hs0,", etc.) and hydration water
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to form the ionic crystal. The crystal structure of HPAs depends on the amount of hydration
water. The water can be released on heating; then the linked protons are available which
ultimately form the Brgnsted acid sites and also increase the acidity of the catalyst [20].

Figure 1.7. Keggin structure, XM,04,"" [88].

HPA with Keggin structure such as silicotungstic acid (H4SiW1,04] = STA),
phosphotungstic acid (H3[PW12040] = TPA), phosphomolybdic acid (H3[PMo01,040] = PMA)
and silicomolybdic acid (H4[SiM01,040]) are strong Brgnsted acids and have the ability to
catalyze a wide variety of reactions in both homogeneous and heterogeneous systems. Due
to their special structure, HPA has large number of advantages over traditional mineral acids
like H,SO,4, HCI, or HNO3. The Brgnsted acidity of HPA is comparable with mineral acids and
hence catalyzes liquid homogeneous phase reaction environmental friendly and efficiently.
Moreover, due their strong Bregnsted acidities, they show higher catalytic activity (100-1000
times) than the traditional mineral acids. Hence, reaction can also perform at mild conditions
(lower catalyst concentration and/or temperature) [7]. The use of HPA will also avoid side
reactions like sulfonation, chlorination nitration, etc., which might occur with H,SO,, HCI, or
HNO;, respectively. The HPAs are highly soluble in polar solvents such as water or alcohol
and insoluble in non-polar solvents like hydrocarbons. They dissociate in aqueous phase into
their respective anions and protons. The Brgnsted acidities of these heteropolyacids are
also much stronger than those of known solid acids such as SiO,-Al,03;, H;PO./SiO, and
zeolites (HX and HY). The acid strength of Keggin heteropolyanions increases in the order
PMA < SMA < STA < TPA [89]. Interestingly, the acidity of the heteropolyacids can be tuned
by replacement of H* by metal ion such as Li*, Na*, Cs**, Mg®*, NH," and K* [90, 91].
However, the major disadvantages of HPAs are their low specific surface area and limited
thermal stability. To overcome these problems, HPAs can be supported over acidic supports
(Al,O3), neutral supports (SiO;) or activated carbon in order to increase the surface area and
to make them thermally stable [7, 20].
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1.7 lon exchange resins as catalysts

lon exchange resins are ionic and covalently bond cross-linked insoluble polymeric
materials provided in the form of beads. These beads have either compact internal structure
with narrow pores, also called microporous resins or multichannel structure with large pores
called as macroporous or macroreticular resins (Figure 1.8). Generally, such resins are
prepared by polymerization of styrene along with structure directing agent divinyl benzene,
also known as a cross-linking agent. Porosity in the resins is controlled by cross-linkage
(typical range is 0.5 to 20%). Low cross-linked resins are microporous whereas highly cross-
linked polymer are macroporous in nature [92, 93]. The ion exchange resins contain ions
which are electrostatically bound to the polymeric matrix and are capable to exchanging with
other ions of the same charge in a solution. Depending on the functional group attached to
the polymeric support, they are classified into acidic-cation exchange resins and basic-anion
exchange resins.

Figure 1.8. lon-exchanged resin beads [94].

When the polymeric support are functionalized with sulfonic groups (sodium polystyrene
sulfonate), then the resin is strongly acidic whereas and when supported with carboxylic
acids then the resin is weakly acidic. Similarly, when the polymeric support is functionalized
with a quaternary amino group (trimethylammonium group) then the resin is strongly basic.
With primary, secondary or tertiary amino group (polyethylene amine), the resin is weakly
basic. The extent of exchange depends on the concentration of ions in the solution and
affinity of the ions to the polymer matrix. Macroporous resins possess high surface area
which provides a high number of exchange sites, in particular for larger ions. Moreover they
are more rigid and this makes them facile to use and remove from the reaction system [92].
The main advantage of ion exchange resin is that they are insoluble in an aqueous phase.
Therefore after the exchange of ions in solution, the resins can be easily removed by simple
filtration. This also makes them easy to use in a continuous process where columns and
chromatographic separations are involved. They are used in water softening, water
purification, toxic metal separation (uranium from plutonium or other metals like thorium ad
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lanthanum), wastewater treatment, hydrometallurgy, sensors, chromatography, biomolecular
separations and pharmaceutical operations as purifying and isolating agent [93-96].

lon-exchange resins, in particular, acidic resins were reported as catalysts in several
reactions such as carbonylation, hydroformylation, oxidation, hydrogenation, esterification
and transesterification. The catalytic performance depends on structure and properties of
resins such as porosity, cross-linking percentage in the polymer matrix and the bulk
properties (swelling, loading capacity, equilibrium rate). Generally, microporous resins have
high moisture content, high loading capacity (total number of chemical equivalents available
for exchange per unit weight or volume) and high equilibration rate (time required to reach
equilibrium in ion exchange reversible reaction). Swelling volume of resins in the solvent can
increase up to 800% by decreasing the cross-linking percentage. lon exchange resins with
different precursor such as Nafion® (with perfluorinated sulfonic acid groups) and acrylic
based resins are well known for organic transformation and ion exchange [93, 97].

1.8 Metal Oxides as catalysts

Large numbers of solid acidic catalysts such as ion exchange resins, zeolites and
supported heteropolyacids are used in the liquid phase esterification reaction. However, the
catalysts to be used in gas phase process must be thermally and structurally stable [98]. The
Amberlyst resins cannot be used in gas phase process due to their limited thermal stability.
On the other side, supported heteropolyacids are widely studied in catalysis and can be used
as heterogeneous catalyst especially under gas phase reaction conditions. Supporting
heteropolyacid on different oxides increases its thermal stability and hence it can be used in
gas phase reaction at elevated temperature. Interactions with supports i.e. metal oxide (like
AlL,O3, SiO;) also controls the physical properties such as primary structure (Keggin
structure), pore size, particle size, etc., which in turn influence the catalytic performance.

Bulk metal oxides can act as a catalytically active material due to their surface properties,
composition, morphology, coordination structure and the hydroxyl groups which can produce
surface acid-base properties. Oxides of metal are generally solids and their properties mainly
depend on the bonding character of metal with oxygen. Mixed metal oxides are multi-metal
multi-phase oxides and generally composed of transition metal oxides which control the
chemical and physical properties of the final solid. Generally these materials have complex
chemical structure and hence are difficult to characterize. They are widely used as catalysts
in selective oxidation, ammoxidation, oxydehydration, redox reaction, etc. [99]. Acidic
properties of these materials can be varied by using different transition metal oxides or by
adding alkaline (earth) metal oxides. In this work, highly acidic supported heteropolyacids
and low acidic SiO, modified with transition metal oxides and alkaline (earth) metal oxides as
a reference material were studied for gas phase glycerol acetylation.
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1.9 Objective of the thesis

The main objective of this work is to improve the yield of TAG using solid acid catalysts for
glycerol acetylation. In order to achieve this objective, an innovative concept of reaction
engineering is chosen to shift the chemical equilibrium towards the product side by
continuous removal of water during the course of reaction. The use of toluene as an
entrainer can remove water permanently by azeotropic distillation. In addition, it is planned to
use two series of strong acidic catalysts as: organic ion exchange resins and inorganic
supported heteropolyacids. The selected catalysts should be tested in glycerol acetylation
under water-free conditions, to gain knowledge of the structure and the nature of acid sites to
develop a selective catalyst and to study the impact of the reaction parameters such as
catalyst/feed ratio, reaction time and feed ratio (acetic acid: glycerol molar ratio).

Another objective is to transform the liquid phase batch process into a continuous flow
process which can make TAG synthesis more sustainable and greener in practice. The best
performing supported heteropolyacid catalysts from the batch operation should be used in
gas phase operation. For comparison, another series of low acidic catalysts (mixed metal
oxides) should be tested in gas phase acetylation.

To understand, illustrate and to derive structure-activity/selectivity relationship, the fresh
and spent catalysts have to be characterized by various techniques such as ICP-OES, AAS,
CHN analyzer, N, physisorption, XRD, Raman, ATR-IR, TEM, NH;-TPD and Pyridine-IR.
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2 Experimental procedures

2.1 Catalyst preparation

The catalytic properties of heterogeneous catalysts strongly depend on structure and
method of synthesis. Depending on the structure, the catalysts can be divided into two main
groups: A) Supported catalysts — catalytically active species are immobilized on the solid
support mainly by impregnation, deposition- precipitation and ion exchange methods. B) Bulk
catalysts — catalytically active species are formed during synthesis mainly by sol-gel,
precipitation and co-precipitation method [100-102]. In the presented work, the impregnation
and sol-gel methods were used for the synthesis of catalysts and hence will be discussed in
details.

2.1.1 Materials

The organic compounds glycerol (Alfa Aesar, >99%), acetic acid (Fisher chemicals,
Analytical reagent grade), toluene (Acros Organics, analytical reagent grade) and the
heteropolyacids silicotungstic acid (STA, Fluka), tungstophosphoric acid (TPA, Fluka),
phosphomolybdic acid (PMA, Merck) and the supports silica-alumina (SIRAL® 40, Sasol;
Si0O,/Al,03 = 40: 60), dispersible alumina (Disperal P2°, Sasol) as precursor for y-alumina (y-
Al,O3) and silica (SS61138, Chempur) were used. Other inorganic chemicals tetraethyl
orthosilicate (TEOS), ammonium titanyl oxalate (Merck), magnesium acetate (Merck),
zirconium oxychloride (Merck) and strontium nitrate (Alfa Aesar) were used as received.
Scandium nitrate was prepared from Scandium (Sc: procured from Smart elements) by
precipitation method. In typical procedure, Sc metal was dissolved in conc. HCI to get ScCl;
which was first treated with aq. NH; (pH = 9) and then with conc. HNO; to Scandium nitrate
(Sc(NO3)3) solution. Furthermore, trimethylchlorosilane and hexamethyl disilazane (Aldrich),
dodecane (TCl Europe), hexadecane (Aldrich) and pyridine (ACROS) were used for
analytical purposes.

2.1.2 Preparation of y-Al,O;

Dispersible alumina (Disperal P2®) was used as a precursor to prepare mesoporous y-
Al,O; with tailor-made properties. In a typical procedure, 70 g of Disperal P2° were added to
350 g of distilled water and stirred for 1 h; to this solution, 78 g of Triton X 100 (Roth)
template and 30 g of an aqueous ammonium acetate (Aldrich) solution (33 wt%) were added
to form a white gel. This gel was further dried in air at 110 °C and calcined in air at 600 °C for
4 h. The other supports SiO, and SiO,-Al,O; were calcined in air at 500 °C for 5 h before
impregnation.
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2.1.3 Preparation of supported heteropolyacid catalysts

The heteropolyacids STA, TPA, and PMA were immobilized onto the three supports by
wetness impregnation method with a nominal HPA load of 20 wt%. In the typical procedure
for STA/SiIO,, an aqueous solution (10 ml) of STA (2 g) was added to the silica (8 g) under
constant stirring overnight. Excess water was removed using a rotary evaporator. The
obtained solid was dried at 120 °C for 2 h and then calcined at 300 °C with air in a muffle
furnace for 4 h to obtain the powdery catalyst.

2.1.4 lon exchange resins

Commercial ion exchange resins Amberlyst-70 (A70, moisture holding capacity 51-59%,
Dow Chemicals) and Amberlyst-15 (A15, Dry, Aldrich) were purchased. Amberlyst-70 was
kept in a fume hood to remove moisture for 24 h at RT.

2.1.5 Preparation of SiO,-MO, catalysts

The SiO,-MOy catalysts (MOy = TiO,, MgO, ZrO,, SrO and Sc,0;3; using precursor
ammonium titanyl oxalate (ATO), magnesium acetate, zirconium oxychloride, strontium
nitrate, and scandium nitrate, respectively) were prepared by the sol-gel method and SiO, to
MO, molar ratio was set to 30/1. In a typical procedure, SiO,-TiO, catalyst was synthesized
by dissolving 5.7 g of ATO in 30 g of distilled water. This solution was added to the 50 wt%
aqueous solution of 120 g of TEOS (tetraethyl orthosilicate precursor for SiO,) and conc. HCI
(0.4 ml). Under stirring, an aqueous ammonium acetate (buffer) solution was added to the
above solution to form a transparent colourless gel (yellow colour in case of TiO;), which was
further aged for 12 h at 70 °C. To this gel, 110 g of aqueous ammonia solution (2.5 wt%)
were added and the sample was again aged for 12 h at 70 °C, further dried (110 °C for 12 h)
and calcined at 500 °C for 5 h. Similarly, SiO, catalysts with MgO, ZrO,, SrO and Sc,03; were
prepared. They are denoted as SiM30 where M is MO,.

Furthermore, pure TiO, was prepared by calcining ammonium titanyl oxalate (ATO) at 500
°C for 5 h and pure SiO, was prepared following the same method without metal oxide (MOy)
precursor for comparison. In addition, SiO,-TiO, (SiTi60) with the molar ratio of 60/1 and
SiTi30 (calcined at 700 and 800 °C) samples were prepared for comparison.

2.1.6 Preparation of TiO,/SiO; (Ti-SiO,)

The Ti-SiO, was prepared by incipient wetness impregnation method. The required
volume of aqueous solution of ammonium titanyl oxalate (ATO) was added to the SiO,
(prepared by the sol-gel method as described above). The resultant solid was dried at 110
°C for 12 h and calcined at 500 °C for 5 h.
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2.1.7 Preparation of TiO,/SBA-15 (Ti-SBA-15)

Initially, SBA-15 was synthesized as support by mixing 100 g of conc. HCI (37%), 500 g of
distilled water and 17 g of Pluronic 123 ((EQ)»(PO)70(EO), Aldrich) as a template and stirred
for 30 minutes at room temperature until homogenization. To this solution, 37 g of TEOS
(tetraethylorthosilicate) were added with constant stirring. This resultant white solution was
stirred at 40 °C for 24 h and then heated at 90 °C for another 24 h under static condition. The
solid was recovered by filtration, washed with water and dried at room temperature for 24 h.
The obtained white solid was further dried at 100 °C for 4 h and finally calcined at 550 °C for
5 h. The Ti-SBA-15 was prepared by incipient wetness impregnation method. The required
volume of aqueous solution of ammonium titanyl oxalate (ATO) was added to the SBA-15.
The resultant solid was dried at 110 °C for 12 h and calcined at 500 °C for 5 h.

2.1.8 Preparation of TiO,/MCM-41 (Ti-MCM-41)

In typical synthesis procedure, Ti-MCM-41 was prepared by mixing 200 g of ethanol, 500
g of distilled water, 32 g of cetyltrimethylammonium bromide (CTAB), 74 g of TEOS
(tetraethylorthosilicate) and 0.4 ml of concentrated HCI (pH nearly 2) in a 1 litre plastic bottle
with constant stirring at room temperature. To the resultant solution, an appropriate amount
of titanyl ammonium aqueous solution (3.5 g in 10 g H,O) was added dropwise and stirred
for 30 minutes. A 20 ml glass vial filled with aqueous ammonia solution (25 wt%) was hanged
inside the plastic bottle with the help of thin wire above the solution with constant stirring for
24 h. The cap of the bottle is closed while stirring for 24 h. The white solid was recovered by
filtration, washed 3 times with water and dried at room temperature for 24 h. The obtained
solid was dried at 100 °C for 4 h and finally calcined at 550 °C for 5 h.

2.2 Techniques used for catalyst characterization

The interpretation of structure, composition and chemical properties of fresh and spent
catalysts is important to understand the relationship between catalysts property and catalytic
performance. The knowledge from the catalysts characterization is also necessary to
develop highly active, selective and long-lasting catalysts. Physical and chemical properties
of fresh and spent catalyst were studied by following techniques.

2.2.1 N, physisorption

Gas adsorption analysis is most commonly used to determine the surface area and
porosity of various materials. The gas molecules are allowed to adsorb on the surface of the
solid at a specified pressure to form a thin and uniform monolayer, which is used to calculate
the specific surface area. As the pressure of the gas increases, additional molecules are
adsorbing which leads to the formation of multilayer, also referred to as capillary
condensation. Brunauer, Emmett and Teller (BET) technique is most widely used to
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determine the surface area of the solid material. Generally, nitrogen is used as a probe
molecule and it is adsorbed on the surface of material at liquid nitrogen condition (- 196 °C).

BET surface area, pore volume and pore diameter of the catalysts were determined from
the nitrogen adsorption/desorption isotherms at -196 °C on a Micromeritics ASAP 2010
instrument. Before the measurement, each sample was evacuated at 200 °C for 4 h. The
pore size distribution was calculated from the desorption isotherm using BJH (Barrett-Joyner-
Halenda) method which is the corrected form of Kelvin equation.

2.2.2 X-ray diffraction (XRD)

X-ray powder diffraction is an analytical technique primarily used to study the crystal
structure (phase identification of crystalline material) and can also give information on unit
cell dimension (atomic spacing). X-ray diffraction is based on the interaction of X-rays with
atomic planes in a sample where each interaction produces specific reflection with incident
X-rays. All the reflected rays from planes interfere and in case of positive interference it gives
rise to diffraction, which occurs only when conditions satisfy Bragg’s law,

nd = 2dsinf (eq. 2.1)

where n (an integer) is the "order" of reflection, L is the wavelength of electromagnetic
radiation, d is the spacing between the planes in the atomic lattice, and 6 is the angle
between the incident ray and the scattering planes.

Powder X-ray diffraction (XRD) patterns were measured on a theta/theta diffractometer
(X’Pert Pro from Panalytical, Almelo, Netherlands) with CuKa radiation (A = 0.015418 nm, 40
kV, 40 mA) and a X'Celerator RTMS detector. The alignment was checked by means of
silicon standard. The data were collected in the 2 theta range from 5-70°. The phase
composition of the samples was determined using the program suite WinXPOW by
STOE&CIE with the inclusion of the Powder Diffraction File (PDF) database of the ICDD
(International Centre for Diffraction Data).

2.2.3 Infrared Spectroscopy

The fundamental principle of infrared spectroscopy is the absorption of infrared radiation
which causes a vibrational transition in the molecule. Hence, IR spectroscopy is also called
as vibrational spectroscopy. The infrared portion of the electromagnetic spectrum is generally
classified into three regions; the near- (14000-4000 cm™'), mid- (4000-400 cm™) and far-
(400 - 10 cm™) infrared regions, named after their relation to the visible spectrum. The
energy in the form of infrared radiation is applied over a sample which causes vibration
between the atoms of a molecule. When the applied radiation frequency matches the
vibrational frequency of the molecule, then absorption takes place and peak is observed with
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the help of suited detectors. IR spectroscopy is mainly used to investigate structures and to
determine functional groups within the molecule.

Different functional groups absorb characteristic frequency of IR radiation. A molecule can
absorb IR radiation only when absorption causes a change in its electric dipole moment.
Attenuated total reflection (ATR) is a sampling technique used in combination with infrared
spectroscopy which allows samples to be analyzed directly in the solid or liquid state without
modification. The ATR-IR spectra of the solid samples were recorded using a Bruker Alpha
FTIR spectrometer equipped with a diamond ATR accessory.

2.2.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is a surface technique used to determine the elemental
composition of the near-surfacet layer of the solid (1-10 nm). XPS can also determine
chemical and electronic state of the elements within this layer. The fundamental principle is
based on the photoelectric effect, the ejection of electrons from the material as a
consequence of the absorption of very short wavelength radiation. Electrons of each element
have characteristic binding energy. XP spectra are measured by irradiating a solid surface
with a beam of X-rays while simultaneously measuring the kinetic energy of electrons that
are emitted from the surface region. The ejected electrons of particular energies are detected
and counted which is then further recorded in the form of spectra. Peaks detected in spectra
represent characteristic energy called binding energy. The energies and intensities of the
photoelectron peaks enable identification and quantification of all surface elements.

Energy of X-rays is known (Eynoton) @and the kinetic energy of the ejected electron is
measured by the instrument (Exineic), thus the binding energy (Euinging) Of €jected electron can
be calculated using following equation:

Ebinding = Ephoton — Exinetic -¢ (eq 22)

Where, @ is the work function of the XP spectrometer.

Each peak area is proportional to the number of atoms being present in the studied
sample. By calculating the respective contribution of each peak area, one can determine
surface chemical composition within the sample.

XPS measurement was performed with a VG ESCALAB 220iXL instrument with a
monochromatic Al K(alpha) radiation (E = 1486.6 eV). The peak areas were determined after
background subtraction and fitting with Gaussian-Lorentzian curves. From these peak areas,
the amount of each component in the near surface region was calculated by division by the
element-specific Scofield factor and the transmission function of the spectrometer.
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2.2.5 Transmission electron microscopy (TEM)

The transmission electron microscope is mainly used to study the dispersion of metal or
metal oxide and their composition and particle size on the catalysts can be determined by the
implementation of additional techniques like EDX. In this technique, a high energetic electron
beam is sent through a very thin sample (<50 nm) and the transmitted portion is focused by
the objective lens into an image. The interactions between the electrons and the atoms can
be used to observe features such as the crystal structure and can provide morphological
information. In this study, TEM measurements were performed at 200kV with an aberration-
corrected JEM-ARM200F (JEOL, Corrector: CEOS). The microscope was equipped with a
JED-2300 (JEOL) energy-dispersive X-ray-spectrometer (EDXS) for chemical analysis. The
aberration corrected STEM imaging (High-Angle Annular Dark Field (HAADF) and Annular
Bright Field (ABF)) were performed under the following conditions. HAADF and ABF both
were done with a spot size of approximately 0.13 nm, a convergence angle of 30-36° and
collection of semi-angles for HAADF and ABF of 90-170 mrad and 11-22 mrad respectively.
Preparation of the TEM sample: The solid samples were deposited without any pretreatment
on a holey carbon supported Cu-Grid (300 mesh) and transferred to the microscope.

2.2.6 Raman spectroscopy

The fundamental principle of Raman spectroscopy is the inelastic scattering of
electromagnetic radiation (photons) by molecules. Monochromatic radiation is used in the
region of UV, VIS or NIR light. The interaction of monochromatic radiation causes an
excitation of an electron from ground state and while returning to the original state they emit
photons. In Raman scattering, the frequency of emitted photons is different from that of the
initial monochromatic frequency. This difference in frequency provides the information about
vibrational, rotational and other low frequency transitions in the molecules. In order for a
sample to be Raman active, the vibrations in the molecule must be accompanied by a
change in the polarizability of the molecule.

The Raman spectra were recorded using a fiber optical RXN-Spectrometer (Kaiser Optical
System) equipped with a 10-400 mW diode laser for excitation at a wavelength of 785 nm
and a Mk Il Filtered Probe Head with a non-contact optics. The measurements were
performed with 70 mW. The spectra were recorded with 3 accumulations and 3 s exposure
time.

2.2.7 Ultraviolet-visible (UV-vis) spectroscopy

UV-vis spectroscopy is used to determine the absorbance spectra of a compound in
solution or as a solid material. Basically, electromagnetic radiation in the form of light energy
is absorbed by the sample, which excites electrons from ground state to the first singlet

excited state. Interaction with incident light causes molecules to undergo vibrational
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transitions and the shorter wavelength radiation with higher energy in the UV (200-400 nm)
and visible (400-700 nm) range of the electromagnetic spectrum causes many
atoms/molecules to undergo electronic transitions. UV-vis spectroscopy is also used to
determine the coordination state of metal atoms. The UV-vis spectra of the solid samples
were recorded using an AvaSpec 2048 fiber optic spectrometer (Avantes) equipped with an
Avalight-DHS light source and a FCR-7UV400-2-ME reflection probe.

2.2.8 Temperature-programmed desorption of ammonia (NH;-TPD)

NH;-TPD is a characterization technique used to determine the total number and strength
of acid sites in solid material. In a typical procedure, the surface is saturated with ammonia at
100-120 °C, followed by removal of physisorbed ammonia and temperature programmed
desorption at a specific heating rate and measuring the concentration of desorbed NHs.

For the TPD experiments, the measurement was done using a Micromeritics Autochem ||
2920 instrument. A 100 mg sample was loaded into a U-shaped quartz reactor and heated
from room temperature to 400 °C with 10 K/min in He (50 ml/min) and held for 30 min at 400
°C (for the removal of adsorbed water), then cooled to 100 °C in a flow of He (50 ml/min).
Then, the sample was exposed to an NH3 (1% NH; in He) flow of 50 ml/min for 120 min at
100 °C, followed by removal of physisorbed NH3; by means of helium flushing (60 ml/min) for
120 min at 100 °C. The sample was then heated to 800 °C at a heating rate of 10 K/min in
flowing of He (50 mL/min). The temperature was held at 800 °C for 30 min. The analysis of

the effluent gases was performed with Quadrupol mass spectrometer (Balzers Omnistar).

2.2.9 Pyridine Fourier transform infrared spectroscopy (Py-FTIR)

Pyridine-FTIR spectroscopy was used to distinguish Brgnsted and Lewis acid sites on the
surface of the solid material. Pyridine is used as probe molecule for adsorption because the
vibrational bands for pyridinium ions formed at Brgnsted acid sites and coordination complex
at Lewis acid sites are well known. Quantification of acid site concentration can be obtained
from band intensities in the spectrum and use of absorption coefficients [103].

The measurements in transmission mode were carried out on a Bruker Tensor 27
spectrometer equipped with a heatable homemade reaction cell with CaF, windows
connected to a gas-dosing and evacuation system. The sample powders were pressed into
self-supporting wafers with a diameter of 20 mm and a weight of 50 mg. Before pyridine
adsorption, the samples were pretreated by heating in synthetic air to 300 °C for 10 min,
subsequent cooling to room temperature and evacuation. Pyridine was adsorbed at room
temperature by means of a carrier gas passing through a saturator filled with pyridine until
saturation of sample surface. Then the reaction cell was evacuated to remove physisorbed
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pyridine. The desorption of pyridine chemisorbed on acid sites was followed by heating the
sample in vacuum to 300 °C and recording spectra every 50 °C.

2.2.10 Inductively coupled plasma-optical emission spectroscopy (ICP-OES)

ICP-OES is a commonly used technique for the analysis of metals in various fields. It is a
type of Atomic Emission Spectroscopy, where the sample at high temperature using
inductively coupled plasma up to 8000-10000 Kelvin produces excited atoms or ionized ions.
The excited atom emits a radiation when it goes back to ground state. The emitted
characteristic electromagnetic radiation and intensities are measured optically by detectors.
The intensity of the emission is used to evaluate the concentration of element within the
sample.

For the determination of the elemental composition by means of ICP-OES technique, a
Varian 715-ES ICP-Emission-Spectrometer was used. Approximately 20 mg of the sample
were mixed with 8 ml of aqua regia and 2 ml of hydrofluoric acid. The digestion was
performed in a microwave-assisted sample preparation system "MULTIWAVE" from Anton
Paar/Perkin-Elmer at ~200 °C and ~65 bar pressure. The digested solution was filled up to
100 ml and analyzed. The data analysis was performed with the Varian 715-ES software
"ICP Expert".

2.3 Experimental setup for catalytic activity test

Tests for glycerol acetylation were performed in the liquid phase using a batch stirred
reactor and in the gas phase using a continuous fixed bed reactor. The experimental setups
are described in this section.

2.3.1 Liquid phase setup

Liquid phase glycerol acetylation was performed in a three-necked 250 ml glass flask
equipped with a fractionating Vigreux column, a modified Dean-Stark apparatus installed with
thermometer (TI3) to measure the temperature of the boiling azeotropic mixture and a reflux
condenser. The flask is also coupled with a glass tube with a thermocouple to monitor
directly the temperature of the bulk reaction mixture (T12). The reaction mixture was heated
using an oil bath (150 °C, TI1) and both reaction mixture and oil bath was stirred using a
magnetic stirrer (1200 rpm) for intensive mixing and to improve heat transfer. Typically the
flask was charged with 10 g of glycerol (0.108 mol) and 39.16 g of acetic acid (0.652 mol),
representing an acetic acid to glycerol ratio of 6/1, 60 g of toluene (0.652 mol) and 1 g of
dodecane (internal standard to evaluate liquid volume change during the course of reaction).
After heating the reaction mixture up to desired temperature, 500 mg of catalyst (ion
exchange resin or supported HPA) were added. This is defined as starting time of the
reaction. During the running test, samples of 100 pl volume were withdrawn periodically.
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Moreover, homogeneous reaction with dissolved STA, TPA and PMA as well as a blank test
in absence of any catalyst were carried out under similar reaction conditions. The total
catalyst weight used in latter tests with pure HPA (0.1 g) was equal to the HPA load (20 wt%)
in the supported catalysts to allow comparison of the results.

For proper quantification, highly polar compounds such as glycerol, MAG and DAG
needed to be derivatized before their GC analysis. Derivatization of these compounds
improves volatility and thus peak shape and sensitivity in the gas chromatographic analysis.
In the present work, hydroxyl groups of glycerol and products MAG and DAG were
derivatized using silylation procedure. In the typical procedure, 100 ul of product sample
were silylated using hexamethyl disilazane (200 pl), trimethylchlorosilane (200 ul) and then
mixed with pyridine as solvent and hexadecane as an internal standard (5wt% of
hexadecane in pyridine) for GC analysis (2 ml). This means that two internal standards were
used to cover the complete analysis procedure. The resultant product samples were kept at
70 °C in a drying oven for 45 min and then analyzed using a gas chromatograph (HP 5890
series Il) equipped with a CP-Sil 13 CB column (25 m x 0.32 mm). The temperature program
was as follows: 50 °C for 1 min hold, heating at 20 K/min to 310 °C, 2 min hold at 310 °C.
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Figure 2.1. Scheme of reaction setup.
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The feed glycerol and acetic acid along with the silylated products MAG, DAG and TAG
were clearly eluted. Peak assignment and calibration of GC detector were carried out by
means of authentic compounds that were prepared at high purity by fractionated distillation.
For DAG, two isomers were detected in the chromatograms, but separation was incomplete
and hence individual quantification was impossible. Diglycerol tetraacetate (DGTA) was
prepared from linear diglycerol and acetic anhydride and product formation was confirmed by
GC-MS combination equipped with HP-5 column (HP G1800 C, GCD Series Il). The relative
error of this analytical procedure was below 1%. All reported conversion data refer to
glycerol. The conversion and selectivity (product distribution) were calculated based on the
number of carbon moles with the following equations:

mole of glycerol consumed

S o
Conversion mole of glycerol fed x 100% (eq. 2.3)

Selectivity = mole of C atoms in product 100% 94
eIecVIY = total mole of C atoms in products X ° (eg.2.4)

2.3.2 Gas Phase setup

The glycerol acetylation tests were performed in a continuous flow system with a fixed-
bed quartz reactor (length 15.5 cm, inside diameter 9.5 mm, volume 12.17 cm?) equipped
with an internal guide tube (1 mm inner diameter) for a thermocouple to measure the axial
temperature profile in the catalyst bed. The reactor was heated using an electrical furnace.
The particle sizes of the catalysts were in the range of 315 to 500 um. The reactor was filled
sequentially with 2 g of quartz split, 0.5 cm quartz wool, catalyst bed, 0.5 cm quartz wool, 3 g
of quartz split and finally 1 cm of quartz wool.

The acetic acid and glycerol solution of desired molar ratio was fed directly into the reactor
using an HPLC pump (Gilson) with a flow rate of 0.025 ml/min together with N, inert gas (30
ml/min) and methane (1 ml/min). Nitrogen served as a carrier gas and dilutant for reactant
and methane was used as internal standard to determine the volume change during the
reaction in reactor passage. Methane remains inert at given reaction conditions. The flow
rates of these gases were controlled by a mass flow controller (MFC, Bronkhorst). Due to
high corrosiveness of hot acetic acid, most of the tubing were procured from corrosion-
resistant material such as Teflon or Hastelloy C. In addition, due to high boiling point of
glycerol and products, all downstream lines, including pressure regulator and sampling valve,
were placed in a heated box (225 °C) to avoid condensation or polymerization. Experiments
were performed at three different catalyst loads, i.e. 0.3 g, 0.6 g and 0.9 g and a standard
reaction temperature program was used with five consecutive set-points at 225 °C, 250 °C,
255 °C, 300 °C and 325 °C.

28



2. Experimental procedures

O
I
FIC @
I
HPLC Pump LIKS
TI2
4
NZ CHa Glycerol in 225°325 ¢
Acetic acid @_1
225°C [TIC 5 T 5 6-Port valve
225°C ITIC! il [ ..........
—[—>Gc
U- Tube <« 4,__Dﬁ_' ~— — Carrier Gas (He)
Pressure regulator ‘l"l’
Vent

Figure 2.2. Scheme of gas-phase reaction setup.

Before the reaction, the catalyst was activated in N, flow at 225 °C for 1 h to remove
physically adsorbed water and later the system was run underflow of reactant for 1 h to attain
steady-state operation. The product gases were analyzed with an online GC (Shimadzu 17A)
equipped with a switchable 6-port sampling valve (sampling loop volume = 58.54 ul),
capillary column (Hewlett Packard HP-1, 30 m x 0.53 mm x 2.65 ym) and flame ionization
detector (FID). The temperature of the column was held at 50 °C for 2 min, then increased to
290 °C with a rate of 15 K/min and held for 5 min. In selected case, gaseous samples were
collected to check CO, formation with another GC (Shimadzu GC 2010 Plus) equipped with
thermal conductivity detector (TCD) and molecular sieve-capillary column. Moreover, the
products were collected in a cold trap and the mass balance for every experiment was
determined to check the performance of the system. In addition total organic carbon (TOC)
analyzer (Shimadzu VCPN) was used to quantify total carbon content in liquid products. The
conversion and selectivity (product distribution) were calculated based on the number of
carbon moles in inlet and outlet stream with the following equations:

mole stream of glycerol consumed

L o
Conversion mole stream of glycerol fed % (€q. 2.5)

mole stream of C atoms in product

L 0
Selectivity total mole stream of C atoms in products x 100% (eq. 2.6)
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3 Liquid phase glycerol acetylation

This chapter is divided into two sub-sections: the first sub-section shows the data
obtained by using Amberlyst-15 (A15) and Amberlyst-70 (A70). In addition, the influence of
reaction conditions such as acetic acid/glycerol molar ratio and catalyst nature has been
studied. The fresh and spent catalysts were characterized by CHS elemental analysis. In the
second sub-section, the performance of Keggin type heteropolyacid catalyst in glycerol
acetylation with respect to structure and nature of acid sites was investigated. The fresh
catalysts are characterized by BET surface area, XRD, Raman and py-FTIR spectroscopy
and ICP-OES techniques. The spent catalysts were characterized by ICP-OES analysis and
compared with fresh samples.
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3.1 Batch operation - lon exchange resins

3.1.1 Physical properties of the Amberlysts

The physical properties of the A15 and A70 are shown in Table 3.1. The thermal stability
of A70 (190 °C) is higher than of A15 (120 °C), whereas, on the other side, the acidity and
the surface area of A15 are higher than of A70. The acidity of the A70 was also measured by
NaOH titration and confirmed the data from the supplier. The polymer matrix of A70 is
chlorinated which makes it more thermally stable.

Table 3.1. Physical properties of the Amberlyst catalysts™.

Catalvst Acidity Cross- Particle Surface Average pore Thermal
atalysts
Y (eq./kg) linkage (%) size (mm) area (m?qg) diameter (nm) stability (°C)
0.297-
A15 4.7 20 53 30 120
0.841
2.55
A70 n.a. 0.500 36 22 190
2.80*

* data were taken from the supplier and from data reported in [104].
**determined by titration with NaOH.

3.1.2 Catalytic activity of Amberlysts

3.1.2.1 Glycerol acetylation without water removal

Glycerol acetylation is a consecutive reaction with stepwise formation of MAG, DAG and
TAG and their respective isomers wherein at each step, water is formed as an unavoidable
by-product. In the presence of water, each reaction step is equilibrium controlled, which limits
the maximum selectivity for TAG. This was observed when an experiment was performed
with A70 without removal of water (simple reflux system) using toluene as an entrainer. The
conversion of glycerol was almost complete (97.9%) after 10 h with maximum selectivity to
DAG (58.8%), however, selectivity to MAG and desired TAG were rather low with 23.6% and
18.3%, respectively. After 24 h, selectivity for TAG increased to 29.2% with a decrease in
selectivity of MAG as 15.7%, whereas DAG selectivity remained nearly the same (54.5%).
This proved that presence of water in the reaction mixture inhibits the formation of TAG (See
Figure 3.1).

It is important to understand that the reaction mixture of glycerol, acetic acid and toluene
is biphasic at room temperature. However, good homogenization of the mixture at the
beginning of reaction was achieved when the stirring speed was set to 1200 rpm. As the
temperature of the mixture enhanced up to 100 °C, the reaction mixture became clearly
homogeneous.
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Figure 3.1. Glycerol conversion and selectivity to MAG, DAG and TAG without water removal over
A70, i.e., reflux conditions (glycerol = 10 g, acetic acid = 39.16 g, catalyst = 0.5 g, molar ratio acetic
acid: glycerol = 6:1, toluene =60 g, T = 105 °C).

3.1.2.2 Glycerol acetylation with water removal

The selectivity of TAG can be increased by shifting the chemical equilibrium towards the
products either by using one reactant in excess or by removing one of the products during
the reaction. Hence, continuous removal of water can force the chemical equilibrium towards
the desired product. In addition, an excess of acetic acid helps to enhance TAG selectivity,
as the glycerol becomes the limiting reactant which can be consumed completely at end of
reaction. This might be beneficial for work-up; however, too large excess makes the process
less economic.

When the reaction was carried out in the absence of a catalyst (blank test Fig 3.2) under
the mentioned reaction conditions, glycerol conversion was more than 50% within 4 h and
MAG was the dominant product with a selectivity of 85%. DAG formed in small quantity with
a selectivity of 15%. This conversion is most likely due to the presence of an acetic acid
which acts as a homogeneous acid catalyst. Table 3.2 shows the glycerol conversion and
product selectivities for the reaction time of 4 h.

In the first hour, selectivity of MAG is almost 100% at nearly 25% glycerol conversion. But
with time, the selectivity of MAG drops and selectivity of DAG as the consecutive product
increases whereas TAG formation was not observed. The use of A15 and A70 resulted in
complete conversion of glycerol after 4 h with selectivity for TAG of 44.3% and 45.8%,
respectively (see Table 3.2). However, still the DAG was the major product with selectivities
of 54.2% and 51.7% over A15 and A70, respectively, whereas selectivities to MAG were
rather low (1.5% and 2.5%, respectively).
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Figure 3.2. Glycerol conversion and selectivity to MAG and DAG in blank test with water removal
glycerol =10 g, acetic acid = 39.16 g, molar ratio acetic acid: glycerol = 6:1, toluene =60 g, T = 105
OC)

Table 3.2. Catalytic activity of Amberlyst catalysts in glycerol acetylation using toluene as an entrainer.

Selectivity (%)
Catalysts Reaction time (h)  Conversion (%) MAG DAG TAG
Blank test 4 52 85 15 0
A15 4 100 1.5 54.2 44.3
A70 4 100 25 51.7 45.8

(glycerol = 10 g, acetic acid = 39.16 g, toluene = 60 g, catalyst =0.5g, T = 105 °C)

Glycerol acetylation is an acid catalyzed reaction and acid strength of the catalyst plays
an important role for the catalytic activity and selectivity. Theoretically, one can consider a
Fischer esterification mechanism running in this reaction (see Figure 3.3) [64]. In the first
step, a proton is added to the carbonyl carbon of acetic acid which creates positive charge
on the carbonyl carbon. This facilitates the nucleophilic attack of hydroxyl group from glycerol
to produce MAG and thereby eliminating water as a by-product. In a similar way DAG and
TAG are formed in consecutive steps. In this work, formed water was continuously removed
from the reaction mixture using toluene as entrainer by means of azeotropic distillation.
Toluene can form an azeotropic mixture with water at 84 °C as well as with acetic acid at 104
°C, thus, the two azeotropic mixtures indicate the boiling point of the reaction mixture during
the course of reaction due to their proportions [105]. Toluene as an entrainer is very efficient
as its azeotropic mixture contains up to 20% of water. Karl Fischer-titration technique was
used to determine the water concentration in the reaction mixture and after 2 h water
concentration was less than 0.05% (almost negligible). The fast glycerol conversion and high
selectivity to TAG is ascribed to the acidity of the catalysts as well as continuous removal of
water (kinetic and thermodynamic effect).
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Figure 3.3. Fischer esterification mechanism of glycerol with acetic acid to produce MAG [65].

3.1.2.3 Reaction progress monitoring

The reaction was monitored for 24 h with both catalysts A15 and A70 under identical
reaction conditions to study the change in selectivity pattern with time under continuous
water removal (See Figure 3.4). As expected, the reaction proceeded in a consecutive
manner, as the desired TAG selectivity increased continuously together with a decrease in
DAG and MAG selectivities with time. The complete conversion of glycerol on both catalysts
was observed within first 2 h of reaction; both the conversion curves look very similar (see
Figure 3.4). After 2 h, MAG and DAG were main products. After 10 h, the selectivity of TAG
increased to 83.9% and 87.6% and after 24 h it reached 94.1% and 95.3% using A70 and
A15, respectively. The use of toluene as an entrainer successfully enhances more or less
quantitative formation of the desired TAG. Interestingly, during the course of reaction (i.e.
after 4 h) a new by-product diglycerol tetraacetate (DGTA) was observed. The formation of
DGTA was confirmed by GC-MS using authentic compound prepared from diglycerol and
acetic acid. DGTA can be formed by two different reaction pathways, etherification
(oligomerization) and esterification, both forming water and being controlled by chemical
equilibrium as shown in Figure 3.5.
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Figure 3.4. Conversion of glycerol and selectivities to products with (a) A70 and (b) A15 during 24 h of
reaction (glycerol = 10 g, acetic acid = 39.16 g, molar ratio acetic acid: glycerol = 6:1, toluene = 60 g,
catalyst=0.5g, T =105 °C).
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Figure 3.5. Possible ways to form diglycerol tetraacetate (DGTA).

Generally, etherification of glycerol is performed at a much higher temperature in the
presence of strong acid catalyst [40]. Due to the rather low reaction temperature (ca. 100
°C), it is unlikely to transform glycerol into its dimers in parallel. Moreover, diglycerol
formation was not observed in GC analysis. According to the esterification reaction
sequence, first significant amount of MAG will form from glycerol and acetic acid (while water
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is continuously removed by azeotropic distillation). Later, DAG is produced immediately as a
consecutive product of MAG and acetic acid. However, it can be clearly seen from Figure 3.4
that formation DGTA is significant only when DAG is available in high concentration in the
reaction mixture. Therefore, DAG is the most probable precursor for DGTA formation.
Moreover, two different oligomerization experiments under identical conditions at 140 °C in
the absence of water proved that the rate of reaction of DAG towards DGTA was higher than
that of glycerol to diglycerol. However, during glycerol acetylation in the presence of water at
high glycerol conversion, the formation of DGTA is not observed, suggesting that DGTA is
favourably formed in the water-free process. According to the literature, this is the first report
on the formation of DGTA under water-free reaction conditions. DGTA has applications in
cosmetics, food industries [106] and is used in the preparation of filter material [107].

At the beginning of reaction monitoring experiments, the temperature of the reaction
mixture was 100 °C for the first hour as measured on the top of the modified Dean-stark
apparatus (Figure 2.1 TI3). As the reaction proceeded, the temperature of the reaction
mixture increased to 105 °C which remained nearly constant for the longest period of
reaction time. The maximum temperature of 110 °C (boiling point of toluene) was reached
when the overall rate of esterification declined (due to low residual glycerol concentration)
and little water was available to establish the first azeotropic mixture. Thus, the large fraction
of acetic acid is utilized to form the second azeotropic mixture with toluene.

Interestingly, the different solid properties of A15 and A70 did not lead to a significantly
different catalytic performance in glycerol acetylation. This was confirmed by repeated
experiments. The surface area and the acid sites concentration of A15 are higher; one can
conclude that the strength of the acid sites on A70 must be higher to obtain same activity as
A15. Furthermore, one has to consider that the Amberlyst resins might swell during reaction
in the presence of polar solvent, especially acetic acid and water. The swelling of resins will
change the accessibility of acid sites [108, 109]. In addition, the non-polar interaction of
toluene with acetic acid and glycerol can affect the catalysts reactivity. As a result, not only
the acid properties influence the reaction but also the accessibility of acid sites to reactants is
an important factor [110]. An additional experiment was performed with lower catalyst
amount of 50 mg (10 times lower than before) to evaluate the catalytic activity of A15 and
A70 at lower reaction rate under identical reaction conditions with removal of water during
the course of reaction. As expected, conversion of glycerol did not achieve complete
conversion even after 10 h. However, even at lower reaction rate far away from equilibrium,
there was no significant difference between conversion curves of A15 and A70 as shown in
Figure 3.6. Regarding the fact that the reaction mixture was homogeneous and the
mesoporous nature of the catalyst, the impact of external or internal mass transfer should be
negligible.
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Figure 3.6. Conversion of glycerol and selectivities to products with (a) A70 and (b) A15 during 10 h of
reaction at low catalyst loading (glycerol = 10 g, acetic acid = 39.16 g, molar ratio acetic acid: glycerol
= 6:1, toluene = 60 g, catalyst =50 mg, T = 105 °C).

3.1.2.4 Catalyst stability, reusability and homogeneous catalysis test

Reusability experiments were performed with A15 and A70 catalysts. After the reaction
(10 h), the catalyst was recovered by filtration, washed thoroughly with toluene, dried at 110
°C and reused with fresh reactants. As shown in Figure 3.7, it is evident that conversion of
glycerol was maintained at 100% in all recycling tests. However, a decrease in selectivity
was observed for both the catalysts. There was a significant decrease in TAG selectivity from
85.4% to 54.7% after the 3™ run for A70 and from 83.9% to 38.4% after the 2™ run for A15,
indicating catalyst deactivation under reaction conditions. Moreover, after 1* run A15 started
to break down into fine particles, may be due to low thermal stability (120 °C) even though
reaction temperature was below the thermal stability limit; another possibility is mechanical
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stress on the catalyst during stirring, as the reaction mixture was slurry of the catalyst. In
contrast, the observed extent of catalyst swelling is comparatively small. Dumesic and co-
worker reported that polymer resin in the presence of water suffered from swelling which
ultimately deactivated the catalysts [111]. However, in the present water-free process, the
use of toluene lowered the overall polarity of the reaction mixture and suppressed the effect
of swelling. Apart from mechanical breakdown and swelling, the catalysts may also
deactivate due to the leaching of active surface species (sulfonic acid group) and/or due to
the blockage of active surface species by carbonaceous compounds.
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Figure 3.7. Conversion of glycerol and selectivities to products with (a) A70 and (b) A15 after 10 h of
reaction in reusability tests (glycerol = 10 g, acetic acid = 39.16 g, molar ratio acetic acid: glycerol =
6:1, toluene = 60 g, catalyst =50 mg, T = 105 °C).

To confirm this, carbon, hydrogen and sulfur content in the fresh and spent catalysts were
determined (Table 3.3). The sulfur content of the catalysts decreased from 14.0% to 10.7%
in case of A15 (after 2" run) and from 8.2% to 6.6% in case of A70 (after 3" run). This might
be due to the hydrolysis of sulfonic groups of the polymer support by traces of water or due
to the low thermal stabilities [112]. Moreover, titration of fresh and spent A70 with NaOH from
regular experiment after 4 h exhibited a loss of acidity from 2.80 to 2.52 mmol/g.
Consequently, sulfur was also found in the liquid reaction mixture. The loss in sulfur from
A15 is more than from A70 because the latter is chlorinated which increases the bond
strength between polymer and sulfonic acid group which in further increases acid strength
and stability [113].
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Table 3.3. Elemental CHS analysis of fresh and spent A15 and A70 catalysts.

Catalysts Element fractions

C (Wt%) H(wWt%) S (wt%)
A15-fresh 41.5 5.7 14.0
A15-2" run 44.4 5.7 10.7
A70-fresh 36.8 4.3 8.2
A70-3" run 41.9 5.2 6.6

Moreover, chlorine analysis by potentiometric titration of liquid product showed that there
was no leaching of chlorine from A70. As a consequence, the possible contribution of
leached sulfur species to homogeneous catalysis had to be checked. For this, a separate
stop experiment was performed at identical conditions. In a regular experiment after 2 h,
selectivities to MAG, DAG and TAG were 14%, 63% and 23%, respectively, at complete
conversion of glycerol. At this point, the catalyst was removed from the reaction mixture and
the run was continued for another 8 h without any catalyst; meanwhile the selectivities to
MAG, DAG and TAG did not change significantly. After 8 h, selectivities to MAG, DAG and
TAG were 10%, 62% and 28%, respectively, which proved that leached sulfur species are
not able to catalyze the consecutive reaction towards TAG.

—a— % (Conversion)
—o— % (MAG)
—a— % (DAG)
—v— % (TAG)

Conversion and Selectivity (%)

T T T T T 1
5 6 7 8 9 10

Time /h

Figure 3.8. Conversion of glycerol and selectivities to products over 0.5 g A70 in a stop-experiment
(reaction conditions as described in Figure 3.7; catalyst was removed after 4 h and the run was
continued for further 4 h without catalyst; the dotted lines mark the time span for catalyst removal and
addition of fresh feed (glycerol = 5 g, acetic acid = 19.56 g)).

Another stop experiment was performed under identical conditions where the catalyst was
removed after 4 h, followed by addition of fresh acetic acid/glycerol to the reaction mixture.
The reaction was run for additional 4 h under the same reaction conditions without a catalyst.
Interestingly, the conversion of glycerol and product selectivities (DAG and MAG) increased
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slowly. However, the slopes of the glycerol conversion and selectivity curves resemble those
obtained in blank test (Figures 3.8 and 3.1). From these experiments, one can presume that
the leached sulfur species do not contribute to the reaction in a homogeneously catalyzed
way. Dosuna-Rodriguez and Gaigneaux observed the same feature that the leached species
do not show any catalytic activity in a homogeneous way [63]. Besides leaching of sulfur,
adsorption of some carbonaceous material on the surface of catalysts was also observed.
The spent Amberlyst resins were analyzed and the amount of carbon in solid material
increased from 41.6% to 44.3% in case of A15 (after the 2" run) and from 36.9% to 41.9% in
case of A70 (after the 3™ run) (sees Table 3.3). This relative increase outnumbers the
theoretical increase of carbon content related to sulfur loss and clearly indicates surface
deposits. The deposited carbonaceous material may be in the form of esters, oligomers or
polymers which probably block the surface acid sites, i.e. the sulfonic acid groups. Similar
behaviour was also recognized by Cara et al. for xylane (hemicellulose) hydrolysis using A70
as catalyst [114].

3.1.2.5 Influence of reaction conditions

The A70 catalyst was found to be more stable than A15 in the reusability test and
moreover, showed the best efficiency in glycerol acetylation with 100% conversion and
almost 94% selectivity to TAG in 24 h. Hence, the influence of reaction conditions such as
acetic acid: glycerol molar ratio and catalyst: glycerol weight ratio were studied with A70 and
the results are shown in Figure 3.9 (always with fresh samples).
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Figure 3.9. Conversion of glycerol and selectivities to products over A70 and after 10 h at named
reaction conditions (glycerol = 10 g, acetic acid = 39.16 g, molar ratio acetic acid: glycerol = 4:1-8:1,
toluene = 60 g, catalyst = 0.3-0.9 g, T = 105 °C).
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The conversion of glycerol reached 100% within 3 h at every defined reaction condition,
even though the acetic acid: glycerol ratio was lowered to 4:1. When acetic acid to glycerol
molar ratio increased from 4: 1 to 8: 1 at a constant catalyst: glycerol ratio of 5 wt%, TAG
selectivity rose from 40% to 97% after 10 h. Maximum selectivity to TAG after 10 h was
96.8% along with 3.2% DGTA using 8: 1 acetic acid: glycerol molar ratio and 5 wt% catalyst
with respect to glycerol. Similarly, increasing the catalyst loading gradually from 3 wt% to 7
wt% (0.3 g, 0.5 g and 0.7 g) with respect to the weight of glycerol at constant acetic acid to
glycerol molar ratio (6: 1), the TAG selectivity increased considerably. At 3 wt% catalyst
loading, TAG and DGTA selectivities were 62.8% and 4.2% which rose to 95.6% and 4.3%
with 7% catalyst loading after 10 h. The influence of reaction conditions showed a significant
effect on TAG selectivity, but the DGTA selectivity was not affected. However, the formation
of DGTA is significant when DAG is present in high concentration in the reaction mixture, as
observed in the long term test (Figure 3.4).

3.1.3 Kinetic consideration about TAG production
3.1.3.1 Models for liquid phase glycerol acetylation
Model A — pseudo-homogeneous with no side reactions:

Acetylation of glycerol is a consecutive reaction, and the difference between these models
regard parallel reactions that also take place as glycerol is converted.
A first model for the kinetics of triacetin formation may be described as follows:

k1
G + AA > MAG +H,0 (eq. 3.1)

k2
MAG + AA - DAG +H,0 (eq. 3.1)

k3
DAG + AA - TAG +H,0 (eq. 3.1)

Where, G is glycerol, AA is acetic acid, MAG is monoacetyl glycerol, DAG is diacetyl
glycerol, TAG is triacetyl glycerol, and ki, k., and k3 are the rate constants of the forward
reactions.

This model was first proposed in detail by Gelosa et al. [115] and was applied with little
modification by Hasabnis and Mahajani [71] and Hung et al. [116]. The model presented by
Gelosa et al. is a LHHW (Langmuir-Hinshelwood-Hougen-Watson) kinetic model based on
multicomponent adsorption equilibria, and relies on parameters that are estimated from
equilibrium experiments. Nonetheless, this approach offers some limitations, provided that
only the parameters relative to water, glycerol, acetic acid and TAG can be estimated by
fitting the equilibrium data, leaving aside MAG and DAG, which have to be guessed [115].
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Fortunately, based on the number of hydroxyl groups, estimated parameters for MAG and
DAG adsorption should lie between glycerol and TAG. It is also known that mass transfer
and equilibrium greatly hamper the kinetic evaluation, since the selectivity towards TAG is
very low in the works using this approach [71, 115, 116].

By changing the conditions of the reaction, mass transfer and equilibrium limitations in the
formation of TAG may be greatly overcome, and a straightforward homogeneous
consecutive kinetic model can be advanced [64]. This entails that apparent ki, k», and ks will
suffice to describe the reaction behavior, leaving adsorption equilibria out of the model.
Although it may firstly seem that there are too many approximations, the final model perfectly
describes the reaction dynamics for conditions away from equilibrium. Moreover, there is no
estimation of thermodynamic parameters necessary for the kinetic model, but only the
number of constants sufficient for describing the concentrations of the products. From the
recent catalytic results (section 3.1.2) [117], it is observed that glycerol esterification can be
undertaken in conditions that shift the equilibrium in the direction of the formation of TAG,
with total conversion of glycerol and high TAG selectivity (95%). To guarantee that the
reaction conditions are far from equilibrium, at total glycerol conversion, two experimental
conditions have to be assured: 1) water must be stripped from the reaction medium by use of
an adequate solvent entrainer that does not interfere with the reaction; and 2) acetic acid
must be present in abundance, in order to consider glycerol the limiting reagent. Thus, the
apparent kinetic rates k’,x can be expressed as a function of the consumption of glycerol,
MAG, and DAG. Through these considerations, Zhou et al. [64] have neglected backward
reaction and proposed the following set of differential equations:

dcg
ar —ka166 (eq. 3.4)
dermac (eq. 3.5)
dt = ka166 — ka2Cmac
dCpac
dt = Kka2Cmac — Ka3Cpac (eq 36)

where k. is the apparent kinetic rate constant for compound k. The consideration of less
parameter simplifies the problem and gives robustness to the model. Considering the initial
condition that only glycerol is present with a concentration cgo at fy, exact solutions to the
differential equations are the following:

~kaat (eq. 3.7)

Cc = Cg,0€

ka1Cc0 - _
Cuag = g (€M —eTHeRt) (eq. 3.8)
a2 a1l
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kit —k3t

(eq. 3.9)

CDAG Bl P -
ka.z - ka.l ka.3 - ka.l ka.3 - ka.z

- _ —kaz2t _ —ka3t
ka.lka.ZCG.O <e e e e )

The expression for Crag may be obtained by considering the total molar balance to be:

(eq. 3.10)

Crac = Cgo — (€6 + Cmac t Cpac)
Model B — pseudo-homogeneous considering dimerization as side reaction:

The previously presented model A is very useful and clear. However, as reported in the
previous section (section 3.1.3.3) and reported work [117], DGTA is formed through
etherification of DAG, and its production competes with esterification. Thus, the model of
consecutive reactions for TAG production must be changed to accommodate the competing
reactions forming of DGTA and TAG. Therefore, a second model (B) can be presented as
mere introduction of side reaction (eq. 3.11).

k
2DAG — DGTA +H,0 (eq. 3.11)

The equations describing glycerol conversion and MAG concentrations are the same as
eqg. 3.4 and 3.5, plus the later one describing the DAG concentration regarding the dimer

formation.
dCpac
ar ka2cmac — KaaCpac™ — ka3Cpag (eq. 3.12)
dCZGTA = ka,4Chac (eq. 3.13)
¢ ,

Some difficulties arise from including eq. 3.8 and eq. 3.9 in this new model, because of
the value for the constant n. A typical dimerization reaction would be expected to behave in a
second order kinetics [118] and reasonable values for n should include or lie between 0 and
2. For n = 2, eq. 3.12 is transformed into a nonlinear differential equation, commonly known
as the Riccati equation [119]. Leaving aside some mathematical complications that arise
from a model with n = 2, it should be noted that the dimerization in the present model is a
side reaction, with an experimental rate much lower than the formation of TAG. By using n =
1, one considers that the production of DGTA requires a variation of a first order dependence
on DAG concentration, as happens to the other reactions in the system. However, fits using
this approach were not the best.

In conditions of reactant excess, the amount of adsorbed reactants that occupy the
surface of a heterogeneous catalyst limits the reaction rate, and may alter profoundly the
intrinsic reaction order. It has been observed that a pseudo-zeroth order kinetic fit agrees
with such limitations for different cases [120-122]. In the present work, the parallel reaction
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for dimerization depends only on the amount of adsorbed DAG. This adsorbed DAG,
however, is exposed to an excess of AA, which reacts with DAG at a higher rate than DAG
reacts with itself. In other words, it is far more likely for a DAG molecule to find an AA
molecule beside it than another DAG or MAG molecule. Therefore, the dimerization and
other side reactions should depend much less on the concentration of any given compound,
but rather on the available catalyst sites. Assuming n = 0, eq. 3.12 and 3.13 then become:

dCpac

dt + ka.3CDAG = ka.ZCMAG - ka.4 (eq 314)
dCpera

i~ Kas (eq. 3.15)

The respective solutions are:

—ka1t _ —ka3t —ka.zt _ —ka3t
Cpag = M ¢ ¢ - ¢ ¢ _ ka4Cso _ e—kaat) (eq. 3.16)
ka2 —kaa kaz = ka1 kas — ko kas
Cpera = Kaat (eq. 3.17)

The molar balance can again be used to calculate the concentration of TAG and the yield:
Crac = Cg.0 — (€6 + Cmac + Cpac + 2Cpgra) (eq. 3.18)

3.1.3.2 Results and discussion

Nonlinear regression was done using the maximum likelihood methodology through an
algorithm specifically written for that purpose with the software Scilab and was also cross-
checked with Polymath 6.1 (student version), for least squares nonlinear regression. For
deeper understanding of underlying mathematics used on the maximum likelihood method
and its applications in kinetic models, the reader is referred to seminal previous applications
of this method regarding kinetic fits [123- 127], as well as other problems [128, 129]. Figure
3.10 shows the formation of DAG and TAG over A15 and A70 in the liquid phase, and the
respective fits for models A and B, and Table 3.4 shows the values of the apparent kinetic
constants obtained from the nonlinear regression in a 95% confidence interval. The
difference between the fitted models and the experimental results is subtle.

Table 3.4. Values for the apparent reaction rate constants for A15 and A70.

P Unit A15 A70

g Model A Model B Model A Model B
ki min”’ 155.37 91.07 332.51 96.95
ko min” 87.29 143.21 166.06 138.45
ks min” 12.71 12.50 14.55 15.54
Ky min™ - 0.18 - 0.19

*Experimental conditions: acetic acid: glycerol = 6:1, T = 105 °C; Entrainer: toluene, t = 24 h.
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Very little is changed at the beginning of the reaction, but there is an increasing gap
towards the end of the reaction, since model A was developed considering no side reactions,
and model B agree better with the actual experimental results, as seen in Figure 3.9. A
limitation of the experiments impedes the assessment of the models for other temperature,
since the reaction is conducted with toluene as an entrainer. This means the reaction
temperature is stabilized at 105 °C, around the boiling temperature of toluene (110 °C).
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Figure 3.10. Experimental data for DAG and TAG production with A15 ((a) and (b)) and A70 ((c) and
(d)) and fits for models A and B (Reaction conditions: as shown in Figure 3.4).

3.1.4 Summary and conclusions

Acetylation of glycerol was performed on ion exchange resins in the presence of toluene
as an entrainer in slurry phase using a batch reactor. The use of entrainer with continuous
removal of water exhibited much higher conversion of glycerol and selectivity to TAG than
the conventional batch operation. Moreover, toluene keeps the reaction temperature below
the thermal stability limit of the catalyst. In addition, it prevents the undesired effect of water
on the catalysts such as swelling and equilibrium limitation. It was observed that of formation
TAG is the most difficult step in all three consecutive reactions; however, with the use of
toluene, a nearly quantitative yield of TAG was obtained. Both the catalysts, A15 and A70,
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exhibited excellent performances with selectivity to triacetin reaching more than 95% at
complete conversion of glycerol. High activity and selectivity of the catalyst can be explained
on the basis of strong Bregnsted acid sites. A70 showed better catalytic performance in
reusability tests compared to A15, though its total number of acid sites and specific surface
area were lower. The chlorine content of A70 obviously increases its thermal stability and the
strength of acid sites and thus A70 outperformed A15. The formation of the by-product
diglycerol tetraacetate (DGTA) was observed first time, most probably formed by
dimerization of DAG. Formation of this by-product was only observed at low water
concentration and high glycerol conversion, which can be explained first by the reaction rates
of esterification and etherification (kinetic control) and the chemical equilibrium
(thermodynamic control). In addition, the kinetic investigation showed that formation of DGTA
follows zeroth order reaction depending on the adsorption of DAG on the catalyst surface.
Kinetic modeling for both catalysts also showed that apparent kinetic rate constant obtained
from non-linear regression for DGTA formation matches very well. Deactivation of
Amberlysts was observed in reusability tests, probably due to loss of sulfonic acid groups
and/or deposition of polymer products (esters or oligomers) on the surface of catalysts, but
these effects do not contribute to the homogeneous reaction. This study explains the benefits
of a water-free and acid catalyzed process with an excess of acetic acid in glycerol
acetylation. The process uses thermodynamic and kinetic effects in an optimum way to
produce triacetin in much higher yields as compared to literature data.

3.2 Batch operation — Heteropolyacids

This section present catalytic performance of heteropolyacids (HPA) supported on metal
oxides in batch mode under water-free process conditions with respect to catalyst
composition and nature of acid sites. Silica, alumina and silica-alumina supported
silicotungstic (STA), tungstophosphoric (TPA) and phosphomolybdic acid (PMA) catalysts
were synthesized, characterized and evaluated in glycerol acetylation. The results were
compared with reference experiments either without catalyst (blank tests) or homogeneously
catalyzed (bulk HPAs) under same reaction conditions and correlated with physiochemical
properties of the catalysts. In addition, stability and reusability of the best performing catalyst
have been investigated.

3.2.1 Characterization of solid catalysts
3.2.1.1 Textural properties of catalysts

Textural properties (BET surface area, pore volume and average pore diameter) for HPA
immobilized on three different supports with 20 wt% loading and for bare supports are given

in Table 3.5. Compared to the bare support, the specific BET surface area and pore volume
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of supported catalysts decreased by 6% to 35% and 9% to 48%, respectively. This is mainly
due to blockage of pores caused by HPA component. The effect of a decrease in surface
area was stronger on SiO,-Al,0; compared to SiO, and Al,O;. The pore diameters range
from 7.8-12.0 nm which is typical for mesopores. Interestingly, average pore diameters were

not affected, only a marginal decrease after impregnation compared to bare support.

Table 3.5. Textural properties of supports and catalysts

Ager Pore volume Average pore
Catalyst Deviation* (%) Deviation** (%)

(m2/g) (cm3/g) diameter (nm)
SiO, 244 - 0.84 - 12
STA/SIO, 206 -15.6 0.66 -21.4 11.9
TPA/SIO, 206 -15.6 0.62 -26.2 11.7
PMA/SIO, 229 -6.1 0.76 -9.5 11.9
AlL,O3 303 - 1.32 - 11.4
STA/AILO3 228 -24.7 0.68 -48.4 12.1
TPA/AIL,O; 267 -11.9 0.84 -36.3 11.8
PMA/AILO4 228 -24.7 0.79 -40.1 11.8
SiO,-Al,04 520 - 1.00 - 8.4
STA/SiO,-Al,05 350 -32.7 0.73 -27.0 8.4
TPA/SiO,-Al,03 341 -34.4 0.67 -33 7.4
PMA/SiIO,-Al,O3 377 -27.5 0.81 -19 7.8

*Deviation relative to support Ager.

**Deviation relative to support pore volume.

3.2.1.2 Raman spectroscopy

Raman spectroscopy is well known technique for better understanding of the exact nature
of Keggin structure of HPAs impregnated on the surface of support. The Raman spectra
were recorded for all supported HPAs, pure bulk STA, TPA and PMA and additionally MoO;
to study the effect of the interaction of HPA with support (see Figure 3.11). Pure bulk PMA
exhibited highly intense Raman bands at 995 and 983 cm™, which can be assigned to the
stretching vibration of terminal Mo=0 units, and additional a less intense band at 883 cm™ of
bending vibration of Mo-O-Mo units [130].The highly intense band at 995 cm™ and a shoulder
at 983 cm™ are characteristic of [PW1,040]> phosphomolybdic anions (PMA). The spectrum
of PMA/SiO, exhibits bands at 996 cm™ (low intensity), 903 cm™ (very low intensity), 849 cm’
' (moderate intensity), 820 cm™ (high intensity, main band), 776 cm™ (moderate intensity)
and 667 cm™ (low intensity). Comparing the spectrum of PMA/SiO, with the pure bulk MoO;
spectrum, the bands at 995, 820 and 667 cm” resemble with each other and must be
ascribed to orthorhombic a-MoO; species formed by decomposition of PMA due to

calcination at elevated temperature.
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Figure 3.11. Raman spectra of a) PMA/SiO,, PMA/SiO,-Al,O; and PMA/AI,O3 and reference materials
(bulk HPA and MoOQs), b) STA/SIO,, STA/SiO,-Al,O3; and STA/Al,O3 and c¢) TPA/SIO,, TPA/SIO,-Al,O4
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The additional bands represented by PMA/SiO, sample at 903, 849, and 776 cm™ can be
assigned to B-MoOg; [131, 132]. The spectra of PMA/AI,O3; and PMA/SiO,-Al,O3 represent a
broadband at 984 cm™, most probably due to the high dispersion of PMA on the surface of
support. However, strong interaction of PMA with Al,O3 can produce also partially degraded,
highly dispersed species which could cause the 984 cm™ band (see Figure 3.11 a).

The Raman spectrum of bulk STA exhibits an intense band at 1000 cm™, a shoulder at
972 cm™ (stretching vibration of W=0) and a weak band at 920 cm™ for the bending vibration
of W-O-W, which are the characteristic bands for the Keggin structure (Figure 3.11 b). It was
observed that the Raman bands of STA/SIiO, at 1000 cm™ and 979 cm™ resemble with pure
bulk STA, indicating the preservation of the Keggin structure [SiW:,04]* on the surface of
SiO,. The spectrum of STA/SiO»-Al,O; exhibited a broadband at 984 cm™ with additional
shoulders at 1002 and 961 cm™. This bright band might appear due to the strong interaction
of STA with the acidic hydroxyl group of Al,O; to form partially deteriorated lacunary species
[SiW11039]8' [133, 134]. On the other side, STA/AlI,O3; showed weakly intense broad bands,
most probably due to the high dispersion of partially deteriorated lacunary species
[SiW4,030]®. Similar to STA, the Raman spectrum of bulk TPA exhibits intense bands at 1011
and 993 cm™ for stretching vibrations of W=0 and a band at 928 cm™ for bending vibration of
W-O-W (Figure 3.11 c). Comparing the spectrum of TPA/SIiO, with the bulk STA, the
preservation of bands at 1010, 993 and 925 cm™ can be observed, indicating that the
primary structure of TPA ([PW1,040]%) is retained on the surface of SiO,. In contrast to
STA/SiO,, the spectrum of TPA/SiO,-Al,O5; exhibited a broadband at 970 cm’” indicating the
formation of either lacunary species [PW;,03s]” or high dispersion of Keggin units [135].

The Raman spectrum of TPA/AlLO; showed similar feature as TPA/SiO.-Al,O3,
represented by a broad band at 970 cm™, most possibly due to the interaction of TPA with
AlL,O; support. The presented Raman study revealed that SiO, seems to be the better
support to stabilize Keggin structures compared to Al,O3; and SiO»-Al,O;. Regarding the
effect of nature of the support on HPA stability, a ranking in the order SiO, > SiO,-Al,O; >
Al,O3; can be established.

3.2.1.3 X-ray diffraction (XRD)

The XRD patterns of all supported HPA and for comparison bare supports are shown in
Figure 3.12. The bare SiO, exhibited a broad reflection at 24°, also observed in supported
samples, being the characteristic reflection for amorphous silica (PDF 00-029-0085). The
STA/SIO, pattern exhibited weak and broad (halo) reflections at 8°, 22° and 27°, indicating a
very high dispersion of Keggin units ([SiW,0314]") over the surface of SiO,. Similarly, the
pattern of TPA/SiO, exhibited signals at 10°, 27° and 35° that can be ascribed to
H3PW ,0,9:6H,0 (PDF 00-050-0304).
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The intensity of the crystalline reflections is rather low, most probably due high dispersion
of Keggin units. In contrast to first two samples, PMA/SIiO, exhibited sharp crystalline
reflections overlaying the broad characteristic reflection of amorphous SiO,. The related
pattern showed reflections at 13°, 23°, 25° and 27° that can be assigned to molybdite phase
(PDF 00-089-7112). The MoO; species were formed by decomposition of heteropolyanions
at elevated temperature. Here the results are in excellent agreement with Raman
spectroscopic study representing the formation of MoO; species (see Figure 3.12 a).

The patterns of y-alumina supported HPAs represent large humps at 37°, 39°, 43° and 66°
which can be assigned to Al,O; (PDF 00-004-0858) together with some minor reflections,
which all stem from the support (Figure 3.12 b). None of the reflections can be ascribed to
the expected Keggin structures. The same feature was observed for the SiO,-Al,O;
supported samples, exhibiting a broad reflection at 34° for amorphous SiO, (PDF 00-078-
2315) and 43° and 66° for amorphous Al,O; (PDF 00-004-0858). The support is almost
amorphous, similar to Al,O3, and none of the reflections for HPAs were found (Figure 3.12 c).

3.2.1.4 Pyridine Fourier transform infrared spectroscopy (Py-FTIR)

The FTIR spectra of adsorbed pyridine were used to study the nature of acid sites on all
prepared catalysts. The acidic properties of bare supports, i.e. SiO,, Al,O; and SiO,-Al,Os,
and supported STA, TPA and PMA were determined by recording adsorbed pyridine FTIR
spectra at 150 °C, as shown in Figure 3.13. Generally, adsorption of pyridine at Lewis acid
sites forms a coordinative bond (L-Py, LS) and the IR bands for L-Py appear in the range of
1445-1460 cm™ and 1610-1620 cm™, whereas adsorption at Brgnsted acid sites forms
pyridinium ion (PyH*, BS) which show bands in the range of 1540-1548 cm™ and 1635-1640
cm™ [136, 137]. The typical IR bands at 1445-1460 cm™ and 1540-1548 cm™ for Lewis acid
sites (LS, L-Py) and Brensted acid sites (BS, PyH") were used to calculate the acid site
concentration from the band intensities and the absorption coefficients given in [103].0n the
other side, hydrogen bonded pyridine (hb-Py) bands appear in the range of 1440-1445 cm™
and 1590-1600 cm™ and physically adsorbed pyridine (ph-Py) can show bands at 1440 and
1580 cm™. Thus, it is difficult to differentiate Lewis-bonded and hydrogen-bonded pyridine
(hb-Py) bands when adsorption performed at room temperature. Nonetheless, these pyridine
adsorbed species differs in their thermal stability as: ph-Py < hb-Py < L-Py, PyH". Based on
this principle, it is important to investigate Lewis-bonded pyridine FTIR spectra at high
temperature (2150 °C). The band intensities and the acid site concentrations (BS and LS)
calculated from absorption coefficients are shown in Table 3.6. The bare SiO, support does
not contribute to surface acidity. As expected, STA/SIO, and TPA/SiIO, exhibited higher BS
concentration compared to LS; this is mainly due to preservation of the Keggin structure on
the support. On the other side, PMA/SiO, exhibited higher LS concentration than BS.

52



3. Liquid phase glycerol acetylation

1488

a
1610
5 STA/SIO,
©
g PA/SiO,
C
®
£
o
3
< PMA/SIiO,
Sio,
1700 1600 1500
Wavenumbers (cm-)
1448
S|
®©
D
[&]
C
8
5 STA/AILO,4
(2]
2 TPA/AL,O,
PMA/AL,O,
AlLO,
1700 1600 1500
Wavenumbers (cm-')
1a0q 1451
c 1618 1613
1638 1541
=
A
3 PMA/SiO,-Al,0,
§ TPA/SIO,-AlL0,
(%]
2 STA/SiO,-Al,0,
Si0,-Al,0,
1700 1600 1500

Wavenumbers (cm-)
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The high LS concentration in PMA/SIO, is contributed by MoO; species formed by
decomposition of Keggin structure during calcination. However, it is clear that the Brgnsted
acidities of the catalysts with this support correlate well with the results obtained from Raman
and XRD studies and the stabilization of the HPAs in the order STA > TPA > PMA (see
Figure 3.13 a).

In contrast to the pure SiO, support, the bare Al,O; support contributed high LS
concentration whereas BS was not observed. The samples STA/AI,O; and TPA/AIO;
exhibited less Brgnsted acidity than PMA/ALLO; as they may lose more BS by stronger
interaction with the support. On the other hand, PMA/AI,O3; showed lower LS concentration
compared to STA/AI,O3 and TPA/AI,O; catalysts. PMA/AI,O; may form MoOj3 species which
contribute more to the BS by interacting with Al,O; compared to MoO; species formed in
PMA/SiO,. However, the formation of MoO; species in PMA/AI O3 is not clear (Figure 3.13
b). Interestingly, use of bare silica-alumina resulted in high LS but moderate BS
concentration. The SiO,-Al,O; supported HPAs exhibited a reverse trend in the BS
concentration compared to SiO, supported samples: STA < TPA < PMA. At the same time,
LS concentration remained nearly the same. This indicates that not all of the HPAs seem to
decompose with simultaneous formation of new LS as observed for the silica supported
samples. A possible explanation for the observed trend in Bronsted acidity might be that this
SiO,-Al,O3 support offers plenty of reactive sites and a significant amount of BS from HPA
might interact with those via dehydration or condensation during calcination. It is also known
that LS can be transformed into BS in the presence of moisture at elevated temperatures
[138] (Table 3.6 and Figure 3.13 c).

Table 3.6. Acid properties of supports and supported heteropolyacids at 150 °C.

Intensity Bronsted acidity Intensity Lewis acidity
Catalyst PyH" (1545 cm™) (umol/g) L-Py (1445 cm™) (umol/g)
SiO, 0.00 0.00 0.00 0.00
STA/SIO, 3.65 274.48 0.43 24.34
TPA/SIO, 2.06 154.9 0.55 31.13
PMA/SIO, 1.09 81.97 1.87 105.84
AlO3 0.00 0.00 3.03 171.49
STA/AIL,O3 0.54 40.61 4.96 280.74
TPA/AIL,O3 0.51 38.35 5.26 297.72
PMA/AIL,O4 0.87 65.42 2.98 168.69
SiO,-Al,04 1.09 81.96 4.19 237.15
STA/SIO,-Al,04 1.94 145.89 4.92 278.47
TPA/SIO,-Al,04 2.00 150.4 5.12 289.79
PMA/SiIO,-Al,03 2.96 222.57 4.09 231.49
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3.2.2 Catalytic performance of supported HPA

In the previous section, ion exchange resins were studied in glycerol acetylation to TAG.
The high yield of TAG was attributed to the high Brensted acidity of resins and removal of
water. Karl Fischer titration confirmed that very low amount of water was present in the
reaction mixture (concentration < 0.05%). This had a significant effect on the conversion of
glycerol and yield of TAG. Blank reaction without catalyst was carried out under typical
reaction conditions showing 52% glycerol conversion and 85% and 15% selectivities to MAG
and DAG, respectively (Table. 3.7 and Figure 3.2 in section 3.1.3.2). Glycerol acetylation
over supported STA, TPA and PMA, bare supports and bulk STA, TPA and PMA under
identical reaction conditions was studied (Figure 3.14). Based on the nature of catalysts and
the catalytic activity measured after 4 hours, the catalysts can be classified into two groups.

Table 3.7. Glycerol conversion and acetins formation in blank test run*

Time (h) Glycerol Selectivity Selectivity Selectivity
conversion (%) to MAG (%) to DAG (%) to TAG (%)
1 28 99 1 0
2 31 92 8 0
3 44 88 12 0
4 52 85 15 0
*(glycerol = 10 g, acetic acid = 39.16 g, molar ratio acetic acid: glycerol = 6, toluene =60 g, T =105 °C,t=4 h)
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Figure 3.14. Glycerol acetylation with supported HPA catalysts, pure HPA and bulk supports using
toluene as an entrainer (glycerol = 10 g, acetic acid = 39.16 g, molar ratio acetic acid: glycerol = 6:1,
toluene =60 g, T = 105 °C, t = 4 h; catalyst mass = 0.5 g (supported) or 0.1 g (bulk HPA)).
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Among all the supported catalysts, STA/SIO, and TPA/SIO, exhibited excellent catalytic
performances with almost complete glycerol conversion with a maximum selectivity of 70 and
75% to DAG and 11% and 7% selectivity to TAG, respectively. Interestingly, the results
obtained with the bulk STA and TPA analogues showed almost same results although their
specific BET surface area is much lower, with almost complete glycerol conversion after 4 h
and selectivity to TAG of 12% and 16%, respectively. In contrast, all other HPAs either
supported on SiO,, SiO,-Al,O3 and Al,O3; or used as bulk catalysts exhibited much less
activity than the SiO, supported or non-supported tungsten-containing HPAs. Moreover, PMA
as active component showed much less activity compared to STA and TPA. In the related
test with PMA, the glycerol conversion never exceeded 65% and the product selectivities
(MAG: 80-85%, DAG: 12-18%, TAG: < 3%) were comparable to the reaction without catalyst
or with bare supports SiO,, SiO,-Al,O; or Al,O; (see Figure 3.14). It is well known that solid
HPA possess high Brgnsted acidity and their acid strength as well as stability decrease in the
order TPA > STA > PMA, which might explain the high activity of tungsten-containing bulk
HPA [139]. Surprisingly, STA/SiO, catalyst performed slightly better than TPA/SIiO, even
though TPA has higher acid strength; this might be explained on the basis of the high
hydrolytic stability of STA, i.e. resistance to water [89, 139, 140]. Moreover, STA has four
protons for donation whereas TPA has three protons. The poor performance of PMA/SIO,
catalyst might be due to thermal decomposition of PMA to MoOj; which has the lower
Breonsted acid strength and does not to catalyze glycerol acetylation [141]. A similar activity
ranking was observed by Atia et al. in dehydration of glycerol catalyzed by SiO, supported
HPA [142].

The high catalytic activity of STA/SIO, and TPA/SIO; is attributed to the high Brensted
acidity with simultaneous stabilization of Keggin structure on the surface of SiO, as observed
in XRD and Raman spectroscopic investigation. Pyridine-FTIR analysis revealed that SiO,-
AlL,O; supported HPAs exhibited high Brensted acidity as well as Lewis acidity, Al,O3;
supported HPAs showed high Lewis acidity and SiO, supported HPAs (except PMA/SiO,)
showed high Brgnsted acidity. It can be clearly stated that the catalyst is active and selective
only if the Keggin structure is stabilized on the surface of the support and possesses a high
amount of Brgnsted sites but low amount of Lewis sites. Surprisingly, the high specific BET
surface areas of SiO, supported STA and TPA have no significant effect on the catalytic
activity and selectivity compared to bulk HPA analogues.

3.2.3 Reaction progress monitoring

Among all the supported HPA and bare supports, STA/SiO, and TPA/SiO, exhibited
highest catalytic activity. Thus, the catalytic activity of these solids was monitored for 24
hours to study the change in product distribution (towards TAG) under identical reaction
conditions as described in Figure 3.15. As expected, with an increase in reaction time TAG
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selectivity increased with the decrease in selectivity of MAG and DAG. From Figure 3.15 can
be seen clearly that product formation follows the classical behaviour of a consecutive
reaction. After 2 h, the glycerol conversion was more than 95% for both catalysts. As the
reaction proceeded the selectivity to DAG reached maxima of 75% over STA/SiO, after 4 h
and of 71% over TPA/SIO, after 6 h. After 24 h, selectivity for TAG increased to 71% with
STA/SiO;, and 67% with TPA/SiO,. Again, the by-product diglycerol tetraacetate (DGTA) was
formed during the reaction after 4 h (in case of STA/SiO,) and 6 h (in case of TPA/SIO,). This
was already mentioned in the studies with Amberlyst catalysts in section 3.1.
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Figure 3.15. Glycerol conversion and selectivities for products over a) STA/SiO, and b) TPA/SIO,
during 24 h reaction (glycerol = 10 g, acetic acid = 39.16 g, molar ratio acetic acid: glycerol = 6,
toluene = 60 g, catalyst=0.5g, T = 105 °C).
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3.2.4 Catalyst reusability and homogeneous catalysis test

With the aim to investigate the stability of STA/SiO, and TPA/SIO,, these catalysts were
reused under usual reaction conditions. In a typical procedure, after 10 h reaction time, the
catalyst was filtered off, washed with toluene in order to clean the catalyst’s surface, dried at
110 °C overnight and reused. Conversion and selectivity in the first run with both the
catalysts are very similar to the data obtained in long-term tests (see Figure 3.15. and 3.16.),
which proved that the results were reproducible. In the reusability tests, a marginal decrease
in the conversion of glycerol was observed for both STA/SiO, (100% to 97%) and TPA/SIO,
(100% to 94%).
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Figure 3.16. Results of reusability test on glycerol acetylation in the presence of toluene as an
entrainer over STA/SiO, and TPA/SiO, (glycerol = 10 g, acetic acid = 39.16 g, molar ratio acetic acid:
glycerol = 6, toluene = 60 g, catalyst =0.5g, T =105 °C, t =10 h).

However, the selectivity of TAG decreased drastically with STA/SiO; (35.8% to 8%) and
TPA/SIO, (22.4% to 5.7%), indicating a lower number of consecutive reaction steps (turnover
number). Thus, the selectivity toward TAG serves as a measure for the catalyst activity
rather than the initial glycerol conversion. This decline is most probably due to leaching of
active components from the surface of SiO,. Hence, both the spent catalysts received after
the second run was analyzed by ICP and the results compared with the fresh catalysts are
shown in Table 3.8. The results proved that both catalysts suffer from leaching of active
component tungsten into the reaction mixture under operating conditions. The tungsten
content of the catalysts decreased from 14.71% to 8.17% (STA/SiO;) and from 14.70% to
10.42% (TPA/SiO,). Moreover, the presence of tungsten species in the reaction mixture was
confirmed by XRF analysis.
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Table 3.8. ICP-OES analysis of the fresh and spent catalysts STA/S11 and TPA/S11.

Element load, wt%
Catalysts
W P
4 Fresh 14.71 -
STA/S11
Spent 8.17 -
Fresh 14.44 0.2
TPA/S11
Spent 10.42 0.13

*Due to the silica support used, the amount of leached Si from STA was not estimated.

Leaching of the active species from the support deactivated the catalysts. However, it is
important to know whether the leached species can act as a homogeneous catalyst in
glycerol acetylation. Therefore, a separate stop experiment was carried out with STA/SiO,
under identical conditions as shown in Figure 3.17. The catalyst was filtered off from the
reaction mixture after 4 h and at this point the selectivities to MAG, DAG and TAG were
12.9%, 75.7% and 11.4%, respectively; at the almost complete conversion of glycerol. The
activity of filtrate was tested by adding new reactant solution (19.56 g of acetic acid and 5 g
of glycerol) and running reaction for another 4 h under the same reaction conditions.

—=— % (Conversion)
—e— % (MAG)
—— % (DAG)
—v— % (TAG)

Conversion and Selectivity (%)

Time/h

Figure 3.17. Glycerol conversion and product selectivities with 0.5 g of STA/SIO, in stop-experiment
(reaction conditions same as described in Figure 3.16; the catalyst was removed after 4 h and the run
was continued for further 4 h without catalyst). The dotted lines represent the time period for catalyst
removal and the addition of fresh feed (glycerol = 5 g, acetic acid = 19.56 g).

After 4 h, slight decreases in the conversion of glycerol and DAG selectivity were
observed. On the other side, selectivity to MAG increased whereas TAG selectivity remained
nearly constant. Resulting conversion and selectivity curves were similar to those of the
blank test as shown in Figure 3.2 (section 3.1.3.2) and Table 3.7. Thus, it seems that the
leached active component does not contribute to homogeneous catalysis. This means that
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the supported HPA catalysts in glycerol acetylation at given conditions exclusively works
heterogeneously. It still has to be clarified whether the catalyst deactivation is due to simple
loss of active species or if other effects like deposition of high-molecular oligomers (possibly
formed in a similar way as DGTA) play a role.

3.2.5 Summary and conclusions

The impregnation of various HPAs on common materials led only to few supported
catalysts with an excellent activity that were able to produce triacetin in high yield (71%)
within an acceptable period of time (24 h). These catalysts are tungsten containing
heteropolyacids supported on silica. The high activity of the catalysts is accredited to the
Breonsted acid properties, which in further seems to be linked to the preservation of Keggin
structure on the surface of support. This is possible if neutral support like silica is used, which
has neither Brgnsted acid sites nor Lewis acid sites. The interaction of neutral support with
the active component is minimum, which promotes the agglomeration of HPA crystals. On
the other side, if the supports possess intrinsic acidic properties (either Brgnsted or Lewis
acidity), it seems to be ruinous for stabilization of Keggin structure of HPAs. This is typical for
the alumina or silica-alumina supports in this study. In such case, the active hydroxyl group
from alumina may react with acidic sites of HPA during calcination at elevated temperature.
Typical reactions might be condensation or dehydration, which could remove part of the
constitutional water from the Keggin structure. Hence, the original structure is distorted or
completely destroyed to produce respective oxides which are highly dispersed over the
surface of support and hard to detect by XRD or Raman spectroscopy. Otherwise, with a
large number of Lewis acid sites under water-free conditions, the formation of necessary
Brgnsted acid sites will be impossible. All these effects explain the observed catalyst
performances quite well. On the other hand, it is yet not understood why the BET surface
area enlargement does not show any effect on global reaction rates.

HPA catalysts also suffered from deactivation most likely due to the partial leaching of the
active component from the surface of supports into the reaction mixture. The highly polar and
hydrophilic glycerol and acetic acid are most likely responsible for leaching and deactivation.
Surprisingly, such leached species do not act as homogeneous catalysts in glycerol
acetylation. This might be due to the use of the entrainer toluene to establish water-free
conditions, which suppresses the formation of Brgnsted acids away from the solid supported
catalysts. The use of an entrainer is definitely beneficial for the overall process as the
chemical equilibrium of the esterification is shifted toward the target product triacetin. Yet it is
not fully understood how the absence of water affects the structure and performance of SiO,
supported heteropolyacids while other polar compounds like glycerol and acetic acid are
present.
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4 Gas phase glycerol acetylation

In the previous chapter, liquid phase glycerol acetylation over ion exchange resins and
supported heteropolyacid catalysts using toluene as an entrainer has been evaluated. From
the results, it can be concluded that strong Brgnsted sites (without Lewis acid sites) are
necessary for high activity and selectivity to TAG. However, the catalysts get deactivated due
to the leaching of active species into a liquid bulk phase. On the other side, it would be
attractive to transform liquid phase batch process to continuous flow process. Continuous
flow process has several advantages over batch process such as no leaching of the active
components from catalyst surface, no catalysts separation and downtime, no need of
solvent, safety and process reliability as reaction parameters are more easily controlled, low
energy costs, financial benefits and minimization of wastes.

This chapter is again divided into two sub-sections based catalysts systems: first sub-
section shows the catalytic performances using supported heteropolyacids (HPAs) and
mixed metal oxide catalysts. In addition, the influence of reaction conditions such as acetic
acid/glycerol molar ratio and WHSV on conversion, selectivity and catalyst stability (long-
term test) has been studied. In the second sub-section, the role of nature of SiO, support on
glycerol acetylation was investigated. In both sections fresh and spent catalysts were
characterized by N, physisorption, XRD, NH3-TPD, py-IR, Raman, ATR-IR, UV-vis and XP
spectroscopy, TEM, and ICP-OES techniques.
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4.1 Continuous operation — Supported HPAs and mixed metal oxides

In the present sub-section, selected supported heteropolyacids catalysts from liquid phase
experiments were tested in gas phase glycerol acetylation. Due to the low thermal stability of
A70 and A15 catalysts were not used. For comparison, another series of low acidic SiO,-MOy
(mixed metal oxide) were prepared, characterized and tested in gas phase glycerol
acetylation.

4.1.1 Catalytic performance of supported HPA

The catalysts with STA supported on SiO, and y-Al,O3; were prepared by impregnation
method and y-Al,O; as a support was prepared by sol-gel method. These solids were
characterized with various techniques as reported in the previous chapter (section 3.2.1).
The catalytic tests of STA/SiO,, STA/AI,O; and Al,O; were measured in continuous flow
operation at selected reaction condition (225-325 °C, acetic acid: glycerol = molar ratio 6:1,
catalyst weight 0.6 g and WHSV = 2.73 h™") with N, as diluent gas and methane as internal
standard at ambient pressure (see Figure 4.1). Almost complete conversion of glycerol was
observed for STA supported catalysts in the given temperature range (225-325 °C), whereas
v-Al,O3 showed maximum glycerol conversion of 98% at 275 °C (due to higher temperature
compared to batch runs). However, the selectivities to desired acetins were rather low; MAG
was obtained in high selectivity compared to DAG and TAG with the named catalysts. Bare
v-Al,O3 showed 68%, 27% and 1% selectivities to MAG, DAG and TAG, respectively, at 225
°C and 75% glycerol conversion. The maximum selectivity to TAG was nearly 16% showed
by STA/AI,O3 at complete conversion of glycerol at 250 °C. On the other side, high selectivity
to acrolein was achieved with the all three catalysts by dehydration of glycerol. Such high
activity catalysts is linked with high acidity properties (independent of either Bronsted or
Lewis acidity) and selectivity to acrolein seems to be linked with Lewis acid sites. As,
STA/ALLO; and vy-Al,O; being Lewis acid materials (Table 3.6) they exhibited excellent
selectivity to acrolein (94% and 89%, respectively) at 325 °C at the almost complete
conversion of glycerol. Whereas for STA/SiO, being a Bronsted acidic catalyst showed 67%
selectivity to acrolein at lower temperature 225 °C and with the increase in temperature
selectivity dropped to 53.6% at 325 °C. The selectivity to acrolein decreased in the order
STA/ALLO; > y-Al,O; > STA/SIO,. Theoretically, glycerol dehydration is Brgnsted acid
catalyzed reaction, but still high conversion of glycerol and selectivity to acrolein was
achieved with Lewis acidic materials. This is most probably linked to the transformation of
Lewis acid sites by water into Brgnsted sites at high temperature; moreover, partially
destroyed Keggin structure of STA on the surface of Al,O3; might be regenerated to form
Brgnsted acid sites. In addition, presence of acetic acid in the reaction mixture may activate
catalyst by removing carbon deposits from the catalyst surface. On the other side, strong

62



4. Gas phase glycerol acetylation

Bronsted acid sites of STA/SiO, might decompose the formed acrolein at high temperature
to produce polymers which ultimately deactivate catalysts by heavy coke formation.
However, the selected acidic supported heteropolyacid catalysts (STA/SiO,, STA/Al,O3) and
v-Al,O3 were more active towards dehydration than esterification of glycerol to produce TAG
(target product). Hence, another series of low acidic material prepared by sol-gel method
were tested in gas phase glycerol acetylation which might offer different catalytic behaviour.
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Figure 4.1. Acetylation of glycerol with a) STA/SiO,, b) STA/y-Al,O; and c) y-Al,O; Reaction
conditions: Acetic acid: glycerol molar ratio = 6/1 and catalysts amount = 0.6 g, flow rate =
0.025 ml/min, N, = 29.7 ml/min, WHSV = 2.73 h™".
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4.1.2 Catalytic performances of SiO,-based catalysts

4.1.2.1 Influence of temperature

The tests with bare SiO, (neutral support), bare TiO, and SiM30 solids (M = TiO,, MgO,
ZrO,, SrO and Sc,03) were evaluated in continuous flow reactor at the selected reaction
conditions (acetic acid: glycerol molar ratio = 6: 1, 225-325 °C, N, = 29.7 ml/min, WHSV =
2.73 h™", methane = 1 ml/min as an internal standard). The glycerol conversion and product
selectivities over SiO,-MOy at different temperatures are shown in Figure 4.2. The conversion
of glycerol with bare SiO, support increased with the increase in temperature and reached
58% at 325 °C (Figure 4.2 a). Similar behavior was observed with bare TiO, where almost
complete conversion of glycerol was observed at 325 °C (see Figure 4.2 b). The conversion
of glycerol over SiO,-MO, catalysts (mixed metal oxide) was complete at 300 °C only (Figure
4.2). Such high conversion might be due to the presence of an acetic acid which can act as a
homogeneous catalyst at high temperature and/or the thermal decomposition of glycerol.

The selectivity for MAG and DAG over bare SiO, remained nearly constant at 85% and
15%, respectively, throughout all the temperature set points (see Figure 4.2 a). On the other
hand, bare TiO, at a lower temperature (225 °C) showed 90% selectivity to MAG with 30%
glycerol conversion and with the increase in temperature selectivity to acrolein increased to
52% at the cost of MAG at 325 °C (see Figure 4.2 b). However, formation of the desired
TAG over bare SiO, support and bulk TiO, catalysts was not observed. At 300 °C, SiZr30
catalyst showed 60% selectivity to acrolein whereas selectivities to MAG, DAG, and TAG
were 17.4%, 10% and 1.2%, respectively, at 93.1% conversion of glycerol (see Figure 4.2 c).
With further increase in temperature (325 °C), the selectivity to acrolein as well as the
conversion of glycerol decreases. This is most probably due to the formation of coke/polymer
from acrolein on the surface of catalysts which blocks the surface acid sites. Similarly,
SiSc30 also showed 54% selectivity to acrolein at 325 °C with complete conversion of
glycerol. In addition, SiSc30 also favours the formation of several unknown by-products
which might be oligomers of glycerol and polymers of acrolein (see Figure 4.2 d). At low
temperature (225 °C), SiSr30 showed 75.3% glycerol conversion with 83.3% selectivity to
MAG and 15.6% selectivity to DAG. With increasing temperature to 325 °C, selectivity to
DAG increased to 63.7% at the cost of MAG (29.6%) with complete conversion of glycerol
(see Figure 4.2 e). SiMg30 catalyst showed high selectivity to acrolein (28%), however, it
also showed considerable selectivity to desired TAG (16.8%) at 325 °C with complete
conversion of glycerol (see Figure 4.2 f). Interestingly, SiTi30 catalyst showed maximum
selectivity of 39.3% to TAG and 38%, 8%, and 10.6% selectivity to DAG, MAG and acrolein,
respectively, at complete conversion of glycerol at 300 °C (see Figure 4.2 g). However, at
325 °C with SiTi30 catalyst, the selectivity of acrolein increased to 30% at the cost of DAG
and TAG.
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Figure 4.2. Influence of temperature on the glycerol conversion and product selectivities of SiO,, TiO,
SiM30 and SiTi60 catalysts. Reaction conditions: Acetic acid: glycerol molar ratio = 6: 1 and catalysts
amount = 0.6 g, flow rate = 0.025 ml/min, N, = 29.7 ml/min, WHSV = 2.73 h'.

On the other side, low titania containing catalyst SiTi60 also showed high selectivity of
32% to TAG and 42%, 10% and 11% selectivity to DAG, MAG and acrolein, respectively
(see Figure 4.2 h) at higher temperature (325 °C). In addition, the formation of diglycerol
tetraacetate (DGTA) was detected on SiTi30 catalyst which was previously observed in liquid
phase system at water free condition. Among all tested catalysts, SiTi30 showed excellent
catalytic performance with complete glycerol conversion and selectivity to the desired TAG
was 39.3%. It can be clearly seen that high activity and selectivity to TAG were achieved
below 300 °C. Above 300 °C, reaction favours dehydration of glycerol over esterification
(acetylation). Separate samples of the SiTi30 solid prepared by sol-gel method were further
calcined at 700 °C and 800 °C to check the thermal stability of the catalysts in comparison to
parent sample calcined at 500 °C. The glycerol conversion was not affected by calcination
temperature compared to parent sample. On the other side, slight variation in TAG selectivity
was observed; however, the difference is rather small as shown in Figure 4.2 i and j. Overall
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the average C-balance was found to be 90-95% with remaining 5-10% might be due to the
formation of higher oligomers or polymers which are not detected by GC. Randomly made
TOC analyses of carbon content in liquid product samples and fresh feed showed good
agreement (nearly 99%).

4.1.2.2 Long-term stability test of SiTi30 catalyst

From the above illustrated catalytic experiments, SiTi30 was found to be active and
selective towards the desired TAG. All other catalysts were either less active or selective
towards acrolein. Hence, a long-term stability test was performed with SiTi30 at 300 °C over
200 h without interruption to investigate deactivation. The conversion of glycerol remained
nearly 100% throughout the experiment, whereas the selectivity of TAG started to decrease
slightly after 100 h. The initial selectivity was 30% and decreased to 23% within 216 h as
shown in Figure 4.3. At the same time, an increase in DAG and MAG selectivities was
observed. The deactivation of the catalyst might be due to the organic deposit that reduces
the availability of the active sites; on the other side, nature of the active sites which control
catalytic conversion remain unaffected. In order to regain the original selectivity of TAG,
regeneration of SiTi30 catalyst was performed. Initially, nitrogen was replaced by 3% oxygen
and the temperature was increased to 400 °C for 24 h. In regeneration test under identical
reaction condition, the conversion was maintained at 100%, but the selectivity of TAG
dropped to 20% in 15 h time-on-stream.
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Figure 4.3. Long-term stability test with SiTi30 catalyst at 300 °C. Reaction conditions: Acetic acid:
glycerol molar ratio = 6: 1, catalyst amount = 0.6 g, flow rate = 0.025 ml/min, N, = 29.7 ml/min, WHSV
=2.73h™.
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It seems that the temperature might not enough to burn-off carbon deposits. Thus, 3% of
oxygen was replaced by air at 500 °C for 24 h, but in second regeneration test, the selectivity
to TAG dropped to 12% in 9 h time-on-stream at complete glycerol conversion. Later, the
spent catalyst was recovered and calcined in a muffle at 600 °C but after resuming the
acetylation (third regeneration test), the conversion and selectivity of TAG dropped to 95%
and 7% in 9 h time-on-stream, respectively. The spent catalyst was again calcined at 600 °C
for 5 h (henceforth denoted as SiTi30-reg) and characterized by N, physisorption, Pyridine-
IR, TEM, XPS and UV-vis to compare the structure and morphology with fresh catalyst.

4.1.2.3 Influence of acetic acid to glycerol molar ratio and WHSV with SiTi30

SiTi30 was found to be the most effective catalyst among all prepared catalysts in terms
of catalytic performance. Hence, further reaction parameter was evaluated more in detail by
varying WHSV (residence time) and acetic acid to glycerol molar ratio at 300 °C. The
conversion of glycerol was almost complete throughout all the runs. When the WHSV was
gradually varied from 1.82 h” to 5.45 h™' (catalyst weight = 0.3-0.9 g) at constant acetic acid
to glycerol molar ratio (6:1), a significant effect on TAG and acrolein selectivity was
observed. At 5.45 h”' WHSV, TAG and acrolein selectivities were 18.3% and 3.6% which
increased to 39.3% and 10.6% at 2.73 h™" WHSV and 300 °C. Further variation in WHSV to
1.82 h™" didn’t show a significant difference in TAG selectivity (nearly 40%), however, acrolein
selectivity increased to 14% (Table 4.1).

Table 4.1. Influence of acetic acid to glycerol molar ratio and WHSV with SiTi30 on glycerol
conversion and product selectivities.

Catalyst
WHSV X** MAG DAG TAG Acrolein | DGTA* | Others
amount | AA: G 4
(h™) (%) (%) (%) (%) (%) (%) (%)
(9)
0.3 6 5.45 98.2 23.8 52.8 18.3 3.6 0.4 1.1
0.6 6 2.73 100 8 38 39.3 10.6 3 1.1
0.9 6 1.82 99.9 7 34.7 40.6 14.1 1.2 2.4
0.6 4 2.16 98.6 21.3 45.6 19.5 7 3.8 2.8
0.6 9 3.85 99.8 3.3 30.7 54.9 8.1 0.9 2.1

Acetic acid: glycerol (AA/G) molar ratio = 4:1-9:1, and catalysts amount = 0.3 g-0.9 g, flow rate =
0.020-0.035 ml/min, N = 29.7-31.4 ml/min, T = 300 °C, WHSV = 1.89-5.45 h™".
*DGTA: diglycerol tetraacetate, **X: Conversion of glycerol

Similarly, variation of acetic acid to glycerol molar ratio from 4: 1 to 9: 1 (WHSV = 2.16-
3.85 h™") with constant catalyst weight (0.6 g) was evaluated. The selectivity to TAG was
affected remarkably by increasing the molar ratio. At lower acetic acid to glycerol molar ratio
of 4:1, the selectivities to TAG and acrolein were 19.5% and 7%, respectively. Whereas at

68



4. Gas phase glycerol acetylation

high acetic acid to glycerol molar ratio of 9:1, the TAG selectivity increased to 54.9% and
acrolein selectivity decreased to 8.1% (Table 4.1). Increasing the acetic acid amount in the
feed has remarkable effect on TAG selectivity, i.e. it favours the acetylation (esterification)
over dehydration most probably by activating active species and/or by reducing carbon
deposition. In addition, it also shifts the chemical equilibrium towards TAG. These observed
results are better than the results in liquid phase without water removal.

4.1.3 Characterization of catalysts

4.1.3.1 ICP-OES analysis and textural properties

The content of metal in the MOy species (MO = TiO,, MgO, ZrO,, SrO and Sc,03) was
determined by ICP analysis and results are shown in Table 4.2. The SiTi60, SiMg30 and
SiSr30 catalysts showed significantly less metal in MOy (in the range of 25% to 50%)
compared to the nominal metal content. On the other side, deviations for MO, species in
SiTi30, SiZr30 and SiSc30 were less than 13%. BET surface areas, pore volumes and pore
diameters for sol-gel synthesized SiO,-MO, catalysts are also shown in Table 4.2. The bare
SiO, support prepared by sol-gel method exhibited BET surface area of 395 m?/g compared
to SiO,. SiZr30 and SiSc30 showed the higher surface areas of 572 and 451 m%g,
respectively, compared to SiO,. Whereas, SiMg30 and SiSr30 showed lower surface areas
of 375 and 275 m?/g, respectively the surface area of SiTi30 and SiTi60 were close to bare
SiO, support with 404 and 399 m?/g, respectively. Pore volumes for prepared catalysts were
in the range of 0.75-0.92 cm®/g, except SiZr30, which showed low pore volume (0.60 cm®/g).
The pore diameter data revealed that the prepared catalysts are mesoporous in nature.

Table 4.2. ICP-OES analysis and textural properties of the prepared catalysts.

Catalysts Nominal Metal conten! Deviation Aget Pore Volume  Pore diameter
metal content by ICP-OES (%) (m?/g) (cm?/g) (nm)
(Wt%) (Wt%)

SiO; - - - 395 0.92 9.8
SiMg30 1.30 0.86 33 375 0.85 9.1
SiZr30 4.74 4.30 9 572 0.60 3.7
SiSc30 2.40 2.08 13 451 0.75 6.3
SiSr30 4.60 2.24 51 275 0.86 11.3
SiTi30 2.55 2.21 13 404 0.81 8.7
SiTi60 1.30 0.97 25 399 0.88 9.0

SiTi30 C700 - - - 365 0.78 8.5
SiTi30 C800 - - - 338 0.71 7-8.9
TiO, - - - 29 0.18 8-10
SiTi30-reg - - - 272 0.54 8-9

* SiTi30 sample calcined at 600°C after long-term and regeneration test
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After calcination of SiTi30 at a higher temperature (700 and 800 °C), a drop in surface
area was observed without affecting pore volume and pore diameter. TiO, solid prepared
from ammonium titanyl oxalate showed relatively low surface area of 29 m?/g. It seems that
high activity and selectivity, somehow can also be related to the mesoporosity (pore
diameter) of the catalysts. The catalyst SiZr30 and SiSc30 have relatively small pores (4-6
nm) which favour dehydration to form acrolein whereas other catalysts (more than 8 nm)
favour acetylation to produced acetins (compare Figure 4.2). The surface area and pore
volume of SiTi30-reg catalyst decreased to 272 m?/g and 0.54 cm®g, respectively, whereas
the pore diameters remained 8-9 nm nearly same as fresh SiTi30 catalyst. Thus, the
deactivation of the catalyst is most probably due to the changes in structural arrangements.

4.1.3.2 X-ray diffraction (XRD)

The XRD patterns of bare SiO, and SiO,-MO, catalysts are shown in Figure 4.4 a. These
materials were amorphous in nature and the only broad reflection at 24° was observed for
amorphous SiO,. Since no peaks related to MO species were detected, one can say that
MO, species are highly distributed in the SiO, matrix.
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Figure 4.4. X-ray diffractograms of fresh a) SiTi30, SiTi60, SiMg30, SiZr30, SiSc30, SiSr30, SiO, and
SiTi30-reg catalysts and b) TiO,.
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The only differences in the represented patterns are the intensities of the reflections.
Similar behaviour was observed on SiTi30-reg catalyst. In addition, XRD of bare TiO,
showed its crystalline nature with sharp reflections at 26°, 38°, 48°, 54°, 56°, 63°, and 75°
which can be assigned to the anatase phase (PDF 01-084-1286 and see Figure 4.4 b).

4.1.3.3 Pyridine Fourier transform infrared spectroscopy (Py-FTIR)

FTIR spectra of adsorbed pyridine of bare SiO, and SiO,-MOy were routinely recorded at
250 °C to investigate the nature of acid sites on the surface of catalysts as shown in Figure
4.5 and related band intensities are listed in Table 4.3. Generally, pyridine is coordinatively
adsorbed at Lewis acid sites (L-Py, LS) showing bands at 1445-1460 cm™ and 1610-1620
cm™, while Bransted acid sites (PyH*, BS) are characterized by bands at 1540-1548 cm™
and 1635-1640 cm™ [136].

1608

1447

1542

1544 SiZr30
SiSc30

SiMg30

Absorbance/a.u.
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SiTi30
SiTi60
SiSr30
Silica

1700 1600 1500
Wavenumbers (cm-)

Figure 4.5. FTIR spectra of adsorbed pyridine of SiZr30, SiSc30, SiMg30, SiSr30, SiTi30, SiTi60 and
silica catalysts at 250 °C

The bands around 1600 cm™ represent the Lewis acid sites and can be considered as the
measure of Lewis acid strength on the surface of catalysts. The bands at around 1595 cm™
and 1605 cm™ can be assigned to the weak-medium Lewis acid site as well as strong-
medium Lewis acid sites, respectively [136]. It is important to note that the band at around
1447 cm™ was considered to calculate the number of Lewis acidic (L-Py) sites. The sol-gel
prepared SiO, obviously doesn’t contribute to the surface acidity.
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Table 4.3. Pyridine band intensity for Lewis acid sites at 250 °C of SiM30 catalysts.

Catalysts Band intensity at 250 °C (L-Py)
SiTi30 0.46
SiTi30-reg 0.39
SiTi60 0.13
SiMg30 0.42
SiZr30 1.64
SiSc30 0.45
SiSr30 0.06
SiO, 0

Among all prepared catalysts, SiZr30 exhibited highest Lewis acidic bands at 1447 and
1600 cm™ with the band intensity of 1.64 at 250 °C and SiSc30 showed weak Lewis acidic
band with the band intensity of 0.45. SiZr30 and SiSc30 catalysts also showed small and
weak bands at 1542 cm™ and 1544 cm™, respectively, which can be attributed to the
Brgnsted acid site. However, concentration of these acid sites was found to be negligible.
These large numbers of Lewis acidic sites and few Brgnsted acidic sites might be
responsible for high activity and selectivity to acrolein (60% and 54%). Similarly, SiMg30 also
showed the Lewis acidic bands at 1447 cm™, with the band intensity of 0.42 being nearly the
same as SiSc30. The selectivity to acrolein with SiMg30 catalyst was found to be rather low
(28%), however, it showed considerable selectivity to the desired TAG (17%). SiSr30 didn’t
show any bands for acidic sites and TAG selectivity was also found to be the poorest among
all catalysts (except for neutral SiO, and TiO,). However, it may possess some basic sites
which might be a determining factor for high conversion towards acetylation. Interestingly,
the Lewis acid band intensity of SiTi30 catalyst was nearly same as SiMg30 and SiSc30
catalysts at 1447 cm™ (see Table 4.3). But SiTi30 catalyst exceptionally exhibited highest
catalytic activity and selectivity to the desired TAG as 39.3% at 300 °C. Moreover, SiTi60
catalysts showed very low band intensity (0.13) at 1445 cm™ due to lower titanium content
compared to SiTi30 (Figure 4.6 and Table 4.3), and still showing high selectivity to TAG
(32% at 325 °C). In order to understand more in detail, FTIR spectra of pyridine adsorbed on
fresh SiTi30, spent SiTi30 from regular experiment (Figure 4.2 g) and SiTi30-reg catalysts
were recorded and studied in the temperature range from 150 °C to 400 °C (See Figure 4.6
and Table 4.3). The obtained results were compared with each other in terms of band
intensities calculated at 250 °C. The band intensity at 1447 and 1595 cm™ of the fresh SiTi30
sample was essentially lowered with the increase in temperature, suggesting that the bands
arises from physically adsorbed pyridine or hydrogen bonded pyridine. On the spent SiTi30
sample, only the broad bands for the adsorbed esters were observed at around 1750 and
1440 cm™ and they were stable up to 300 °C; whereas on the SiTi30-reg catalyst low
pyridine adsorption was observed.
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Figure 4.6. FTIR spectra of pyridine adsorbed on SiTi30 fresh, SiTi30 spent (regular experiment
Figure 4.2 g) and SiTi30-reg catalysts.

The band intensity of SiTi30-reg catalyst at 1447 cm™ obtained at 250 °C (0.39) is very
similar to the fresh catalyst (0.45). On the other side, a significant change in surface area and
pore volume of SiTi30-reg was observed (section 4.1.3.1). From these results it seems that
not only acidity, but some other factor plays a significant role in glycerol acetylation under
applied experimental conditions. If acidity would be only the significant factor, then SiMg30
and SiSc30 should show similar activity and selectivity to TAG as SiTi30 catalyst. Thus, in
addition to acidity, some other factor should dominate the catalytic activity and selectivity. It
is well-known that Ti may be incorporated into the tetrahedral framework of SiO, by
substitution of lattice Si atoms to form Si—O-Ti bonds [143] which might be a dominating
factor in gas phase glycerol acetylation. To determine structure activity-relationship and to
confirm the formation of Si—-O-Ti bonds, fresh SiTi30 and SiTi30-reg catalysts were further
intensively characterized using sophisticated techniques.

4.1.3.4 Temperature programmed desorption (TPD) of NH;

In order to investigate the strength and total number of acid sites of fresh SiTi30 sample
and other two calcined at 700 and 800 °C, NHs-TPD profiles were recorded as shown in
Table 4.4 and Figure 4.7. Complete ammonia desorption for all three catalysts was observed
at 180 °C, indicating presence of weak acid sites. The total acidity of fresh SiTi30 increased
from 102.6 to 108.9 ymol/g with the increase in calcination temperature from 500 °C to
700 °C.
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Table 4.4. Total acidity of selected catalysts.

Catalysts Total acidity (umol/g)

SiTi30 102.6
SiTi30 C700 108.9
SiTi30 C800 84

However, SiTi30 catalyst calcined at 800 °C showed less acidity (84 pmol/g), which might
be due to changes in the structural arrangement of Ti species within SiO, matrix occurred
during thermal treatment. Although there is slight variation in total acidity as well as surface
area (see section 4.1.3.1), it has no significant effect on catalytic activity and selectivity

towards acetins.
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Figure 4.7. Ammonia TPD profile for SiTi30 C500 (parent sample), SiTi30-C700 and SiTi30-C800.

4.1.3.5 UV-visible and ATR-IR spectroscopy

In order to understand the nature and coordination of Ti** ions in the silica, UV-vis spectra
of SiTi30, SiTi30-C700, SiTi30-C800 and SiTi30-reg catalysts were recorded (see Figure
4.8). The spectroscopic data associated with SiTi30 and other higher calcined catalysts were
compared with the reference and well-published titanium silicate (TS-1 zeolite) catalyst. In
TS-1 catalyst system, Ti-species are well occupied tetrahedrally within the framework of
silica in the form Si-O-Ti bonds. This comparison of characterization data could show some
insight on understanding the behaviour of Ti when added to a silica matrix. In general,
isolated Ti*" in TS-1 exhibits LMCT (ligand to metal charge transfer) bands in the range of
200-220 nm which can be ascribed to the tetrahedral environment whereas Ti in anatase
shows LMCT band at 333 nm which can be assigned to the octahedral environment
[144, 145]. Comparative study was performed by On et al. on TS-1 and SiO,-TiO, mixed
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oxide, where tetrahedral Ti in TS-1 exhibited three LMCT transitional bands at 199, 226 and
248 nm, whereas tetrahedral Ti in TiO,-SiO, showed LMCT bands at 250 nm [146]. This is
most probably due to the difference in Si-O-Ti bond angles of 163° and 159° in TS-1 and
TiO,-SiO,, respectively. The higher bond angle may result in higher -electron donation
which ultimately contributes to higher LMCT transition energy [147]. Another factor is Ti-O
bond length, which is different in TS-1 and SiO,-TiO, mixed oxide and can affect the resulting
LMCT band wavelength [148]. Hadi Nur et al. reported that LMCT for Ti in tetrahedral
environment appears in the range of 230-280 nm and Ti in octahedral at 260-330 nm [149].

SiTi30-reg

SiTi30 C800
SiTi30 C700

Absorbance/a.u.

L ey
250 300 350 400 450

Wavelength (nm)

Figure 4.8. UV-vis spectra for SiTi30, SiTi30-C700, SiTi30-C800 and SiTi30-reg catalysts.

The sample SiTi30 exhibits LMCT transition bands at around 245 nm indicating that most
of Ti-species are present in tetrahedral state. Increasing the calcination temperature, the
LMCT transition band shifts to higher wavenumber referred to as blue shifts (250 nm and 260
nm), might be due to change in tetrahedrally coordinated Ti-species into polymeric penta-,
hexa- or octa-coordinated Ti-species [150]. In the UV-vis analysis of SiTi30-reg sample, the
LMCT transition band shifted to lower wavelength (247 nm) compared to fresh catalyst (260
nm) and tailing of the band was also reduced. Nevertheless, from these results it seems that
most of the Ti-species are incorporated in tetrahedral framework within the SiO, matrix in the
fresh as well as SiTi30-reg catalysts.

Infrared spectra of the above mentioned catalysts were also recorded as shown in Figure
4.9. All the catalysts exhibited strong bands around 1060 and 800 cm™ which can be
assigned to the stretching and bending vibration of Si-O-Si, respectively. According to
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literature reports, the vibrational band for Si-O-Ti bond appears in the range of 965-945 cm™
[143, 151-154]. Thus, a band at around 955 cm™ showed by SiTi30 can be ascribed to the
Si-O-Ti stretching vibration. With an increase in calcination temperature, the band slightly
shifted to the lower wavenumber (947 cm™), which again suggest that it could be due to
changes in the structural arrangement of Ti species. The FTIR spectra of SiTi30-reg catalyst
showed similar bands as the fresh catalyst. More importantly, the intensity of the band at 960
cm™ which obviously represents Si-O-Ti bond which was very similar in the SiTi30-reg
catalyst compared to fresh SiTi30 catalyst.

SiTi30 C800
SiTi30 C700
SiTi30-reg

Transmittance/a.u.

1059

1400 1200 1000 800 600
Wavenumbers (cm-1)

Figure 4.9. ATR-IR spectra for SiTi30, SiTi30-C700, SiTi30-C800 and SiTi30-reg catalysts.

Based on the UV-vis, ATR-IR and catalytic activity results, it is clear that the TiO, as a
particle on the surface should not be thought as active species. The incorporation of Ti into
the SiO, matrix to form the Si-O-Ti bond seems to be most likely related to the high activity
and selectivity to acetins. However, SiTi30-reg catalyst (deactivated) also showed the
vibrational band at 960 cm™ for Si-O-Ti bond, which is somehow surprising. Thus, in order to
confirm the presence of Si-O-Ti bonds and to understand the structure-activity relationship
and deactivation of catalysts in detail, fresh SiTi30 and SiTi30-reg samples were further
investigated with TEM-EDX and XPS techniques.

4.1.3.6 Transmission electron microscopy (TEM)

TEM analysis was studied in order to get more information on morphology and distribution
of TiO, within the SiO, matrix (Figure 4.10). From the TEM image of SiTi30, it can be clearly
seen that the TiO, species are homogeneously dispersed into silica matrix. However, on
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magnifying image at the edge (as shown by arrow at 10 and 5 nm scale), some indications
for small heavy TiO, particles were observed (Appendices Figure A3 ‘@’ and ‘b’). EDX
analysis showed that Si: Ti atomic ratios were constant (97.73: 2.27 and 97.18: 2.82)
throughout the sample. The TEM-EDX analysis further revealed that the particle size
distribution of TiO, in SiO, is much narrow which indicates that most of the added TiO,
species are distributed into bulk.

Figure 4.10. STEM-HDAAF images of fresh SiTi30 at 20, 10 and 5 nm magnification.

Similarly, SiTi30-reg catalyst was analyzed by TEM (see Figure 4.11) and compared with
the fresh SiTi30 catalyst. The image of regenerated catalyst showed non-homogeneous
elemental distribution. This is most probably due to the migration of TiO, species from bulk
on to the surface of silica. In addition, one very large TiO, particle was observed (Appendices
Figure A4 b).

Figure 4.11. STEM-HDAAF images of SiTi30-reg catalyst.

The TEM-EDX analysis of the SiTi30-reg sample showed that the size distribution of TiO,
was less narrow compared to fresh catalyst. Moreover, Si: Ti atomic ratio (97.97: 1.03 and
85.23: 14.77) was also found to be different (see Figure A4 ‘@’ and ‘b’ in appendices). From
this result, one can say that SiTi30 is active and selective as long as Ti is incorporated in the
bulk in the form of Si-O-Ti. However, on regeneration enrichment of Ti on the surface from
bulk is observed, which might be the most probable reason for deactivation.
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4.1.3.7 X-ray photoelectron spectroscopy (XPS)

To clarify the elemental composition in the near surface region of SiTi30 of fresh and
SiTi30-reg catalysts, XPS was measured and results are represented in Table 4.5. The
surface Ti content (calculated based on atom-%) of SiTi30 was only 39% compared to bulk
concentration. This indicates that less Ti-species are present on the surface of the catalyst
i.e. most of the added Ti is embedded in the tetrahedral sites of SiO, matrix. On the other
hand, a fraction of surface Ti species of SiTi30-reg catalyst increased to 71%, which
indicates that Ti species have migrated from bulk to surface.

Table 4.5. Comparison of the near surface region and bulk composition of fresh SiTi30 and SiTi30-reg
catalysts.

Near surface Bulk
Catalysts
Ti/(Si+Ti) from XPS  Ti/(Si+Ti) from ICP
SiTi30 0.011 0.028
SiTi30-reg 0.020 0.028

To confirm the existence of Si-O-Ti bonds in the structure of SiTi30, the binding energies
(BE) value of Ti and O were measured as shown in Table 4.6. According to the literature in
TiO,-SiO, composites, Ti 2p;, exhibiting BE value at 458.4 eV can be assign to TiO;
whereas O 1s exhibiting BE values at 530 eV, 531.5 eV and 533.1 eV can be assign to Ti-O-
Ti, Ti-O-Si and Si-O-Si bonds, respectively [155]. SiTi30 fresh sample showed BE value of Ti
2ps at 459.79 eV (highly intense) and 465.93 eV (low intensity). Similarly, O 1s showed BE
at 532.3 eV (high intensity) which matches best with reported value for Si-O-Ti bonds
formation. From these results, it is confirmed that the most of the Ti present in the framework
of SiO, in the form of Si-O-Ti bond. On the other side, the BE of the Ti 2ps, level in SiTi30-
reg shifted from 459.79 eV (fresh SiTi30) to 460.7 eV. The BE values of the O 1s level were
533.17 eV and 530.05 eV, which can be assigned to the Si-O-Si and Ti-O-Ti bonds. The BE
value for Si-O-Ti bond was not observed which is most likely due to the enrichment of Ti
species on the surface to form TiO, particles. Based on the XPS results, one can say that the
TiO, as particles on surface should not be thought as active species. This results also
confirms that the incorporation and existence of Ti into the SiO, matrix to form the Si-O-Ti
bonds and should be the responsible factor for high activity and selectivity to acetins.

Table 4.6. Binding energy values for Ti 2p3/2 and O 1s of SiTi30 and SiTi30-reg catalysts.

Binding energy values (eV)
Catalysts
Ti2p3/2 O1s
_ 459.79 527.7
SiTi30
465.94 532.3
460.71 530.05
SiTi30-reg
466.44 533.17
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4.1.3.8 Thermal gravimetric analysis (TGA) and elemental (C, H and O) analysis

The deposition of carbonaceous deposits on the surface of spent SiTi30 catalyst from a
regular experiment (section 4.1.3.1, Figure 4.2 g) was measured by TGA and C, H, N
analyses. The thermal analysis of spent catalyst SiTi30 revealed 34% of weight loss (Figure
4.12). The DTA curve of spent SiTi30 catalyst exhibited two exothermic peaks at 350 °C and
500 °C, which clearly indicate two different types of carbon deposits. The large intensity peak
at 350 °C indicates that low-stability deposit formation is more pronounced. The intensity of
the second peak at 500 °C is much less but represents indeed thermally stable carbon
deposits. From the DTA curve, it can be concluded that the regeneration temperature should
be at least 500 °C for the complete removal of carbon deposits. The same sample was also
analyzed by CHN elemental analyzer, in order to determine the carbon content on the
surface of the catalyst. Nearly 14.1 wt% carbon and 1.9 wt% hydrogen were observed on the
catalyst surface indicating that formation of carbon deposits is mainly from oxygenates
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Figure 4.12. TGA and DTA profiles for SiTi30 catalyst.

4.1.4 Summary and conclusions

Acetylation of glycerol was studied over solid acidic catalysts in the gas phase for the first
time. Initially, bare support y-Al,O3; and silicotungstic acid (STA) supported on SiO, and Al,O3;
were used as a catalyst (selected from liquid phase studies) in gas phase glycerol acetylation
in the temperature range of 225 — 325 °C. The catalytic results revealed a high conversion of
glycerol, however, low selectivity towards desired triacetin (TAG) was achieved and instead a
very high selectivity to acrolein was obtained. The maximum selectivity for acrolein was more
than 90% over STA/AI,Oz and y-Al,O3 at 325 °C and 67% over STA/SIO, at 225 °C, always at
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complete conversion of glycerol. On the other side, maximum selectivity to TAG was 16%
over STA/AI,O3 at complete conversion of glycerol at 250 °C. The high selectivity to acrolein
is attributed to the high acidity of catalysts (either Lewis or Brgnsted acidic sites). Also the
presence of acetic acid the reaction mixture may activate the catalysts by removing carbon
deposits adsorbed on the catalysts surface and increase the yield of acrolein. Anyway, the
acrolein yield achieved over STA/AI,O; is comparable to the state of art. The catalysts
stability in long-term test is not evaluated

Thus, another series of weakly acidic mixed metal oxide (SiO,-MO,) catalysts were
prepared by sol-gel method, characterized and evaluated in gas phase glycerol acetylation.
Among the prepared catalysts, titanium containing SiO, (SiTi30 and SiTi60) catalysts were
active and selective towards desired triacetin (39%), whereas SiSr30 and SiMg30 were
active but less selective toward TAG (3% and 16%) at complete glycerol conversion. Using
high acetic acid to glycerol molar ratio (6/1), SiTi30 showed the highest selectivity of 55% to
desired TAG. In addition, strong temperature-selectivity dependence was observed,
especially with TAG and acrolein. Interestingly, diglycerol tetraacetate (DGTA) is formed as
previously observed in batch operation at water-free conditions. On the other side, SiZr30
and SiSc30 catalyst gave high selectivity to undesired acrolein as 60% and 54%,
respectively, with complete conversion of glycerol. The influence of reaction conditions such
as acetic acid to glycerol molar ratio and WHSV over SiTi30 showed a positive effect on TAG
selectivity with 40% and 55%, respectively. Long-term stability test was performed and this
catalyst is stable up to 200 h with a marginal decrease in TAG selectivity. However, upon
regeneration at elevated temperature the selectivity to TAG dropped due to changes in the
dispersion of the Ti species.

The prepared catalysts were mesoporous in nature and specific BET surface area was in
the range of 275-570 m?/g. Increasing calcination temperature of SiTi30 catalyst decreased
surface area most probably due to the changes in the structure. Prepared catalysts were X-
ray amorphous which indicated that the MOy species were highly dispersed in the SiO,
matrix. Pyridine FTIR spectroscopic analysis all of the prepared catalysts showed Lewis acid
sites without any Brgnsted acid sites. ATR-IR, Raman and UV-vis spectroscopic analyses
proved the formation of Si—-O-Ti bonds and that most of Ti-species were present in the
tetrahedral geometry. XPS analysis of SiTi30 revealed that the content of Ti on the surface of
the catalyst is very low compared to bulk; however, it was also confirmed measured from
binding energy (XPS) that most of the Ti is incorporated in the silica matrix in the form of Si—
O-Ti bonds. TEM-EDX analysis also showed that Ti was uniformly distributed in the silica
matrix. The high selectivity to acrolein is attributed to the strong acidic sites present on the
surface of the catalysts. On the other side, high selectivity to TAG is related to the formation
of Si—O-Ti bonds.
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4.2 Continuous operation — Effect of nature of SiO, support

This section presents a refined investigation of catalytic performance of SiO, supported
titania with respect to the nature of silica support. In particular, mesoporous silica-based
materials SBA-15 and MCM-41 were chosen. The obtained catalytic results were correlated
with the results from several characterization techniques such as N, physisorption, XRD,
XPS, Py-FTIR and TEM. A series of TiO, containing SiO, catalysts with a molar ratio of
SiO,/TiO, = 30/1 with different types of SiO, support (SiO,-gel, SBA-15 and MCM-41) were
prepared and tested in glycerol acetylation at 225-325 °C.

4.2.1 Catalytic performance
4.2.1.1 Influence of temperature

The glycerol conversion and product selectivities measured with Ti-SiO,, Ti-SBA-15 and
Ti-MCM-41 in continuous flow operation at selected reaction conditions (225-325 °C, acetic
acid: glycerol molar ratio = 6:1, 0.6 g catalyst loading and WHSV = 2.73 h™) with N, as
diluent and methane as internal standard at ambient pressure are shown in Figure 4.13. The
conversion of glycerol was 84% and 88% with Ti-SiO, and Ti-SBA-15, respectively, at 225 °C
and reached almost 100% at 275 °C (Figure 4.13 ‘@’ and ‘b’). On the other side, glycerol
conversion was almost complete with Ti-MCM-41 at any given temperature (Figure 4.13 c).

For all the catalysts the TAG selectivity runs through a maximum in the temperature 225-
325 °C. The highest selectivity for TAG of 47.5% was achieved with Ti-MCM-41 at 275 °C
whereas Ti-SiO, and Ti-SBA-15 showed maximum selectivity to TAG of 42% and 44% at 300
°C with a complete conversion of glycerol. Ti-MCM-41 performed slightly better than Ti-SiO,
and Ti-SBA-15, which can be explained on the basis of catalysts preparation methods. The
Ti-MCM-41 catalyst was prepared by a sol-gel method which might lead to a high distribution
of Ti species in SiO, support compared to Ti-SiO, and Ti-SBA-15 catalysts prepared by
impregnation method.

With further increase in reaction temperature to 325 °C, selectivity for acrolein increased
remarkably, mainly at the expense of TAG. Ti-SBA-15 and Ti-MCM-41 exhibited 82% and
79.5% selectivity to acrolein, whereas Ti-SiO, showed 60% selectivity at 325 °C. It seems
that glycerol above 300 °C starts to dehydrate to produce acrolein as the major product. In
addition, acetic acid might play a role by activating catalyst surface (removing adsorbed
coke) to achieve such a high selectivity of acrolein. Similar behaviour was also observed in
the previous section where at a high temperature (> 300 °C) glycerol favours dehydration
over esterification (acetylation).
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Figure 4.13. Influence of temperature on glycerol conversion and product selectivities for Ti-SiO,, Ti-
SBA-15 and Ti-MCM-41. Reaction conditions: acetic acid: glycerol molar ratio = 6/1, catalysts amount
= 0.6 g, flow rate = 0.025 ml/min, N, = 29.7 ml/min, WHSV = 2.73 h™.

4.21.2 Influence of WHSV

In order to study the effect of WHSV on catalyst activity and selectivity, tests were
performed with Ti-MCM-41, Ti-SBA-15 and Ti-SiO, using 0.3 g, 0.6 g and 0.9 g catalysts
weight, i.e., varying WHSV from 5.45 h™ to 1.82 h™ under identical reaction conditions
(Figure 4.14). For 0.6 g experiment (WHSV = 2.73 h™) refer to previous section 4.2.1.1
(Figure 4.13). Varying WHSV in the range of 5.45-1.82 h™", conversion of glycerol increases
and also change in product distribution was clearly seen. However, at low WHSV = 1.82 h™
(i.e. high catalyst weight = 0.9 g) and high temperature (325 °C), a slight decrease in
conversion of glycerol (98%) was observed. Along with the variation of WHSV in the given
range in particular at low temperature (< 300), the TAG selectivity consistently increased and
reached 43.9%, 45.7% and 47.8% with Ti-SiO,, Ti-SBA-15 and Ti-MCM-41, respectively.

82




4. Gas phase glycerol acetylation

Table 4.7. Influence of WHSV (h'1) on TAG (%) selectivity at 275 and 300 °C.

275 °C 300 °C
Catalysts WHSV (h™) WHSV (h™)
5.45 2.73 1.82 5.45 273 1.82
Ti-SiO, 10.1 35.8 40.0 26.1 43.9 38.1
Ti-SBA-15 24.4 39.5 457 37.2 41.2 29.7
Ti-MCM-41 30.8 475 47.8 45.0 42.4 36.7

The selectivity of TAG on these catalysts seems to pass through a maximum by further
variation of WHSV at 275 °C and 300 °C (see Table 4.7). This is a most likely due to the
parallel reaction running simultaneously such as glycerol dehydration and/or polymerization.
At high temperature i.e. from 300 °C, a dramatic increase in selectivity toward acrolein was
observed. At 325 °C with Ti-SiO,, selectivity for acrolein increases from 60% to 77%, when
WHSV varied from 2.73 h™ to 1.82 h™'. On the other side, at 325 °C, Ti-SBA-15 and Ti-MCM-
41 showed nearly the same acrolein selectivity (= 80%) at 2.73 h™*. Further varying WHSV to
1.82 h™" showed a slight change in acrolein selectivity (84% and 81%, respectively). In
general, dehydration of glycerol to acrolein is performed at high temperature (> 300 °C) [156]
and the use of strong acidic catalysts such as supported HPAs can lower reaction
temperature (< 300) as previously observed (see section 4.1.1). However, the present
catalyst systems possess weak acid sites that are not able to catalyze dehydration of
glycerol to acrolein at low temperature.

This is reasonable as, acetylation of glycerol is an endothermic, non-spontaneous and
thermodynamically resistant reaction (AGgy_1ac = 92.53 kJ/mol) [82], whereas dehydration of
glycerol is endothermic but spontaneous and thermodynamically favoured reaction (AG°= —
12.12 kdJ/mol) [157]. This might be a possible explanation for the rise in acrolein selectivity in
particular at higher temperatures. Moreover, due to high activation energy for dehydration of
glycerol, a high reaction temperature is needed. On the other side, activation energy for
acetylation of glycerol attained at lower temperature compared to dehydration of glycerol (as
observed in liquid phase system). The activation energy for glycerol acetylation in liquid
phase system was not measured due to the use of toluene as an entrainer which stabilized
reaction temperature at 105 °C and the detailed kinetic and thermodynamic investigation in
gas phase system is planned to be studied in future.
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Figure 4.14. Influence of catalyst weight of Ti-MCM-41, Ti-SBA-15 and Ti-SiO, on glycerol conversion
and product selectivities. Acetic acid: glycerol molar ratio = 6:1, catalysts amount = 0.3 -0.9 g, flow
rate = 0.025 ml/min, N, = 29.7 ml/min, WHSV = 1.82-5.45 h™".
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4.2.1.3 Long-term stability test of Ti-MCM-41

The Ti-MCM-41 catalyst was found to be active and selective and thus, it was selected for
long-term stability test. The catalyst was tested at 275 °C over 100 h without interruption in
order to study deactivation under identical condition. A conversion of glycerol was found to
be completed throughout the experiment (Figure 4.15. a). Selectivity to TAG was more than
40% in the first hour, but decreased significantly with time to 20% within 24 h and then
remained then almost stable for next 75 h with slight decreased in TAG selectivity.
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Figure 4.15. a) Long-term stability test with Ti-MCM-41 catalyst and b) regeneration test. Reaction
condition: acetic acid: glycerol molar ratio = 6/1, catalysts amount = 0.6 g, flow rate = 0.025 ml/min, N,
=29.7 ml/min, WHSV =2.73 h™",
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The deactivation is most probably due the strong adsorption of the carbonaceous
material. On the other side, low selectivity to acrolein was observed. Hence, one can say that
the carbonaceous deposits formed on the surface of the catalyst are most likely from esters.
The catalyst was regenerated by calcination (500 °C, 5 h) in the presence of air in a muffle
furnace in order to burn-off carbon deposits. Then the catalyst test (regeneration test) was
repeated under an identical condition in order to compare its performance with the fresh one.
In the first 1 hour of reaction time, regenerated catalyst showed nearly 40% selectivity to
TAG but later it continuously decreased to 13% within 25 h which remained nearly constant
for next 25 hours (see Figure 4.15 b). After 50 h, the selectivity to TAG was 10% at complete
conversion of glycerol. Based on these results, one can say that the catalyst had reached
some kind of equilibrium state, as it showed same selectivity pattern when fresh catalyst is
used. This catalyst was recovered and again calcined at 500 °C for 5 h in air (denoted as Ti-
MCM-41-reg). To gain more knowledge of the structure-activity relationship, a thorough
characterization of both fresh and regenerated catalysts is needed. Hence, Ti-SiO,, Ti-SBA-
15, Ti-MCM-41 and Ti-MCM-41-reg were further characterized by sophisticated techniques.

4.2.2 Characterization of catalysts

4.2.2.1 Textural properties and ICP analysis

The BET surface area, pore volumes and pore diameters of prepared catalysts are
presented in Table 4.8. The surface areas of the Ti-SBA-15 and Ti-SiO, catalysts are
significantly less compared to Ti-MCM-41. The impregnation of TiO, over the SBA-15 and
SiO, partially blocks the pores resulting in a decrease in its surface area. However, there
was no significant change in the pore diameter as well as pore volume. This indicates that
the impregnated TiO, species are located inside the mesopores of SBA-15 and SiO,. On the
other side, Ti-MCM-41 catalyst was prepared by sol-gel method and exhibited high specific
surface area and low pore diameter compared to Ti-SBA-15 and Ti-SiO,. There was no
impregnation step that might plug pores.

Table 4.8. Textural properties and results from ICP-OES analysis of the prepared catalysts.

AgeT Pore Volume Pore diameter Nominal metal ICP-OES
Catalysts (m?/g) (cm?/g) (nm) content (Tiwt%)  (Ti wt%)
SiO, 395 0.92 9.8 - -
Ti-SiO, 341 0.84 10.1 2.55 2.37
SBA-15 608 0.66 4.5 - -
Ti-SBA-15 518 0.58 4 2.55 2.47
Ti-MCM-41 989 0.94 25-3.5 2.55 2.22
Ti-MCM-41* 828 0.62 2.5-4 - -
Ti-MCM-41-reg 733 0.55 2-4 - -

*calcined at 500 °C for 5h after long-term test
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In addition, Ti-MCM-41 also showed some large pore size (40-50 nm) but the amount of
these pores was considerably low. The high surface area of Ti-MCM-41 is most probably due
maximum incorporation of TiO, species into the MCM-41 framework compared to SiO, and
SBA-15. Thus, this can be one of the reasons to show high catalytic activity and selectivity to
TAG. On calcination of Ti-MCM-41 catalyst after long-term test at 500 °C for 5 h in air, a
significant decrease in surface area (989 to 828 m?/g) as well as pore volume (0.94 to 0.62
cm®g) was observed (denoted as Ti-MCM-41*, see Table 4.8). However, the decrease in
surface area of Ti-MCM-41* (828 to 733 m?g) as well as pore volume (0.62 to 0.55 cm®/g)
was less as on calcination of Ti-MCM-41 (500 °C for 5 h in air) catalyst after regeneration
test (denoted as Ti-MCM-41-reg, see Table 4.8). This is most probably due to structural
changes which occurred during regeneration of the catalyst. On the other hand, pore
diameter of the Ti-MCM-41-reg catalyst was found to be comparable with the fresh catalyst.
ICP-OES analysis showed that the composition of the prepared catalysts is comparable with
the nominal metal content (see Table 4.8).

4.2.2.2 X-ray diffraction (XRD)

The XRD patterns of the Ti-SiO,, Ti-MCM-41 and Ti-SBA-15 samples are depicted in
Figure 4.16. All the catalysts exhibited only a broad reflection at 24°, which is a characteristic
reflection for amorphous silica. Moreover, reflections for the expected TiO, were not
observed. From these results it can be concluded that TiO, species are highly distributed in
the SiO,, SBA-15 and MCM-41 matrices. Similar phenomenon was also observed with the
Ti-MCM-41-reg catalyst.

Intenesity/a.u.
1

w MWWWWWMMWWWMﬂMCM-M
- e

10 20 30 40 50 60 70 80
20/°

Figure 4.16. XRD patterns of Ti-SiO,, Ti-SBA-15, Ti-MCM-41 and Ti-MCM-41-reg catalysts.
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4.2.2.3 Pyridine Fourier transform infrared spectroscopy (Py-FTIR)

The FTIR spectra of adsorbed pyridine of Ti-SiO,, Ti-SBA-15, Ti-MCM-41 and Ti-MCM-
41-reg were recorded at 250 °C in order to investigate the nature of acid sites. All the
catalysts exhibited only Lewis acidic sites, thus the band at around 1600 cm™ can be used as
a measure of Lewis acid strength [138] and the band at 1445 cm™ was considered to
calculate band intensities of Lewis acid sites as shown in Figure 4.17 and Table 4.9.

Ti-MCM-41 catalyst exhibited more Lewis acid sites compared to the other catalysts, most
probably due to the very high dispersion of TiO, species in the matrix of MCM-41. The
catalysts Ti-SBA15 and Ti-SiO, also owe Lewis acid sites; however, the band intensity is
nearly half of that of Ti-MCM-41. The difference in acidity and dispersion of Ti on the support
is related to preparation method. Ti-MCM-41 was prepared by a sol-gel method which leads
to a high dispersion compared to Ti-SiO, and Ti-SBA-15 which were prepared by
impregnation method. On the other side, there was no significant adsorption of pyridine on
the Ti-MCM-41-reg catalyst (see Figure 4.17). Moreover, band intensity at 1445 cm™ for Ti-
MCM-41-reg catalyst measured at 250 °C was also negligible. This is most probably due to
the structural rearrangements or partial destruction of the MCM-41 matrix. Based on these
results one can say that the high catalytic activity of Ti-MCM-41 is most likely due to high
Lewis acidity. However, if Lewis acidity alone was responsible for the better catalytic activity,
then the Ti-MCM-41-reg should not show comparable catalytic activity as the fresh catalyst.

1608

1447

Ti-MCM-41

Ti-SBA-15

Ti-MCM-41-reg

1700 1600 1500
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Figure 4.17. FTIR spectra of adsorbed pyridine on Ti-SiO,, Ti-SBA-15, Ti-MCM-41 and Ti-MCM-41-
reg catalysts at 250 °C.
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On the same side, Ti-SBA15 and Ti-SiO; should show poor activity or less selectivity to
TAG as they possess nearly half of Lewis acid site band intensity in comparison to Ti-MCM-
41. A similar phenomenon was also observed with SiTi30 catalyst in previous section 4.1.3.3.
Hence, in addition to acidity, some other factor should be responsible for the high catalytic
activity. As discussed in previous section 4.1, Ti can incorporate into the SiO,, SBA-15 or
MCM-41 matrix to form Si-O-Ti bonds. Hence, the formation of Si-O-Ti bonds might be a
most probable responsible factor to achieve high activity and selectivity to TAG. To confirm
this, the prepared catalysts together with Ti-MCM-41-reg were further characterized by NH;-
TPD, UV-vis, ATR-IR, TEM and XPS techniques.

Table 4.9. Band intensity at Lewis acid sites of Ti-SiO,, Ti-SBA-15, Ti-MCM-41 and Ti-MCM-41-reg
catalysts at 250 °C.

Catalysts Band intensity at 250 °C (L-Py)
Ti-SBA-15 0.53
Ti-SiO, 0.65
Ti-MCM-41 0.97
Ti-MCM-41-reg 0

4.2.2.4 Temperature-programmed desorption of ammonia (NH;-TPD)

The strength of the acid sites and their total amount in Ti-SiO,, Ti-SBA-15 and Ti-MCM-41
were determined by thermal desorption of ammonia (Figure 4.18). Complete ammonia
desorption was observed at around 180 °C with all catalysts, indicating the presence of weak
acid sites. The Ti-MCM-41 catalyst showed highest amount of NH; desorption (151 pmol/g),
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Figure 4.18. Ammonia TPD profiles for Ti-MCM-41, Ti-SBA-15 and Ti-SiO,.

indicating large amount of Lewis acidic sites as Brgnsted sites are not present (Py-FTIR
data). Ti-SBA-15 and Ti-SiO, exhibited less acidity (120.8 and 112.5 ymol/g, respectively)
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compared to Ti-MCM-41. It can be clearly noticed that the Ti-MCM-41 catalyst prepared by
sol-gel method leads to a high dispersion of Ti species into MCM-41 support which produces
large amount of acidic sites compared to the Ti-SBA-15 and Ti-SiO, prepared by
impregnation method. The observed NH;-TPD results are in good agreement with the
Pyridine FTIR results.

4.2.2.5 UV-visible and ATR-IR spectroscopy

UV-vis spectra were recorded for Ti-SiO,, Ti-SBA-15, Ti-MCM-41 and Ti-MCM-41-reg
catalysts in order to get insight into the Ti coordination sites (Figure 4.19). According to the
literature, tetrahedrally coordinated (Ti**) in TS-1 catalyst exhibited a band at around 215 nm.
However, in the case of mixed oxide TiO,-SiO,, it can be extended up to 250 nm [144]. The
Ti-MCM-41 catalyst showed a sharp LMCT transition band at 245 nm indicating that most of
the Ti** were in tetrahedral coordination state [158]. On the other side, Ti-SBA-15 and Ti-
SiO; solids present LMCT transition bands at 250 nm and extended up to 270 nm, indicating
the formation of polymeric hexa- or penta-coordinated Ti species besides tetrahedral
coordination [144].

Ti-SiO,
Ti-SBA-15
Ti-MCM-41
Ti-MCM-41-reg

Absorbance/a.u.
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Wavelength (nm)

Figure 4.19. UV-vis spectra for Ti-MCM-41, Ti-SiO,, Ti-SBA-15 and Ti-MCM-41-reg catalysts.

The extension of the band is smaller in case of Ti-SBA-15 compared to Ti-SiO,, which
might be due to the high surface area of SBA-15 which allows high dispersion of Ti species.
Similarly, UV-vis spectrum of Ti-MCM-41-reg reveals a band at same wavenumber (245 nm)
as the fresh catalyst. However, the tailing of the band for the Ti-MCM-41-reg catalyst is
broadening (Figure 4.19), probably due to that changes occurred in the framework of the Ti-
MCM-41 catalyst after regeneration.
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ATR-IR spectra of Ti-MCM-41, Ti-SBA-15 and Ti-SiO, catalysts were recorded in order to
get more insight into interatomic and intermolecular interaction as shown in Figure 4.20. In
addition, a spectrum of Ti-MCM-41-reg catalyst was also recorded and compared with the
fresh Ti-MCM-41 catalyst. The bands around 1055 cm™ and 800 cm™ can be ascribed to
stretching and bending vibration of Si-O-Si bonds. The band around 960 cm™ can be
assigned either to the Si-OH (hydroxyl group from SBA-15 or MCM-41 support which will not
introduce any Brensted acidic sites to the system) or Si-O-Ti bonds [159-162]. However,
based on previous investigations of SiTi30 catalyst (section 4.1.3), one can say that the band

at 960 cm™ can be assigned to the Si-O-Ti bonds.

Ti-SiO,
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Figure 4.20. ATR-FTIR spectra for Ti-MCM-41, Ti-SiO,, Ti-SBA-15 and Ti-MCM-41-reg catalysts.

In addition, a slight shift in the bands towards higher wavenumber with low intensity in the
case of Ti-SBA-15 and Ti-SiO, samples compared to Ti-MCM-41 sample was observed.
Such effect might occur due to the strong interaction of Si-OH (silanol group) with Ti species
to form Si-OH---Ti species [151]. In addition, the effect of different catalysts preparation
method can cause a band to appear at different wavenumbers. The ATR-IR spectrum of Ti-
MCM-41-reg is very much similar to the fresh catalyst. However, the intensity of the band
mainly at 960 cm™ is slightly reduced compared to the fresh catalyst (Figure 4.20). This is
again most probably due to structural alteration occurred during the regeneration of the
catalyst. In order to confirm the existence of Si-O-Ti bonds and to better understand the
morphology, surface properties and compositions, the catalysts were further analyzed with
TEM-EDX and XPS characterization techniques.
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4.2.2.6 Transmission electron microscopy (TEM)

In order to get more insight into morphology and the relationship of Ti species with the
mesoporous silica support, the Ti-SiO,, Ti-SBA-15, Ti-MCM-41 and Ti-MCM-41-reg catalysts
were analyzed by TEM technique. In general, homogeneous distributions of Ti species in the
silica support were observed for the fresh samples. Ti-SiO, (Figure 4.21 a) image showed
randomly scattered black and white spots which are most likely due to homogeneously
distributed TiO,-SiO, composites. In the case of Ti-SBA-15 (Figure 4.21 b), the ordered
(hexagonal array) structure of SBA-15 was preserved; however, at some places white spots
(see Appendices A7 ‘a’ and ‘b’) were observed which are due to the partially destroyed SBA-
15 forming disordered SiO, units on the surface of SBA-15. Similar phenomenon was
reported by Jung et al. for Ti containing SBA-15 material [159]. The stabilization of basic
MCM-41 structure can be seen in the image of Ti-MCM-41 catalyst (Figure 4.21 c). In
addition, formation of several MCM-41 sub-units was also observed. Similar behaviour was
also reported by Signoretto et al. [163]. Interestingly, formation of TiO, particles was not seen
on any of the fresh samples. This is most likely due to either presence of Ti species in the
bulk of SiO,, SBA-15 and MCM-41 and/or formation of ultra-small nanoparticles which are
not detected by TEM.

Figure 4.21. STEM-HDAAF images of a) Ti-SiO,, b) Ti-SBA-15, ¢) Ti-MCM-41, d) ordered Ti-MCM-
41-reg and e) disordered Ti-MCM-41-reg catalysts.
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In addition, EDX analyses of samples were made in order to get more information on the
composition of solids (Figures A5, A6 and A7 in appendices). The data showed that Si: Ti
atomic ratio was consistent over all samples and regions. The Si: Ti atomic ratios were
97.24: 2.76 and 97.81: 2.19 for Ti-SiO, catalyst, 99.16: 0.84 and 98.71: 1.29 for Ti-SBA-15
and 99.22: 0.78 and 99.06: 0.94 for Ti-MCM-41. From the TEM-EDX analysis it is evident
that the size distribution of TiO, in mesoporous silica is much narrower and hence one can
conclude that the most of the added Ti species are incorporated into the silica support.

In Ti-MCM-41-reg TEM image, both ordered and partially destroyed (disordered) MCM-41
structure is observed (see Figures 4.21 d and e). The EDX analysis of two spots in ordered
and partially destroyed images didn’t show a significant difference in Si: Ti atomic ratios
(98.79: 1.21 and 98.98: 1.02). This indicates that the size distribution of Ti species in MCM-
41 is still narrow and should possess a nearly same distribution of TiO, in MCM-41 matrix
(Figure A8 in appendices). However, Si: Ti atomic ratios in the Ti-MCM-41-reg sample found
to be different compared to fresh Ti-MCM-41 sample indicating changes occurred in the
structural arrangement.

4.2.2.7 X-ray photoelectron spectroscopy

In order to get more information on the surface composition and structural arrangements
near the surface region of Ti-SiO,, Ti-SBA-15, Ti-MCM-41 and Ti-MCM-41-reg catalysts, XP
spectra were recorded. The surface Ti content was calculated based on atom% data
obtained from XPS analysis and compared with data obtained from ICP-OES analysis as
shown in Table 4.10. It is obvious that the fraction of Ti species on the surface of the solids is
only 25-33% compared to bulk composition. This XPS analysis indicates that there is only
small amount of Ti-species in the outer 10 nm surface region which implies that most of the
added TiO; is incorporated in bulk. However, this was expected for Ti-MCM-41 catalyst, as it
was prepared by sol-gel method but Ti-SiO, and Ti-SBA-15 catalysts also showed less Ti-
species on the surface even though they were prepared by impregnation method. The
binding energies of specific elements (Ti and O) were measured as shown in Table 4.11.
According to literature reports, Ti 2p3/2 signal at BE value of 458.4 eV represents TiO,,
whereas O1s signals at BE value of 530, 531.5 and 533.1 eV corresponds to the Ti—O-Ti,
Ti—O-Si and Si—O-Si bonds, respectively [155].

Table 4.10. Comparison of the surface and bulk composition of fresh and Ti-MCM-41-reg catalysts.

Catalysts Ti/(Si+Ti) from XPS  Ti/(Si+Ti) from ICP
Ti-SiO, 0.010 0.030
Ti-SBA-15 0.008 0.031
Ti-MCM-41 0.009 0.028
Ti-MCM-41-reg 0.008 0.028
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The Ti-SiO, exhibited Ti2p;, BE value at 459.46 and 465.31 eV attributes to the TiO..
Similarly, Ti-SBA-15 also showed Ti2p;, BE values at 459.49 eV and 465.17 eV for TiO,. For
O1s, the BE values were 528.79, 531.74 and 533.77 eV related to Ti—O-Ti, Ti—-O-Si and Si—
O-Si bonds, respectively. In the case of Ti-MCM-41, Ti2ps, exhibited BE values at 460.04
and 466.04 eV, whereas O1s showed values at 532.47 eV and 533.36 eV which can be
ascribed to the Si-O-Ti and Si—-O-Si bonds. Similar XPS investigations were reported by
Signoretto et. al. for TiO,-MCM-41 catalyst [163].

Table 4.11. Binding energy values for Tips, and O1s for fresh and Ti-MCM-41-reg catalysts.

Binding energy values (eV)
Catalysts .
Ti2p32 O1s
Ti-SiO, 459.46 532.78
465.31
Ti-SBA-15 459.49 528.79
465.17 531.74
533.77
Ti-MCM-41 460.04 530.89
466.04 532.99
Ti-MCM-41-reg 460.17 532.47
465.66 533.36

On the other side, surface Ti content of Ti-MCM-41-reg sample decreased compared to a
fresh sample. This result suggests that some of the surface Ti species have been migrated
into bulk. This might be also due to structural changes or partial destruction of MCM-41
support during regeneration where Si species migrate on to the surface and covers the
surface Ti species which are then not able to detect by XPS. This observed behaviour is
exactly opposite to that what was observed in the case of SiTi30 sample as described in
previous section 4.1.3.7. The BE value of Ti 2ps, was retained at 460.17 eV and 465.66 eV
and can be assigned to the TiO, (see Table 4.11). Similarly, BE value for O 1s at 532.47 eV
was retained in the Ti-MCM-41-reg catalyst. In addition, BE value at 533.36 eV for O 1s was
observed which represents Si-O-Si; however, this peak was not observed in the fresh sample
which clearly indicates that some structural changes took place in MCM-41 support during
regeneration. On the other side, BE value of O 1s representing Ti-O-Ti completely
disappeared in the Ti-MCM-41-reg catalyst. These observed results are in good agreement
with TEM-EDX results.

From the XPS results, it can be concluded that less Ti species are present on the surface.
This confirms that the most of added Ti-species are embedded in the mesoporous silica
structure (SiO,, SBA-15 and MCM-41) tetrahedrally in the form of Si-O-Ti bonds. Based on
these results, it seems reasonable to conclude that the formation of Si-O-Ti bonds within the
catalysts and responsible for the increase in activity and selectivity towards acetins.
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4.2.2.8 Thermal gravimetric analysis (TGA) and elemental (C, H and O) analyses

In general, at the end of experiments, the catalyst surfaces were covered with
carbonaceous material referred as deposits. The thermal gravimetric analysis of Ti-MCM-41
from regular experiment (section 4.2.1.1) was performed and the spent catalysts showed
44% of weight loss (Figure 4.22). The DTA curve showed an exothermic peak at 350 °C and
another shoulder at 500 °C. Based on observed temperature peaks, two different types of
deposits seem to be adsorbed on the surface. However, the quantity of more stable deposits
(500 °C) was relatively low. From the DTA curve, it was observed that deposits were
completely desorbed from the surface at around 550 °C. The same sample was also
analyzed by C, H, and N elemental analyzer in order to measure the carbon content on the
surface of the catalyst. Nearly 22.4 wt% carbon and 2.6 wt% hydrogen were observed on the
catalyst surface, indicating that formation of carbon deposits is mainly due to oxygenate
(esters) by-product.
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Figure 4.22. TGA and DTA profiles for Ti-MCM-41 spent catalyst.

4.2.3 Summary and conclusions

The nature of the mesoporous silica support (SiO,, SBA-15 and MCM-41) has shown a
significant influence on the distribution of TiO, species, acidic properties, morphology and
surface composition. The prepared catalysts were X-ray amorphous. The XPS and TEM-
EDX analyses showed that TiO; is highly dispersed on mesoporous SiO,, MCM-41 and SBA-
15. ATR-IR and UV-vis spectroscopic analyses showed the existence of Si—-O-Ti and most of
the Ti species were tetrahedrally coordinated in a mesoporous silica matrix. Pyridine FTIR
showed that only Lewis acid sites existed in the catalysts, however, Ti-MCM-41 showed
higher Lewis acid site concentration compared to the Ti-SiO, and Ti-MCM-41. The obtained
results from pyridine FTIR analysis strongly correlate with the data from NH;-TPD.
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Ti-MCM-41 catalysts showed higher selectivity towards TAG than Ti-SiO, and Ti-SBA-15
catalysts at complete conversion of glycerol. The high activity and selectivity to TAG is
mainly due to high dispersion of Ti species into the mesoporous silica. Besides that, the
selectivity to TAG strongly depends on the temperature and WHSV. The maximum selectivity
to TAG is obtained below 300 °C, whereas a further increase in temperature resulted in
increasing selectivity to acrolein. It seems that activation energy of glycerol dehydration is
slightly higher than glycerol acetylation. In addition, diglycerol tetraacetate (DGTA) is also
formed which was observed in batch runs under water-free conditions. The long-term stability
test was performed with Ti-MCM-41 at 275 °C for 100 h. The catalyst deactivated
immediately within 2 h and selectivity dropped from 42% to 13% within 50 h and remains
consistent up to 100 h. The regeneration of catalyst at 500 °C for 5 h and repeating catalytic
test under identical reaction condition showed more or less same selectivity pattern.
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5.1 Liquid phase glycerol acetylation

Acetylation of glycerol has been studied in the liquid phase using several solid acid
catalysts such as ion exchange resins and supported heteropolyacids. However, the
selectivity of desired triacetin (TAG) was always limited as reaction remains in chemical
equilibrium in presence of water. Glycerol acetylation in the presence of toluene as an
entrainer to remove the water from reaction system shifted the equilibrium toward the desired
product TAG. In this, ion exchange resins such as Amberlyst-15 and Amberlyst-70 were
excellent catalysts. Both catalysts showed excellent catalytic performance with the selectivity
to TAG reaching more than 95% at complete conversion of glycerol. This is attributed to the
high amount of Bronsted acid sites and continuous removal of water. The reaction conditions
such as feed: catalysts ratio and acetic acid: glycerol molar ratio had a strong effect on the
TAG selectivity. Both catalysts showed deactivation in recyclability tests, most likely due to
loss of sulfur or carbonaceous material deposition on the surface of the catalyst. However,
Amberlyst-70 showed slightly better performance than Amberlyst-15 due to its higher thermal
stability and acid strength.

In addition, heteropolyacids (STA, TPA and PMA) supported on different metal oxides like
Si0O,, SiO,-Al, O3 and y-Al,O; were prepared, characterized and employed in liquid phase
glycerol acetylation under identical reaction conditions. The catalytic results revealed that the
stabilization of Keggin structure is crucial for the preservation of Brgnsted acid sites which is
indeed necessary for the high activity and selectivity to TAG. SiO, was found to be the best
support for the stabilization of Keggin structure as it is neutral (neither Brgnsted nor Lewis
acidic sites). STA/SIO, and TPA/SiO, showed more than 67% selectivity to TAG at complete
conversion of glycerol. On the other side, supports like SiO,-Al,O3; and y-Al,O3 are not suitable
for effective stabilization of Keggin HPAs. Their acidic hydroxyl groups strongly interact with
the Keggin structure at an elevated temperature and destroy it partially or completely to
generate respective metal oxides. The catalysts suffer from deactivation most likely due to
leaching of active components from catalysts surface. However, homogeneous catalysis test
with the leached species and fresh feed showed that they do not contribute to the activity in
glycerol acetylation. Interestingly, the formation of a new by-product diglycerol tetraacetate
(DGTA) was observed during the course of reaction. It seems that DGTA is a consecutive
product of DAG because the formation of DGTA is significant as soon as DAG is present in
high concentration. Toluene is able to form an azeotropic mixture with water in the ratio of
80:20 at 84 °C and hence it also helps to keep the reaction temperature below the thermal
stability limit of the Amberlyst catalysts.
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5.2 Gas phase glycerol acetylation

Acetylation of glycerol in gas phase was performed for the first time with selected
supported strongly acidic heteropolyacids catalysts (STA/SiO,, STA/AI,O3; and y-Al,O3) and
weakly acidic mixed metal oxide catalysts (SiO,-MO,, MO, = TiO,, MgO, ZrO,, SrO and
Sc,03) prepared by impregnation and sol-gel method, respectively. Surprisingly, supported
heteropolyacid catalysts showed a high selectivity to acrolein (>85%) at complete conversion
of glycerol. This is most likely due to strong acidic sites present on the surface of the catalysts.
Moreover, presence of acetic acid in reaction media seems to play an important role resulting
high selectivity to acrolein. This has not been investigated further.

Among the weakly acidic catalysts, SiO,-TiO; (SiTi30 and SiTi60) composites showed the
highest activity and selectivity toward TAG, whereas other samples showed either low activity
or undesired high selectivity to acrolein. Characterization of SiTi30 composite revealed that
most of the added Ti species are highly distributed in bulk via Si—O-Ti bonds. The distribution
of Ti and Si—O-Ti bonds are most likely to be responsible for high activity and selectivity. The
long-term test at the optimum reaction conditions (300 °C, acetic acid to glycerol molar ratio
6/1, flow rate 0.025 ml/min) showed that SiTi30 activity is stable with 100% conversion, but
selectivity to TAG drops within 200 h from 32% to 23%; however, upon on regeneration at 600
°C in air, conversion and selectivity to TAG could not be restored. It seems that the catalysts
structure is destroyed partially during regeneration and hence, the loss in selectivity to TAG
was observed.

In general, distribution of Ti species and textural properties of the catalyst play a great role
to achieve high activity. Hence, other silica supports such as SiO, (prepared by sol-gel
method), SBA-15 and MCM-41 were selected in order to study the effect of support. Ti-SiO,
and Ti-SBA-15 were prepared by incipient wetness impregnation, whereas Ti-MCM-41
catalyst was prepared by sol-gel method. Most of the added Ti species were highly distributed
in mesoporous silica in the form of Si—-O-Ti bonds. The Ti-MCM-41 catalyst exhibited higher
and exclusively Lewis acidity compared to Ti-SiO, and Ti-SBA-15 catalysts. These catalysts
exhibited high conversion and selectivity toward the desired TAG. As expected, Ti-MCM-41
catalyst exhibited slightly higher selectivity towards TAG compared to Ti-SiO, and Ti-SBA-15
as the Ti-MCM-41 was prepared by sol-gel method, which leads to higher dispersion of Ti
species, which in further a generate higher amount of Lewis acid sites. Interestingly, at 325
°C, a very high selectivity to acrolein (~80%) was observed over these catalysts. Ti-MCM-41
sample was tested in a long-term test at 275 °C and exhibited high activity with the reduction
in TAG selectivity from 42% to 13% within 100 h. Regenerating the catalyst at 500 °C in the
presence of air resulted in an almost similar performance in a repeated run. Surprisingly,
diglycerol tetraacetate (DGTA) was formed in the gas phase which was observed previously in
liquid phase operation.
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These results demonstrate the basic feasibility of acetylation in the gas phase and provide
the basis for a continuous and solvent-free process as a previously described, alternative to
esterification in the liquid phase. The reaction can be performed under comparatively mild
reaction conditions (ambient pressure, <300 ° C). The conversions and selectivities measured
easily reach the level of homogeneously catalyzed esterification (without water removal) near
the chemical equilibrium. The catalyst productivity (based on the mass of TAG and catalyst
per time) in the liquid phase with Amberlyst-70 (section 3.1.2.3) for a single batch was about
1.9 grac/(geat X h) and the entire TAG was about 45 grac/geat (24 h). Thereafter, the catalyst
could be used, although again, however, with decreasing activity, and triacetin selectivity. In a
continuous gas phase reaction, the best ever catalyst SiTi30 (section 4.1.2.2) showed more
than 30% initial TAG selectivity which further declines slowly over the period of 200 h.
Considering average yield TAG of 20%, the space-time-yield was 0.25 grac/(deat * h) and the
entire TAG was about 50.5 grac/geat (200 h) under applied reaction condition. Thus, the gas
phase acetylation offers the potential for a substantial improvement in terms of specific
catalyst performance compared to the heterogeneously catalyzed liquid phase reaction.

5.3 Outlook

The results from liquid phase experiments have provided new opportunities for future
development of catalysts with higher stability and performance. The use of entrainers (for
instance cyclohexane, benzene) which have lower boiling points might increase the lifetime of
catalyst. To make the oxidic catalysts more stable, a proper balance has to be found between
the described intra- and intercrystallite interactions to preserve the HPAs structure and
simultaneously to strengthen the bonding to the support to avoid leaching.

The results of gas phase experiments might open new perspectives for future development
of the process and to find new catalysts. Some deeper investigations are necessary to
understand the role of TiO, in SiO,-TiO, composites which has changed the catalytic
performance drastically. Further in-situ analyses are needed in order to elucidate the
catalytically active sites, to identify reaction mechanism and to derive structure-reactivity
relationships. Moreover, a kinetic model would provide valuable information on efficiency and
for further scale-up. Another concept of reaction engineering to develop membrane based
reactor can be used to remove the water formed in the reaction which will increase the yield of
desired product TAG. In addition, the beneficial effect of acetic acid in acrolein formation can
be studied in detail, which might be a new approach.
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Appendix A:
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Figure A2. Gas phase glycerol acetylation setup
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