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The focus of this research was to establish a better fundamental insight into
heterogeneous' catalysis fer the reactions related to biodiesel production, in an
attempt to designthe catalyst systems more proficient and durable for applications
concerning biodiesel synthesis. This research was to explore the viability of
heterogeneous cata]}'znd hydrolysis of oils and fats for the synthesis of free fatty
acids (FFAs)ya plalfurm reaction of the oleochemical industry and a possible
reaction in a nawal 2-step {hydml}rsm-estmf ication) biodiesel synthesis process
using low cost feedstocks containing > 5-15% FFAs. Using tungstated zirconia
(WZ) and SAC-13 as catalysts, the hydrelysis of tricaprylin (TCp) was carried out
at 110-150°C in @ semi-batch reactor with continuous addition of water at low
flow rates. The characteristics of the catalysts played an important role in reaction
selectivity, apparent activation energy, and deactivation. Hydrolysis and
transesterification are two reactions that can occur during the synthesis of
biodiesel.  Investigations of the mechanistic pathways in hydrolysis and
transesterification were carried out at 100-130°C and 120-180 psi. Using a
reaction model discrimination procedure, it was found that both hydrolysis and
transesterification en WZ could be successfully described by an Eley-Rideal single
site mechanism with adsorbed TCp reacting with bulk phase ‘water or methanol.
This research also proved that the surface nature of zirconia can play a crucial role
in determining the catalytic activity of WZ catalysts. The solvothermal method for
preparation of crystalline zirconia support can result in the formation of Zr-OH
bond on its surface, These surface species, related to the Zr-heteropolyacid, act as
strong Brensted acid sites. They consequently affect the catalytic activity for
esterification of dilute acetic acid and 1-heptanol.
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CHAPTER |

INTRODUCTION

Fats and oils are In lipids as an-extensive faroflichemicals. They are a
large and diverse group of naturally, occurring argacompounds that are related by
their solubility in nonpelar organic solvents (egther, chloroform, acetone and
benzene) and general insolubility in water. Nowagdahe use of fats and oils as a
raw material receives increasing attention for l@edl production which is made up
of mono alkyl esters of long chain fatty acids.eThost reputed advantages of using
biodiesel as an alternative fuel are its renewgbitleaner emission of exhaust gas,
biodegradability and null greenhouse effect givea photosynthetic origin of the fats

and oils feedstocks.

In the transesterification. for commercializationbabdiesel, refined vegetable
oil as a raw material (in the USA, soybean oil;Harope, rapeseed oil) reacts with
low molecular weight alcohol (methanol, MeOH) andesi homogeneous alkali
catalysts (NaOH, KOH, NaOGH to enhance the reaction rate and improve the
produced fuel's features. The end costs of bi@lliggoduction from refined
vegetable oil mostly depend on the price of feedisio These days, the unit price of
biodiesel is much higher (1.5-3 times) than thatliesel fuel derived from crude oil
due to the cost of feedstocks. For this reasom,dost feedstocks (feedstocks with
high free fatty acids; FFAs) such as frying oilsjinaal fat, yellow grease (FFAs less
than 15%) and brown grease (FFAs more than 15%atnactive choices to replace
refined vegetable oil [1-3]. As a result of highh@nt of FFAs contained in these
raw materials, the saponification reaction of FFéacted with alkali catalyst to form
soap and water will decrease the ester yield aedent the phase separationof ester,

glycerol (GL).

The simultaneous transesterification of triglycead TGs) and esterification
of FFAs from low cost feedstocks using acid catalys a particular reactor have to
be carefully integrated into the process to makeliesel economically favorable [4-
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7]. However, based on TG conversion resulting ftarm routes during the solid acid
catalyzed esterification of FFAs and transesteifan of TGs using methanol [7],
water formation from acid catalyzed esterificatioan further react with TGs in
hydrolysis [7-10]. Hydrolysis of TGs can be apglim a novel 2-step (hydrolysis-
esterification) biodiesel synthesis process usowg tost feedstocks containing > 5-
15% FFAs. Since the esterification of FFAs is dasthan transesterification of
triglycerides on acid. catalysts, there could beosspbility to construct a more
efficient biodiesel synthesis process around tleeai-step hydrolysis-esterification
on solid acids rather than what is now done witlst€ pre-esterification

(homogeneous acid® catalyzed)-separation (removal asfd and water)—

transesterification (homogeneous base catalyzdd) [1

In parallel,” the replacement -of liquid homogeneaadalysts with solid
heterogeneous catalysts, which are non-corrosigarable and recyclable, would
enable the design of more economical continuousgsses and greatly solve
problems such as expensive separation/purificgifoiocols and neutralization steps
encountered with the former and facilitate contusi@peration. Despite the great
importance of heterogeneous acid catalysis in baali forming reactions, many
relevant fundamental issues remain poorly undedstand hamper the accurate
adoption, efficient use and specific alteration @flid catalysts and process
optimization.. Therefore, the outlook for the apptions of solid catalysts for
conversion of fats and oils feedstocks via hydislydransesterification, and

esterification is promising.

The main objective of this research_has been tdysthe heterogeneous
catalysis of the related biodiesel forming reacti@fsing model compound, important
fundamental issues including the production of FHA#s TGs hydrolysis, and
transesterification and hydrolysis mechanisms lmeen studied. Potential solid acid
catalysts such as WZ (tungstated zirconia) and 3B@\afior’ SAC-13) have been
compared, characterized and evaluated for TGs hysisousing model compound in
the 3-phase reaction system. Particular attenti@ve been paid to catalyst activity,
selectivity, deactivation and reusability to bettescern the suitability of solid acid
catalysts for hydrolysis of TGs. The mechanistoelations between hydrolysis and
transesterification of TGs using solid acid catalysve been investigated and
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elaborately analyzed at relatively high temperatuf® provide explanation for the
findings previously described for WZ catalysts aspecially its benefit for 2-phase
reaction system in the presence of water, the enfte of surface characteristics of
zirconia support under different thermal treatmentosphere on the catalytic activity
of WZ were determined via 2-phase esterificatiagl{twater content). The scope of

the research presented is given below,

1. Using tricaprylin (TCp) as.a model compound fogrTGs and for
mixtures (as-are typical in fats and oils).in orttefacilitate the kinetic
study for hydrolysis and transesterification.

2. Characterization of the catalysts using X- rayrdiffion (XRD), BET
surface area, Thermogravimetric analysis (TGA)ubtitve Coupled
Plasma Spectroscopy (ICP) and Fourier Transfornadad (FTIR)
Spectroscopy, Raman Spectroscopy, and Electronfsonance (ESR).

3. Study the kinetics of SAC-13 and WZ catalyzed hiygiis of TGs at
atmospheric pressure in the 3-phase reaction systeantemperature
range of 110-15TC.

4. Study the reusability, deactivation and regenenadioSAC-13 and WZ
catalyzed hydroelysis of TCp in a 3-phase reactimtesn.

5. Study the kinetics and mechanisms of TCp hydrolgsimpared to
transesterification using a WZ catalyst at a re&j high temperature
(13°C) in a batch reactor.

6. Study the influence of surface characteristic af@ania support under
different thermal treatment atmosphere on the giatadctivity of WZ via

2-phase esterification (high water content) at &pheric pressure.



CHAPTER Il

BACKGROUND

Lipids are an important renewable raw material todpce an alternative (to
petroleum) fuel such as biodiesel. The most comlipiats for biodiesel synthesis are
vegetable oils and animal fats which.-are convefdgda two step process of
transesterification-of TGs and esterification ofAsFa 2-step process of hydrolysis of
TGs following by-esterification of FFAs, or the siftaneous esterification of FFAs

and transesterification of TGs.

2.1Lipids

Lipids  are a large and diverse group of organic monmds occurring
naturally. Lipids may either be solid or liquid mom temperature, depending on
their structure and composition. Normally, “oiEfers to a lipid that is liquid at room
temperature, while “fat” refers to a lipid that solid or semi-solid at room
temperature. Fats and oils primarily consist gtgfol (a backbone of carbon) being
mono-, di-, and TGs and low moderate contents AAd-fcarboxylic acids at each
end) as shown in Figure 2.1. Other compounds asgbhospholipids, polypeptides,
sterols, water, odorants and other impurities caroind in crude oils and fats. In
addition to TGs, oils and fats usually contain sdatéy acids in their free form as a
result of the spontaneous hydrolysis of the paf€htmolecules. The FFA contents
vary among different lipid sources and also dependhe treatments and storage
conditions. Other compounds, such as phospholigtsolipids, sterols, water, 5
long chain alcohols, carbohydrates and vitaming, lea found in oils and fats in

minor concentrations [12].

Food-grade vegetable oils, containing low FFA lewaee currently used for a
commercial biodiesel production. Although wasteages such as yellow grease and
brown grease, containing FFA level of 15% and 33&spectively, they are
considered as attractive feedstocks for biodieyathesis because of their wide

availability and low cost compared to the food-gradgetable oils [13].
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Figure 2.1 Chemical structures of vegetable oils and anfatal

2.2 Feedstocks for biodiesel synthesis

Basically, any lipid source such as vegetable ailjmal fat and waste
restaurant grease can be used for biodiesel favmatith small alcohols via base/acid
catalysts. But from the standpoint of chemicattea, refined oil with low impurity
and low fatty acid content is the desired feedstiockbiodiesel production. In such
case, homogeneous alkali catalyst can be used dwder considerable catalytic
efficiency for_lipid transformation. For instancenly a relatively short duration of
30-60 min is required to drive the conversion ofsT@ completion at 6C.
However, alkaline catalysis is very sensitive te flurity of reactants. It suffers from
saponification and neutralization in the preserfdeee fatty acids or maisture. Thus,
strict feedstock specification must be satisfied {ar instance, FFA <0.5 wt%;
water<0.1-0.3-wt%) for base catalysis. [14]... Othsew soap. production weuld
seriously. hinder productivity. and complicate prodseparation by formation of gel
and increased viscosity. Also, the alcohol andlgat must be essentially anhydrous
(0.1-0.3 wt% or less) complying with rigorous sfieations. Such demanding
feedstock specifications, consequently, transiati@ a high overall production cost of
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biodiesel because the high expense if refined asl to be used. According to NREL
(National Renewable Energy Laboratory, USA), the naaterial contributes 60~70%
of final manufacture cost for biodiesel made fragfimred soybean oil. The usage of
expensive feedstocks has been attributed to belynasponsible for the lack of
economical competitiveness of biodiesel as compadfossil fuel and has
consequently retarded its commercial expansion.a Agtter of fact, there is a large
guantity of high FFAs.and moisture-rich-lipid maaés readily available at low price
in a wide variety of forms. For instance, in Udit8tates alone, there are nearly 2.75
billion pounds of waste recyclable restaurant ggeasnually. Yellow grease is
obtained from restaurant waste oil and sells fdy &®.09- 0.20/Ib, on the average
cheaper than refined vegetable oil by 50%. Broweage which is mainly collected
from traps installed .in commercial, municipal ordustrial sewage facilities, is
another cheap feedstock priced-at $0.01-0.07/ladheOthan the greases, inedible
animal fats such as poultry fat (2.2 billion Iblytallow (3.9 billion Ib/yr) and lard
(2.3 billion Ib/yr), also constitute important soas of inexpensive feedstocks for
biodiesel. The traditional use of inedible aninfills has been as an animal feed
ingredient. This use, however, has been seriatigjlenged with emerging concerns
that this practice facilitates the transmissiompofential infectious diseases from one
animal species to another. Thus, alternatively $ynthesis of biodiesel from
inedible fat provides a way for using more efficlgrand environmentally friendly a
renewable resource to produce an important valdedcdproduct. As can be
expected, use of ample and low cost feedstocks dvsidnificantly lower the
production cost, making biodiesel more accessibteiaexpensive in the near future
(Table 2.1).

2.3Biodiesel facts

Biodiesel is defined as fuel comprised of a mixtofenono alkyl esters of long chain
fatty acids derived from vegetable oils or animatsf which conforms to the
requirements set by ASTM D6751. Biodiesel exhilpksperties and characteristics
that are comparable to conventional diesel (Tal®¢. Zonsequently, it can be used
either as a substitute for diesel fuel or more cammyin fuel blends. In addition,
biodiesel offers the advantages over petroleumebdmsel such as 1) a higher cetane
number and a higher flash point, meaning better safdr performance, 2) higher
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lubricity which prolongs engine life and reduces tfrequency of engine part

replacement, and 3) the presence of oxygen in &edl(~10%) improves combustion
and reduces CO and hydrocarbon emissions. Blenb®diesel and petroleum diesel
are designated by a “B” followed by the volume patage of biodiesel fuel in the
blend, i.e., B20 represents 20 vol% of biodiesel & vol% petroleum diesel. B5 and

B20, the most common blends, can be used.in unreddifesel engines.

Table 2.1 Lipid feedstocks pricing and impact on biodigselduction cost [1].

Feedstocks type Biodiesel prices Year
(USS$/L)
Soybean, -eanola, sunflower, rapeseed 0.54-0.62 1999
Waste grease 0.34-0.42 1999
Soybean 0.428 2001
Yellow grease 0.324 2001
Brown grease 0.246 2001
Canola 0.72 2003
Waste cooking oil 0.54-0.74 2003
Soybean 0.53 2005

Edible and inedible beef tallow 0.22-0.63 2006
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Table 2.2 American Society for Testing and Materials (ASTMjandard of

maximum allowed quantities in diesel and biodi¢8¢lL5].

Property Diesel Biodiesel
Standard ASTM D975 ASTM D6751
Composition HC?* (C10-21) FAME (C12-
22)
Kinematic viscosity. (mrfis at 40C) 1.9-4.1 1.9-6.0
Boiling point CC) 188-343 182-338
Flash point {C) 60-80 100-170
Cloud point ¢C) -18 1O -3to 12
Pour point fC) -35.t0-15 -15t0 16
Water (vol %) 0.05 0.05
Carbon (wt %) 87 77
Hydrogen (wt %) 13 12
Oxygen (wt %) 0 11
Sulfur (wt.%) 0.05 0.05
Cetane number (ignition quality) 40-55 48-60
Stoichiometric air/fuel ratio (AFR) 15 13.8
HFRF (um) 685 314
BOCLEd scuff (@) 3600 >7000
Life-cycle energy balance (energy 0.83/1 3.2/l

units produced per unit energy

consumed)

*Hydrocarbons®Fatty Acid Methyl EstersHigh Frequency Reciprocating RitBall-

on-Cylinder Lubricity Evaluator.



2.4Lipid conversion reaction occurring during biodiese synthesis

There are four primary reactions involving biodigsem fats and oils.

2.4.1 Hydrolysis (fat splitting process)

TGs as main components of vegetable oils and fatsbe hydrolyzed with

water/steam to produce three moles of FFAsS and rao& of glycerol by the

following consecutive reactions as can be seengarg 2.2.

f ~58 0 CH,-OH
CH,-O-C-R” catalyst Y H-OH
H-OOC-R” .+ +3H,0 = UANWCR R, + ]
| CH,-OH
CH,-OOC-R”
Triglyceride Water Free fatty acid Glycerol

Figure 2.2 TG hydrolysis.

Hydrolysis of TGs is essentially a homogeneoustiea that proceeds in
stages. The fatty acid radicals are displaced fiteenT G one at a time from tri to di
to mono. An incomplete hydrolysis will thus comaiGs and DGs as well as TGs.
During the initial stage, the reaction proceedsvBlplimited by the low solubility of
the water in the oil phase. In the second stdgereéaction proceeds fairly rapidly
brought about by the greater solubility of watertive FFAs. The final stage is
characterized by a diminishing reaction rate asfdtey acids liberated and the GL
byproduct reach equilibrium conditions. This islled fat splitting process.
Hydrolysis of TGs is a reversible reaction. ~At ghant of equilibrium, the rates of
hydrolysis and-re-esterification- are equal. The Biproduct must be withdrawn
continuously to force the reaction to completiomcreasing the temperature and
pressure accelerates the reaction because ofdreaged solubility of the water:in the
oil ‘phase _and toits higher activation energy. ols and water are immiscible, the
hydrolysis of oils can be hindered by solubilitgugs. However, canducting. the
reaction at high temperatures increases the sajulmf water in the oil phase
minimizing this limitation. Temperature, in padlar, exerts a significant effect. An

increase in temperature from 150 to 220ncreases water solubility by two to three
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times [16]. The use of high temperature not offilgcts the solubility of water in the
oil, but also improves the kinetics of the proce3$ie presence of small amounts of
mineral acids, such as sulfuric acid or certain aneaixides, such as zinc or
magnesium oxide, accelerates the hydrolysis. The=@l oxides are true catalysts.

They also assist in the formation of emulsions.

2.4.2 Transesterification (Alcoholysis)

Transesterification consists of a number.of consesueversible steps. For
manufacturing biodiesel, .transesterification isfmened to lower the viscosity of
vegetable oils.” When the methanol (the lowest moé weight of alcohol) reacted
with 1 mole of TG (primary compound in vegetabldsoand fats) is converted
sequentially to DG, MG, and finally-GL, and 3 madé fatty acid methyl ester
(FAME). The transesterification reaction for bieskel synthesis is shown in Figure
2.3.

9 Acid/Base CH,-OH
H,-O-C-R” catalyst 7 HOH
H-OOC-R” +3R“OH «—" 3R-C-OR + ]

| CH,-OH
CH,-OOC-R”
Triglyceride Alcohol Biodiesel Glycerol

Figure 2.3 TG transesterification.

Due to the transesterification process being ars#ve reaction, alcohols are
generally used in excess to assist in a fast mractite and guarantee a complete
conversion. Methanol and ethanol are commonly ,usgpecially methanol because
of its low cost. The rate of the reaction can igaificantly improved by the presence
of acid or basic catalysts. In general, the useasic catalysts is more desirable since
it provides the satisfactory conversion within arshime. Among the mentioned
methodologies, transesterification is considerethasbest current process. Most of
the conventional biodiesel production is performég the alkali-catalyzed

transesterification, since it can be operated uned conditions to achieve
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significant conversion with minimal side reactioasd reaction time. However,
standard biodiesel production suffers from the emes of water and FFAs in
feedstocks. On one hand, water favors the formaifoFFAs by hydrolysis of TGs
and esters products (biodiesel). Formation of kipresence of basic homogeneous
catalysts gives rise to soap, creating serious lgnab for product separation, and
ultimately hindering catalytic activity. As a résthighly refined vegetable oils are
required for the process, otherwise, the pretreatrsteps are necessitated for the
feedstocks to reduce the acid and water concamisatoelow an optimum threshold
limit, i.e., FFAs < 1 wt% and water < 0.5 wt% [17].

2.4.3 Esterification

Esterification of FFA with low molecular weight altols is another method to
produce biodiesel and can be used as a pretreafmrehasic transesterification to
convert the FFA into ester product (biodiesel) @vdid saponification especially
when FFA content is higher than 1 wt%. Esterifmatis a reversible reaction
between carboxylic acids and alcohols in the pmseof strong acid catalyst,

resulting in the formation of water and at least ester product (Figure 2.4).

O
|| Acid catalyst
e
R-C-OH ~+ R-OH S R-C-OR’ + H)O
Carboxylicacid  Alcohol Biodiesel Water

Figure 2.4 Carboxylic acid esterification.

The mechanism of homogeneous catalyzed esterditatias long been
established; a protonated carboxylic acid is numdically attacked by an alcohol
molecule from the bulk phase yielding an ester wader. Esterification can be
carried out by .a catalyst free. method, enzymatithotk or use of homogeneous and
heterogeneous acid catalysts.. Non-catalytic distaion is normally performed
under supercritical conditions for alcohol i.eg ttritical temperature and pressure of
methanol are 23 and 8.09 MPa. Under such reaction conditiores atbohol itself

starts acting as a catalyst [9], the degree ofhalcsolubility in oil is increased,
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thereby favoring the transition from a solubilityalted reaction to a rate-limited
reaction [18, 19]. As a result, TG transestertfma can be simultaneously
performed. Additional benefits from a supercritialcohol method are the separation
of esters and glycerol from reaction mixture becemmeuch easier since in the
presence of water and glycerol will be in the waiertion while esters are in the
upper portion. Saka and. Kusdiana [20] reportecast &ind high conversion of
rapeseed oil into methyl esters by using supecalitnethanol without the aid of any
catalyst. However, In this process, high enerdggnsity is required and additional
safety hazards are presented. The use of homogermwd heterogeneous acid
catalysts for FFA .esterification has been extergiveesearched due to the
insensitivity to the wide range of feedstocks, hmyoduction yields, relatively low

cost, and potentially being recovered and reused.

2.4.4 Thermal cracking (pyrolysis)

Pyrolysis is defined as the conversion of one suftst into another by means
of heat in the absence of air or.oxygen with terapees range from 450 to 850°C or
by heat with the aid of a Lewis acid catalyst. is®acid catalysts used in this process
include zeolites, clay montmorrilite, aluminum atde, aluminum bromide, ferrous
chloride, and ferrous bromide. Nevertheless, thimaval of oxygen during the
thermal processing also eliminates the environnhdrgaefits associated with using
an oxygenated fuel [14]. In addition, fuels areduced more like gasoline rather

than diesel.

2.5 Catalysis

2.5:1 Homogeneous catalysis

Simple strong liquid mineral acids, such as sutfatid (HSO,), phosphoric
acid (HPQy), hydrochloric acid (HCI), and others, are the tfoesquently used for
direct esterification of FFAs with alcohol. ThewJe also been used to catalyze
transesterification of TGs to produce biodiesel.owldver, because of their much
lower activity (by 3 orders of magnitude) [21] amdich stronger corrosiveness than

the base catalysts [17], acid catalysts have nemgryed the same popularity for
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biodiesel synthesis as its counterpart in either dbademic and industrial sectors.
Only recently, given the versatility of acid catb/to deal with FFAS, has its use
been proposed as an economically viable alternativiease catalysis for biodiesel
formation form low cost feedstocks [17]. As thegheommon way to synthesize
organic esters of enormous practical importanceeriéisation of carboxylic acids
with alcohols, indeed, represents a well known giate of liquid-phase reactions of

considerable industrial interest.

The accepted.-mechanistic route for. the homogeneacis-catalyzed
esterification is illustrated.in Figure 2.5. Thegaence of steps can be summarized as
following: in the first.two steps, the catalystsestially activate the carbonyl carbon
on the carboxylic group by protonating the carbooxygen; third, the activated
carbonyl group undergoes the nucleophilic attackabyalcohol molecule to form a
tetrahedral intermediate; forth, proton migratiaweg rise t0 a good leaving group;
fifth, the carbonyl carbon-hydroxyl oxygen bond d¢fie hemiacetal species
(tetrahedral intermediate) cleaves yielding a prated alkyl ester and a water

molecule; finally, the catalyst regenerates bydaprotonation of the ester product.

o) q OH*
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Figure 2.5Acid-catalyzed reaction mechanism.for carboxyli asterification [22].

Simple Brgnsted acid catalysts such aS®, HCI, HPQ, and arylsulfonic
acid, are generally known to be effective for thed esterification. In a few cases

involving substrates with either high sterical hiemce or aromatic moieties, several



14
alternative Brgnsted acids have been suggestedasuahcombination of $$0, and
H3BO3 and trifluorobenzeneboronic acid [23].

Liquid Lewis acid catalysts, i.e., BFTIiCl,, HfCl4.2THF, Sc(OTf}, and
others, are capable to efficiently esterify theboawylic acid, and more beneficial than
Br@nsted acids since the parallel undesired sidetian i.e., alcohol dehydration can
be suppressed [23-26]. Water produced from eithe¥cd esterification or side
reaction (i.e., alcohol dehydration) was reportedshow the negative effect on
retarding the reaction rate due to thermodynamnttdition and lowering the catalyst
performance by strongly.binding to the active spe¢H) in the solution, giving rise

to weaker acids.

Recently; given their non-corrosiveness and relisgbacidic ionic liquids
have been proposed as catalysts to offer a nevemvicbnmental benign approach for
alkyl ester synthesis. lonic liquids have the pt& as dual solvent-catalysts in
organic synthesis such as 352 and RNH-functional Brgnsted-acidic ionic liquids.
However, they are generally less acidic than stromgeral acids, requiring either
higher amounts of catalysts or reaction temperattioe achieve comparable ester

yields as the latter.

There is relatively limited information regardingi@catalyzed esterification
of long chain fatty acids in the presence of TGshassituation requires in biodiesel
synthesis. In most cases, related studies focubermmpacts of reaction parameters
on the final free acidity of lipid feedstock withopaying much attention to the
reaction kinetics. Mainly using 480, as catalyst, the pre-esterification of different
lipid feedstocks with high FFA contents have baerestigated. In accordance, oils
with.initial FFA contents up to 19% can be easdguced to 1% or lower using 1-step
reaction at 69C after short reaction time, regardless. the origiheils. The specific
efficiency of a process is adjustable by varyingragpion parameters. For instance,
the use of larger amounts of catalysts speeds utgrifestion rate therefore
substantially shortening the necessitated reactione. Typically, catalyst
concentration has ranged between 1 and 2 wt% (misipect to oil) in academic

studies using k80,.
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In general, homogeneous catalysis is more actiae bieterogeneous catalysis
since the active sites in liquid phase are cap#&blenove freely in the reagents.
Meanwhile, the active sites of solid catalysts @afined on the surface, making the
reactions could be limited by the effect of intdrmeass transfer resistance. However,
it has been reported that on a site basis, soltlaatalysts show the same capacity as
liquid ones for performing the reactions {27} dddition, industrial processes prefer
the use of solid catalysts to carry out chemicahsformations due to their ease in
separation from-any reaction mixture. Solid catalysn potentially be regenerated,
and they are environmentally benign since theylmamsed over and over releasing

little waste to the environment.

2.5.2 Heterogeneous catalysis

A number of research studies have been directedrttsithe use of solid acids
as heterogeneous catalysts for biodiesel synthaaisesterification of FFAs and
transesterification of TGs. Biodiesel productiasitommercially been performed by
using liquid catalysts, such as NaOH, KOH, ang5®, but these are require an
additional pretreatment step for base catalyst®xic, corrosive and often hard to
remove from reaction solution for acid catalysthus it is desirable to use solid acid
catalysts, because the solid acids are less toxicaee reported in the literature to be
active for esterification [7, 8, 28-33] and trarisesication [7, 27, 34-38].

Esterification can be catalyzed by the catalystangaa medium acid strength;
hence, ion-exchange resins such as Amberlyst-15\afibn® (having.high acidity
density of medium_acid strength) show promise as #Httive catalysts for
esterification [28, 39-41]. Although, Amberlyst-A5d Nafion contain highly acidic
sites, in the reaction of carboxylic acids with gochain hydrocarbon moieties, they
show less activity due to diffusion limitations |41 The catalyst activity-strongly
depends on the swelling of this material which" calstthe accessibility of the acid
sites. The adsorption effect must be taken intmaet in the reaction, because more
than 95% of the protons are inside the micro-sghened are only accessible to

chemical species which are able to diffuse intogblymer matrix [40]. The organic
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resin catalysts such as sulfonic acid cation exgharesins are not stable for
temperatures greater than ca. 140°C. This is a arawback of this catalyst type to
operate in the reactions required high reactionperatures. For this kind of

application, inorganic catalysts are more attractiv

An inorganic solid catalyst, zeolites are well-kmowatalysts for organic
synthesis. General advantages of zeolites ardtbgican be synthesized in different
crystal structures, framework Si/Al ratios, andtproexchange levels permitting
different properties such-as.pore size and poretstre, strength of acid sites and
their distribution,-and surface hydrophobicity, aHioffers the additional advantages
in achieving the effective segregation of waterahhs reported to poison the catalyst
acid sites [42, 43].. For instance, catalyst astivaf this material is found to be
enhanced with increasing Si/Al ratio, indicatingattithe reaction is influenced by
stronger acid site strength as well as surfacedpfbicity. Several zeolites such as
modified H-Y, H-Beta, H-ZSM-5, aluminophosphate asificoaluminophosphate

molecular sieves have been employed as esterdicattalysts [44-46].

However, the mass transfer limitations becomesicatit with using
microporous materials as a catalyst. Although it=plare active catalysts for
esterification, they catalyze the reaction ratdewk; due to steric hindrance of the
bulky fatty acids, or due to difficulty to adsontside the zeolite pores. According to
a severe pore size limitation of microporous mal&ceieves, the reaction with large
molecules probably take place at the external sartd the crystals. Consequently,
zeolites with“larger pore size have been used widme success in fatty acid
esterification [47]. (Even though zeolite catalystsow high activity, the reaction
always gives a variety ‘of undesired by-products doethe higher reaction

temperatures used.

Silica mesostructured materials have been studitmhsively because of their
combination of extremely high surface areas andilfle pore sizes. = Silica
mesoporous materials modified with sulfonic groaps utilized in the pretreatment
esterification reaction of high free fatty acidso[l#8]. Incorporated functionalized

organic groups; organic hybrid mesoporous silieagtionalized with sulfonic acid
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groups have shown successful results for acid yzdlesterification. Moreover, the
hydrophobic character of $B-mesoporous materials has already been mentianed a
being beneficial for the overall conversion anceseVity. The acid strength can be
adjusted by choice of the organosulfonic precursbiffusion for the reactions of
long chain hydrocarbon carboxylic acid has beenatetnated to be significant in the
mesoporous catalysts. The pore diameter can lbeased to decrease internal mass

transfer resistance with using of the surfactamipiate.

MCM-41-supported heteropolyacids (HPAs) have beseduas a catalyst in
the gas phase esterification of acetic acid andtadml [49]. This catalyst achieved
95% conversion of 1-butanol. MCM-41-supported HRvese determined to be more
active than pure HPA. The enhanced activity magdizibed to a high dispersion of
HPA on MCM-41, providing more surface proton sitean pure HPA. However this
material is considerably more hydrophilic than oré material; water formation
from reaction can cause the HPA migration from M@Mpores to the outer surface.

Moreover, the activities of spent catalysts de@esagnificantly due to sintering.

Recently, sulfated zirconia (SZ) catalysts haventbapplication in several
acid catalyzed reactions[50-52].  Although SZ ispmsed as an active catalyst for
esterification due to its high acid strength, iffets from great deactivation due to
coke formation and sulfate leaching [53, 54]. Téiter may lead to homogeneous
catalyzed reactions. For this catalyst, the presesf water not only inhibits the
reaction, but also modifies the acid sites of Silgat, leading to sulfate leaching
[30, 54, 55]. SZ is easily hydrolyzed in free wate form other species such as
SO, HSQy, and*HSO, [56], resulting in sulfate group leaching. Sudfaéaching
tests has been performed by several groups [55746,

The diffusion of molecules to the active sites oftecomes critical for porous
solid acids such as zeolites. Pore size is a arigarameter much influencing catalyst
selectivity and needs nevertheless to be tunedetet the steric requirements of the
different fatty monoesters. With larger pore diéeneallowing the processing of
large molecule, the materials yield the high attiomparable to homogeneous
catalyst, i.e., I50,. High acid density is required for acid catalyz=derification.
An acidic salt of HPA (CsHosPWi2040) and Nafion gave higher activities than
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Amberlyst-15 and a metal oxide, SZ and, WZ. Nehaddss, preparation methods
play an important role in affecting these catalglsaracteristics, pore diameter, and
acidity. To obtain the effective catalysts, thegmbial preparation method should to

be determined.

Despite numerous advantages associated with thefusaid acid catalysts,
research on the direct transesterification--usingerbgeneous acid catalyst for
biodiesel synthesis has been scarcely exploredatieeir pessimistic activity. One
of a few studies dealing-with transesterificatidn T& feedstocks using inorganic
resin acid catalysts, i.e., Amberlys-15 and sug@eeld catalysts [34, 35, 58], mild
reaction conditions were. employed to avoid catalgisgradation due to their
polymeric matrix structure. As a result, for orgaoatalysts, swelling capacity is a
critical issue since it controls substrate accagsilto the acid sites. Unfortunately,
TG is not a good swelling agent due to lengthy lalkgils of substantial

hydrophobicity, disfavoring the promise of orgaresins as biodiesel catalysts.

In this case, inorganic solid acid catalysts areremdesirable where high
reaction temperatures are required to enhance dtedyst performance [31, 59].
Among a variety of available inorganic acid catt&dysa number of solid acid
catalysts, such as sulfonated aluminosilicates, [@0minum phosphate [61], sulfated
tin oxide [53], SZ [53, 54|, tungstated zirconiaumina [53], and 12-
tungstophosphoric acid impregnated on Z0,, Al,O;, and activated carbon [62],
have been explored for reaction using vegetabke toilestimate their potentials for
biodiesel related application. Recently, incregsiesearch has been devoted to the
use of TG madel compaounds; i.e. triacetin [3, 28, &icaprylin [38,; 54, 62], for the
biodiesel formation reactions in order to devel@ttdr fundamental understanding
relevance to the catalyst activation and deactiwatiBy understanding the catalyst
deactivation, one should be able to design catlgstl the catalytic systems more
resistant to deactivation and, hence, more proficend durable for applications

concerning biodiesel synthesis.
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Unfortunately, the reaction kinetics and mechanirsolid acid catalyzed
hydrolysis of TGs have not been studied much. @mlg paper by Yow and Liew
[63] has reported an investigation of the kinet€ydrolysis of palm oil catalyzed
by a macroporous cation-exchanged resin. Theyesigd that this reaction follows a
mechanism similar to that of homogeneous acid yzddl hydrolysis reaction which
has first-order kinetics at 155°C. The resultstfor solid acid catalyst also showed
first-order kinetics for.the triglyceride and a hgiple effect of water concentration.
There have been several studies, however, of thetiks and mechanism of TG
transesterification on.solid catalysts [37, 64].opkz et al. [37] found that the
mechanism of solid.acid ion-exchange resin catalyransesterification of triacetin
appears to be similarto that for the homogenecit @talyzed one at 60°C, where
the rate determining step is the reaction of prated triglycerides (on a single
catalyst site) with.bulk. phase methanol, being Bo#t-order in TG and in methanol.
Bozkel-Winkler and Gmehling [64] investigated the m@t kinetics of
transesterification of methyl acetate amdutanol catalyzed by Amberlyst 15 and
also suggested a pseudo-homogeneous mechanisihadsed on the assumption of

the reaction taking place between two adsorbed entds.

WZ is a strong inorganic solid acid catalyst, whids been used successfully
for a wide range of acid catalyzed reactions, sashdehydration, esterification,
hydrocarbon' isomerization and cracking [27, 29, 65]. Another study that
investigated . the esterification of palmitic acid tiwimethanol on W2z found
correlations among the conversion of palmitic ade acidity of WZ (as measured
by NHs-TPD), and the percentage of tetragonal phase ®f A0, support [67].
Goodwin group also reported based on turnover #egu (TOF) results, that WZ has
a ~site;  activity .comparable ' to >,HQ; for | catalyzing . biodiesel-forming
transesterification reactions [27]. Another advgetaof WZ is that catalyst
deactivation appears to be not rapid for transdisetion of triglycerides with
methanol [5, 27] due its thermal stability. Théuna of the active sites is a key factor
in order to achieve high catalytic performance. r Hustance, the calcination
temperature and tungsten loading affects on thectsire of WQ presented in an
isolated surface monotungstates, polymerics surfasgtungstates and crystalline
WO; particles on a zirconia support as reported in enaos studies [24, 25, 68-71].
Barton et al. [69] reported that the maximum agyitor tungsten loading was slightly
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greater than a monolayer coverage, forming theadled polytungstate species for
hydrocarbon isomerization. Gregorio et al. [72fgested that the 15% of tungsten
loading is a critical value to achieve high acfiyiselectivity, and stability of the
catalyst on stream and good activity for saturdigdirocarbon isomerization. Lopez
et al. [29] reported that the .calcination tempematof 800C contributed with
tungsten oxide polymeric structure can achievehigbest catalytic activity for both
esterification and transesterification. * .In.-manyess the preparation method of
zirconia permits us to make different surface sg®€r3-76]. The generation of new
active sites on the surface can bring about varimfisiences on activity and
selectivity for certain‘types of reactions [77].eldarbier et al. [78] reported that no
significant effect of the" initial form of the suppo(Zr oxyhydroxide versus
predominantly. tetragonal zirconia) was ' observed fehexane isomerization.
Wongmaneenil et al. [79] found that the calcinatawrZrO, support in the reductive
atmosphere (b can achieve higher conversion for esterificatidracetic acid than

that of oxidative atmosphere O



CHAPTER Il

EXPERIMENTAL

To achieve the research abjectives and researclpescthe research
methodology will be provided in this chapter whmimsist of material and chemicals,
catalyst preparation, catalyst characterization. aedction study in hydrolysis,

transesterification, and esterification.

The first'section depicted all materials and cheasicised for this research.
The next section illustrated the pretreatment ef edbmmercially available catalysts,
and the catalyst preparation. The catalyst chanaeation techniques such as XRD,
BET surface area, FT-IR and Raman spectroscopy, a@ehlon exchange titration
were presented in the next section. The last @ealias provided the reaction

procedure for hydrolysis, transesterification, asterification.

3.1 Material and chemicals

All chemicals used. in this research were high guchemicals and used as

received as follows:

Acetic acid (GH40,, 99.8%) purchased from Merck.

Anhydrous methanol (C}®D, 99.8%) purchased from Sigma-Aldrich.
1,4-Butanediol (GH1002, 99%) purchased Sigma-Aldrich.

Caprylic acid (GH160,, 99%) purchased from MP Biomedicals Inc.
Dicaprylin (GgH360s,97%) purchased from Sigma-Aldrich.

O Ulgeh W N P

Dodecanoic acid or lauric acid {1240, 98%) purchased from Sigma-
Aldrich.
Double distillation and deionization water provideam our laboratory.
8. Glycerol (GHs(OH)s, 99%) purchased from Acros.
1-Heptanol (GH160, 99%) purchased from Merck.
10. Heptyl acetate (11802, 98%) purchased from Wako Pure Chemical

Industries.



11.
12.

13.
14.
15.
16.

17.
18.
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Hexane (GH14, 99.9%) purchased from Fisher Scientific Inc.
2-1sopropanol (gH;OH, HPLC grade 99%) purchased from Fisher
Scientific Inc.
Methyl valerate (gH120,, 99%) purchased from Sigma-Aldrich.
Methyl caprylate (GH180,, 99%) purchased from Sigma-Aldrich.
Monocaprylin (GiH204, 99%) purchased from Sigma-Aldrich.
Tricaprylin. or glyceryl trioctanoate @&Hs00s, 99%) purchased from
Sigma-Aldrich.
Tungsten (V1) chloride (WG] 99.9%) purchased from Aldrich.
Zirconium-tetran-butoxide (GeHz5042r) 80 wt%solution in 1-butanol

purchased from Aldrich.

The commercially available catalysts used for ghigly are following:

Amorphous tungstated = zirconium hydroxide precurqa(Z01251)
containing 16 wt% W@ was kindly provided by Magnesium Electron,
Inc. (MEI, Manchester, UK).

Nafion ® SAC-13 purchased from Sigma-Aldrich.

3.2Pretreatment for the commercially available catalyss and catalyst

preparation

The detail of pretreatment of commercially avaigabbtalyst namely WZ and

SAC-13 and catalyst preparation namely WZ-NT and-MéZwere presented as

follows:

3.2.1 Pretreatment for the commercially available catalys

The commercially available catalysts namely WZ &AdC-13 were activated.

They were placed inside sealed containers anddsiora desiccator until use. The

WZ precursor was activated by calcination undetics&r (zero grade) at 890G for

2 h. SAC-13 pellets were ground, sieved to gedlgsit particles >200 mesh (<0.075

mm), and then dehydrated overnight at@Qinder vacuum.



23
3.2.2 Catalyst preparation

Zirconia as a support was prepared via a solvotaemethod as well as
reported by Kongwudthiti et al. [80]. Zirconiuntrign-butoxide 80 wt% solution in
1-butanol (Aldrich) was suspended in 100 mL of hitanediol (99%, Sigma-
Aldrich) in a test tube, which was then placed 808 mL autoclave. 30 mL of 1,4-
butanediol was filled.in the gab between the tabbtand the autoclave wall. The
autoclave was purged with nitrogen. The mixtures waated to 30C at a rate of
2.5°C/min. The temperature was held constant af@@6r 2 h. The system set-up
for this preparation.was shown in Appendix A." Afteaction, this autoclave was
cooled and the resulting powder yield was repewntedished with methanol by
centrifugation. . Subsequently, they were dried imaad designated as Z-NT (non-
treated zirconia).. Another ZeGsupport was treated at 400 with heating rate of
10°C/min under flowing H atmosphere (UHP grade of gases from TIG) for 2 h,

designated as Z-HH, treated zirconia).

Tungstated zirconia (WZ) catalysts were preparedheyincipient wetness
impregnation of zirconia with an-aqueous solutioNWL|s to obtain the final catalyst
having 15 wt% of tungsten loading as given moreaitketin Appendix B. The
hydrolysis of WC§ possibly resulted in the well dispersion of WG&pecies in the
aqueous solution which is corresponding to the ntepy Kob et al. [81]. This
probably leads to obtained well dispersion on tireonia support. The freshly
impregnated catalyst was dried at @or 12 h. Then, it was calcined at 800for
3 h [79]. The nomenclatures given as WZ-NT and MWMiZwere used for the

tungstated on non-treated zirconia andrelated zirconia surface, respectively.
3.3Catalyst characterization technique
The various characterization techniques were usegih more understanding

about the catalyst structure and texture propertiesulting «in their: catalytic

properties.
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3.3.1 X-ray Diffraction (XRD)

Monochromatic powder X-ray diffractograms were meleal in the 10-9020
range using a XDS 2001 (Scintag Inc.) instrumerh\@u Ko radiation (A = 1.54A
wavelength) for commercially. available catalyst eynWZ. The preparation
catalysts namely WZ-NT and WZzHvere collected with a SIEMENS XRD D5000
using Cuk; radiation with a scan rate of 09260) per second from@= 10 to 8C.

3.3.2 Nz physisorption (BET surface area)

BET surface areaStet) measurements were made for every solid catalyst
after its respective calcination or dehydratiomioiPto surface area measurement, WZ
catalyst samples ' were degassed at’@00nder. vacuum: (2x1Dmm Hg) for 3 h.
SAC-13 samples were degassed overnight & 90Adsorption measurements were
carried out using UHP Nadsorption at -19&€ in a Micromeritics ASAP 2010.
Physical properties, such as BET surface a®ar) pore diameters and BJH
cumulative pore volumes for both WZ-NT and W2Z-Mere evaluated with N
adsorption—desorption at —195 in a Micromeritics ASAP 2020 in a similar

procedure with WZ catalyst.

3.3.3 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR analysis of Zr@support was carried out in a Nicolet model 670thef
IR spectrometer using the wavenumber ranging fro+4000 crit with a resolution
of 4 cmi*. A small amount of sample (0.2 'g)was thoroughlyed with ground KBr

in'an agate mortar and pressed as pellets.

3.3.4 Thermogravimetricanalysis (TGA)

Thermal gravimetric analysis (TGA) was used to fyethe depasition of
carbonaceous residues on the WZ and SAC-13 catalykice at these mild reaction
temperatures. This experiment was conducted utigercondition of temperature

from 30 to 1000C with the ramp of 18C/min in Air zero grade (100 cc/min).
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3.3.5 Electron Spin Resonance Spectroscopy (ESR)

A JEOL, JESRE2X model electron spin resonance spauxipy (ESR) was
used to measure the surface F-center afitl &fr the surface of ZrOsupport, WZ-
NT, and WZ-H catalysts. Before measurement, the sample wasl éri 116C
overnight. 0.1 g of sample was placed in a santphe, which was sealed at

atmospheric pressure.and room temperature.

3.3.6 Raman Spectroscopy

The Raman spectra of the samples were collectgatdjgcting a continuous
wave YAG laser of Nd (810 nm) through samples anrdemperature. A scanning
range of 200-1400 cimwith a resolution of 2 cthwas applied.

3.3.7 Acid site density by lon Exchange titration

lon-exchange and titration were used to estimageattid site concentrations
of the catalyst. First, Naons were exchanged with the WZ kbns, and then the
solid catalyst was filtered from the solution. Tagueous solution was thereafter
titrated with HCI (0.05N) [37].

3.3.8 Single or dual site mechanism by pre-adsorption gfyridine

For prepoisoning experiments, fresh WZ was addea known concentration
of pyridine in acetone with continuous stirring @07rpm) for 1 h at 30°C. After that,
the prepoisoned WZ was decanted from the pyridaetese solution and dried at
room temperature for 24 h. The amount of pyridimea sample of the pyridine-

poisoned WZ was measured by back titration.
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3.4 Reaction procedure and sample analysis

There are three systems used in this researclstlyi-ithe semi-batch reactor
was chosen in order to maintain the low ratio otem#o-oil because water has a
deleterious poisoning effect on Brgnsted acid gatal A high temperature and high
pressure reactor (Parr 4590 batch reactor) was was@uvestigate the kinetics and
mechanisms due to this reactor can maintain allpmorants in the liquid phase under
this operating condition. Lastly, the operatingididion under atmospheric pressure
in a batch reactor aims to simulate the 2-phasetiogasystem with the purpose of

examination the catalytic performance of the sysittesl \WZ catalyst.

3.4.1 3-Phase reaction system in a semi-batch reactor

Reaction kinetics were investigated using a wekadiisothermal semi-batch
reactor (Figure 3.1) consisting of an oil-bath kdathree-neck 50 mL round bottom-
flask wrapped with heating tape on the top. Vemases passed through an ice bath
connected to a tap water-cooled reflux condensek. syringe pump (Genie
programmable syringe pump, Kent Scientific Corpgswised to feed water to the
reactor. The temperature range studied was 110c15(No organic solvent was
used. Eighteen mL of TCp was heated to the deseadtion temperature and then
liquid water was injected into the oil at the dediflow rate using a syringe pump
(Note: the inlet line leading to the reactor waled up with water prior to reaction to
prevent a “pseudo” induction period). When a canstoncentration of water in the
liquid mixture was reached (after about 10 ming $olid acid catalyst (typically 1.23
g for 18 mL of TCp, 7 wit%) was added to the reactmixture over a one minute
period while stirring at 900 rpm. Time zero foetheaction was at the end of the

complete addition of the catalyst.

Water condensate was collected in the ice bath t&gmples of 0.15 mL were
taken periodically from the reactor and injectetbif.4 mL of 2-propanol solvent at
room temperature for analysis. Any solid catalystsent was separated from the
liquid sample by centrifugation to limit furtheraetion. Then a 0.05 mL sample of

the resulting liquid solution sample was dilutedexond time with 4.85 mL of 2-
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propanol and 0.1 mL of methyl valerate was added gja internal standard). A
sample of this final solution (04L) was then injected into an HP 6890 GC equipped
with an automatic injector, an EC-WAX column (30n®25 mm x 0.2%um), and an
FID detector. The GC temperature program consiste8l min at 40C, a ramp of
40°C/min to 180C (hold for 5 min), and a ramp of A/min to 270C (hold for 3

min).

Autocatalysis was able to be ignored compared to WZHAC-13 catalysis
under the experimental conditions used becausesafegligible contribution to the
overall reaction rate." Initial rate kinetics weneasured for TCp (conversion < 10%).
Initial reaction rates'were determined by a slopa plot of TCp concentration as a

function of time [42].

[]
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Figure 3.1 Schematic semi-batch reaction system used.

3.4.2 Batch reaction system in a Parr reactor

Reaction kinetics were carried out using an isorta, well-mixed (2140

rpm) Parr 4590 batch reactor consisting of a fdadéd pitched turbine stirrer driven
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by a high—torque magnetic coupling, a K-type thezouple and a stainless steel
reactor vessel with glass liner. The temperatarge studied was 100-1%D. To
ensure that all components of reaction mixture werthe liquid phase, the reactor
was initially pressurized at 130 psi (higher thae vapor pressure of methanol at
130°C). A constant concentration of WZ catalyst wasdu@ wt%) based on the total
weight of the reaction mixture. The reactant migtwith solvent (25 mL) and WZ
catalyst in the 30 mL glass liner were stirred watkspeed of 1280 rpm for 5 min at
room temperature. Afterwards, the reaction mixtwas heated to the desired
reaction temperature ‘during a period of 10 min.nalty, the stirrer speed was
increased to 2140 rpm and the time zero for thetimaestablished at this point. To
monitor reaction proegress, sample aliquots (0.195 wilLthe reaction mixture were
withdrawn at specified time intervals, rapidly alied to cool and further diluted with
0.4 mL of 2-propanol at room temperature.  Thisultesy solution was then
centrifuged to separate out any catalyst partictedimit further reaction. Fifty
microliters of the centrifuged liquid were takendatiluted a second time with 4.85
mL of 2-propanol and 0.1 mL of methyl valerate @s internal standard for GC
analysis). A sample of this final solution (Qu.ll) was analyzed by a Hewlett-Packard
6890 GC with an on-column automatic injector, an&C€olumn (30m x 0.25 mm x
0.25 um), and an FID ‘detector. = To achieve complete sejoar, the column
temperature program consisted of 3 min &Gt ramp of 40C/min to 180C (hold
for 5 min), and a ramp of 28/min to 2706C (hold for 3 min).

For hydrolysis, the stoichiometric ratio of waterfiCp for complete
conversion is*3:1. However, precise measuremen¢adtion kinetic data using the
stoicheometric ratio was not possible since thé ltigncentration of water led to an
induction period due to the formation of a sepanamiscible phase of water in TCp.
Thus, the range of water and TCp concentrationd usé¢his study was from 1.0 to
1.5 M. In addition, only hydrolysis can exhibittacatalysis; but it was able to be
ignored compared to WZ catalysis under the expeariaieonditions used because of
its negligible contribution to. the overall reactiomte.. Thus, it did not have to be
accounted for in the rate determinations. In orttercompare the kinetics of
transesterification to those of hydrolysis, a mettdo-TCp ratio was used in a

similar range to that for hydrolysis. However,extended range of methanol-to-TCp
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ratios was also included to address more conveditioperating conditions for that
reaction. Although the ratio of MeOH (water)/TCpsMess that stoichiometric, there
was no limitation on reaction due to reactant camsion since only conversions <

ca. 15% were studied to determine the kinetics.

The kinetic measurements focused particularly enititial period of reaction
(TCp conversion < 10%) in order to be able to ignitre reverse reaction. The same
methodology as described in the previous secti@j \was used to determine initial

reaction rates.

3.4.3 Batch reaction'system in a three neck round bottorflask reactor

The catalyst activity via the esterification reaatibetween dilute acetic acid
(6 wt%) and 1-heptanol was conducted in a stir@@hbreflux system at temperature
90°C. A three-necked flask equipped with a condeaser stirrer was charged with
certain amount of 6 wt% of dilute acetic.acid (68) and catalyst samples (0.3 g).
Then, the system was heated up to the reactioneetype after which the pre-heated
heptanol (3.2 mL) was added. Sufficient stirrirfigtlee mixture was used to avoid
external mass or heat transport limitations. Téeaction temperature was maintained
by means of a thermostatic paraffin bath in whicé teactor was immersed. For
catalytic activity measurement, samples were dilwtéh 2-propanol (10 mL) to stop
reaction and perform in a single phase, and theslyaed by GC (Shimudzu)
equipped with a flame ionization detector and Chpaok SE52 column. A sample of
this final solution (2uL) was analyzed using the column temperature progréa 3
min at 50C, a ramp_of 18C/min to 210C (hold for 10 min) and use He as a carrier

gas.

The reaction was repeated at different reactioredinm order to obtain the
acetic conversion_profiles. _ All catalysts. were @mpd under_similar_reaction
conditions. GC analysis_confirmed that ne by-pradweere formed. The acetic acid

conversion (%) was calculated as follows:

initial aceticacidconc.- aceticacidconc.at time(t)
initial aceticacic conc

% aceticacidconversion= x100




CHAPTER IV

RESULTS AND DISCUSSION

The results and discussion in this chapter areddd/iinto three sections.
Section 4.1 is described the kinetic study usiriglsmid catalyzed hydrolysis of TCp
in semi-batch reactor. Section 4.2 provided tme#es and mechanisms study in WZ
catalyzed hydrolysis and transesterification of Ti@pbatch reactor. The role of
zirconia surface on catalytic activity of tungsthi@rconia via 2-phase esterification

of acetic acid was illustrated in Section 4.3

4.1 Solid acid catalyzed hydrolysis of TCp in a semi-kiah reactor

The study reported here focused on the applicgtafitsolid acid catalysts for
the hydrolysis of oils and fats as a means to altéhy lower the capital and operating
costs for TG hydrolysis by conducting the reactiorder moderately low reaction
conditions (110-150°C and atmospheric pressuregh & process could be applied in
a novel 2-step (hydrolysis-esterification) biodiesgnthesis process using low cost
feedstocks containing > 5-15% FFAs. Since theri@stgion of FFAs is faster than
transesterification of triglycerides on acid casédy there could be a possibility to
construct a more efficient biodiesel synthesis esscaround the use of 2-step
hydrolysis-esterification on solid acids ratherrtivehat is now done with 3-step pre-
esterification (hamogeneous acid catalyzed)-separétemoval of acid and water)—
transesterification (hamogeneous ‘base’ catalyzetl) [IThe research involved an
investigation of.the Kinetics of solid acid catagzhydrolysis of tricaprylin (TCp) at
atmospheric pressure. TCp was used as a modelocoddor larger TGs and for

mixtures(as are typicalin fats and oils) in orttefacilitate the kinetic study:

The catalysts chosen for this study were SAC-13 Al SAC-13 is a
Nafion®/silica nanocomposite catalyst, containing only rBted acid sites with an

acid strength similar to concentrated3,, as estimated by Hammett Malues (-
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Ho~12) [82]. As a result, SAC-13 should catalyze Ty@rolysis—on a site basis—as
effectively as HSO, [28, 83]. The other catalyst chosen for this gtw/Z, is a
strong inorganic solid acid catalyst, which hasrbased successfully for a wide range
of acid catalyzed reactions, such as dehydraticsteriéication, hydrocarbon

isomerization and cracking [27,.29, 65, 66].

At moderate temperatures, triglycerides (TGs) (ntamponents of vegetable
oils and fats) can be hydrolyzed with water/steamproduce three moles of FFAs and

one mole of glycerol by the following consecutieactions:

TCp+HO 7 DCp+HCp (I)
DCp + HO j_’ MCp + HCp (I
MCp + H,O : GL + HCp (1)

where TCp = tricaprylin, DCp =:dicaprylin, MCp = macaprylin, GL = glycerol and
HCp = caprylic acid.

4.1.1 Catalyst characterization

XRD measurements of WZ calcined at 800mostly showed the tetragonal
structure of zirconium dioxide, with only small aomis of the monoclinic structure
of zirconia with crystallite sizes 5 nm and of bulk W@like species being detectable
[29]. Thermogravimetric analysis of SAC-13 wasdise determine the fraction of
Nafion in the Nafioff/silica composite [82], calculated to be 14 wt%iNRafon silica.
This fraction of Nafion corresponds to an acid density of 0.125 mmol/g, in
agreement with the value of 0.131 mmol/g determinech elemental sulfur analysis.
Table 4.1 provides.a summary of catalyst texturaperties determined by the BET
method and acid site concentrations as determigedrbexchange titration for the
catalysts studied. The surface areas and acid¢aiteentrations of WZ and SAC-13
were in good agreement with previous reports byelzogt al. [29] and Mo et al. [31],

respectively. The average pore size of WZ was lsmiddan that of SAC-13, but was
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still large enough that pore diffusion limitations the bulky triglyceride molecules

should not have been a problem.

Table 4.1Pretreatment conditions and characterization te$ol WZ and SAC-13.

Parameter
Pore Average e
Pretreatment Spet ? : Acid Site
Catalyst conditions (m?g) \Egmg'r f POEZ)S 28 oncentratioh
d (umol/g)
calcined in static air
W 2t 800C for 2 | 64 0.14 77 155
methanol wash 61 0.12 74 NA
re-calcined 65 0.14 77 NA
dehydrated at 8C
SAC-13 under vacuum 208 0.58 80, 250 137
overnight
methanol wash 105 O/ 80250 NA

2Experimental error.= 5%
® Based on the titration method [37], experimentadre=+ 7%.
¢ Bimodal distribution of pores with average porandeters.

4.1.2 The exclusion of mass transfer limitations

The mixing speed-used (900 rpm) was determinec tsulfficient to eliminate
any mass transfer limitations, as there was nogtanreaction rate when the stirred
speed was varied from 400-1000 rpm. In additionyvérying particle size for the
catalysts, it was found that there were no intemmass transfer effects on the reaction

rate, as shown.in Figure 4.1 for WZ.



33

35
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Figure 4.1 The exclusion of internal mass transport effeisng WZ catalyzed
hydrolysis of TCp at 140°C with water flow ratefiL/min.

4.1.3 Effect of water flow rate on TCp hydrolysis

Water concentration can be a crucial parameter msy control the reaction
rate. Therefore, the influence of flow rate on tencentration of water in the
reaction mixture and on the catalyst activity wasestigated. Hydrolysis of TCp was
measured at 13C with water flow rates of 5, 10, and g0/min, corresponding with
space time 60, 30, and 15 s respectively. Fothree-phase reaction system used,
water was continuously fed to the reaction mixturethe reactor where it either
dissolved or vaporized. The vapor phase leavimgrdactor contained only non-
reacted water as GC analysis showed no measuraleemtrations of organic

compounds in the condensate obtained from thetcapd(Figure 3.1).



34

50 :
EA A4 % A
S 40 - %Dg O ai D
£ o
= AP < & © &
o 30 - :
@
c -
8 20 4 .
c .
3
) .
cg 104 Al & 5 pb/min
. O 10 pL/min
oo A 20 pl/min
O 3 T T T T T T
-20 0 20 40 60 80 . 100 120 140
Time (min)

Figure 4.2 Water concentration in the reaction liquid witihé-on-stream at different

water flow rates (5, 10 and 2@/min) in the absence of a catalyst at 130°C.

As shown in Figure 4.2 (with no catalyst additicam);onstant concentration of
water in the lipid mixture was reached within 1hnfwvater flow started at -10 min)
regardless of the water flow rate used. The ofiget in Figure 4.2 is used to indicate
that only after the water concentration in thedipuixture was constant, the catalyst
was added and time zero for the reaction assuriiéd. amount of water in the lipid
mixture increased significantly when the water fleate was changed from 5 to 10
ul/min.” The water concentration in the reaction toigs also increased somewhat
upon ' increasing the flow rate from 10 to A0/min... The water concentration
depends not only on the solubility but also thewfleate of water in, the rate of
vaporization of water from the solution and fronnftissolved water,.as well as the
rate of hydrolysis when. a catalyst is present. sTliere were only slightly higher
water concentrations in the reaction mixture fa liigher flow rates of water due to
the fact that the concentrations of water in solutwere nearer to the equilibrium

concentration at 13C. The relative differences seen in the conceantraif water on
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the catalyst versus those in the liquid phase wwttd@n the 10% experimental error.
Obviously, the concentration of water on the cataiy related directly to that in the

liquid phase.

How the concentration of water changed when reacazurred from time t =
30 min to 2 h for a water flow rate of//min was also investigated. It was found
that the water concentration slightly increasednfr84.6 to 38.1 mmol/L for WZ
catalyzed hydrolysis. The concentration of wateitie SAC-13 catalyzed hydrolysis
also showed a similar tendency with a slight insesfiom 36.4 to 39.7 mmol/L. This
phenomenon was due to the production of FFA wheshesl as an emulsifying agent
thereby affecting the solubility of water in 0ill[184-86].

As shown.in Figure 4.3 (a), similar reaction presilwere observed for WZ
when water flow rates of 5 and 10/min were employed, with small variations
during the initial stage of the reaction. When @ev flow rate of 2QuL/min was
used, however, some catalyst deactivation was abvas the reaction proceeded.
There were similar initial reaction curves at shiomie on stream (TOS) but the
significantly lower activity at 2 h TOS (18% lowactivity) for the system using a

water flow rate of 2QuL/min was confirmed by multiple runs.

As previously reported by us [28, 30, 42], watem ceause -catalyst
deactivation by the hydration of strong Brgnsteid ades. This occurred faster with
time for the higher water flow rate even though tomcentration of water in the
liquid phase remained the same as forul@min due to the higher water flow rate
allowing faster replenishing of the water in'saatias adsorption on the catalyst
occurred. The conversion curve for a water flote i@ 10uL/min, thus, have been
higher than that for mL/min‘given the higher water (reactant) concenratout for
the increase in deactivation of the Brgnsted adidsswith increase in water

concentration.
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Figure 4.3 Effect of water flow rate on the catalytic adiyvfor TCp hydrolysis of:
(@ WZ and (b) SAC-13 [T = 130°C, P = 1 atm, waftewv rate (5, 10 and 20
uL/min)].
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Table 4.2 The catalytic activity, selectivity, and absol@mount of water on the
catalyst after 2 h TOS at different water flow safer both WZ and SAC-13 at
13C°C.

Water rate of

Amount of water
% Selectivity @ 2h adsorbed on catalyst
after 2h of reaction

Initial

feed TC % TC % HC
flowrate conf)/. con\?p yield® é O/Sé\r/é V\)/(;)If
&Lmo'/ (mmol — @2h=2h" 500 Mep 6L Hep ™MV filed with
) /g cat- g. cat adsorbed
min) water
WZ catalyst
5 0.14 20.4 9.5 72 14 14 100 0.07 0.88
10 0.12 20.1 9.9 68 20 12 foo 0.12 1.52
20 0.12 16.7 8.1 70 20 10 Ioo 0.15 1.91
SAC-13 catalyst
5 0.06 16.3 8.7 67 12 21 100 0.08 0.25
10 0.02 1278 £.2 62 15 23 100 0.12 0.38
20 0.02 11.4 6.4 65 13 22 100 0.19 0.58

2Experimental error = 5 %.
P Experimental error = 10 %.
¢ Selectivity of the products of the carboxylic aside chains on the glycerides

The amount of adsorbed water on the catalyst wesrrdmed after 2 h of
reaction with different water flow rates. To measthe amount of water adsorbed on
the used catalyst samples, the used catalyst @fdr reaction run) was washed with
methanol at room temperature for 30 min (the amainivater removed was not
different even using 2 h of washing). Then, theewan the alcohol wash was
determined using Karl Fisher titration (Cou-Lo Aquax KF Moisture Meter, GR
Scientific Co.)." As presented in Table 4.2, thechlte amount of adsorbed water on
WZ after 2 h of reaction increased as water flote racreased, indicating that indeed
higher flow rates of water translated into highetev concentrations adsorbed on the

surface of WZ and in the catalyst pores.

A similar ‘deactivation phenomenon with increasedewdlow rate was
observed also for the SAC-13 catalyst (Figure B)3Table 4.2). However, for SAC-
13, the deactivating effect of water could be seem the beginning. The somewhat
difference in response to increase water flow fate&SAC-13 vs. WZ may have been

caused by the presence of Lewis acid sites on W& has been shown in a previous
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report [25, 33, 87], in the presence of water, lseactid sites can be converted into
Brognsted acid sites. If so, for the WZ-catalyzedction using a 1QL/min water
flow rate, there would have been two possible cenlaiancing effects: 1) initially,
excess water promoted the formation of new Brgnated sites that contributed to
increased catalyst activity and;. 2) excess watactieated strong Brgnsted acid sites
by hydration. Thus, it is likely that the combilat of these two counteracting effects
resulted in the similar-reaction profiles obserwdwen using water flow rates of 5 and
10 uL/min with WZ. SAC-13, on the other hand, has oolye type of acid sites:
strong Brgnsted acid sites on the Nafion, whichenga deactivation in the presence
of water. Even thoeugh.water is required for remgtideactivation of some sites
probably occurs even at low water concentratioddthough adsorption of water
molecules can decrease Brgnsted acid site stremgthmay block accessibility by
virtue of the formation of water clusters, it istrsmrprising that SAC-13, and even
more so WZ,still has activity when the amount dé@bed water molecules exceeds

the number of sites since the poisoning effecbisinl [33, 87].

As shown in Table 4.2, the water flow rate had anlminimal effect on the
selectivity to GL for both the WZ and SAC-13 catady hydrolysis of TCp.

Based on these results, a water flow rate pf Anin was chosen for the rest

of the studies to minimize water deactivation & tatalysts.

4.1.4 Temperature effect on TCp hydrolysis

Temperature plays an important role in the hydislg$ fats and oils [88-94].
Increasing reaction temperature can lead to be#@ction kinetics and improved
phase miscibility, important in a.potentially difion-limited process. The influence
of reaction temperature on the hydrolysis of TCs wtudied in the presence of WZ
and.of SAC-13 at-110-150°C, 1 atm,.and using amf&e rate.of Sul/min. The
water concentration in the reaction mixture for t@action temperature range of 110-
150°C with no catalyst addition was determined karlKisher titration. It did not
appear to vary with temperature and was 1.9 + W%, corresponding to a water

concentration of 32.6 mmol/L. This suggests thatamount of water in the reaction
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mixture was not significantly influenced by the ctan temperature in the range 110-
150°C for these reaction conditions. The effecteofiperature on TCp conversion is
illustrated in Figures 4.4 (a) and (b) for WZ andiCS13, respectively. As expected,
reaction temperature impacted positively the r&t&€@p hydrolysis. The initial rate
of reaction (o) for both catalysts increased about 6-fold overtdmperature range of
110-150°C. ro increased from 0.032 to 0.207 mmol/g. cat-min W8Z and from
0.025 to 0.143 mmol/g cat.-min for SAC-13." Fortboatalysts, at 110°C, 10% TCp
conversion was achieved within 90 min, whereas ghme TCp conversion was
obtained in about 10 min-at 150°C.

As shown in Figures 4.5 (a) and (b), at a giverveasion level of TCp, HCp
yield did not depend on reaction temperature, nmeptinat the three consecutive
reactions that constitute the complete hydroly$§i$©@p to HCp and glycerol have a
parallel thermal dependency for both WZ and SAC-TBis result is similar to that
reported for the glycerolysis of rapeseed oil gatadl by MgO for the synthesis of
monoglycerides [95] and the transesterificationpofiltry fat with methanol using
Mg-Al hydrotalcite derived catalysts [96].
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Figure 4.4 Effect of temperature on the catalytic activitytihe hydrolysis of TCp at
a water flow rate of pL/min using: (a) WZ and (b) SAC-13.
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4.1.5 Activation energy of TCp hydrolysis

The apparent activation enerdsafp) for the solid acid catalyzed hydrolysis of
TCp was determined based on the reaction ratesuneebis the temperature range of
110-150C as given above. As previously mentioned, theceotration of water in
the reaction mixture was unchanged in this tempseaiange used to determiBg,,
The Arrhenious plot for WZ shows a deviation foe tthata point at 15C from the
straight line through the other data points. Thseoved deviation was not a result of
diffusion limitations-as the internal and extermass transport limitations for WZ
catalyzed in hydrolysis of TCp were examined byyiray the average WZ particle
size in the range 105-to-2%0n and by using different stirrer speeds from 40046
rpm at 150C, respectively. The deviation in the Arrheniustgor WZ at 150C was
found to be due to a more pronounced catalyst sleéicin during initial reaction at
this higher temperature (not shown). For this gaashe data point at 130 was
excluded from theE,p, calculation for WZ. The calculate,,, values were 70.6
kJ/mol for the WZ catalyzed. reaction (110-1@9 and 62.3 kJ/mol for the SAC-13
catalyzed one (110-130) (Figure 4.6). The high values Bfp, confirm the results
found by varying catalyst particle size and stgrspeed that the overall reaction is
kinetically controlled under these reaction comif. TheseE,,, results are in
agreement with literature reports of apparent atibw energies of 45-68 kJ/mol for
the self-catalyzed (by FFAs) hydrolysis of oils doout, peanut, and beef tallow) in
the temperature range of 225-280[84]. In addition, the linearity of the Arrhesiu
plots in Figure 4.6 for WZ and SAC-13 also proviéegdence of a lack of change in

the reaction mechanism throughout the range of ¢eatpre-studied.
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Figure 4.6 Arrhenius plot of the hydrolysis of TCp to DCpthre temperature range

of 110-to-150°C: (a) WZ and (b) SAC-13.
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4.1.6 Kinetic study of TCp hydrolysis

For a more detailed comparison of the kineticshef ¢atalysts studied, three-
phase hydrolysis of TCp at 130°C, atmospheric press 60 s space time of liquid
water (5uL/min) or 49 s space time of water vapor, and algst loading of 7 wt%
(1.23 g/18 mL of TCp) were used. For these coosj based on the evidence
presented above, there were no mass and-heatetrafifects or excessive poisoning
of the catalyst by water. Table 4.3 shows thelgataactivity for WZ and SAC-13.
A blank test (no catalyst used) was also carriedasuwater may self-catalyze the
reaction since the.water self-dissociation constmtreases with temperature,
promoting the formation of hydronium and hydroxiges that can give rise to
acid/base catalyzed reactions [97]. No significaotivity was observed due to
catalysis by water, in-agreement with' Pinto et[&6], who reported that no oil
conversion was found at 150°C and 200°C in the dlydis of corn oil using an oil-
to-water mass ratio of 85:15. Also, as the amairfEFAs in the reaction mixture
increases, the solubility of water in the oil alswreases. However, under the
reaction conditions used (reaction temperature drigthan 100°C, atmospheric
pressure), there was no liquid phase separatioth@water fed to the reactor since

any water not in solution with the TG had to beéhe vapor phase.

Turnover frequency (TOF) is an excellent way to pane catalysts on a
rational basis. Thus, TOFs, calculated based op d@hversion less than 10%, are
presented in Table 4.3. Both WZ and SAC-13 exadibt00% HCp selectivity of the
carboxylic acid side chains on the glycerides at lé#ss severe reaction conditions
employed in this.study. This is to be comparetheoproducts from the conventional
process operated at high temperature and" highyregsshich are of @ much lower

quality due to the presence of TG cracking products
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Table 4.3 Comparison of catalyst activities in the threagareaction system for

WZ and SAC-13 (TCp hydrolysis at 13D with TCp = 2.03 mol/L, D flow rate = 5
uL/min, and 7 wt% catalyst loading based on TCp).

Reactivity

% TCp % HCp r - bc Initial

Catalyst conva yield? Initial rat€’  Initial rate Topd

@10 @10 (mm_oI/L- (mmo_l/g.cat- (min®)

min @2h i @2h min) min)
Blank 00 0000 00 0.1 NA NA
(no catalyst)

wz 1o 204 /214 | 95 9.3 0.14 0.88
SAC-13 3.697 1643 7 /U6 | S\ 4.3 0.06 0.46

& Experimental error £5%.

P |nitial rates were calculated using data below 10 conversion and represent
rate of TCp conversion, experimental errae5— 15%.

¢ Initial rate (mmol/g.cat-min) was calculated byiding the initial rate by the weight
of catalyst given in Table 1 as follows: initiateagmmol/g.cat-min) =

initial ratex vol.of reactionmixture

wt.of cal
4 Initial TOF was calculated by dividing the initidte by the acid site concentration

. . . initial ratex vol.of reactionmixture
given in Table 1 as follows: initial TOF = A

acicsite concentreion x wt.of cal

WZ and SAC-13 showed initial TOFs of 0.88 and O.A&pectively. It is
known that the Nafion resin domains on SAC-13, amiihg sulfonic groups, have an
acid strength.comparable to that of concentratéfdrsziacid [82], while the acid sites
on WZ are rather a distribution of weak-to-strorgdasites [98]. Thus, one would
expect that the TOF for SAC-13 should be greaten tthat for WZ, rather than
smaller. In addition, it can be seen that TCp evsion and HCp yields are not much
different for. both. catalysts after 2 h (Table 4.3).is in.agreement with the titration
method used primarily measures the strong acic site WZ, resulting in similar
TOERSs for the two catalysts. As reaction progressael rate of conversion decreased
due in part to the consumption‘of the triglyceridghe semi-batch reactor but also

due to a partial deactivation of the catalysts Wi@S.

After 2 h of reaction, product selectivities werenigar, but with SAC-13
slightly better at taking the reaction to completi@G + 3 BO - GL + 3 HCp) than
WZ, producing more GL (Table 4.2). However, bylog at the correlation between
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the yield of GL and of DCp with TCp conversion (&ig 4.7), GL was observed as
early as at 2% TCp conversion for the reactionlga¢al by SAC-13. In contrast, for
the reaction using WZ, GL formation was observety @fter 7% TCp conversion.
Thus, in the initial stages of the reaction, DCgl¢yiwas higher for WZ than for SAC-
13. Note, however, that after 7% TCp conversions waached, an identical

dependence of DCp yield with TCp conversion wasioled for both cases.

5 16
—O—=WZ._@T yitld /.
—— SAC-13: GL yield o - 14
4 4| —@— 'WZ:DCp yield
—#l— SAC-13:DCpyield | & 12
i 10 ©
o 2
>
— L8 8_
O A
x -6 X
-4
-2
O : 0
0 5 10 15 20 25

% TCp conversion

Figure 4.7 .GL and DCp yields in WZ and SAC-13 catalyzed TiGpmlrolysis as a

function of TCp conversion.
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Figure 4.8 HCp yield in WZ and SAC-13 catalyzed TCp hydradyas a function of

TCp conversion.

Figure 4.8 presents the evolution of the HCp yislth TCp conversion for
both WZ and SAC-13.  The dashed lines represepté¢tieal curves. The lower dot-
dashed line represents a scenario where only thehyidBolysis (reaction | in the
scheme above) takes place (meaning that DCp andwCjd be the only possible
products). The upper dashed line represents andase every TG molecule reacting
would be converted all the way to GL with no sigpaht presence of the
intermediates, DCp or-MCp. Any plot for HCp yield. % TG conversion should fall
between these two extreme cases. The plots fambheatalysts shown in Figure 4.8
supports the previous observation that, during ith#al period of the reaction,
reaction (I) (TG hydrolysis) is preferentially cad out over WZ, while with SAC-13
such preference does not take place. Note, ftaiee, how for conversions up to 7%
the WZ reaction shows an almost identical slopeht theoretical plot for TG
hydrolysis only (the lower dot-dashed line), sudigesthat this reaction dominates
over the other two at this stage of the reactiorM¥@. The plot profile for SAC-13,

on the other hand, falls in between the theoretédteme reaction profiles (the
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dashed lines), as would be expected for a systeerenthe three series reactions
(reactions (I. I, and 1lI)) are all occurring. A&an be seen from Figure 4.8, above 7%
TCp conversion the HCp vyield vs. TCp conversiontplor both WZ and SAC-13
show the similar slopes, indicating that only aftigis point do reactions Il and IlI
(DCp and MCp hydrolysis, respectively) start toetgdtace on WZ to the same extent
as they do on SAC-13.  An explanation for this ébrahas been related to the
surface characteristics of the resin vs. the.WAlgst. For instance, the more polar
WZ surfaceshould prefer interaction with intermeea such as DCp and MCp
through their hydroxyl.groups, hindering the adiima of the carbonyl functions, and
hampering further reaction [7].. Nafion domains, tre other hand, made of
perfluorinated carbon polymeric chains  (highly lomhobic [82]), should prefer
interaction with the remaining carbonyl groups a&@and MCp, thereby promoting
reaction to glycerol. Thus, initially there wagisficant conversion of the TG to the
DG on both catalysts, but subsequent conversiontefmediates to GL is severely

restricted on WZ as can be seen in Figure 4.7.

As reaction progressed.above 7% conversion of TE@pMZ, there was a
significant change in selectivity as glycerol beganbe produced in significant
guantities on WZ. This would appear to have bemmsed by, as also suggested by
Liu et al. [36], a transformation of the catalysirface to a less polar one as the
catalyst partially deactivated as a result of cadm@ous species being deposited on
the surface.  Thus, we speculate that the resuliyggophobic microenvironments
that develop on the WZ surface must be sufficienpriomote reaction to completion
after an induction period during which only thesfistep in the hydrolysis primarily

occurred.

Apparent activation energy reflects the activat@rergy of the rate limiting
step, but it includes some heats of adsorption it also reflect in a weaker way
the effect of a polar versus non-polar surface. weicer, issues such as steric
hindrance contribute more to the frequency factothe rate constant, helping to
determine the rate of reaction but having a lesdfact, if any, on the apparent
activation energy. Thus, based on the evidencengia Figure 4.5, the sequential

reactions for TCp hydrolysis to GL on WZ would appé¢o have similar apparent
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activation energies while exhibiting selectivityffdrences with TOS due to initial

steric considerations and surface modificationriypartial deactivation.

While an effect of adsorbed water on the modifmatdf the catalyst surface is
possible, due to the low concentration of watethi& reaction mixture and the large
amount of hydrocarbon species on the catalyst seyriais more likely that adsorbed
hydrocarbon species.had more of an effect on $ekycby modification of the
surface characteristics. If pore size of the gatgblayed a role in the selectivity, one
would expect the catalyst with the smaller pore®@omore likely to carry out the
reaction to completion than the catalyst with mualger pores due to greater
likelihood of further.reaction before leaving thatayst pore. Since this did not
happen for WZ, the catalyst with the smaller avergwre size, the surface
characteristics of the. catalysts are likely to hdeen the main reason for the

differences inselectivity of these two catalysisalso surmised by Liu et al. [36].

4.1.7 Catalyst deactivation and regeneration

Solid acid catalysts have the potential to be reoed, regenerated, and
reused, which give them a significant advantage beenogeneous catalysts. The re-
usability of WZ and SAC-13 was investigated by gang out subsequent reaction
cycles. After each cycle, reaction mixtures weaeetully withdrawn, the catalyst
recovered, and a new reaction cycle started webhfireactants. Reusability of WZ
and SAC-13 during four consecutive 2 h-reactioneyof TCp hydrolysis at 130°C

with a water flow rate mL/min are shown in Figure 4.9 (a) and (b), respetyi
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Figure 4.9 Catalytic activity during multiple hydrolysis @iCp cycles with catalyst
reuse and regeneration: (a) WZ and (b) SAC-13.
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Continuous activity loss with each reaction cyclaswobserved for both the
WZ and SAC-13 catalysts. The reusability of the watalysts were similar. As has
been reported, water can inhibit the catalytic\aigtiof Bransted acid-based catalysts
like WZ and SAC-13 [28, 33, 41]. Thus, water re& from the previous reaction
cycle may have been an important factor in catatesctivation. However, in
accordance with this hypothesis, water deactivabdbrSAC-13 should have been
greater as its stronger acid sites are able. tonret@re effectively water molecules
(see Table 4.2). Therefore, the activity pattehows in Figure 4.9 cannot be

explained by catalyst deactivation due to waten@lo

Another probable source for catalyst deactivatiauld have been the
accumulation of reactants, intermediates, and/@dycts on the catalyst surface
blocking further access of reactants to acid stteseby decreasing reaction. Indeed,
the deposition of hydrocarbon residues on the ysttalurface at these mild reaction
temperatures (60-130°C) has been observed by FTREtmogravimetric analysis
(TGA) and elemental analysis [27, 41, 65]. Figdre0 (a) and (b) shows IR spectra
in the range 1200-3200 chior the fresh, regenerated and used catalystsditr WZ
and SAC-13, respectively.. For both used WZ and SA&Catalysts, three strong
signals were easily distinguished. The stretcHieguency of C=0O at 1700 ¢
indicates the presence of species with carbonykties. IR peaks at 1460 and 2900
cm™ are ascribed to the bending and/or scissoringatiion of C-H and stretching
frequencies of the same in —gHand -CH groups, respectively [41]. TGA in air
supports the further assessment of hydrocarbonnadetion on the used catalysts.
As can be seen in Figure 4.11 (a) and (b), for lwdthWVZ and SAC-13, the spent
catalysts recovered from TCp hydrolysis have aigg@mt extra loss in mass with
temperature compared to the fresh catalyst sampieghese materials, the weight
loss before 250°C results from a loss of physistraed chemisorbed water or
reversibly adsorbed hydrocarbon compounds [29, 4lje extra loss in mass after
250°C (compared to the fresh catalyst sampleshasrésult of strongly adsorbed
organic species on the WZ catalyst surface exagpBAC-13 where it is also due to

decomposition of Nafion [41].
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Elemental analysis results were in good agreeméhttihe results obtained by
TGA analysis as shown in Table 4.4. In this studydrocarbons deposited on SAC-
13 could not be measured directly by carbon eleatemalysis (ICP technique) since
Nafion contains carbon. Hence, we assumed that3@H ligands in SAC-13 were
unchanged by reaction due to no leaching of theweaciatalyst species into solution.
This was proved by subjecting fresh SAC-13 to TE€A20°C under atmospheric
pressure with constant stirring. “After 2.h, theuléng solution was centrifuged and
filtrated to remove the solid catalyst, Then, sléution was used for reaction without
any catalyst. It was found that there was no dgtifrom the resulting solution,
indicating no leaching of =SQHby the reaction mixture solution as has been shown
to occur in transesterification using methanol [5&lemental analysis of fresh and
used SAC-13 catalyst indicated 4.2 and 2.7% of I8esd. Hydrocarbons deposited
on SAC-13 affected the S-content.in by decreadiegelative amount of S-content in
the used catalyst, since the used catalyst comtairiginal catalyst and hydrocarbon.
Therefore, the catalyst weight in the sample cdagdassumed to have 4.2 % of S-
content, the amount of hydrocarbon could be easlynated. As shown in Table
4.4, the average amount of hydrocarbon depositati@eatalyst surface for the used
catalysts was 24% and 39% for WZ and SAC-13, rasmdg. This characterization
data further supports the hypothesis of acid sibekage by deposition of organic
matter on the catalyst surface, hindering accesstive sites for further reaction, as a
cause for catalyst deactivation. Moreover, it &apports the hypothesis of a change

in surface properties of WZ due to accumulatiohyafrocarbon species.
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Table 4.4 Thermogravimetric and elemental analysis forifrepent, and
regenerated catalysts (WZ and SAC-13).

WZ SAC-13
Fresh Spent MethanolRecalcined Fresh Spent Methanol
washed washed

;rvﬁé/olost) 1.5 R 3.3 1.8 23 427 148

Elemental
analysis 0.1 19.9 Q.75 Sl
(C wt%)

Calculation of
hydrocarbon
deposited (S- o¢d 357¢ 7.1
analysis)
(wWt%)

Average
amount of
Hydrocarbon 0.8 24 2.0 1V 1.1 39 11
deposited
(Wt% )

% From room temperature to 800°C.

® From room temperature to 280°C.

¢ Elemental analysis based on carbon deposited

d Calculation of weight gain from deposited hydrdears based on elemental analysis
assuming S-content constant

¢ Average amount of hydrocarbons deposited basdmtinTGA and elemental
analyses

Attempts to regenerate the used catalyst samples varied out for both
catalysts. Due- to thermal stability limitationsteatpts to remove deposited organic
matter from SAC-13 could only be carried out thhdougethanol washing. For
regeneration by methanol washing, after the catfiy& or SAC-13) was recovered
from the £' reaction cycle, it was extensively washed withimabl and dried under
vacuum at 30°C for 6 h before a new reaction cyas started with fresh reactants.
WZ 'was also regenerated by re-calcination in flgvair. The used WZ catalyst
sample was washed with methanol one time and thleimed under flowing air (zero
grade) at 500°C for 4 h.

As can be seen in Figure 4.9 (a) and (b), methasashing was not able to
completely regenerate catalyst activity to the iodg activity (' reaction cycle
activity) for either WZ or SAC-13. IR spectra dfet methanol-washed regenerated
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catalyst samples period are shown in Figure 4.Th@is procedure was not able to
completely remove strongly adsorbed organic speoieshe catalyst surface, as
shown by the weak IR signals that still can beiiigtished in the respective spectra.
Catalyst regenerated by methanol washing showedtabcand 11 wt% more of
removable material than a fresh sample of WZ an@-32A, respectively (Table 4.4).
Methanol washing resulted in an activity recoveig8% for WZ and 84% for SAC-
13 with respect to their original activities (Figu4.9).

In contrast, thermal treatment (recalcination i) af used WZ samples after
the first reaction cyele resulted in 100% recovefycatalyst activity, offering an
efficient route for ecatalyst regeneration. . The #Rectrum of the WZ sample
regenerated by re-calcination under flowing airFigure 4.10 (a) shows features
identical to that of a fresh WZ sample. TGA pradilfor the fresh and the re-calcined
WZ samples. were: also identical (Figure 4.11). Thas expected, the air re-

calcination method was able to remove all orgapeces from the catalyst surface.
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4.2 Reaction kinetics and mechanisms for hydrolysis andransesterification of
TCp on a WZ catalyst

The reaction pathway of transesterification [12Zmely alcoholysis is similar
to that of hydrolysis [99]. Hydrolysis and transggication of TGs each consist of
three consecutive reversible reactions. In thetr@a sequence, TGs are converted
stepwise to diglycerides (DG), monoglycerides (M&)j)d finally glycerol (GL)
accompanied by the formation of a FFA in hydrolysis a methyl ester in
transesterification with-each step. For each TGemue, the net reaction produces 3
molecules of FFA (hydrolysis) or 3 molecules of Imgtesters (transesterification)

and 1 molecule of GL.

In this study, the hydrolysis and the transestaifon of TGs with methanol
were investigated in order to gain more insigho itite kinetics and mechanisms of
these reactions at a relatively high temperatuf®<130°C) on tungstated zirconia
(WZ). Tricaprylin (TCp) was used as a pure modainpound for the mixture of
large TGs typically found in fats and olils in ordersimplify analysis and increase the
accuracy of the kinetic measurements. This rebearovides a comprehensive
kinetic study of both liquid phase hydrolysis anansesterification of TCp with the
same ratio of reactants at 100-130°C and modenmassyres (120-180 psi). In
addition, this work also presents the kineticsrahsesterification for a wide range of

methanol-to-TG ratios.

4.2.1 Catalyst characterization

The 'elemental analysis using ICPindicated 13.6 vaPdungsten in the
calcined WZ catalyst, in agreement with the tungstentent reported by the
manufacturer (15 wt%). The acid site concentrabbralcined WZ determined by
jon exchange—titration was 158nol eq H/g.cat. “ The WZ catalyst hada BET
surface ‘area of 64 7y, an average pore size of 8.nm and a pore volofr@14
cm®/g, suggesting that diffusion of the bulky triglyitees molecules into the pores
should not be an obstacle for reaction. Powdemaydiffraction (XRD) of WZ

calcined at 808C exhibited primarily the tetragonal phase of zmicon oxide (2
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diffraction peaks at 30.17°, 35.31° and 49.79°) #Hredformation of detectable WO
like species. The catalyst textural propertie$ and the XRD results are in good

agreement with those found by Lopez et al. [29].

4.2.2 Influence of solvents on the kinetics of hydrolysisand of

transesterification for TCp

To study the kinetics and mechanisms of both hydisl and
transesterification of TCp, the use aof a solvemasessary for liquid phase reaction in
order to vary the concentration of one reactantlevlikeeping that of the other
constant. In addition, solvents have been emplaydiiodiesel production processes
at low temperature (30-60°C) to eliminate reactioduction periods due to poor
mixing of alcohols and TGs [100, 101]. Since thensesterification of TCp was
carried out here at a relatively high temperatdi@0¢130°C), phase separation was
not a major problem and hexane was used as a $dlwemaintain the constant
volume of the reaction mixture. For the hydrolysis TCp, it was found in our
previous study of this reaction that, due to thgnificantly different polarities of
water and TCp, a reaction induction period is ob=sgreven at a temperature of
130°C if no solvent is used. A detailed invesiigatof the effects of different
solvents on the hydrolysis of TCp also indicateat t mixture of hexane and lauric
acid (HLa) with 2 wt% of HLa in hexane solution dsato a minimum initial reaction
induction period and minimal phase separation caoggp#o other solvents at reaction
conditions; thus, this solvent mixture was usedier hydrolysis study. With regards
to the influence of solvent on transesterificatione has to note that methanol is less
polar than water. This means that methanol and i€ pnore miscible, especially at
higher temperatures, than a water-TCp mixture, ltieguin a more homogeneous
distribution of species within the liquid and oretbatalyst surface. Because of the
esterification reaction of HLa with methanol, theewf a mixture of hexane and HLa

was excluded for transesterification, and only Imex&as used as a solvents.
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4.2.3 Exclusion of mass transport effects for both hydrofsis and
transesterification

To obtain precise reaction kinetic data, heat ara$srtransport effects had
able to be excluded. Negligible heat transporeaf are usually observed in liquid
phase reactions [27]. Mass transport depends enstinring speed of reaction
mixtures for diffusion.to the external surfacescafalyst particles and pore size for
internal mass transport [30]. The highest reactiemperature was chosen to
determine the presence of any mass transport tiogasince, if they do not occur at
the highest temperature where the reaction rateeidiighest, they will not occur for
that temperature range. .The reaction profilesTiOp conversion in both hydrolysis
and transesterification at 130°C were observectméliependent of external diffusion
limitations for stirrer speeds more than 2140 rpgnshown in Figure 4.12 (a) and
Figure 4.13 (a). Furthermore, internal diffusiom dhot appear to affect either
hydrolysis or transesterification at 130°C for ¢ggaparticles< 0.251 mm since the
rate of reaction did not vary with particle size,shown in Figure 4.12 (b) and Figure
4.13 (b).

In addition, since the triglycerides molecules wemach smaller than the pore
size of WZ, they would also not be screened from dbtive sites. These results
clearly show the lack of an effect of pore diffusion reaction kinetics for either
reaction, in agreement with previous studies [2]10Thus, for the reaction kinetic
studies carried out in this work, an agitation r@t€140 rpm and catalyst particles

0.251 mm were employed.
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Figure 4.12 Reaction profiles for experiments to exclude masssport effects on
hydrolysis (130°C, 32% v/v of solvent/total reaatiolume, HO:TCp = 1:1 and WZ
loading of 0.06g/mL): (a) various stirring speed390-2385 rpm) and (b) various
WZ particle sizes (0.104-0.251 mm and non-sieved.WZ
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4.2.4 Catalytic activity of WZ for hydrolysis and transesterification

Blank tests for both hydrolysis and transesteriftccaof TCp were carried out
at 130°C and 130 psi in the absence of the WZ ysitalNegligible activity (<0.5%
TCp conversion after 1 h) was observed in all cas@he maximum % TCp
conversions obtained with WZ in place at time z@tahe end of the start—up period)

were 0.5% and 2% for hydrolysis and for transefstation, respectively.

Table 4.5 compares the reactivitiesof WZ catalyzZegbrolysis and
transesterification under _similar conditions aft€r min and 1 h of reaction. Each
reaction demonstrated 100% selectivity to the caylmacid or the methyl ester side
chains on the triglyceride (HCp and MeCp, respetyiv The reactivity based on %
TCp conversion for hydrolysis after-1 h reactiorrige: was lower than that of
transesterification. However, if one looks atithi&al TOF based on TCp conversion
(first 10 min of reaction period), the rate of hgiyisis was comparable to that of
transesterification.  The initial TOF for. WZ catadd transesterification, here, is
greater than that reported by Lopez et al. [27haite basis (TOfz = 0.355 mift).
This, however, was most probably just due to thghéi reaction temperature used
here than for the Lopez study. Even though traesésation was run with a
MeOH/TCp ratio of 1.0, way below the stoichiometratio of 3, while hydrolysis
was carried out at the stoichiometric ratio ¢fOATCp of 1.0, even after an hour the
rates of transesterification and of hydrolysis wstié similar (not shown in Table
4.5).

The different reaction characteristics of hydradyand transesterification can
be ‘ascribed to the different impacts of water arethanol, which can be further
interpreted mainly by polarity and steric effectgVater has a higher polarity than
methanol and is more likely to interact with theédasites of the catalyst, resulting in
faster deactivation of the catalyst. Liu et aR][4roposed a deactivation effect of
water on sulfuric acid catalyzed esterification anggested that the inhibition effect
of water is not significant during the initial re@a period. However, with time-on-
stream, water causes the deactivation of the at#liyough a continuous decline in
the acid strength due to strong solvation of pretby water molecules. Our earlier
study also found that the catalytic activity of Vit the hydrolysis of TCp in a semi-



63
batch system decreases with increasing water feeadte [102]. On the other hand,

methanol has less tendency to interact with the sites of WZ, but it is also harder
for methanol to form a tetrahedral intermediatenbgleophilic attacking a protonated
TCp compared to water due to a steric effect. Thus not surprising that although
the initial TOF of hydrolysis of TCp was comparabdethat of transesterification for
TCp, the 1 h conversion for TCp by hydrolysis waswvér than that by

transesterification.

Table 4.5 Comparison-of WZ catalyzed hydrolysis of TCpQ@TCp = 1:1§ and
transesterification of TCp.with methanol (MeOH:TE€@.:1f

Reactivity
% TCp % HCp or Initial Initial rate Initial
Reaction conv’ MeCp vield” . rate (mmol/g.cat- TOF®
@ g0 @10 . (mmolL ming)" (min'Y)
min min -min)
Hydrolysis 419y W.6 2.6 7.% 5.7 0.10 0.61
frans- g9 155 S'ony 10s W\ 5 0.09 0.56

esterification

& At a reaction temperature of 18D with WZ loading of 0.06 g/mL of reaction
mixture.

P Experimental error 20.5.

¢ Initial rates were calculated using data below I0% conversion and represent the
rate of TCp conversion, experimental erratG:=1.

4 Initial rate per gram of catalyst (mmol/g.cat-mimds calculated by dividing the
initial rate by catalyst loading (mg/mL).

®Initial TOF was calculated by dividing the initiate per gram of catalyst by the
acid site concentration of the catalyst per gram.

Water andrmethanol also led to different final praddistributions as shown
in /Figure 4.14. It is obvious that transesteriiica drove .the reaction more
completely towards ithe final product GL than hygisid did since DCp was the
primary short term product in TCp hydrolysis, wleseGL, the final product,
dominated in TCp transesterification. A higher NRe@leld was also produced from
transesterification than HCp yield from hydrolyseés shown in Table 4.5. This
phenomenon suggests a modification of surface ctarstics during reaction on the
catalyst. Adsorbed water molecules (hydrophilicdbably made the WZ surface
more polar [29], while the —C3groups of adsorbed methanol molecules generated a
more hydrophobic WZ surface [41]. Liu et al. [3ploposed that intermediate



64
compounds and solvents can affect the selectioit¢lt in the transesterification of
triacetin by changing surface chemistry. Thus,itheraction of hydroxyl groups on
the glyceride intermediates (DG and MG) with a acef having adsorbed water on it
(polar) should be thermodynamically more favoratiéereasing further reaction to
GL. On the contrary, the WZ surface with adsorbedhanol is less polar, enhancing
the adsorption of the FFA side chains of tri/di/raglycerides and the subsequent

surface reaction to the final product GL [37]:

80
70 - ODCp
i MC
> 60 P
S 504 O GL
© 40 -
ko :
» 30 7
> 20 7/ /
10 -
0 % s %
hydrolysis transesterification

Figure 4.14 Selectivity for DCp, MCp and glycerol on WZ afterh of reaction for
hydrolysis (HBO:TCp = 1:1) and transesterification (MeOH:TCp:%)lat 130°C with
a loading of WZ of 0.06 g/mL.

4.2.5 “nfluence of reaction temperature on WZ catalyzed kdrolysis and

transesterification

Both' hydrolysis and transesterification of TCp we@nducted at various
reaction temperatures, ranging.from 100-°C3@vith _a water-to-TCp ratio. of 1:1
(hydrolysis) and  a methanol-to-TCp ratio of 1:1 afsesterification). Not
surprisingly, as the reaction temperature increaeginitial rates of both hydrolysis
and transesterification also increased as shovigure 4.15. The estimated value of
Eapp,1 for the TCp hydrolysis reaction catalyzed by WZsw&8 kJ/mol as derived
from the plot presented in Figure 4.15 (a). Tlakieis higher than the values of 45—



65
68 kJ/mol, reported by Patil et al. [84] for thetauatalyzed hydrolysis by FFAs in
oils (coconut, peanut, and beef tallow) in the temafure range of 225-280. The
difference inEapp is probably due to the use of a solid catalyst @ndhanges in the
mechanism and rate determining step (RDS) [30].e filgh value ofEapp+ found
here confirms the results found. by varying catapgsticle size and stirring speed that
the overall reaction is kinetically controlled @action under these conditions.

The apparent activation. energy for-WZ catalyzedgesterification of TCp
(Eapp,p for the same temperature range was 45 kJ/moleasodstrated in Figure
4.15(b). This result is consistent with previoeparts by Lopez et al. [37] and
Bozek-Winlkler and - Gmehling [64] while it is someatHower than that reported by
Freedman et al. [21]; perhaps due to an effecéattant chain length [41].
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4.2.6 Concentration effects on the initial rate of reacon for WZ

catalyzed hydrolysis and transesterification at 130C

The concentration effects on the initial rate aateon were determined by
varying the concentration of one reactant whilenfixthat of the other at 1.25 M as
shown in Table 4.6 and measuring the initial resctiate at 138. For hydrolysis,
the concentrations of-both TCp and water.were danethe narrow range from 0.75
to 1.5 M. These relatively low concentrations chter were used for hydrolysis
because water can poison.the acid sites of thdysaf@?] and 2-phase behavior
(reaction induction_period) can occur if the wet@FCp molar ratio is equal to or

more than 2.

Table 4.6 Orders of reaction for WZ catalyzed hydrolysisTéfp and

transesterification of TCp with methanol at ¥80dor various reactant molar ratios.

Apparent order 0§ i
Water or MeOH:TCp ratio 0.3— 0.8 12 0.6— 0.8- 1.2-
0.8 7 1.7 0.8' 1.2 7.0
Hydrolysis® T L1
Finitial :CT{'ZCpCV/\j/ = : a a o B
Transesterificatiofl
_a (B 313 0.98 0.85 0.66 0.17 -0.72
rinitial =3 CTCpCM

& Maximum error = #0.10

P Maximum etror = +0.09

“initial concentration of water (for hydrolysis) methanol (for transesterification) =
1.25M

dinitial concentration of TCp = 1.5-4.2 M

®initial concentration of TCp = 1.0-1.5 M

"initial concentration'of TCp = 0.75-1.0 M

Yinitial concentration of TCp = 1.25 M for both hedlysis and transesterification
"initial concentration of methanol = 0.75-1.0 M

"initial concentration of water/methanol = 1.0-M5

Vinitial concentration of methanol= 1.5-8.7 M

In order to make the kinetic study of transesteation comparable to that for
hydrolysis, the ratio range of methanol-to-TCp uskduld be the same as that of the
water-to-TCp ratio for hydrolysis. This was dons presented in Table 4.6.
However, since the operating molar ratio of methaodCp for studies in the

literature has usually been 6:1 in order to achiggbaer conversions [4, 8, 12], it was
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decided to also explore the effect of methanol-@pTatio up to 7:1. Because of the
high molecular weight of TCp, limitation of reaationixture volume, and amount of
solvent used, the concentration of TCp was ableetosaried only in the range of
0.75-4.2 M (methanol-to-TCp = 1.7-0.3).

The rates of WZ catalyzed hydrolysis of TCp with teva and
transesterification of. TCp with methanol at 130 using different initial
concentrations are shown in Figures 4.16 and 4elspectively. For WZ catalyzed
hydrolysis, the initial reaction rate (<10% TCp eersion) was observed to increase
as the concentration-of TCp-increased. Increagiagconcentration of water, on the
other hand, resulted in.a decrease in the inigaction rate at this temperature
(130°C).

For WZ catalyzed transesterification using methaabl130C, when the
concentration of TCp increased, the initial ratgoahcreased. The concentration of
methanol, on the other hand, had a significantfiedgnt effect on the initial rate of
reaction (Figure 4.17(b)). At low methanol concations, the initial rate of reaction
increased with increasing methanol concentratioomfr0.75 to 1.0 M. The
concentration of methanol then had an insignificaffect on the initial rate of
reaction when it was increased from 1.0 to 1.5 M. high methanol concentrations
(1.5-8.7 M), however, the initial rate of reacti@ontinuously decreased with
increasing methanol concentration at this readeomperature of 130°C.
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4.2.7 Apparent reaction orders for WZ catalyzed hydrolyss and
transesterification at 130°C

Although acid catalyzed hydrolysis of TGs has bkeawn for a long time,
the mechanistic pathway is still unclear. Manydss have reported the kinetic
parameters for the non-catalytic hydrolysis of mefy rapeseed oil in sub-critical
water [11], of canola oil in supercritical earboioxdde media [99, 103] and of
various oils (coconut, peanut, and beef tallowaibatch reactor [84]. However, the
solid acid catalyzed hydrolysis of TGs has onlyrbewestigated by Yow and Liew
using palm oil [63]. The complexity of water-oilixtures makes it difficult to obtain
good initial kinetic data due to 2-liquid phase &abr [104]. It was found that for
the 2-phase situation, the rate of dissolving ofewvén oils is the RDS of hydrolysis
with the solubility of water in oil increasing withFA formation [63, 99, 103]. Use
of a model triglyceride (TCp) and low concentraiaof water in this kinetic study
permitted us to determine the solid—acid catalyagdiolysis mechanism without 2—
phase problems. Even though TCp is a smaller Ti&peoed to most in actual fats
and oils, it has a reactivity for these types aicten similar to that of the larger TGs
[7, 54].

Using the power rate law approximation,

the apparent-reaction orders for hydrolysis for T&pand water (B) based on slopes
of the plots in Figure 4.16 (a) and (b) were=1.34 ang? = —1.15 for water-to-TCp

molar ratios of 0.8—-1.2.

The reaction orders for non-catalytic reactionhie temperature range of 100—
250°C [84, 99, 103] and for catalyzed hydrolysiseomacroporous cation-exchange
resin at 155°C [63] have been reported to be bédh TG and water.. Under non-
catalytic conditions, acid sites are not requiredarry out this reaction, thus when
the amount of water as a reactant increases, Hetioa rate should increase [105].

For acid catalyzed hydrolysis, on the other hanatewhas a counterbalancing effect
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on the catalytic activity (being not only a readtéor this reaction but also a poison
for the active sites), in agreement with the restribm the literature [25, 28, 33, 42,

87] for the effects of water on reaction.

For transesterification within a similar reactaatio range as hydrolysis, the
apparent reaction order of transesterification witspect to TCp wasx = 0.98
(methanol-to-TCp ratio of 0.8—1.2) from Figure 4d)/ This apparent reaction order
of TCp is similar to that for SAC-13 catalyzed sasterification of triacetic at 6C,
as reported by Lopez et al. [37] The methanol eatration exhibited a strong effect
on the apparent reaction order for the transestatibn of TCp at 130°C. It was
found that there was curvature from the effect eflranol concentration on rate in the
methanol-to-TCp ratio range of 0.8-1.2. Therefareprder to determine if this
curvature was due to a transition in order as opgo® just data scatter, the
investigation of the apparent order of reaction rfeethanol was further extended to
the methanol-to-TCp. ratio of 0.6—7.0. The appanmem®thanol order went from
positive to negative order over the total ranger the ratio of methanol-to-TCp from
0.6-0.8, the apparent methanol ordgr)(was 0.66. From 0.8-1.2, it was ca. 0.17,

and from 1.2-7.0, it was ca.—0.72, as seen.in Eigut7(b). On the other hand, no
significant change in apparent order of TCp wasoked in a wider methanol-to-TCp

range of 0.3t0 1.7.

It has been reported that the apparent reactiorerood methanol for
transesterification is zero when larger amountsnethanol (methanol-to-TG ratios
>> 6:1) are used [8, 87, 106]. Lopez et al. [3fjarted a first-order dependence of
methanol for the transesterification of triacetin law temperature (60°C) using
methanol concentrations from 0.67-5.2 M (methaadhacetin® = 0.3-2.3).
However, an order of —0.7 was obtained for ‘a sinmigio in this study at 130°C.
This change in order is likely due. to the higheemping temperature especially, or to
a lesser.degree the different catalyst used. - Eumdiscussion.of this is-given in

section 4.2.9.
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4.2.8 Selective poisoning of WZ acid sites for hydrolysisand

transesterification

To obtain more insight into the number of sitesoined in the RDS of WZ
catalyzed hydrolysis and transesterification, dalecpoisoning of the acid sites on
WZ was carried out using pyridine (an organic bg2&) 37]. For pre-poisoning
experiments, fresh WZ was added to'a known.conagottr of pyridine in acetone
with continuous stirring (1790 rpm) for 1 h-at 30°@fter that, the pre-poisoned WZ
was decanted from the pyridine-acetone solutiondaigtl at room temperature for 24
h. The amount of pyridine on a sample of the pggepoisoned WZ was measured
by back titration. Figure 4.18 shows that theiahireaction rates at 130°C for
hydrolysis (water-to-TCp.= 1:1) and for transesteaition (methanol-to-TCp = 1:1)
catalyzed by pyridine-poisoned WZ decreased liyeaith increasing amounts of
adsorbed pyridine. . These results suggest thatrébetion mechanisms for both
hydrolysis and transesterification involve a singlee for the RDS because of the
linearity of the rate with poisoning [32, 37, 107jn exponential type decay in the
activities should have been observed if the RD$hefreactions had involved two
sites. Note that both initial reaction rates ofitofysis and of transesterification were
not zero (Figure 4.18) even with what should haserba fully pyridine-poisoned WZ
surface (155x mol eq H/g.cat or 930Qieq H/L), perhaps due to some small amount

of desorption of pyridine from the WZ surface a tieaction temperature of 130°C.
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Figure 4.18 Selective poisoning of the acid sites on WZ gatalising pyridine
adsorption (Reaction conditior®;.,,= 1.25, C,, ,andC,; , = 1.25 mol/L at 130°C

with 0.06g/mL of WZ).

4.2.9 Proposed mechanisms for WZ catalyzed hydrolysis and
transesterification at 130°C

The mechanistic pathway for homogeneous acid caélyransesterification
is well-established to occur via protonation of ttnglyceride carbonyl moiety,
followed by the attack' of the alcohol nucleophiteform a tetrahedral intermediate,
which, after proton transfer and-disproportion)dsediglyceride and ester products in
the ;temperature range of 60-120°C [8, 21, 106]. r Bolid acid catalyzed
transesterification, Lopez et al. [37] proposed imilar mechanistic pathway as
homogenous catalysis involving in a single reacsiie based on results for SAC-13
(having only Brgnsted acid sites like$0, acid) catalyzed transesterification at-low
temperature (60°C).

Based on the evidence from pyridine poisoning single-site mechanism on

the WZ surface and apparent orders of reaction@f &nd methanol, a mechanism
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similar to that suggested for reaction on SAC-18Q%C can also be proposed for WZ

catalyzed transesterification of TCp at 130°Cis ks follows:

TCp+S«—>TCpeS (T1)
M +ScX s MeS (T2)
TCpe S+ M« >EeS+DCp (T3)
EeSc ke uELS (T4)

where M represents.methanol, S is a vacant a®@dositthe catalyst surface, and E is

MeCp. TCpeS, M eS and EeS are molecules adsorbed on the catalytic acid.sites

This mechanism can also apply to the reaction op@®€ MCp to form GL and
MeCp.

This represents an Eley-Rideal type mechanism sinceadsorbed methanol
reacts with adsorbed TCp. As Lopez et al. [30, &fjier discussed, although it is
well known and has been shown that methanol adswrlzid catalysts like SAC-13
and Wz, it would appear that for transesterificateind esterification its adsorption

does not lead to reaction-only partial deactivatibthe catalyst.

Using. Langmuir-Hinshelwood (L-H) Kinetic analysisaded on this
mechanism, different rate expressions were deragsuming different RDS. The
only rate expression obtained this way showing iptesdirst order for TCp and

positive order for methanol is the one with surfeegction (T3) as the RDS:

- kR KTCpCTCpCM
g =
—6'+ KMCM y KTCpCTCp)

4.2)

where r,is the. initial rate reaction per gram. catalykt,s,and K, are adsorption
equilibrium constants for adsorption of TCp and imaebl respectively, an@.,and

C,, are concentrations of TCp and methanol, respdgtive

It would appear that the adsorption term for TCpdCrcp) is small relative
to the other adsorption terms. Thus, the ordeeattion for TCp is always positive.
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Given the strength of methanol adsorption on adidss its contribution in the
adsorption term is significant. However, a positorder of methanol can be obtained
when the concentration of methanol is very low. tAs methanol concentration
increases, an approximately zero order in methaanl be obtained. But, it is not
possible to develop a negativé' drder in methanol based on Equation (4.2).
However, since methanol becomes even more comygetdr adsorption on the active
sites as the concentration of methanol increasesam be greatly hinder the
adsorption of TCp and thus, changing the RDS frarfase reaction to the adsorption

of TCp. The L-H rate expression would thereforedmee:

o kTCpCTCp

r 4.3
" [@+K,Cy) 3
This rate expression perfectly fits the experimergaults for methanol-to-TCp ratios
greater than 1.2, where the apparent orders ofiogaare 0.85 for TCp and —0.72 for

methanol.

Thus, the above proposed mechanism fits all theeréaxyental evidence for

WZ catalyzed transesterification of TCp at 130°C rieethanol-to-TCp ratios from
0.3 to 7.0, assuming the RDS changes from surfaeetion controlling at low
methanol concentrations to adsorption of TCp cdimigpat high relative methanol
concentrations. Such a change in RDS may be dtleetpolar characteristics of the
WZ surface which makes it more likely to adsorb mebl (a strong nucleophile)
than TCp (a non-polar compound). The apparentratimethanol for WZ catalyzed
esterification of acetic acid has been shown tm¥ola similar mechanism as the one
given above for transesterification. For that tiesc the apparent order of methanol
has been found to change from 0.98 (positive ordéh surface reaction being RDS
to —0.58 (negative order) with adsorption of acatid being RDS as the temperature
increases from 40°C (liquid phase reaction) to £3@as phase reaction) [30]. SAC-
13 (Nafion/SiQ) catalyzed esterification of hexanoic acid at 1I5@fso was found to
exhibit a decrease in the reaction rate (apparegative first-order reaction in
alcohol) with increasing alcohol concentration [[LO&herefore, it is likely that both

temperature and methanol concentration can affectRDS for transesterification.
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Certainly the use of higher methanol-to-TCp ratias, is commonly done for
transesterification at lower temperature in order ihcrease reaction rate and

conversion, actually causes a decrease in ratglahtemperature.

While the mechanism of solid acid catalyzed hydislyhas not been studied
before, the mechanism for homogeneous acid cathligigdrolysis of esters is well
known in organic chemistry [109]. It is not.suging that its mechanistic pathway is
similar to that for homogeneous acid catalyzedsaterification [8, 21, 106] due to
the similar nature of the reactants and the oveealttion. Water and methanol share
a lot of similarities. The initial step in the hpdysis of TGs is the protonation of the
ester carbonyl, making it more electrophilic, felled by nucleophilic attack by water
to create a tetrahedral intermediate. The lagtistéhe deprotonation of the oxonium
ion to form the earboxylic acid product and regetien of the acid site. This
reaction sequence is repeated twice to ultimateddyr-FAs and glycerol as final
products [11, 109].

In this study, the negative reaction order foundviater in the hydrolysis of
TCp catalyzed by WZ indicates that water.does iddemve an inhibitory effect on
hydrolysis on a solid acid surface by competingactive sites on the catalyst surface.
Water molecules are well known to adsorb on sold ssites. Based on the
experimentally determined apparent reaction orfter$Cp (= 1.34) and waterf
=-1.15) for water-to-TCp ratios of 0.8-1.2, a &ngjte being involved in the RDS as
indicated by the pyridine poisoning experimentg, Well known adsorption of water
on acid sites, and the known homogeneously catélyzechanism for hydrolysis, a
similar mechanism as that for transesterificatian be proposed for the hydrolysis of

TCp using on WZ for a water-to-TCp ratio of 0.8-1.2

TCp+S« = >, TCpeS (H1)
W +S¢ S5 s Wes (H2)
TCpe S+ W<« 5FFAe¢S+DCp (H3)
FFAeS«X 5 FFA+S (H4)

where W represents water, S is a vacant acid sitbecatalyst surface, FFA is HCp.
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TCpeS, WeS and FFAeS are molecules adsorbed on the catalytic acid.sitéss

reaction sequence can be repeated twice to yiedd BRd glycerol as final products.

Based on the experimental evidence, for this mashathe RDS being the
adsorption of TCp provides a L-H mechanistic raxpression that best fits the

reaction results:

kTCpCTCp

7 TGy 9

where k., is rate eonstant for TCp adsorptioK,, is the adsorption equilibrium
constant for” water, andC,.,and C;, are concentrations of TCp and water,

respectively. This represents a rate of reactiat ts positive order in TCp and

negative order in water.

Note that no single-site L-H-model will produce apparent reaction order of
TCp greater than 1, assuming that the RDS doesnwotve 2 molecules of TCp
adsorbing on a single site: There is no evidenaethis latter situation can happen or
would ever give rise to the products of hydrolysighus, the deviation of the
experimental apparent TCp order of reactien £ 1.34) from a L-H order of 1 is
likely due to assumptions made in L-H kinetic asaly

This mechanism is also fundamentally an Eley-Ridgaé. Although, water
can certainly adsorb on the active sites of thalgst, the actual hydrolysis apparently
occurs by reaction of water from the liquid phaséhvan adsorbed TCp molecule.
No term for TCp appears in the denominator in EqQuag4.4) due to its adsorption
being the RDS.

The mechanisms suggested by the data in which lzei$arG on the.acid site
is first protonated and then reacted with watemmthanol from the ‘liquid phase
successfully describe both catalyzed hydrolysis @madsesterification of TCp at
130°C on WZ and are in agreement with the liteeaiBr 11, 21, 37, 106, 109].
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4.2.10 Comparison of hydrolysis and transesterification

As it can be seen in the previous section, an Rliglgal single site mechanism
with adsorbed TCp reacting with bulk phase watemmmthanol can successfully
describe the kinetic data for both hydrolysis arhsesterification on WZ at 130°C.
However, it was also found that at same low watetlianol)-to-TCp ratio, the RDS
for hydrolysis is the adsorption of TCp while thB®&for transesterification is surface
reaction. This may be due to the fact that watenore competitive for adsorption on
the active sites than methanol at the same comatEmtr Thus, water had a more
negative impact on reaction at a much lower coma@on (even for a water-to-TCp
ratio of 0.8); whereas, only after the methanolF@p ratio was greater than 1.2 did
transesterification become negative order in methand the RDS shift to being the

adsorption of TCp.



80
4.3 The role of zirconia surface on catalytic activityof tungstated zirconia via

two-phase esterification of acetic acid and 1-heptel

This work has been focused on the behaviors oftsarhature for the ZrO
support prepared by the solvothermal method bedackafter loading of 15 wt% of
tungsten. Based on the similar texture propertiesn-treated Zr@ support
(crystalline zirconia bonding with hydroxide, Zr-Qk/as compared to the thermal
treated ZrQ@ under H as a reduction atmosphere (crystalline zirconi®).X All
catalyst characteristics-have been investigatesnbgns of XRD, M physisorption,
FT-IR spectroscopy,-Raman spectroscopy, and efesjpm resonance (ESR). The
two-phase esterification -of  dilute acetic acid ahdheptanol was performed to
measure the catalytic activity of WZ catalysts ibach reactor. This is due to the
outstanding properties of WZ (distribution of aeide between Bmnsted and Lewis
acid sites) that would gain more beneficial for the-phase esterification, which

requires the heterogeneous catalyzed reactioBR%HB7, 102].

4.3.1 Catalyst characterization

Upon different treatments of zirconia, it was obserthat the color of Z-NT
was white, whereas the color of the Zd¢hanged from white to dark yellow with the
treatment of, KL This suggested that the thermal treatment unéeuctive
atmosphere generated the F-center (color cent&f)] [due to the strong Zr-O bond
energy that'is less likely reduced by [M9]. However, the color of catalyst (WZ and
WZ-H,;) has returned to white again after calcinationabse re-oxidation was
obtained [111]. .This phenomenon supports the tngsi$ in the color change with

the presence of F-center which is anly observetherZ-H: support.

Figure 4.19 shows the XRD patterns of Zr€pport as synthesized (Z-NT)
and treated in K atmosphere (Z-p). Tetragonal phase (t-ZgDis the primary
crystalline structure for Z-NT and ZzHvith the diffraction peaks at 39,235.3 and
49.8 [29]. A crystallite size was calculated from Sgh€s equation of the
tetragonal (101) peak [112] as shown in Table Aifter the thermal treatment under
reduction atmosphere §Hwas applied on the ZgQit was found that the crystallite
size and the fraction of tetragonal phase struattieH, were still similar to those of
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Z-NT sample. The crystallite sizes of WZ-NT (4.m)and WZ-H (4.7 nm) were
slightly larger than those zirconia supports befohe tungsten loading when
increasing of the calcination temperature to “&00 The increase calcination
temperature was also allowing to present a fractibmonoclinic phase (m-Zrfp
with the diffraction peak at 24£3Figure 4.19), which is in agreement with the work
reported by Wongmaneenil et al. [79].

For this study, the deposit of tungsten did notilexlo stabilize t-ZrQ phase
because the impregnation method appeared to parngsten being present on the
ZrO, crystallite surface. It'is-known that the co-pp@ation and sol-gel synthesis are
the methods for incorporating tungsten atom int@xZiattice, which stabilizes the
tetragonal structure [73, 74, 113]. \A/@n the other hand, has not been detected for
both WZ-NT and WZ-H. This may be due to either relatively low caltioa
temperature or tungsten loading [24, 25, 68, 69114].

Intensity (a.u.)

20 30 40 50 60 70 80
2 0 (degree)
Figure 4.19 XRD patterns for Zr@supports and WZ catalysts.
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Table 4.7 Surface area, theoretical W surface density, saréaidity, crystallite size

and XRD phases for Zeg&upport and WZ samples.

Sample BET W surface Surface Crystallite  XRD phases

surface density acidity by size (nm)
area (W- exchange/titra
(m?g)* atom/nm?) tion
(#mollg)®

Z-NT 161 - - 4.1 t-Zr& m-ZrO,
Z-H; 155 - - 4.3 t-Zr
WZ-NT 125 308 2328 4.5 t-ZeOm-ZrO,
WZ-H, 125 373 133.0 4.7 t-Ze0m-Zr0,

& Experimental-errot 7%
P Experimental errot 10%

The catalyst textural properties determined byBES method and acid site
concentrations as measured by ion-exchange tiratre listed in Table 4.7. The
surface areas of Z4and Z-NT were comparable within the experimentedre This
result suggested that the reductive calcinatioatitnent did not affect on the surface
area as corresponding to our:previous study [7B].general, the penetration of
tungsten species into the pore of Zr€hipport could reduce the surface area of WZ-
NT and WZ-B [115]. In order to estimate the theoretical ncahitV surface
densities, WZ surface area and amount of tungstadirig were used [116]. It was
found that the W surface coverage of both WZ-NT ®hétH, were presented as the
growing surface polytungstated domain and cryse@libf WG (~ 4 W atom/nrf)
[70, 117, 118]

The other physical properties, such as crystadite, tetragonal structure, and
BET surface area for both Z;tand Z-NT were ‘almost similar, except for the stefa
defect. The electron spin resonance (ESR) specipgsis one of the most powerful
techniques used to detect the structural defecgshasn in Figure 4.20. The ESR
signal of ZrQ can be found witlg. values,g ;= 1.97 assigned to Zr[119] andg-=

2.00 assigned to F-center [120]. As seen, no E§Ralsfor the Z-NT sample was
observed in the magnetic field ranging between &id) 370 indicating that no defect
occurred on the surface of Z-NT sample. When @, Zvas treated in a reductive

atmosphere (bJ, the F-center was present. The dominated irtsenbiF-center on Z-
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H, may be produced by the reduction of hydroxyl grampZrQ, surface, which is
corresponding to the previous reports [79, 110,, 12P]. Due to the strong Zr-O
bond energy, Kimay not reduce the ZgBurface allowing to insignificant intensity of

Zr** obtained [119].

The ESR spectra of WZ catalysts were also illusttah Figure 4.20. WZ
catalysts were in the oxidation atmosphere durhlrg deposition of tungsten onto
ZrO, support. Thus, the ESR signals of Zwere detected on the Zs@Gupport for
both WZ-NT and WZ-H because the oxygen coordinatively unsaturateditgs s
under oxidation atmesphere [122]. In addition,shét of F-centerV, ) to zrt (9,

= 1.97 ) for WZ-H was also observed within.a good agreement to theiqus
reports [79, 110].

Intensity (a.u.)

310 320 330 340 350 360 370
Magnetic field
Figure 4.20 ESR spectra of Zr{3supports-and WZ catalysts.

FT-IR spectroscopy was used to clarify the chemimaiding of ZrQ
support obtained by different thermal treatmentshie range of 400—4000 ches
presented in Figure 4.21. It was found that firmn$mittance peaks were observed
over this range. A very broad band with the highlesquency at 3421 cm
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contributed to the physically adsorbed water mdbecas reported in those literatures
[123-125]. In addition, the band at 1631 tshould be attributed to the OH group of
free water related to alcohol. The IR band wittiie range of 617—-632 ¢hwas
corresponding to the bond of metal and oxygen (Z@® presented for both Z5O
supports [125]. There were other two peaks obseatel 547 and 1402 ¢hwhich
are corresponding to the metal and hydroxide (Z)-®bhd [124, 125]. It can be
concluded that Zr@supported prepared from solvethermal method [&0]l@ted the
Zr-OH group. However, this metal hydroxide bonad && eliminated by the thermal
treatment in the reduetion atmospherey)(lihdicated by the decrement of these
characteristic peaks. The FT-IR spectrum of ZsDpport is corresponding to the
ESR signal with the presence of F-center on the Bthiface. Therefore, the F-center
is probably produced by the reduction of hydroxyup on ZrQ surface through the
following reaction [121, 122]:

Zr'**—OH +iH, > 2zZr* +V, +H,0 (4.5)

R .
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: — ) §nfp \
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Figure 4.21 FT-IR spectra of Zr@supports.
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In order to obtain a better insight for the changg®n molecular level

structure of the tungsten oxide overlayer for WZabets, the Raman spectroscopy
was performed as seen in Figure 4.22. The Ramadsbat 310, 402, and 473 ¢m
were assigned to the tetragonal phase of,4R9, 117, 126] as presented in both
catalysts. Both WZ-NT and WZ4showed the characteristic peak of the terminal
W=0 band of the dehydrated surface Ypecies at 910 to 1030 &rf29, 118]. The
WZ-H, exhibited slightly higher intensity-of erystalliv¢O; nano-particle (799 cif)
than that of WZ-NT. The crystalline WGano-particle was observed upon the W
surface density at4 Winnt as reported by Wachs et al. [118]. The stretclaing
bending modes of the bridging for W-O-W were asstyat~500-800 and-200-300
cm*® [117, 127]. As illustrated in Figure 4.22, WZ-Nfad higher intensity of
bending mode of the bridging W-O-W. than that foe thvZ-H,, whereas the
stretching modes of bridging W-O-W were comparaldlesummary, three different
tungsten species (W=0, W0and W-O-W) were observed for both catalysts, Wwhic
were probably due to the similar W surface dersityt W/nnt.

799

974

WZ-NT

Intensity (a.u.)

WZ-H,

1400 1200 1000 800 600 400 200

Raman Shift (cm™)

Figure 4.22 Raman spectra of WZ-NT and WZ - Eatalysts.
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4.3.2 Proposed active species of tungstated zirconia

As known, acidity of WZ catalyst is a key factor émhance the catalytic
activity for several reactions by generation ofi\aesites [5, 24, 25, 27, 29, 30, 68,
69, 102, 111, 128, 129]. The catalytic activessieere plausible for high surface
acidity form with a monolayer of polytungstated cpe (WQ) [29, 68, 69]. The
surface acidity was obtained from a larger-popaiabtf Biznsted acid sites and the
presence of stronger @rsted acid sites [74]. WZ-NT and WZ-ldatalysts exhibited
the growing surface polytungstated domain and altysé of WQ; nano-particle. It is
more likely to obtain“the similar Bnsted acid site density based on the similar
polytangstated domain. However, the WZ-NT has éigitidity compared to WZ-H
as presented in Table 4.7. The higher surfacatamél WZ-NT should be derived

from the different forms of polytungsted domain.

The FT-IR spectra of zirconia support suggested tha Zr-OH bonding
presented in Z-NT appeared to result in a supet eenter (heteropolyacid of W,
[XW 1,040%), which was proposed by Afanasiev et al. [130] &utheithauer et al.
[73, 126, 131]. In addition, the Raman spectrunWa-NT was resemble the finger
print of Raman spectrum- of tungstophosphoric hew@sacid (HP,W1s062) as a
super acid [127]. The only substantial differemetween the WZ-NT and WZ-H
catalysts in the monolayer region is the presetidbenZr-heteropolyacid species for
the WZ-NT catalysts as illustrated in Figure 4.Z3e catalytic activity sites seem to
be fully oxidized from noncrystalline surface pelggstate networks incorporating
trace levels of surface-exposed Zr capable of Istaiyg delocalized protons for

Brgnsted acid sites as well as heteropolyacids did12Z8, 131].
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Figure 4.23 Schematic for proposed catalytic active speciesgnted in (a) WZ-NT
and (b) WZ-H catalyst.

4.3.3 Catalytic activity for 2-phase esterification of dlute acetic acid and

1-heptanol

As expected, after 9 h reaction period, WZ-NT eitbatb 17 % higher for an
acetic acid conversion than that for WZ;lds shown in Figure 4.24. Heteropolyacid
as the strong Bnsted acid sites related to acid site density adlytic activity of
esterification as corresponding to the work rembtig Park et al. [132]. This could
be obtained from the crystalline zirconia with ZH®onding. Our result is in good
agreement to the work claimed by Scheithauer gf@8p126, 131] indicating that the
Zr-OH group is required to create the strongridted acid sites. This reveals that the
crystalline zirconia support prepared from the etiiermal method also created Zr-
OH bonding as well as amorphous zirconium oxideymsor. Based on the turnover
number of catalyst (TON), the appreciable catalgatvity of both WZ-NT and WZ-
H, were 100 times greater than that of the Ambed¥sas presented by Preserthdam
and Jongsomjit [133]. As known, the somewhat dififee in response of water flow
rate for the Amberlyst. 15 versus WZ may have bemrsed by the presence of Lewis

acid sites on WZ resulting in enhanced activity, [23, 87].
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Figure 4.24 Reaction profiles.of acetic acid conversion ushgdifferent WZ

catalysts.

In addition, the WZ catalyst does not deactivatddaghing of active species
in the liquid phase transesterification [27, 54hieh.is different from the SZ (sulfated
zirconia) under similar condition. In order to peathat, the leaching experiment was
also performed based on the procedure of Suwanmataal. [54]. It was found that
the acetic acid conversion was less than 3%. Sbggested that the leaching of
active species.in WZ catalyst did not occur for ¥Wig catalyst upon the preparation

used in this work [7;27, 102].



CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

This research has investigated the potential oérbgeneous catalysis in
biodiesel synthesis while emphasizing the relatedidmental aspects including the
part of solid acid (WZ and SAC-13) catalyzed hyglstd of TCp in a semi-batch
reactor, the reaction kinetics and mechanisms dfdlysis and transesterification of
TCp on WZ catalyst, and the rale of zirconia suefaon catalytic activity of
tungstated zirconia via two-phase esterificationacétic acid and 1-heptanol were
described in section 5.1 as conclusions. The resamdation for further study is also

given in section 5.2:

5.1 Conclusions

This section provided the summary following to tlesults and discussion

part.

5.1.1 Solid acid catalyzed hydrolysis of TCp in a semi-kiah reactor

This pioneering work, conducted using strong selid catalysts (WZ and
SAC-13) for the continuous three-phase hydroly$isiloto produce FFAs, has been
carried out using TCp as a model compound for Tk a well-stirred semi-batch
reactor at atmospheric pressure. The temperaanger studied was 110-150°C.
Water was continuously fed into the reactor atva flow rate. TCp conversion and
TOF values calculated for WZ and SAC-13 indicatat thoth catalysts have the
capacity to successfully catalyze the TCp hydrslysith 100% selectivity of the
carboxylic acid side chains on the triglycerideHGp.- The WZ catalyst exhibited a
2-fold higherinitial rate of TCp conversion thaAG-13 but with similar HCp yields

at higher conversions.

The surface characteristics of the catalysts playetmportant role in catalyst
selectivity and deactivation behavior. Cycling esiments for both catalysts showed
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continuous activity loss. Methanol washing waseahd only partially recover

catalytic activity to its original value for eith®/Z or SAC-13. Recalcination was the
most efficient method for catalyst regeneration\was only applicable to WZ due to
the thermal instability of SAC-13. Catalyst deaation was likely mainly due to the
adsorption and accumulation of organic specieshencatalyst surface leading to
catalytic site blockage. To obtain higher TCp cemsions, this process could be
improved by increasing the amount of catalyst, tbaction temperature, and the

reaction time.

5.1.2 Reaction kinetics and mechanisms of hydrolysis and
transesterification of TCp on WZ catalyst

The fundamental ‘aspects- of both liquid-phase hyd®l and
transesterification with low molar ratios of water methanol)-to-TCp catalyzed by
WZ have been investigated at 100-130°C and 12080 The Kkinetic
measurements were obtained under conditions whe@nal and internal mass
transport limitations were able to be ruled out.heTcatalytic activities of both
hydrolysis and transesterification were compardi@deed on the initial TOFs with
100% selectivity to predicted products. Transdstation tended to produce more
final products (GL and methyl esters) than hydnslykd in the same time period.

The apparent activation energy of hydrolysis wasl@-higher than that of
transesterification in the temperature range of-180°C. For hydrolysis at low
water-to-TCp ratios (0.8-1.2) necessary to maintsimgle phase behavior, the
reaction was positive order in TCp .and negative epordn water. For
transesterification, at similar methanol-to-TCpiasit the apparent order of reaction
for TCp was also pasitive, as was that for methasolvell (slightly pesitive). The
apparent order of reaction of methanol transitiotednegative order only for

methanol-to-TCp ratios greater than 1.2.

The mechanism for both reactions seem to be sirailar best described as
Eley-Rideal single site mechanisms. Reaction sdenogcur between the adsorbed

protonated TCp and methanol (water) from the ligpithse. Water, being more
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strongly adsorbed than methanol, impacts the m@achegatively at a lower

concentration (methanol or water-to-TCp ratio). thdaol, on the contrary, seems to
inhibit by blocking of active sites only at a high@ncentration. As the results for
transesterification suggest, as the concentratiothe polar reactant increases, the
RDS shifts from surface reaction limited to beingpradsorption limited. The same

probably happens for hydrolysis as well althougmath lower reactant ratios.

5.1.3 The role of zirconia surface on catalytic activityof tungstated

zirconia via two-phase esterification.of acetic adiand 1-heptanol

In summary, the surface nature of zirconia was dotwo be crucial for
determining .the catalytic properties of WZ catadyst The formation of Zr-
heteropolyacid can be obtained from crystallineeama with Zr-OH bonding as
presented in"WZ-NT. This active species provideel strong Bsnsted acid sites,
which are essential for the esterification of dilaicetic acid and 1-heptanol. The Zr-
OH bonding for WZ-H was eliminated by the thermal treatment in theucédn
atmosphere of the crystalline' zirconia support vailhg to the presence of only

polytungstated domain.

5.2 Recommendations

In order.to further build up the scientific infrastture for the application of
heterogeneous catalysis to reaction related tadsetisynthesis, a few aspects missed

in and some ideas derived from this research aygestied here for future research:

1. = TCp conversion for hydrolysis was comparable togesterification and
similar mechanistic pathway. Therefore, It shouéd darried out 2-step
hydrolysis of TGs and further reacted via esteaifizn_in a semi-batch
reactor.

2. The appropriate catalyst for the reaction systerthenpresence of water
and triglyceride. The surface hydrophobicity cohtin solid acid
catalysts used for TG hydrolysis. High surfacerbptobicity of solid
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acid has been found to favorably drive TG conversgm completion as
illustrated in SAC-13. On the other hand, such edfect may be
complicated by the necessity of water adsorptionWZ catalyzed
hydrolysis, since the adsorption of water on Leagsd sites resulted to
the formation of Brgnsted acid sites likely leadiloga higher reaction
rate. This hypothesis suggested the best catalyst.

The correlation among acid- site strength, catalgstivity and
deactivation, and reaction conditions. Generalighér acid site strength
is assumed- to correspond to higher catalytic agtilWevertheless, as
shown in-this“work, active sites of higher acidesgth are more
susceptible to deactivation caused by the straegérsible adsorption of
bulky FFA/TG molecules or poison by water.

The sensitivity of hydrolysis, transesterificati@nd esterification to the
characteristics of the catalyst sites, i.e., Bremhsind Lewis acid sites,

respectively.
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APPENDIX A

PREPARATION OF ZIRCONIA SUPPORT

The preparation of zirconia support by solvothermalmethod

The equipment for the synthesis of zirconia coesi$tan autoclave reactor as
shown in Figure A.1. Thermocouple is attached e teagent in the autoclave.
Amount of zirconium-tetra-butoxide 80 wt% solution in 1-butanol (starting
material) was 25 g..-Organic solvent (1,4-butan@dib100 mL was filled in the test
tube and 30 mL insthe gap between test tube anoclave wall. A temperature
program controller was connected to a thermocowgitached to the autoclave.

Electrical furnace supplied the required heat eoattoclave for the reaction.

Figure A.1 Autoclave reactor.
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Nitrogen was set with a pressure regulator (0-1&0) &nd needle valves were
used to release gas from autoclave. The diagratheofeaction equipment for the
synthesis of catalyst is shown in Figure A.2

Heater

Figu:SA. Diagram of the reacti or the synthebisatalyst.
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APPENDIX B

CALCULATION FOR CATALYST PREPARATION

The calculation for the preparation of tungstated rconia
Preparation of WZ-NT and WZ-H2 with 15 wt% of tuteys loading by the
incipient wetness impregnation method is showroHs\f:
Reagent :  Tungsten (VI) chloride (W) Molecular wieght = 396.56
Support: Zirconia systhesized by solvothermal elgrd-NT

Support: The reductive thermal treatment of araosupport

namely Z-H.
Calculation:
15 wt% WZ
Based on 100 g of catalyst used, the compositighetatalyst will be follows:
Tungsten = 1549
Zirconia support = 100-15=85¢g
For 2 g of zirconia
Tungsten required = 2X(15/85) = 0.353 ¢

Tungsten 0.353 g was prepared from \We@ahd molecular weight of W is
183.56

MW of WClI, x W required
MW of W

396.56x 0.353
183.5¢

g 0.763 g

W(Clg required

The de-ionized water was added to obtain an aqusoluson of WC§ until
equal pore velume of 15 wt%WZ.
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APPENDIX C
CALCULATION FOR CRYSTALLITE SIZE

The calculation crystallite size by Debye-Scherreequation

The crystallite size was calculated from the halight width of the diffraction

peak of XRD pattern using the Debye-Scherrer eqoati

From Scherrer equation:

D- ﬁgse (C.1)

Where D = Crystallite size, A
K = Crystallite—shape factor (= 0.9)
A = X-ray.wavelength (= 1.5418 A for CyK

¢ = Observed peak angle, degree
£ = X-ray diffraction broadening, radian

The X-ray diffraction_broadening) is the pure width of power diffraction

free from all broadening due to the experimentaliggent. a-Alumina is used as a
standard sample to observe the instrumental braaglesince. its crystallite size is
larger than 2000 A. The X-ray diffraction broadeni$) can be obtained by using

Warren’s formula.

From Warren’s formula:

f=yB; 82 (C.2)

Where B,, =the measure peak width in radians at half peadhi.

Bs = the corresponding width of the standard material
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APPENDIX D

CONDITION OF GAS CHROMATROGRAPHY

The condition of Gas Chromatography (GC) analysisdr this study

Hewlett-Packard 6890 GC model with an on-columromnattic injector, an
EC-5 column (30m x 0.25 mm x 0.286n), and an FID detector was used to analyze
the catalytic performance for hydralysis and trategfication of TCp. To achieve
complete separation, the ‘column temperature progmmsisted of 3 min at 4G, a
ramp of 40C/min to180C (hold for 5 min), and a ramp of A&/min to 270C (hold

for 3 min) as.summarized in Table D.1

Table D.1 GC analysis condition of hydrolysis and trans@station of TCp.

Gas Chromatography Hewlett-Packard 6890
Detector FID
Column EC-5 column
Make up gas He (UHP grade) with constant make updeo
H> flow (mL/min) 60
Air flow (mL/min) 210
Inlet temperature®C) Track oven
Inlet pressure (psi) 45.5
Detector temperaturé@) 250
Column temperature
Initial temperature°C) 40
Holding time (min) 5
1% ramp rate{C/min) 30
1% target temperaturéQ) 180
Holding time (min) 3
Final temperature’C) 270
2" ramp rate {C) 15

Holding time (min) 5




126

The catalytic activity measurement for esterifioatof dilute acetic acid and
1-heptanol, samples were diluted with 2-propand] (L) to stop reaction and
perform in a single phase, and then analyzed by(&@mudzu) equipped with a

flame ionization detector and Chrompack SE52 colasipresented in Table D.2.

Table D.2GC analysis condition of esterification of dil#eetic acid and 1-heptanol.

Gas Chromatography Shimadzu GC-14B
Detector FID
Column Chrompack SE52
Carrier gas He (UHP grade)
Carrier gas flow rate (mL/min) 30
Injector temperature’C) 255
Detector temperaturéq) 280
Column temperature

Initial temperature°C) 50

Holding time (min) 3

Ramp rate (C/min) 10

Final temperature®C) 210

Holding time (min) 9
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APPENDIX E
CALCULATION FOR CATALYTIC PERFORMANCE

The catalytic performance for hydrolysis and transsterification was evaluated
in terms of % TCp conversion, % HCp yield, MeCp yidd, % DCp yield, % MCp
yield, and % GL yield.

% TCp conversion™ = initial molof TCpat time0-molof TCpat timet «100%

initial molof TCpat time0

% HCp yield / mpl_gf HCpproduceda.t tlmetxloo%
initial molof TCpat time0

molof MeCpproducedt timet

% MeCp yield = x 100%
o HEEpY initial molof. TCpat time0 ’
% DCp yield _ molof DCpproducedt timet <100%
initial molof TCpat time0
% MCp yield _ molof MCp producedht timet < 100%

initial molof TCpat timeQ

% GL yield _ molof GL producecht timet «100%

initial molof TCpat timeO

The catalytic performance for esterification of diute acetic acid and 1-heptanol

was evaluated in terms of %Acetic acid conversion.

initial aceticacideconc.- aceticacidconc at time(t)
initial aceticacic conc

x100

% Acetic acid conversion
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APPENDIX F

CALIBRATION CURVE

The calibration curve of react“w /7d ct for this study

The calibratio ansefitation are including of
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