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ABSTRACT

Acetaldehyde is used as a bio-oil model compound in a polycondensation reaction over two acid-
base catalysts, pelletized Evonik P25 TiO 2 and an activated hydrotalcite-like compound (HTlc),
to produce high molecular weight molecules in the transportation fuel range. The catalytic
performance of these materials is evaluated in a gas phase, atmospheric flow system with a
packed bed microreactor designed to mimic process conditions in one step of the overall bio-oil
upgrading scheme. The HTlc is activated through calcination at 500 'C followed by rehydration
in decarbonated H20, generating the active acid-base hydroxyl pairs. Materials are characterized
through XRD, low temperature N2 adsorption-desorption isotherm experiments, TGA, and XPS.
In initial experiments, high conversions are achieved but all converted acetaldehyde forms
carbonaceous deposits on the catalyst surfaces over a range of temperatures and residence times.
When the catalyst bed is reduced by 80%, decreasing both residence time and vapor-solid
contact area, high conversions are maintained and the production of liquid phase condensation
products is observed on the order of seconds. While yields are low, it is promising that tuning the
packed bed results in decreased deposits and generation of liquid phase products. Further
adjustments of reaction parameters and catalyst activity are of interest as future work, including
shorter residence times and bed lengths, co-feeding a reaction inhibitor, and specific catalyst
syntheses for control over active sites.

Thesis Supervisor: Klavs F. Jensen

Title: Warren K. Lewis Professor of Chemical Engineering and Professor of Materials Science
and Engineering
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Chapter 1

Introduction

1.] Motivation

Every year over 30 billion metric tons of carbon dioxide is released into the atmosphere from

anthropogenic sources.' Atmospheric carbon dioxide levels have reached nearly 400 ppm, and

are projected to increase to 750 ppm by the end of the century.2 Because of carbon dioxide's

greenhouse gas properties and ocean acidification effects, these steadily increasing emissions

pose significant concerns for climate change. Much work is being done to find solutions that

address this problem, with efforts focused on minimizing economic and efficacy losses as

compared to existing power infrastructures. These solutions generally fall under two categories:

carbon capture, utilization, and storage (CCUS) and renewable energy technologies. The goal of

CCUS is to capture C02 at a concentrated source or from the atmosphere, and then either

upgrade it to useful products, or store it permanently through mineralization.3 4 Renewable

energy technologies aim to be either carbon-neutral, where energy is produced from carbon

already in the carbon cycle (biofuels, waste-to-energy), or carbon-free, where no carbon dioxide

is produced to generate energy (wind, solar, fuel cells, batteries, nuclear). Proposed large-scale

solutions often involve a combination of many different approaches, as certain technologies are

better suited to certain sectors, landscapes, and natural resources.
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In the United States, the transportation sector accounts for 27% of the annual CO2

emissions.5 Globally, this sector accounts for 23% of annual CO 2 emissions, with a projected

70% increase by 2050 due primarily to growth of emerging economies.6 Much research is being

done in this area to reduce greenhouse gas emissions through renewable energy technologies,

including fuel cells, batteries, and biofuels. While fuel cells and batteries have the potential to

replace internal combustion engines in the future, they are currently plagued by low power

densities and costs of up to 10 times that of engines. Even once these technologies meet the

necessary technical and economic criteria, it would take time to see them implemented in a fleet-

wide scale as engines phased out. Biofuels offer an attractive alternative because they can be

implemented in the existing infrastructure with minimal changes to engine design and

performance and fuel transportation and storage. When upgraded properly, these liquid phase,

carbon-neutral fuels can directly supplement petroleum-derived gasoline and diesel.7 Reports

indicate that biofuels have the potential to reduce life-cycle greenhouse gas emissions by 77 to

115% as compared to petroleum gasoline. 8,9

1.2 Overview of biofuels

Biofuel is produced through different chemical, biochemical, or thermal treatments of

biomass, which has an average chemical composition of C6H 1005. Biomass is a general term that

can describe agricultural by-products, woody plants fallen by deforestation or natural causes, or

dedicated energy crops.6 In recent years work in this area has focused on generating ethanol

primarily through fermentation of cellulosic biomass.10 Because of challenges posed by

competition with food sources, resource-intensive processing methods, and chemical and

physical limitations of ethanol as a fuel, there is a growing interest in the production of biofuel

through processing of lignocellulosic biomass, which does not compete with food sources and

14



requires low resource consumption during growth.6 Other fuel molecules beyond ethanol are also

being investigated in an effort to produce compounds with more suitable fuel properties. With

the higher yields per hectare afforded by lignocellulosic biomass, the United States projects a

30% replacement of petroleum-derived fuels over the next 20 years, corresponding to 85 billion

gallons of biofuels produced annually." Development of efficient, low resource-intensive

conversion technologies is imperative for the success of biofuel production and implementation.

Gasification and pyrolysis are the two thermal treatments used in the first step of processing

lignocellulosic biomass to ultimately generate biofuels. Pyrolysis is preferred because it directly

forms a liquid and has a higher heating value than the syngas product of gasification. Pyrolysis

of biomass at temperatures between 450 and 550 'C yields about 70 wt.% oil with a lower

heating value of 17 MJ/kg, and the balance permanent gases and char. 7 This bio-oil is a complex

mixture of over 300 different compounds, with compositions dependent on the biomass

feedstock and pyrolysis conditions. Fig. 1-1 breaks down the families of compounds present, the

biomass portion responsible for their formation, and their respective weight percent ranges.

40
Hemicellulose and Cellulose E LOW Wt %

35 A High Wt %
Formac Misc Oxy

30 Acetic Glycoialdehyde Phenoas Lignin
Propanoic Acetol Phenol

AldeydesDiOH-benzene
25 ldehyde Dfmeth-phenol

-0 Acetaldheyde Sugars Guaaacoxs

Ethanedial Anhydroglucose Isoeugenol
Methanol Cellobiose Furans Eugenol

1thlene Glycol Fructose Furfrol Methyl guaiacol

15 Glucose H-MF
Furfural

10 Esters Ketones
Methyl formate
Butyrolactone

5 Angelcalactone

0

F.( 0f / f f b

Figure 1-1. Percent (by weight) of different families of bio-oil compounds.'12
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Much like petroleum crude oil, bio-oil needs to be processed in order to generate gasoline

and diesel molecules, which are also complex mixtures composed of C6 to C20 compounds. Some

of these compounds include straight chain and branched alkanes, alkenes, napthenes, and

aromatics, which together have an average lower heating value of 44 MJ/kg and an average

chemical composition of CnHi.87n. With its high acidity (pH 2-3), viscosity, polarity, and thermal

instability, however, upgrading bio-oil poses significant challenges compared to the well-

established practice of upgrading crude oil.713

1.3 Upgrading bio-oil to biofuels

1.3.1 Bio-oil deoxygenation

The first main goal of upgrading bio-oil is to remove oxygen to increase the energy

density as well as the stability. While crude oil has virtually no oxygen, bio-oil is between 40-50

wt.% oxygen, both in the form of oxygenates and water (20-50 wt.%). 7

Crude Bio-oil

" C, 84 wt.% m C, 48 wt.%
" H, 12 wt.% H,7w.* H, 7wt.%

N, <1 wt.% EN, <1 wt.%
*0, <1 wt.% 0,43wt.%
* S, 3 wt.%

Figure 1-2. Elemental composition of crude oil compared to a bio-oil produced from fast-

pyrolysis of switchgrass.1 4

These oxygenates are highly reactive and corrosive, and without further processing cause

issues in storage, transportation, and combustion. Main approaches to remove oxygen from the

bio-oil include dehydration, hydrogenation, and hydrolysis. One of the many challenges is that
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these oxygen-removal strategies all require H2, of which there is no large-scale renewable

source.

1.3.2 Carbon-carbon bond synthesis

The second main goal of bio-oil upgrading is carbon-carbon bond synthesis between the low

molecular weight compounds. As high as 85 wt.% of bio-oil is composed of molecules with a

carbon number less than 6, yet the same percentage of gasoline molecules have a carbon number

of 6 or higher." Diesel molecules are significantly larger, in the C o-C24 range.1 6 The lower

molecular weight compounds in bio-oil have a low energy density and do not have the physical

and chemical properties necessary for liquid fuel storage or combustion in vehicle engines. In

upgrading bio-oil, acids, alcohols, aldehydes, and ketones are the target molecules for carbon-

carbon bond synthesis not only because they comprise a bulk of the low molecular weight

compounds, but also because they are particularly reactive, volatile, and sometimes toxic

oxygenates that need to be eliminated from the feed.

One of the main challenges of building a carbon backbone is that many industrially relevant

reactions for synthesizing carbon-carbon bonds involve halides, as in Suzuki coupling and the

Grignard reaction.17 It is undesirable to introduce halides to the bio-oil system because they

would further complicate an already complex chemistry and ultimately would need to be

removed to maintain combustion and emissions standards downstream. Furthermore, many of

these reactions require precious metals like palladium as catalysts.' 7 Using such materials would

decrease the economic competitiveness of biofuel compared to petroleum fuels.

Aldol condensation is a well-established reaction that synthesizes carbon-carbon bonds

between aldehydes and ketones without going through a halide-mediated mechanism. An
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overview of the general reaction scheme, shown between a ketone and an aldehyde, is illustrated

in Figure 1-3.

0 0 0 OH

R CH 3  H R' R C R'

Ketone Aldehyde Aldol

Figure 1-3. Schematic of the aldol condensation reaction.

0

-H 20 R R'

Unsaturated
ketone

Aldol condensation is particularly attractive to the bio-oil upgrading application because it

targets the light ketones and aldehydes that are present anywhere from 7 to as high as 23 wt.% of

bio-oil.1 2 The most prominent compounds in these families are only in the C I-C3 range, as shown

below.

Compound Molecular Formula Wt.% in bio-oil

Acetaldehyde C2H40 0.1 -8.5%

Acetone C3 H60 2.8%

Ethanedial C 2H202 0.9 - 4.6%

Formaldehyde CH20 0.1 -3.3%

Methyl Ethyl Ketone C4H80 0.3 - 0.9%

Propanal C3 H60 0.05%

Propenal C 3H4 0 0.6 -0.9%

Table 1-1. Aldehydes and ketones present in bio-oil from pyrolysis of biomass.15

In addition to upgrading the ketones that are present in the bio-oil after pyrolysis, aldol

condensation can also target the ketones generated from other upstream upgrading techniques. In

an effort to reduce the acidity of the bio-oil, much work'8 has been done to convert the phenolic
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compounds and organic acids into less corrosive compounds. Selective phenol hydrogenation

converts the reactive and solid-forming phenols into ketones, which can then be coupled in an

aldol condensation with a lighter aldehyde or ketone to generate a larger molecule. The

ketonization of organic acids, which can compose as much as 33 wt.% of bio-oil, yields ketones

that could also be incorporated into the overall carbon coupling scheme as shown in Figure 1-4.

Ketonization of acids is a viable approach to upgrading bio-oil, because it not only addresses the

corrosive acids present, but also creates carbon-carbon bonds to yield larger ketones.

From
- Bio-oil

Selective phenol hydrogenation
- Ketonization of organic acids

Small Aldol Further
ketones and Condensation ketoneand Processin Liquid fuel
aldehvdes aldehydes (HDO, etc) molecules

-C, C + C -C 0

Figure 1-4. Scope of aldol condensation in the upgrading of low molecular weight ketones and
aldehydes.

Derivatives of condensation reactions between carbonylic species include Michael addition,

Tischenko addition, Knoevengael condensation, and Claisen condensation. The Michael reaction

involves a similar enolate-intermediate base-catalyzed mechanism (as described in the following

chapter), but this condensation is less attractive than the aldol reaction because it preserves all of

the oxygen present in the reagents, which is undesirable for synthesizing fuel molecules both for

reactivity and energy density reasons. The Tischenko reaction condenses two aldehydes or an
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aldehyde with a ketone, but the resulting product is a carbonylic ester, which is also undesirable

for fuel chemistries. Both the Michael and Tischenko reaction products could of course be

deoxygenated in downstream processing, but ideally deoxygenation is kept at a minimum to

reduce the consumption of hydrogen. The Knoevenagel reaction is a modified aldol

condensation, in which a ketone or aldehyde reacts with a reagent containing an electron-

withdrawing group, which could manifest as a carbonyl, nitrile, halogen, or nitro group. These

other functional groups are not present in bio-oil chemistries, so the only relevant Knoevenagel

reaction is the aldol condensation. The Claisen condensation involves carbon-carbon bond

synthesis between carbonylic esters, which are indeed present in bio-oil. They represent a much

smaller quantity of bio-oil (less than 5 wt.%), however, so the primary aldol condensation targets

a larger range of the bio-oil chemistry. Because of this, much work has been done to investigate

potential catalysts and reaction parameters for successful coupling of bio-oil model compounds

in an aldol condensation reaction. This is the reaction utilized in this work.
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Chapter 2

The Aldol condensation reaction

2.1 Reaction mechanisms and catalysis

2.1.1 Base-catalyzed mechanism

Aldol condensation involves either a self-condensation between two identical ketones or

aldehydes, or a cross-condensation between two different molecules. The product is either an

a-unsaturated ketone or aldehyde depending on the mechanism that is used. The reaction is

primarily catalyzed by bases. Historically, catalysts have been homogenous liquid bases like

NaOH, but more recently have moved towards solid bases like metal oxides and alkaline earth

metals because of the advantages heterogeneous catalysis offers. This reaction takes place in

batch at moderate temperatures, ranging from 0 to 150 'C, with reaction times anywhere from a

few hours to on the order of days. The chemistry of the Bronsted base-catalyzed mechanism is

below for an aldehyde self-condensation, although the mechanism can easily be extended to a

cross-condensation or ketone self-condensation.
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0 -o

H 
H

HR LH H RHJ

(1)

HH HR

o N--R

H C R

R

(2)

0 OH

H R

R

0 OH

H R
H

R t.0R

-H20

(3)

0

H R

R

Figure 2-1. Base-catalyzed mechanism for aldol condensation of a generic carbonyl compound.

In the first step (1), the base deprotonates the a-carbon, which in resonance forms the

more stable enolate isomer.1 9 The nucleophilic double bond of the enolate ion will attack the

carbon of the carbonyl group of another aldehyde (2), which is electrophilic in this functional

group. The new double bond is formed between the two carbons as denoted in red. The excess

negative charge on the non-carbonyl oxygen will then deprotonate the basic catalyst protonated

in the first step, regenerating the catalyst. The product is the "aldol", named for having both

aldehyde and alcohol functional groups, with a carbon number equal to the sum of the starting

aldehydes or ketones. Step (3) is a dehydration step: the basic catalyst will deprotonate the a-

carbon again, but rather than stabilizing the carbanion through enolization, the hydroxyl group is
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removed and the two neighboring carbanions form a double bond. The result is an unsaturated

aldehyde.

2.1.2 Acid-catalyzed mechanism

While the reaction is historically catalyzed by bases, there is an acid-promoted

mechanism as well. The chemistry of the Bronsted acid-catalyzed mechanism is shown below. It

is again shown for a self-condensation of an aldehyde, but applies similarly to a ketone self- or

cross-condensation.

H

H R

OH

H R

OH

40 1H ",k R

(1)

I
OH OH

H R H R

OH 0

H R

H OH 2

OH

H C C R

R0

R

R

(2)

(3)

Figure 2-2. Acid-catalyzed mechanism for aldol condensation of a generic carbonyl compound.

In step (1) of the acid-catalyzed mechanism, the acid catalyst protonates the carbonyl

oxygen, generating the enol intermediate. Consequently, the enol attacks the carbon of the

carbonyl group on another protonated aldehyde (2), which has an even larger positive charge

density due to the protonation of the carbonyl oxygen. Upon deprotonation of this oxygen, an

23



aldol is formed with a synthesized carbon-carbon bond as shown in red. In step (3), a water

molecule deprotonates the a-carbon to regenerate the acid (ie, hydronium) catalyst, while the

hydroxyl group is protonated simultaneously. The resulting molecule will dehydrate to eliminate

both the over-coordinated oxygen and unstable a-carbanion. The resulting molecule is an

unsaturated ketone.

2.1.3 Cooperative acid-base mechanism over solid catalysts

While base-only and acid-only catalysts are active in promoting aldol condensation, it has

been shown by several authors that there also exists a cooperative acid-base mechanism that

promotes the reaction.20-24 The chemistry of the bifunctional catalyst-promoted mechanism is

shown below for a generic self-condensation.

O H

H R

0

H
H R

HR

0 OH

H RH H R

(1)

OH

H R

H - H RH

(2)

(3)

0

H R

R

Figure 2-3. Proposed acid-base-catalyzed mechanism for aldol condensation of a generic
carbonyl compound.
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The acid site first activates the oxygen of the carbonyl group, increasing the electrophilicity of

the carbonyl carbon (1). In step (2), the basic site deprotonates the a-carbon, generating the

carbenium anion in resonance with the enolate anion. The nucleophilic enolate anion then attacks

the activated compound, yielding an aldol, which dehydrates into an unsaturated a,p-unsaturated

aldehyde or ketone (3). Both Bronsted and Lewis-type acidic and basic sites are active in this

reaction.

2.2 Related work

Homogenous catalysts like NaOH and H2SO4 proceed respectively through these base

and acid-catalyzed mechanisms for the aldol condensation reaction. Heterogeneous catalysts can

similarly promote the reaction through different types of Bronsted and Lewis basic and acidic

sites. In addition to the benefits of separation and recycling, heterogeneous catalysts are also

advantageous because unlike homogenous catalysts, they can simultaneously have acidic and

basic sites through physical separation, allowing the bifunctional mechanism to take place.

2.2.1 Base-only and acid-only catalysts

Di Cosimo et al.' 9 investigated the vapor-phase aldol condensation of acetone, a good

model compound for bio-oil, over MgO and MgO-promoted catalysts, doped with either alkali

(Li, Na, K, Cs) or alkaline earth (Ca, Sr, and Ba) metal ions. The reaction took place in a flow

reactor with a H2 to acetone ratio of 12 to 1 (by mole) at 300 'C. For both unpromoted and

promoted MgO, the primary active sites in the aldol condensation are low-coordinated surface

02- anions, which act as Bronsted bases to deprotonate the a-carbon. The authors found a good

correlation between rate of reaction and number of basic sites on the catalyst, suggesting that the

rate-limiting step for acetone condensation is the base extraction of an a-hydrogen. In this work,
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the dimer, mesityl oxide, was the primary product, and the highest condensation product

generated was the trimer, phorone, which was readily converted to the cyclic ketone, isophorone.

Further condensation between isophorone and acetone was not observed, nor were conversions

of acetone higher than 20%. Catalysts with different types of active sites were studied by other

authors that include hydroxyl groups of weak base strength on oxides and hydrotalcites, as well

as coordinated Metal-02~ sites of medium base strength on metal oxides.21-2 1

Acid-catalyzed aldol condensation of propionaldehyde, carried out in flow with a H2 to

C 3H60 ratio of 17500 (by volume), was examined by Hoang et al. 14 over two different H-ZSM-5

zeolites with bridged hydrogen as the active Bronsted acid sites. Over the H-ZSM-5 with Si to Al

ratio of 45 and at 400 'C, conversion of propionaldehyde reached 100% at a space time of 15

minutes. These reaction conditions produced yields of approximately 52% aromatics, 38% light

gases (CI -C 3 ), and 10% isoalkenes (C4-C9), with the cyclized trimer being the primary aromatic

compound. The aldol condensation is responsible for these higher molecular weight compounds,

while disproportionation and cracking catalyzed by the active acid sites cause a significant

portion of the aldol products to generate the C -C 3 light gases. Reduction in reaction temperature

was shown to reduce these undesirable secondary reactions, but conversions and desired

condensation yields suffered as a result.

2.2.2 Bifunctional catalysts

Ordomsky et al.26 investigated the conversion of acetaldehyde, perhaps the best model

carbonyl for bio-oil both for its high concentration and reactivity, over SiO2-supported MgO and

ZrO 2 catalysts. Both catalysts had basic sites from low coordinated surface 02- anions, but also

contained significant quantities of Lewis acid sites due to several factors: dehydroxylation of

ZrO2 during calcination yielding exposed Zr4', low-coordinated surface Mg2+, and the OH
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groups present on the SiO 2 support. The authors found through targeted C02 and pyridine site

poisoning that these acidic sites, rather than the basic sites, were involved more in the

condensation of acetaldehyde. The reaction was carried out at 130 'C at atmospheric pressure,

with no excess H2 flow. At the same conversion, selectivity to the acetaldehyde dimer,

crotonaldehyde, was 87.6 and 83.4% for MgO and ZrO2, respectively.

In the batch runs of acetone condensation at room temperature over an activated Mg-Al

layered double hydroxide (LDH) catalyst, Lei et al.27 obtained a maximum conversion of 23% at

300 minutes and reaction temperature of 0 'C. LDH calcined and activated through rehydration

possess OH pairs with a fixed separation that act as acid-base pairs.

8+

H 8~Y H/k
+2CH3CCt -H2 0

j 2CH3 COCH3 +H[20

H-0H

80
-DAA +H120

H20, kDAA

Figure 2-4. Mechanism for rehydrated LDH with bifunctional hydroxyl group pairs.27

One of the hydroxyl pairs acts as a Bronsted base, deprotonating the a-carbon of an acetone

molecule to generate the enolate anion. The neighboring site serves two functions: as a Bronsted

acid, it protonates the oxygen of another acetone molecule to polarize the carbonyl group, while
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also localizing the activated group next to the enolate, better facilitating the nucleophilic attack.

The primary product was diacetone alcohol, the aldol of the acetone dimer. Consistent with other

work, the dehydration to mesityl oxide did not take place due to the low temperature of

reaction.28

The high pressure, liquid-phase aldol condensation of three bio-oil model compounds

was carried out by Snell et al. 20 using AlPO 4 and nitrated AlPO 4 catalysts in batch. The P-OH

groups acted as weak Bronsted acid sites that polarize the carbon-oxygen bond in one carbonyl

molecule. This polarization increased the carbonyl carbon's susceptibility to attack by the

enolate intermediate of another carbonyl compound, which formed from the relatively weak

Lewis basic sites corresponding to bridged oxygen.29 Reactions involved the condensations

between acetaldehyde and acetone, and acetaldehyde and MEK, to investigate the effects of

catalyst acidity and basicity on preferential yields towards the self or cross condensation

products. At 150 'C and 25 bar of N2 overpressure, the acetaldehyde dimer and the cross

condensation products between acetaldehyde and the two ketones ((3-methyl-)3-penten-2-one, 4-

hexen-3-one) were the only measurable products. Consistent with other work done in this area,

the self-condensation product is favored for increasing catalyst basicity, while the acid sites

promote cross-condensation.30

Other authors investigated bifunctional mechanisms involving Lewis acid and Bronsted

basic sites of MgO, as well as mixed oxides containing Ce, Al, Co, and Ti, with different sites

and mechanisms associated with varying compositions and synthesis method.24,3 0
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2.2.3 Limitations of existing work

The work that has been done to date with aldol condensation of bio-oil model compounds

illustrates several issues that pose concerns regarding its feasibility in the bio-oil upgrading

scheme: carbon number limitations, industrially unfavorable processes, and excessive hydrogen

consumption.

As shown in the literature, the self-condensation of acetaldehyde yields the C4 dimer

crotonaldehyde, which is advantageous in that with its significantly higher boiling point, is a

liquid at ambient conditions. However, crotonaldehyde is still too light for appreciable

implementation as a supplement to petroleum gasoline and diesel fuels: less than 3 wt.% of

gasoline contains C4 alkanes which form as by-products from catalytic naphtha cracking, while

diesel combustion requires fuels with a minimum carbon number of 9.16 Ordomsky et al .26

observed a second condensation between acetaldehyde and crotonaldehyde to produce the trimer,

sorbaldehyde, but it was not generated in significant yields: selectivity to crotonaldehyde was

over 80% for both catalysts investigated. Similarly, Di Cosimo et al.' 9 observed the cyclized

trimer as the highest acetone condensation product, which yields the sufficiently large C9

compound. However, yields of the trimer were low, as was overall conversion. Hoang et al. 14

achieved 100% conversion of propionaldehyde in only 15 minutes, with yields towards C6-C 9

condensation products over 50% and the highest selectivity to the trimer. However, the acidic

sites also promoted the cracking reaction to produce nearly 40% yields of undesired light gases

(C 1 -C3).

Using the bio-oil model compounds listed in Table 1-1, the theoretical maximum carbon

number would be 8 from the self-condensation of MEK. However, the C8 dimer has not been

observed to form to an appreciable extent.2 0 Additionally, MEK, along with propionaldehyde and
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propenal, are not as representative of bio-oil carbonyl compounds as formaldehyde,

acetaldehyde, ethanedial, and acetone, so should not be the focus of condensation reactions with

respect to practical implementation. For this process to be considered a viable pathway to bio-

oil-derived biofuel, synthesizing sufficiently high molecular weight compounds is fundamental.

Finally, aldol condensation is typically run in mild conditions with long reaction times in

batch reactors. Because scale-up and production rates favor continuous flow systems

substantially, it is of interest to investigate if favorable conversion and yields are achievable in

flow. Additionally, in order for renewable energy technologies to be considered for large-scale

implementation, they must compete economically to an extent with existing infrastructures, and

obviously require less resource consumption and waste generation in both development and end

use. As a result, it is imperative that high pressures and large H 2 consumption are avoided to

minimize the excessive energy and financial costs associated with these conditions.

The goals of this work are two-fold: (1) to produce fuel range molecules from prevalent

model compounds; (2) to achieve reasonable conversion in a flow system.
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Chapter 3

Bifunctional acid-base materials for
polycondensation of acetaldehyde

3.1 Materials in literature

It has been shown in the literature that low molecular weight ketones and aldehydes,

primarily acetone, formaldehyde, and acetaldehyde, can combine in multiple aldol condensations

to yield their respective trimers, tetramers, and higher condensation products.-3 1 3 The reactions

with aldehydes in particular, which are generally more reactive than their ketone counterparts,

proceed rapidly and produce high molecular weight compounds, as discussed in the following

sections. If this multiple condensation reaction, or "polycondensation", could be truncated to

produce high yields of intermediate polycondensation products in the C6 to C20 range, it could

provide a feasible pathway for bio-oil upgrading into biofuels. To achieve the first goal of this

work, the first step was to examine which materials could catalyze this polycondensation. From

there catalysts with similar active sites could be evaluated for bio-oil model compound

polycondensation in the flow system developed, as described in the following chapter.

Acetaldehyde is chosen as the model compound to examine in the polycondensation reaction for

several reasons. First, it is usually the most prevalent carbonyl compound in bio-oil, with a

maximum at 8.5 wt.%. This might not seem like a substantial percentage, but considering that
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bio-oil can have over 300 different compounds falling into over 6 different families of functional

groups, it is a sizable amount for one compound to represent. Additionally, acetaldehyde is

particularly reactive both with itself and other functional groups, and with a boiling point at room

temperature, it poses significant challenges for bio-oil stability and transportation.

In the photocatalytic oxidation of ethanol over Evonik (formerly Degussa) P25 TiO 2,

acetaldehyde is formed as an intermediate. It has been observed by Luo and Falconer3 3 that the

catalyst is deactivating due to the trimer and high molecular weight compounds depositing on the

catalyst surface due to polycondensation of the aldehyde. This reaction is observed even in the

absence of UV light. P25 TiO2 is a biphasic mixture of anatase and rutile in 75 5% and 25 t

5%, respectively.3 3 When the authors compared acetaldehyde condensation over pure anatase

and P25 TiO 2 , they found that over the P25 the trimer and higher condensation products formed.

On the anatase alone, however, only the dimer was observed. Comparing the differences between

these two materials showed that the P25 has significantly more acid sites, which result in a much

higher surface adsorption of acetaldehyde and promote the acid-base mechanism. Additionally,

the P25 has more active sites overall compared to the anatase.

Ordomsky et al.26 similarly found that Lewis acid groups present in a ZrO2/SiO 2 catalyst

are responsible for the adsorption of acetaldehyde on the surface, through interactions of the

carbonyl oxygen with low-coordinated Zr4' sites. The presence of these acid sites further

promotes the aldolization of acetaldehyde because the basicity of the neighboring lattice oxygen

increases due to the Lewis acid-carbonyl oxygen attraction. The stronger basicity favors the

abstraction of the a-hydrogen. Additionally, Bronsted acidity provided by hydroxyl groups

adsorbed on the silica support allow H-bonding between hydroxyl hydrogen and a second

acetaldehyde carbonyl group. This increases the positive charge density on its carbonyl carbon
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and encourages the nucleophilic attack by the oxygen. The mechanism as proposed in Fig. 3-1

for P25 TiO2 is similar to that proposed for ZrO2/SiO2.2 6 It is possible that the acid sites

responsible for the carbonyl activation and increase in acetaldehyde adsorption promote a

polycondensation reaction.

In light of this, catalysts with acid-base bifunctionality are of interest in this work to

achieve high molecular weight compounds from acetaldehyde. P25 TiO 2 is examined as a

baseline case because of its established success in condensing multiple units of acetaldehyde

over a range of temperatures. 33 Additionally, an activated hydrotalcite-like compound is

investigated for activity in a polycondensation because it possesses acid-base pairs and has been

shown to be active in standard aldol condensation reactions. 2 7 ,2 8 This material is abundant and

relatively inexpensive, which is makes it attractive as well.

3.2 Active sites and mechanisms

3.2.1 P25 TiO2

P25 TiO2 is considered the standard in photocatalysis, and as a result much work has

been done to identify the components that are active in promoting photocatalytic reactions. 34

Among its electrical conductivity and band gap features, its surface sites are of particular

relevance to its success as a catalyst in polycondensation reactions. Like many transition metal

oxides, TiO 2 has Lewis acid sites that arise from coordinatively unsaturated Ti4* surface cations,

and Lewis basic sites from low coordinated 02- surface anions. 35 Additionally, P25 TiO 2

crystallites, which are sold as a nanopowder (average 21 nm particle size), have surface

roughness that contributes to cationic and anionic sites on edges, corners, and steps with even

lower coordination. The lattice oxygen of P25 TiO 2 is much weaker than that of alkaline earth
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metal oxides. 35 As a result, it is proposed35 ,36 that primarily defect oxygen sites are sufficiently

basic to deprotonate the a-carbon in the aldol condensation mechanism, as on the (001) and

(010) surfaces. On these planes, Ti4* and 02- are especially strong Lewis sites.3 1

Both independent anatase and rutile phases adsorb molecular water significantly. P25

TiO 2 adsorbs water both molecularly and dissociatively, resulting in extensive surface

hydroxylation. These hydroxyl groups also play an important role in P25 TiO 2's catalytic

properties, as they can act as both Bronsted acids and bases. 36 It is proposed that when the P25

TiO 2 surface is hydrated, these hydroxyl groups have sufficient Bronsted basicity to execute the

deprotonation in the aldol condensation mechanism. A mechanism for acetaldehyde

condensation on the surface of P25 TiO2 is below, as proposed by Singh et al.37 In this

mechanism, lattice oxygen is sufficiently basic to remove the a-hydrogen and create the enolate

intermediate, so this could be taking place on a defect site on one of the highly active crystal

planes, namely 010.35,36
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Proposed mechanism 3" of acetaldehyde condensation on the surface of P25 TiO2.

In this mechanism, an acetaldehyde molecule will adsorb onto a strong Lewis acid site of

the P25 TiO 2 surface through its carbonyl oxygen group. A neighboring lattice oxygen of

sufficient basic strength will deprotonate the a-carbon of the adsorbed acetaldehyde, generating a

carbenium anion which will in resonance form the enolate intermediate. Simultaneously, another

unit of acetaldehyde will adsorb through hydrogen bonding onto a surface hydroxyl group (1).

This hydrogen bonding increases the positive charge density of the carbonyl carbon because of

the oversaturated carbonyl oxygen, which aids in the neighboring enolate anion's nucleophilic

attack (2). The aldol is formed, and is stabilized on the surface still through oxygen carbonyl-Ti4 *

surface attraction (3). The dehydration in step four results in a water molecule that preferentially

adsorbs on a neighboring Ti4+, which then dissociates the molecule and regenerates the surface

hydroxyl group. The dimer, crotonaldehyde, is formed. It is stabilized as an adsorbed product
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both by the oxygen-Ti 4' and double bond-Ti 4l interactions (4). It is possible that this interaction

is one of the reasons this material is active in a polycondensation. Rather than desorbing and

leaving the bed as the dimer, the product stays adsorbed because of the double bond-strong

Lewis acid site attraction to react with another unit.

3.2.2 Hydrotalcite-like compounds

Hydrotalcite-like compounds (HTlc) are structurally similar to the naturally found

mineral hydrotalcite (Mg6 Al 2CO3(OH)16 -4H20). These materials have metal hydroxide sheets

with an octahedrally coordinated M" metal as in brucite, with anions and H20 molecules

intercalated between layers. Also known as layered double hydroxides or synthetic anionic clays,

they have a general chemistry of [M"1ixM"'x(OH)2] 2+(A"-)x/n-yH 20.27 The substitution of an M"

with an M"' in the metal hydroxide layer generates a charge imbalance, which is compensated by

anions in the interlayer galleries. 27 These materials are active as solid base and acid-base

catalysts. Metals vary from various alkali earth metals to transition metals, including Mg, Ni, Al,

Co, and Fe, while anions include C0 3
2-, OH-, NO3-, and Cl-.28 ,38 HTlcs are of interest in many

applications because different cations can be chosen during synthesis, and anions can be easily

exchanged to functionalize the material with desired properties. Fig. 3-2 shows the interesting

structure of these compounds.
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Figure 3-2. Anions in interlayer galleries maintain charge neutrality of the M"'-substituted M"-

hydroxide in a HTlc.39

When HTlc are calcined at temperatures of 500 'C and higher, they go through a phase

transition in which they dehydrate, lose interlayer anions, and decompose in the brucite-like

sheets, yielding a weakly crystalline oxide of the primary metal with substitutions of the

secondary metal on its lattice.40 These calcined oxides derived from HTlc have the interesting

property of "memory effect", in that if dispersed in water with specified anions in solution at

room temperature can regenerate the original layered structure with the initial or different anions

in the interlayer galleries. 2 8,4 0 These rehydrated HTlc have been shown to be active catalysts

possessing both acidic and basic sites.28

In this reaction mechanism, interlayer anions are hydroxyl groups. The preparation of this

HTlc is discussed in the following chapter. Hydroxyl groups at a fixed distance apart on basal
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surfaces act as Bronsted acid-base pairs, as shown in Fig. 3-3.27 An acetaldehyde molecule

diffuses to the catalyst surface and adsorbs through hydrogen bonding with the acidic hydroxyl

group, polarizing this bond and increasing the positive charge density on the carbon (1). The

neighboring basic hydroxyl group initiates the aldol condensation mechanism by deprotonating

another acetalehyde's a-carbon, producing the nucleophilic enolate intermediate which attacks

the neighboring activated carbon (1, 2). The aldol forms, stabilized by the acidic site (3), which

then dehydrates to yield the dimer, crotonaldehyde, regenerating the catalyst (4). These sites are

of medium-high Bronsted acidity and basicity.2 74 1
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Figure 3-3. Proposed acid-base mechanism of neighboring hydroxyl pairs on basal surfaces of

an activated HTlc compound.27

38



3.3 Polycondensation Chemistry

It is important to note that the aldol condensation reaction mechanism is well understood

for single condensations (ie, in the formation of the dimer). However, as the unit compound

begins to polycondense, subsequently higher condensations are not so straight forward and

products need not be the theoretical linear product of the n-mer with another unit. In

acetaldehyde polycondensation, the first two condensations yield the dimer, crotonaldehyde, and

trimer, sorbaldehyde, for which the mechanisms are direct aldol condensations. Subsequent

condensations yield heavier compounds that are so bound to the surface that even analysis

through TPD, TPH, and TPO at high temperatures proves difficult. 3 3 Luo and Falconer3 found

that many of these compounds are aromatics and other cyclized chemistries. This is consistent

with what Di Cosimo et al.' 9 found in the polycondensation of acetone. The liner trimer phorone

was formed but rapidly cyclized into isophorone. As a result, as C8 and higher compounds begin

to form, the chemistry is not well understood, but hopefully can be examined more closely

moving forward in this work.
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Chapter 4

Experimental Methods and Materials
Characterization

4.1 Development of the Flow System

4.1.] System goals

A flow system was designed to examine the performance of the acid-base catalysts

described previously in the polycondensation of acetaldehyde. In addition to the transport

phenomena and production rate advantages associated with a continuous reactor compared to

batch, the flow design is an imperative component to the specific aims of this work. In batch

conditions, acetaldehyde can either react to form its dimer or proceed through a

polycondensation mechanism to form such heavy products that they are solids, as shown by Luo

and Falconer3 3 over P25 TiO 2. The goal is to control the polycondensation and truncate the

reaction to terminate at 3 to 10 condensations to generate liquid-phase molecules in the gasoline

and diesel range. To do this, a flow system is of interest because it offers significantly more

control over the reactant-catalyst interaction through residence time. This interaction can also be

controlled through tuning of the reactor bed itself, which is only capable in a flow system.
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In designing the system, certain parameters were considered in order to develop a process

step that would fit well into the overall bio-oil upgrading process. As mentioned earlier, bio-oil

stability is a major challenge because of the reactive oxygenates. Ideally, a portion of these

oxygenates would be addressed immediately upon exiting the pyrolysis unit, and these are

targeted for the polycondensation.

Pyrolysis of biomass takes places between 450 to 550 'C, producing permanent gases,

char, and predominantly oil, which forms from the condensation of pyrolysis vapors as they cool.

In traditional crude oil processing, the oil is distilled and the distillate fractions are processed

accordingly to produce gasoline and diesel-range molecules through catalytic hydrocracking. If

bio-oil were distilled, light oxygenate vapors would boil off first, followed by water vapor.

Rather than leaving an oil that could similarly be processed into shorter hydrocarbon chains, the

distillation yields 40-60% carbonaceous solids that are unable to be further processed into liquid

fuels. 4 2 Challenges posed by revaporization motivate the upgrading of the lightest fractions

before they condense. The flow system in this work then is developed for gas phase reactions to

simulate those that would be carried out in the post-pyrolysis step-upgrading of hot pyrolysis

vapors. Additionally, the system is run at ambient pressure both to maintain the gas phase of the

species that are present (many of which are near their phase transition conditions) and to avoid

the high costs and risks associated with a high pressure system.

As mentioned earlier, co-feeding of hydrogen has been used in previous work1 4,19 33 to

help the polycondensation products desorb from the catalyst surface and exit the reactor bed in

the gas or liquid phase. However, because there is no large-scale source of renewable hydrogen

currently available, it is best economically and environmentally to avoid using hydrogen as a
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means to desorb heavy condensation products. As a first investigation, no hydrogen is co-fed in

this reaction.

4.1.2 System design

A schematic of the flow system designed to test the performance of P25 TiO2 and the

activated HTlc is shown in Fig. 4-1.

To by-pass

Reactor

MFC- -- -
Vent N 2

Chiler, *CHeater and

BPR thermocouple GC vials in
series, 20 0C

Acetaldehyde

Figure 4-1. Schematic of flow system.

A Sierra MicroTrak 101 mass flow controller delivers N2 at specified flowrates into a bubbler

containing pure acetaldehyde (Sigma Aldrich, ACS reagent, >99.5% ). The headspace of the

bubbler is a mixture of N 2 and acetaldehyde, which is driven downstream by the inlet flow of N2

into the liquid. The total flowrate through the system is measured with a low-flowrate capillary

bubblemeter after steady state is achieved after every setpoint change. The concentration of

acetaldehyde in the headspace is a function of its vapor pressure, so to control this the bubbler is

maintained at 0 'C by a chiller. The outlet line is directed into a cross union, with the outlet to

the reactor bed. The other two lines go to a pressure gauge (maximum P = 6 bar) to measure

pressure drop across the packed bed for use in the Ergun equation, and to a pressure-relief valve,
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which is a back pressure regulator rated at 75 psig cracking pressure in case clogging resulted in

pressure spikes dangerous to the system or general safety. Two poppet check valves serve a

similar purpose so as to prevent backflow into the bubbler as well as into the mass flow

controller. All lines except the reactor inlet and outlet are made of 1/I6" PEEK tubing (0.03" ID)

for chemical compatibility and strength under high pressures.

The packed bed reactor is an electropolished stainless steel tube from Swagelok fitted

with a Valco nut/ferrule on either end that connect to 1/ 16" stainless steel tubing. The reactor bed

is heated by two heating cartridges placed into a metal chuck which gets secured around the bed.

To maximize heat transfer to the bed a layer of graphite paper is wrapped around it so there is a

snug fit within the chuck. A picture of the bed shown in Fig. 4-2.

Figure 4-2. Reactor bed with cartridge heaters, heating chuck, graphite paper, and thermocouple.

A 2pm frit is placed in each of the Valco internal nuts (reactor inlet and outlet) to prevent the

catalyst from escaping the bed and clogging the lines.

The effluent of the reactor is well insulated to prevent inline condensation of

condensation products, and flows directly into a 2 mL GC vial (Agilent). This vial contains a
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specified amount of toluene as a solvent and dodecane as a calibration standard. Toluene was

chosen because it is non-reactive with acetaldehyde and the two are miscible. Unconverted

acetaldehyde and any products formed bubble into the toluene and condense. While all

condensation products are liquid at room temperature (the smallest product, the dimer, boils at

104 'C), not all of the acetaldehyde is captured in the first stage of collection (boiling point = 20

'C). The first vial is then vented to a second GC vial, again containing toluene and dodecane, to

capture any uncondensed acetaldehyde from the first stage. In fact, the back pressure induced by

the small-ID tubing between the second and first stages is sufficient to keep over 97% of the

acetaldehyde in the first stage. The second vial is vented to atmosphere to release the N2 so as

not to pressurize the system. The initial method was to collect the acetaldehyde in a vial kept in a

dry-ice acetone bath at temperatures between -55 and -65 'C. However, this method was

abandoned because the acetaldehyde was condensing in the inlet needle, preventing collection in

the vial itself. Additionally, such low temperatures might induce solidification of condensation

products. The two-stage collection method at room temperature avoids such issues.

Reagent and products are analyzed offline in the liquid phase using an Agilent GC-

FID/MS fitted with a HP-5 column. System specifications are outlined in Table 4-1.

Sierra MicroTrak 101 mass flow controller 0.100 - 4.000 mL/min
Reactor bed volume 0.731 mL

Reactor bed dimensions 3 mm ID x %" OD x 100 mm L
Residence time range 10 s - 5 min

Cartridge heaters maximum temp. 400 0C

Table 4-1. Specifications of the flow system developed.

For conversion calculations, the standard definition is used:

X CA,o - CA

CA,O0
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where CA,O is the initial concentration as measured through the bypass, and CA is the

concentration measured after the reaction.

4.2 Materials Preparation and Characterization

4.2.1 Pelletized P25 TiO2

Commercial P25 TiO 2 by Evonik is only sold as a nanopowder with average particle size

of 21 nanometers. To avoid the issues with packing and associated pressure drop that would arise

with nanoparticles in a packed bed, it was necessary to create larger particles that could then be

uniformly sized. A recipe was found in the literature' that creates large pellets of P25 TiO 2 from

the commercial nanopowder. One milliliter of distilled water was added to every 1 gram of P25

TiO 2. The mixture creates a sticky material that was then extruded and dried at 110 'C for 12

hours to remove excess water. The dried mixture yields large pellets that can then be crushed

gently with a mortar and pestle and sieved. Molecular test sieves of 120 and 200 mesh were used

to keep particles with diameters between 75 and 125 tm. This size range promotes high surface

area and minimal packing. The sample prepared in this way will be identified as pelletized P25

TiO 2.

It was important to validate that the preparation method as described above did not

significantly affect the features of P25 TiO 2 that make it such an active catalyst in acetaldehyde

condensation. To ensure that adding water and drying the material affected neither the crystalline

composition nor the crystalline size, x-ray diffraction (XRD) was run on both the nanopowder

and the pelletized P25 TiO 2 samples. The XRD spectra of both samples are shown in Fig. 4-3.
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Figure 4-3. XRD spectra of commercial P25 TiO2 nanopowder and pelletized P25 TiO 2 with
marked anatase and rutile phases. Scan taken at 20/min with Cu Ka source (A = 0.1540 nm).

From this comparison it is clear that the method used to prepare the pelletized P25 TiO2 had little

to no effect on the material's crystallinity. This is consistent with what was found in the

literature.4 3 Peaks attributed to anatase (-75%) and rutile (-25%) are labeled as "A" and "R",

respectively.

A low-temperature nitrogen adsorption-desorption experiment was carried out using a

Quantachrome AutosorbiQ automated gas sorption analyzer, after degassing at 100 'C for 10

hours. The adsorption-desorption plots are shown below in Fig. 4-4. The BET method was used

to calculate the surface area of the pelletized sample material, which was measured to be 57 m2/g

(commercial P25 TiO 2 nanopowder has BET surface area of 55 m2/g)3 6 This experiment
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confirmed that the preparation method did not result in a decrease in surface area, which is

usually a very important component of catalyst activity.
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Figure 4-4. Low temperature (77 K) N2 isotherms for adsorption (red)-desorption (blue) on
pelletized P25 TiO2.

The average pore size is 63 nm as calculated using the BJH method. This is consistent with the

literature43 , which states that this material is macroporous. The total pore volume is 0.452 cm3/g.

4.2.2 Activated hydrotalcite-like compound

As mentioned previously, the active sites in the acid-base aldol condensation over a HTlc

are the OH-pairs. It is proposed27 that it is the pairs on the basal surfaces that are the accessible

active sites. The HTlc is activated through a series of steps to replace the carbonate anions in the

interlayer galleries in hydrotalcite (HT), Mg6Al2CO3(OH)16 -4H20, with these active hydroxyl

groups. The end chemistry then should be Mg6Al2(OH)18 -4H20, with two hydroxyl groups
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substituted for one carbonate group in the interlayers to maintain charge neutrality. This material

is also known as meixnerite.

A commercial HT (Sigma Aldrich) was used as the starting material. HT was first

calcined at 500 'C for 8 hours under N2 flow. At this temperature, the HT undergoes a phase

transition from the layered double hydroxide structure to an oxide. At 100 'C, physisorbed water

is removed, followed by intercalated water molecules between 140 - 190 *C.40,44 By 500 0C, the

material has lost its interlayer anions and the brucite-like sheets have decomposed into an oxide

of the parent metal, in this case Mg, with Al substitutions on the rock salt lattice.40 XRD spectra

comparing the calcined HT with MgO are shown in Fig. 4-5, using a Cu Ka source (A= 0.1540

nm) taken at 20/min. The spectrum of the calcined HT sample has peaks characteristic of a

weakly crystalline MgO, namely reflections on the (111), (200), (220), (311), and (222)

planes.40 45 The significant peak broadening and associated loss of crystallinity is due to small

(-5 nm) Mg-Al-O domains in the oxide.40

I
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Figure 4-5. XRD spectra of calcined HT and MgO with crystal planes of MgO labeled.
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The second step to activate the HT is to rehydrate the calcined HT to regenerate the layered

double hydroxide phase with hydroxyl groups, the active sites in the condensation reaction, in

place of the interlayer carbonate. First, water was decarbonated by bubbling N2 into DI water for

3 hours in a sonicating bath to help remove dissolved C02. Next, the calcined HT was dispersed

into the decarbonated water under N2 flow for 5 hours at room temperature and intermittently

stirred to aid in the rehydration process. After 5 hours the water was decanted and the sample

was vacuum filtered to remove excess water. The material was then dried at 110 'C for 10 hours.

The resulting sample will be identified as rehydrated HT.

After activating the HT, XRD was run on both samples to compare phases and to see if

any changes could be noted due to the carbonate replacement with OH-. The similar XRD

spectra as shown by Fig. 4-6 confirm that the layered double hydroxide structure was

successfully regenerated upon rehydration of the oxide.

1 - -commercial HT
0.9- - rehydrated HT

e 0.8 -

S0.7 -

S0.6 -
.0
< 0.5 - o

0.4 -0

T 0.3 -O

0.2 - %

0.1 
- -~ 1 0

0
5 10 15 20 25 30 35 40 45 50 55 60 65 70

20 (*)

Figure 4-6. XRD spectra of commercial HT and rehydrated HT (meixnerite).
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However, there was some loss of crystallinity during the calcination-rehydration process as

shown by peak broadening especially on the (1010), (1011) and (1013) crystal planes.

In addition to phase identification, XRD is also useful in determining interplanar distance

according to Bragg's Law (shown for n =1, for two neighboring unit cells):

_A

sin6 = 2d'

where 0 refers to the angle of diffraction, A is the incident beam wavelength, and d is the normal

distance between two lattice planes. XRD then can be used to investigate changes in basal plane

spacing due to the replacement of carbonate groups by hydroxyl groups. This is the d-spacing as

labeled in Fig. 4-7.

brucite-like sheets

4.8 A
d = basal spacin

interlayer anions

Figure 4-7. Basal plane spacing (d) varies with different interlayer anions in HTlc.

These changes are attributed more to the nature of the bonding between the anion and the

brucite-like layers rather than to the size of the anion itself. 46 In the commercial and rehydrated

HT materials the basal planes correspond to the (003), (006) and (009) peaks as labeled in Fig. 4-

6. In the literature2 7,38 ,40,46 the (003) plane is most commonly used for determining changes in

interplane spacing due to the presence of different interlayer groups. The values for the basal

plane spacing are listed in Table 4-238,4o,46
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dOH- (A) 2.75

d 2- (A) 2.85

20 shift (0) 0.4

Table 4-2. D-spacing values between (003) planes for rehydrated hydrotalcite (interlayer
hydroxyl) and commercial HT (interlayer carbonate). This relates to a 20 shift in XRD spectra
for the peaks corresponding to the (003) plane.

It is difficult to observe the relatively subtle 20 shift of 0.4' given the resolution of the XRD

spectra. As a result, another method was used to confirm that interlayer carbonate was

successfully replaced by hydroxyl groups.

It is difficult to truly replace all of the C03
2 because invariably some C02 will enter the

system either during hydration or drying.4 7 To confirm that meixnerite was actually produced

and hydrotalcite was not reformed during the rehydration process, x-ray photoelectron

spectroscopy (XPS) was run on the samples to compare surface carbon content. The surface

composition was assumed to approximately represent the bulk composition. As shown in Fig. 4-

8, commercial HT has significantly more C in the first few atomic layers than rehydrated HT.

The approximate mole composition comes out to 11 and 48% for rehydrated and commercial

HT, respectively, confirming that rehydrated HT in the form of meixnerite was successfully

produced.
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Figure 4-8. XPS spectra of commercial and rehydrated HT.

Similar to pelletized P25 TiO 2, a low-temperature nitrogen adsorption-desorption

experiment was carried out after degassing at 80 'C for 8 hours. Isotherms for this experiment

are shown in Fig. 4-9. The BET method was used to calculate the surface area of the rehydrated

material, which was measured to be 21.3 m2/g. This was lower than literature values, but this is

not surprising as the authors27 had control over surface areas through the synthesis methods (co-

precipitation, urea decomposition), which was not the case for the commercial HT. Nevertheless,

the differences in surface area need to be taken into account when comparing performance of the

catalysts.
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Figure 4-9. Low temperature (77 K) N2 isotherms for adsorption (red)-desorption (blue) on
rehydrated HT.

The BJH method was used to calculate average pore size and pore volume. The average pore size

was 56 nm, suggesting a macroporous material. Total pore volume was measured to be 0.20

cm 3/g.

4.3 Thermal Stability

Many of the reactions that use P25 TiO2 and HTlcs as catalysts are run at relatively mild

temperatures. For example, photocatalytic oxidation of ethanol and aldol condensations often

take place at room temperature, while some HTlc-catalyzed condensations are even run at 0 *C.28

In this work, a traditional batch reaction is transitioning to a flow system, so it is possible that in

order to get appreciable conversion, higher temperatures than the usual 0 to 80 'C are necessary.

It was necessary then to evaluate the thermal stability of the pelletized P25 TiO2 and rehydrated

HT to establish the maximum reaction temperatures before either material decomposition or
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phase transition occurs. To examine this, the samples were run in a thermogravimetric analyzer

(TGA), and weight change as a function of temperature was measured. The derivative weight

change versus temperature is plotted in Fig. 4-10.

rehydrated HT
0.25 - pelletized P25 TiO2

( 0.2
0

0.15 /
~0.1

o 0.05

0
50 100 150 200 250 300 350 400 450 500

Temperature (*C)

Figure 4-10. TGA of pelletized P25 TiO2 and rehydrated HT samples.

There are two distinct peaks for the pelletized P25 TiO2 sample that can both be attributed to the

loss of molecularly adsorbed water. The first loss is likely due to any water that was not fully

removed during the drying step in the preparation of the P25 TiO 2 pellets. The second is due to

loss of surface hydration, which occurs as shown between 150 and 300 C. 34 While not reflected

in Fig. 4-10, hydroxyl groups interact to form water and desorb at 350 and 500 'C, resulting in

dehydroxylation. 4 Even after outgassing at 200 'C, the P25 TiO2 surface remains extensively

hydroxylated.36 Additionally, the phase transition from anatase to rutile occurs at temperatures

greater than 700 'C. For pelletized P25 TiO2 then, temperatures less than 350 'C maintain the

active sites for this reaction.
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Similar to pelletized P25 TiO 2, rehydrated HT experiences two weight losses between

100 and 200 'C related to the loss of molecular water. The first peak is attributed to dehydration

of physisorbed water, while the second is due to loss of water in the interlayer galleries.40

Between 140 and 160 'C, a metastable phase forms which represents the dehydrated HTlc, in

which the layered double hydroxide structure is maintained but without water molecules

intercalated between the brucite-like sheets. As the temperature is further increased there are two

more distinct weight losses, which can be attributed to loss of interlayer anions (-275 'C) and

the decomposition of the brucite-like layers. Another metastable phase forms between 240 and

260 'C, which corresponds to the layered double hydroxide phase without charge-compensating

anions present.44 The decomposition of the brucite-like layers at higher temperatures causes

hydroxyl group loss in the form of H 20 and the phase transition into the weakly crystalline

oxide, as shown previously by XRD of the calcined HT sample. With respect to the rehydrated

HT as a catalyst, reaction temperatures below 250 'C safely avoid loss of active sites through

dehydroxylation. Higher temperatures are of course possible, but the reaction mechanism will

change as the weakly crystalline oxide that forms from the calcination of a HTlc behaves as a

very basic catalyst. 30 Interlayer water molecules block access to accessible sites, so temperatures

greater than 140-160 'C might help the reaction by increasing hydroxyl group access. This is the

case for basal hydroxyl group active sites, but not for edge-only sites.27 40
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Chapter 5

Performance of acid-base catalysts in
acetaldehyde polycondensation in flow

5.1 Temperature experiments

The first set of tests was run at a fixed residence time over a range of temperatures

from 50 to 200 'C over pelletized P25 TiO2. The residence time was 2.5 minutes, which

corresponds to the current minimum stable flowrate through the flow system (0.300 mL/min). A

high residence time was chosen because initial experiments previously run in flow over a MgO

catalyst did not show conversion until 300 'C at higher residence times. The bed was fully

packed with the catalyst on a bed of quartz wool, amounting to 500 mg of pelletized P25 TiO 2

between 75 and 125 ptm. No conversion was observed at 50 'C, but conversion increased to

approximately 80% at 75 'C and 100% for both 150 and 200 'C, as shown in Fig. 5-1. While

conversion was high at temperatures of 75 'C and greater, no products were observed in the

liquid phase. GC parameters were adjusted to maximum inlet temperature and maximum oven

temperature to ensure that any heavy condensation product would appear in the chromatograph.
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Figure 5-1. Conversion of acetaldehyde over a range of temperatures at fixed residence time (2.5
minutes) over pelletized P25 TiO 2.

The catalyst turned from white (fresh) to a deep orange, which is indicative of a polymer

deposited on the surface. TGA was run on all spent catalysts, and is shown for those that came

from the 150 'C and 200 'C runs in Fig. 5-2, compared to a baseline pelletized P25 TiO 2.
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99% -
98% -
97% -
96% -
95% -

394% - 150 C

93% - - 200 C

92% - - baseline TiO2

91% -
90% -

0 100 200 300 400 500 600
Temperature (*C)

Figure 5-2. TGA of spent catalysts compared to fresh pelletized P25 TiO2.
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Between 200 and 400 0C there is a weight loss that can be attributed to the oxidation of

carbonaceous compounds adsorbed on the surface. (The mass loss difference between the two

samples is not quantitative because the catalysts were kept on stream for different amounts of

time.) The spent catalyst was also sonicated in various solvents, including acetone, toluene, and

dichloromethane, in an effort to desorb more loosely-bound compounds for evaluation through

GC-MS. However, none of the adsorbates was removed through sonication. This is consistent

with Luo and Falconer's finding33 that even TPD and TPH at elevated temperatures could not

sufficiently desorb condensates from the catalyst surface. The conversion of acetaldehyde

resulted in high molecular weight condensation products, as expected. This preliminary set of

tests showed that the reaction system will need tuning with respect to residence time,

temperature, and the nature of the packed bed itself in order to gain better control of the reaction,

with the goal to truncate the polycondensation to produce intermediates.

The temperature of the reaction is bound not only by catalyst stability but also by

condensation product boiling point. Because the system is run in the gas phase, it is imperative

that all reactants and products stay vaporized throughout the packed bed and up until the GC

vial, where everything will condense in solution. Products that condense in the bed will yield a

two-phase system in the reactor, causing two separate residence times for each phase. While the

gas phase residence time could still be controlled, the liquid phase would essentially stay in the

bed throughout the course of the reaction. The smallest condensation product, the dimer

(crotonaldehyde), boils at 104 'C. Subsequently higher condensation products boil at higher

temperatures, as shown in Table 5-1. To obtain an intermediate condensation product of interest,

the temperature in the bed during reaction has to be at least the boiling point temperature.
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Salicylaldehyde (C7H6 02), syringaldehyde (C9H 1004), and cuminaldehyde (CloH12O) are used as

example higher condensation products with a cyclized chemistry.

#C Compound Boiling Point (*C)
2 Acetaldehyde 21
4 Crotonaldehyde 104
6 Sorbaldehyde 173
7 Salicylaldehyde 196
9 Syringaldehyde 192
10 Cuminaldehyde 235

Table 5-1. Boiling points of condensation products of acetaldehyde, along with potential higher

order condensation products with cyclized chemistries.

From here, 200 'C can be taken as the minimum reaction temperature because (1), 100%

conversion was already observed at this temperature, and (2), several condensation products of

interest are comfortably in the gas phase at this temperature.

5.2 Residence time experiments

Experiments were run with both pelletized P25 TiO2 and rehydrated HT catalysts at a

fixed temperature of 200 'C over a range of residence times. Flowrates of acetaldehyde are

summarized in Table 5-2, and results from these reaction conditions are shown in Fig. 5-3.

Acetaldehyde Flowrate

Residence Time (min) (umol/min) (mL/min)

2.5 9 0.22

1.5 13 0.33
1 23 0.57

0.5 34 0.85

Table 5-2. Acetaldehyde flowrates for different residence times.
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Figure 5-3. Conversion of acetaldehyde at 200 'C over residence times from 0.5 to 2.5 minutes.

Approximately 500 mg of pelletized P25 TiO2 and 350 mg of rehydrated HT, sized

between 75 and 125 gm, were used in the full packed bed volume. At all residence times over

both catalysts, conversion was 100%. Even at relatively short residence times (30 seconds to 1

minute), no liquid phase products were observed. Over pelletized P25 TiO2, a similar deep

orange was observed on the spent catalyst. Significant deposition was also observed on the spent

rehydrated HT catalyst as shades of gray. This color is suggestive of coke deposition rather than

polymerization. It is not surprising that the resultant heavy condensation products have different

chemistries because the active sites behave differently in terms of Lewis-Bronsted nature as well

as site strength. The spent catalysts are shown in Fig. 5-4.
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P25 TiO2 rehydrated HT

Figure 5-4. Spent catalysts after reactions at 200 'C in the full packed bed.

It is interesting to note that the catalyst color changes along the length of the reactor bed.

The beginning of the bed adsorbed the most acetaldehyde and subsequently less was adsorbed

with increasing depth into the reactor (clockwise in Fig. 5-4). The catalyst at the end of the

reactor maintained the color of the fresh catalyst (white and light brown for pelletized P25 TiO2

and rehydrated HT, respectively). This can be attributed to decreasing concentrations of

acetaldehyde in the vapor phase as it passes through the reactor. The maximum concentration

(the flowrates outlined in Table 5-2) enters the bed, and a fraction of the acetaldehyde adsorbs in

the first regime, reducing the concentration in the stream that proceeds to the next bed regime. A

fraction of this will adsorb as well, but because the vapor is less concentrated in this stage the

amount is reduced. This trend proceeds until there is no acetaldehyde left in the vapor phase, as

shown by the uncolored final regime of the catalyst bed. Conversion is 100% before the end of

the bed is reached.
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5.3 Shortened bed experiments

This motivated looking into what components of the reaction are actually responsible for

the conversion. The three main causes are temperature, physical adsorbance, and active sites. To

test this, controls were run with blank beds at a fixed residence time of 30 s over a range of

temperatures, as well as with the commercial (inactive) HT, as shown in Fig. 5-5.

100 - Oblanks
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Mcommercial HT
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70 - *pelletized P25 TiO2

5 60 -Orehydrated 
HT

5 50 -

40 -

M30 -0
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0
0 50 100 150 200 250 300 350

Temperature (*C)

Figure 5-5. Acetaldehyde conversion
conditions.

with a 30 s residence time in various packed bed

From temperatures of 50 to 350 'C, between 10 to 15% conversion can be attributed just to

temperature. It is not surprising that the acetaldehyde reacts at higher temperatures even in the

absence of a catalyst, because it is a very reactive compound that has been shown to even

polymerize to paraldehyde at room and sub-room temperatures.48 The next control was to ensure

that the active sites, rather than just physical adsorbance, were responsible for most of the

conversion of the acetaldehyde. Otherwise, tuning catalyst activity and the nature of the active

sites themselves would be irrelevant. The control used a full packed bed (approximately 350 mg)
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of commercial HT, which has been shown to be inactive in the literature2 52 7 because it does not

possess the active hydroxyl groups in the interlayer galleries. Conversion over this material was

35 2% at 200 'C, and at the same condition for the blank was 8 8%. From this, it can be

concluded that at these conditions anywhere from 17 to 37% of conversion is due physical

adsorbance-the acetaldehyde polymerizes simply because it has something on which to adsorb

and further react with itself. That leaves between 63 and 83% of conversion due to the active

sites of the catalyst. This confirms that the reaction can be significantly controlled by the catalyst

itself. These control studies motivated the shortening of the catalyst bed in an effort to reduce

conversion by physical adsorption alone, which results in solids deposition on the catalyst

surface. A schematic of the shortened bed is shown in Fig. 5-6.

20 mm

100 mm

Figure 5-6. 100 mm packed bed reactor partially packed (20%) to reduce conversion due to

physical adsorbance.

The catalyst bed was shortened from 100 mm down to 20 mm, using 20% of the full

packed bed mass. Reducing the length of the catalyst bed has two effects: decrease in vapor-solid

contact, and reduction in the full packed bed's minimum residence time. The shortened bed cut

the original minimum residence time by an order of magnitude, from 10 seconds down to 1

second. This allows for a wider range of parameter space to test and provides further control over

the polycondensation reaction. In these experiments, the same tube reactor and heating system

were used. Experiments were run with approximately 100 mg of pelletized P25 TiO2 and 70 mg

64



of rehydrated HT in the same average particle size range (75-125 pm), to keep residence times

fixed between the two catalysts. Quartz wool was used to keep the catalyst in the center of the

bed, as shown in Fig. 5-6.

All tests were run at 200 'C at mass flow controller setpoints of 1.000, 3.000, and 4.000

mL/min. These flows correspond to 6.6, 2.4, and 1.5 s residence times, respectively. The results

are shown in Fig. 5-7. Over pelletized P25 TiO 2 , conversion dropped by approximately 10%

across all residence times compared to the same conditions over the full packed bed. Similarly,

conversion dropped between 10-25% over rehydrated HT. The trend appears to be an increase in

conversion with decrease in residence time. However, the increase is within fluctuations of the

system and thus, conversion can be taken as approximately constant for the reactions over both

catalysts at all residence times. A control using commercial HT was run at 6.6 residence time

using the 20% packed bed configuration for support that these reductions in conversion were due

to reductions in conversion by physical adsorbance. The conversion over the control decreased

by approximately 10% from the full to 20% packed bed, which is consistent with the other

samples. This confirms that this configuration reduces selectivity towards acetaldehyde

deposition on the catalyst surface.
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Figure 5-7. Conversion of acetaldehyde at a fixed temperature (200 'C) over a range of
residence times in the 20% packed bed configuration.

A further promising result arose from the shortened bed experiments as well. Unlike in

previous reactions over the full packed bed, the 20% configuration produced a liquid phase

condensation product. The dimer of acetaldehyde, crotonaldehyde, was observed through GC-

MS, as shown in Fig. 5-8. Additionally, small amounts of butanal (unsaturated crotonaldehyde),

were observed as well. By simply shortening the bed, selectivity towards liquid phase

condensation products increased due to the decrease in conversion by adsorption alone. This is

consistent with the color homogeneity and reduced color intensity of the spent catalysts. While

yields were low and the dimer is outside of the desired chemistry range for fuel-size molecules, it

is exciting that selectivity towards liquid phase products increased and yields were observed on

the order of seconds for a typically batch-run reaction. The reaction conditions need to be further

optimized to increase liquid phase yields and selectivity towards intermediate compounds.
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Figure 5-8. Yields of the dimer of acetaldehyde condensation, crotonaldehyde, in the 20%
packed bed configuration at 200 'C. Yields at 1.5 s overlap for both catalyst samples.

As a trial experiment, the same 20% packed bed configuration was run but without

preheating of the acetaldehyde vapor. The same bed was used and partially packed, but heating

tape was used to heat only the catalyst bed rather than the chuck-cartridge heating system that

heats the entire 100 mm. At the same residence time of 2.4 s and temperature of 200 'C, in the

absence of reactant preheating yields of the dimer increased to 5% over the pelletized P25 TiO 2

catalyst. The rehydrated HT yields did not increase. Clearly further adjustment of the system

parameters is required, but with the wide range of temperatures and residence times afforded by

this system, as well as the flexibility in the nature of the packed bed itself, more control over the

polycondensation and higher selectivity are possible. Future work can investigate more of the

temperature space; catalyst active sites in terms of number, strength, and acid-base character; and

means of polycondensation suppression including competitive adsorption and chemical

inhibition.
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Chapter 6

Conclusion

Generating transportation fuels from carbon-neutral sources like bio-oil is desired to help

retard the increasing levels of atmospheric carbon dioxide and the associated climate change

effects. The chemistry and reactivity of acetaldehyde make it a very representative model

compound for bio-oil, and thus was investigated in this work in a controlled polycondensation

reaction. A polycondensation reaction is of interest because single aldol condensations of such

bio-oil model compounds yield products with insufficient energy densities and limited physical

properties required for transportation fuels. Pelletized Evonik P25 TiO 2 and an activated HTlc

were chosen for evaluation as catalysts in this reaction because they possess the acid-base sites

suggested to be active in promoting a polycondensation reaction. To evaluate these materials, a

flow system was developed that mimics the conditions of a theoretical process step in the overall

bio-oil upgrading scheme. The system targets pyrolysis vapors as they are quenched in the

pyrolysis unit to help increase bio-oil stability and address the challenges associated with its

transportation, storage, and processing. The flow system is flexible in that many different

temperatures, residence times, and packed bed parameters can be easily adjusted.

The catalyst materials were prepared and characterized with XRD, low-temperature N 2

adsorption-desorption experiments, XPS, and TGA. The HTlc was successfully activated

69



through a calcination-rehydration process, generating the acid-base hydroxyl pairs that promote

the condensation reaction. The catalysts were proven to be active in the polycondensation of

acetaldehyde, achieving high conversion despite the transition from typical batch conditions to

flow. Selectivity to deposition on the catalyst was high, but by shortening the length of the

packed bed and decreasing the residence time liquid phase products were formed on the order of

seconds. Further tuning of the reaction system, including optimal reaction temperatures,

residence times, and catalyst activity, has the potential to significantly increase selectivity to

intermediate condensation products, providing a feasible pathway for supplementing petroleum-

derived fuels with a carbon-neutral alternative.
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