NON-NOBLE METAL BASED CATALYSTS FOR
AQUEOUS PHASE PROCESSING

Katalysatoren op basis van niet-edelmetalen voor
omzettingen in water
(met een samenvatting in het Nederlands)

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de Universiteit Utrecht op gezag
van de rector magnificus, prof.dr. G.J. van der Zwaan, ingevolge het besluit van
het college voor promoties in het openbaar te verdedigen op maandag 30
november 2015 des ochtends te 10.30 uur

door

Tomas van Haasterecht

geboren op 3 februari 1982 te Rotterdam

Promotoren:

Prof. dr. ir. K. P. de Jong
Prof. dr. J. H. Bitter

This research was funded by the Smart Mix Program of the Netherlands Ministry of
Economic Affairs and the Netherlands Ministry of Education, Culture and Science within
the framework of the CatchBio Program.

Cover image:

Michiel Rombouts (photography)
Twan van Lierop (design)

ISBN: 978-90-393-6463-5
Printed by Uitgeverij BOXPress

Contents
Chapter 1

General Introduction

7

Chapter 2

Hydrothermal stability of non-noble metal catalysts in the aqueous
phase – thermodynamic considerations

27

Chapter 3

A comparative study on the hydrothermal stability of catalyst
support materials

53

Chapter 4

Stability and activity of carbon nanofiber supported catalysts in
the aqueous phase reforming of ethylene glycol

69

Chapter 5

Towards stable nickel catalysts for aqueous phase reforming of
biomass derived feedstock under reducing and alkaline conditions

91

Chapter 6

CaO-promoted nickel catalyst for the production of oxygenates
and hydrogen from glycerol

113

Chapter 7

Catalytic hydrothermal transformations of polyols to organic acids
and hydrogen in aqueous alkaline media

141

Chapter 8

Final remarks
Part 1: Effect of initial nickel particle size and support on stability of
nickel catalysts under aqueous phase reforming conditions.
Part 2: Screening of the influence of the type of base on the stability and
selectivity of a carbon nanofiber supported nickel catalyst
Part 3: Effect of reaction conditions on the production of hydrogen from
ethylene glycol over a carbon nanofiber supported nickel catalyst

166
181
183

Chapter 9A

Summary

197

Chapter 9B

Samenvatting

203

List of publications
Dankwoord
Curriculum vitae

208
209
211

General Introduction

Chapter 1
General Introduction
Introduction
Transition to renewable energy sources
Ever since the industrial revolution the world energy demand has increased rapidly, for
instance the energy usage has increased with a factor of 3.4 over the last half century, see
figure 1a. This increase is due to both population growth and due to the increase in the
energy use per person. With an expected growth in the world’s population to 9.7 billion
people by 2050 [1] and the rapid economic development in former developing countries,
especially China, our requirement for energy and materials are also expected to increase
further. To meet these requirements we currently rely heavily on fossil resources, especially
for fuel production. The most important sources of fossil fuels, i.e., oil, coal and natural gas
currently make up about 87% of the energy mix (see figure 1b).
One of the main concerns resulting from the extensive use of fossil fuels is the emission
of the greenhouse gas CO2 (figure 1a) and its contribution to global warming. An estimated
cumulative amount of 1890 Gt of CO2 [2] has been emitted since pre-industrial times and if
the current annual rate of CO2 emission of about 35 Gt continues, or increases further, this
could result in climate changes with potentially devastating effect within this century. The
United Nations climate change report advises that the cumulative CO2 emission should stay
below 3670 Gt in order to avoid exceeding a critical 2° C increase in the average global
temperature. With the expiration of the Kyoto protocol [3] in 2012 the European Union has
recently committed itself to a second period to reduce CO2 emission [4]. This should be
achieved by new commitments and new legislation aimed at the increased use of alternative
energy sources.
Besides the environmental problems, there are also economic and social risks related to
the dependency on fossil fuels. For example, the recent instability in Ukraine has again
shown that over-reliance on imported fossil fuel can affect European economies via supply
interruptions and price increases. In the long term, the depletion of the economically
accessible fossil resources will result in increasing price levels, which will make alternative
sources such as nuclear and renewables more competitive. It is possible that most of the
fossil fuels will be depleted in the course of the 21st century. For instance coal, which has
the largest proven reserves of the fossil fuels, can supply another 113 years of production
7
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Figure 1: a) Global annual primary energy usage in Exajoules (1018 J) and the global annual CO2
emission in billion tons due to consumption of oil, gas and coal. b) Contribution of different energy
sources to the total energy usage in 2013. Data from [5].

only at the current production rate [5]. However, a zero growth scenario is highly
improbable and if the current annual growth of 3% in the consumption of coal continues the
currently known and recoverable reserves will already be depleted in about 50 years. Of
course these figures have to be revisited when new discoveries are made. More recently
emerging fossil resources like oil from tar sands and shale gas might increase the lifespan
of fossil resource usage but are controversial because they introduce additional
environmental concerns related to their recovery techniques.
There are several possibilities to reduce the use of fossil fuels in the short term and even
replace them in the long term. Besides strategies for energy saving, i.e. reducing our energy
usage or increasing energy efficiency, an increase in the use of renewable energy sources is
the most desirable solution. Renewable energy is defined by the International Energy
Agency (IEA) as energy that is derived from natural processes that are replenished at a
higher rate than they are consumed. Solar, wind, geothermal, hydropower, bioenergy and
ocean power are considered sources of renewable energy. Currently, renewable energy
contributes mainly to the electricity, heating and transport sectors and renewable energy
sources are expected to be the fastest growing contributors to our energy requirements [6].
Biomass as a renewable resource: potential and benefits
According to figure 1, renewables, which includes the modern use of biomass in the
form of biofuels, contributed to only 2.2% of the energy requirement in 2013. Historically,
biomass has been utilized by direct combustion as a source for heat, power and for cooking
applications. In fact, when including the traditional use of biomass, it is worldwide the most
used of all the renewable energy sources and has been estimated to provide around 10 % of
our current primary energy needs [7, 8].
A general definition of biomass could be: all plant matter such as trees, grasses, and
agricultural crops or other biological material, excluding biological mass that has been
transformed by geological processes into substances such as coal or petroleum. The key
8
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step in the growth of plant biomass is the capture of solar energy, carbon dioxide and water
resulting in sugar building blocks via photosynthesis [9].
 +  



( ) + 

These sugars make up the carbohydrate part of biomass and are stored in different
polymer (polysaccharides) forms, depending of the type of biomass. The most important
sugar polymers are starch, cellulose and hemicellulose which together account for
approximately 65-90 % of most plant material (see table 1). The remainder mainly consists
of lignin, which is a polyaromatic amorphous polymer. Plant material consisting of mainly
cellulose, hemicellulose and lignin is referred to as lignocellusicic biomass and is one of the
cheapest and most abundant forms of biomass [10]. Next to lignin and carbohydrates this
lignocellusosic biomass also contains some minor, but valuable, other compounds like
triglycerides, proteins terpenes, aliphatic acids, alcohols,
proteins and inorganic
constituents [11].
Since the early 1990s the modern use of biomass for energy and fuel applications has
gained considerable interest [6]. There is still a significant potential for growth in the use of
biomass for the production of chemicals and fuels. Worldwide the energy stored in biomass
due to photosynthesis has an energy content that exceeds the world’s energy demand by
more than five times [12]. The use of biomass to supply part of our energy and material
needs has many benefits. The production of biomass is renewable, considered to be CO2neutral when produced sustainably, and its geographic distribution is relatively even. Of all
renewable energy sources biomass is the only one capable of providing a carbon source for
carbon based fuel, i.e. biofuels and chemicals (with the exception of CO2 reduction
technologies [13]). This makes biomass the most versatile renewable resources, as it can be
used for the production of heat and power, liquid or gaseous fuels and chemicals. Because a
large portion of the current energy use is based on carbon fuels, biomass could play a key
Table 1: Composition of lignocellulosic biomass materials (adapted from [14]).

Material
Hardwood
Softwood
Wheat straw
Cotton seed hairs
Waste paper from pulp
Switch grass
Paper
Newsprint

Cellulose (%)
40-55
45-50
30
80-95
60-70
45
85-99
40-55

Hemicellulose (%)
24-40
25-35
50
5-20
10-20
31
0
25-40

Lignin (%)
18-25
25-35
15
0
5-10
12
0-15
18-30

9

Chapter 1
role in the transition to more sustainable energy sources like solar and wind energy while
other sectors like heavy transportation and aviation are expected to be dependent on carbon
fuels for the foreseeable future.
The potential contribution of biomass to our energy requirements by 2050 was
estimated to be between 14% by the World Energy Council (WEC) [15](1994a) and 46%
by the Intergovernmental Panel on Climate Change (IPCC)[16]. However, these estimates
were made in the 1990s and also included the use of edible biomass on a large scale as
energy crops for the production of fuels. The latter has since become controversial due to
the competition with food production. Because the efficiency of solar energy fixation in
biomass production itself is much lower (<2% [17, 18]) than direct (silicon based)
photovoltaic power generation (10-25%) [19], relatively large areas are needed for biomass
to make a substantial contribution to our energy requirements. The use of agricultural land
for the dedicated purpose of producing energy crops is not a desirable situation and only
degraded, unproductive lands and excess agricultural lands can be used for biomass
production in the long term [20]. Therefore, technologies have to be developed that can
efficiently utilize the inedible (lignocellulosic) waste fraction of the biomass; the so-called
second generation feedstock (see table 2) and second generation processes. These include
industrial, agricultural and municipal waste material, dedicated biomass growth on
degraded or marginal lands and aquatic biomass. In addition it has become the focus to
integrate the production of heat and power from biomass with the production of fuels and
chemicals using a sequential approach to extract chemicals before biomass is converted to
energy [21], a concept known as bio-refinery, by using a combination of mechanical,
chemical and biological technologies. In these bio-refineries the production of low volume,
higher value chemicals intermediates can aid in the overall profitability and push off the
lower value fuel production [22]. The US Department of Energy has predicted that 20% of
transportation fuel and 25% of chemicals can be produced from biomass by 2030 [23] and
the IEA roadmap predicts that 27% of the world’s transportation fuels can be supplied by
biofuels in 2050 [24].
Table 2: Overview of potential biomass sources.

Category
Waste materials
Agricultural and Industrial
Municipal
Forest products
Energy crops
Starch crops
Sugar crops
Grasses
Aquatic
10

Examples
Crop residues, corn stover, straw, rice hulls,
bagasse, paper pulp, paper sludge.
Waste paper, newsprint
Wood, logging residues, tree, shrubs.
Corn, wheat, barley, rice.
Sugar beet, sugar cane.
Switch grass.
Algae, weed, hyacinth.
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Approaches for the (catalytic) processing of biomass
A wide variety of technologies for the conversion of lignocellulosic biomass into useful
chemicals and fuels already exists (see table 2). Several technologies are commercially
available, however, others have not yet been demonstrated on a commercial scale or are at
an early stage of development and still require significant research and development efforts.
With respect to fuel production only a few renewable energy technologies can compete
with conventional fuels on cost and thus substantial cost reductions need to be achieved to
make them more competitive [6]. Existing approaches for the conversion of biomass into
chemicals and fuels can be categorized in different ways:
1) Based on a specific type of biomass feedstock (whole biomass or fractions like
cellulose, hemicellulose, lignin, starch, sugars, glycerol or fatty acids).
2) Based on the product aim: fuels (synthetic gas/synthesis gas or liquid fuels) versus
commodity chemicals (for the polymer, pharmaceutical or bulk chemical industry).
3) Based on the key reactions involved in the processing; hydrolysis, dehydration,
isomerization, aldol condensation, reforming, (de)hydrogenation, and oxidation [22].
4) Based on the type of processing.
Here a brief overview of biomass conversion processes is given, categorized by the type
of processing. Three primary approaches for the conversion of biomass in fuels and
chemicals can be distinguished, namely biochemical-, thermochemical- [25] and
hydrothermal processes. The first, and most established approach, concerns the biochemical
routes and involves digestion or fermentation using yeasts or microbes to produce either a
methane rich gas (synthetic natural gas (SNG)), or to produce alcohols and organic acids.
Two major commercial processes are ethanol and lactic acid production, while the
production of methane via digestion of waste materials, municipal waste and manure, is
also used commercially in small scale applications. The advantage of these technologies is
that they can achieve high product selectivities. Unfortunately, due to their low operating
temperatures, the residence times are relatively long and in addition the production
mixtures are often dilute. This results in low productivities (space time yields) and the
requirement for energy intensive separation processes. The biochemical processes for the
production of alcohols and acids traditionally utilize the first generation feedstocks (starch
or sugars). Processes that can use second generation feeds are being developed and require
advances in the hydrolysis of cellulose and hemicellulose by acids and enzymes and the
development of genetically engineered bacteria that ferment both C5 and C6 sugars [26].
A second approach encompasses the thermochemical processes of which combustion,
gasification and pyrolysis are the most important. Combustion of biomass for the
production of heat and power is already used by co-feeding biomass in coal fired power
plants. Another well-established contribution is the use of the lignin part of woody
11
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biomass in the recovery boilers in the pulping industry which amounts to an annual usage
of 50 million tons of linin [28] and both generates the steam required for the pulping
processes and aids in the recovery of the chemical pulping agents.
Gasification is the decomposition of biomass into synthesis gas (syngas) by heating the
biomass in the presence of steam or a limited amount of oxygen to produce a gas composed
of CO, H2, CO2 and CH4. The gaseous product can be used for power generation [29] or can
be upgraded to syngas for the production of liquid fuels in gas-to-liquid (GTL) processes,
e.g. gasoline and diesel via Fischer-Tropsch synthesis (FT). Also commodity chemicals can
be produced from synthesis gas, e.g. lower olefins [30], methanol, dimethyl ether, and
higher alcohols. Because FT is already a well-established, mature technology for the
production of liquid fuels, syngas production via biomass gasification is probably one of
the most direct ways to integrate biomass into the already existing chemical infrastructure,
and could potentially contribute significantly to our fuel requirements. On the other hand,
viable commercial applications of gasification is still challenging with respect to both the
gasification technology and especially the costs associated with downstream processing
(gas cleaning) [31]. As such, in the current situation, biomass is unlikely to replace methane
as a source of synthesis gas until cheaply available supplies of natural gas have run out.
In pyrolysis the biomass is heated in the absence of air to produce mainly bio-oil, a
gaseous product and char. The bio-oil cannot be used directly as a liquid fuel but must be
further upgraded by hydrodeoxygenation to decrease the acidity and oxygen content, which
requires the additional input of externally generated hydrogen. In general, the main
advantage of the thermochemical routes are that they can process whole biomass with high
reaction rate into a potentially diverse range of fuels [25]; however, the harsh reaction
conditions result in high process costs, while the processes have low efficiency and result in
low value products.
A third approach encompasses the hydrothermal processes, i.e. processes at elevated
temperature (>100 °C) and corresponding pressures in liquid or supercritical water [32].
Biomass has a high extent of functionalities, especially in the carbohydrate fraction,
because of which the carbohydrate derivatives (e.g. polyols) are hydrophilic and have low
volatility. Additionally, since typical biomass consist of 50% moisture, and wet biomass or
waste biomass slurries even have a water content of 85% and higher, the use of
hydrothermal processes has the advantage that energy intensive drying is not required [33].
In view of these properties processing in the aqueous phase is a preferred method [22]. In
hydrothermal processes biomass is treated in the aqueous phase at temperatures often
significantly lower than those of the thermochemical processes. In addition, catalysts are
used to achieve even milder conditions. A wide variety of hydrothermal processes exits
depending of the type of catalyst, temperature and gas atmosphere. A wide range of
chemical reactions like (de)hydration, hydrolysis, (de)hydrogenation, reforming and
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gasification is possible under hydrothermal conditions producing carbonaceous solids [34],
liquid or dissolved products and syngas or methane [35-38].
One of the most studied methods for selective decomposition of the biomass is
hydrolysis of the cellulose and hemicellulose polymers into simple sugars (hexoses and
pentose) using base or mineral acid catalysts, as the first step toward the synthesis of
desirable chemicals and fuels [39]. The hydrolysis of carbohydrates can also be performed
under hydrothermal conditions without addition of catalysts because high-temperature
water can act both as acid and base [40, 41]. The sugars obtained by hydrolysis can then be
converted into a wide range of chemical intermediates that serve as building blocks for the
chemical industries [42]. For instance simple sugars can be dehydrated into HMF, furfural,
levulinic acid and formic acid by acid catalyzed reactions or into lactic acid by basecatalyzed reaction. The main disadvantage of these processes is the parallel formation of
humins as the result of the oligomerisation of reactive intermediates. These humins
significantly decrease the product yields and cause fouling problems in various process
equipment. To circumvent this problem it has been proposed to use aqueous phase
hydrogenolysis of carbohydrates with supported metal catalysts. In this method the sugars
produced via hydrolysis are hydrogenated resulting in a mixture of small polyols (e.g.
sorbitol glycerol and ethylene glycol). This technology is very promising since it limits the
formations of humins or tars that reduce the efficiency of biomass hydrolysis technologies
and produces valuable chemical intermediate in high concentrations [43]. The disadvantage
of this process is that large amounts of hydrogen are required.
Biomass or biomass constituents can also be converted under hydrothermal conditions
into gaseous products in a process known as (catalytic) hydrothermal gasification [33]
(HTG), otherwise referred to as gasification in hot-compressed water [44]. This process
takes place typically at around 500 to 750°C in the absence of catalysts, and at lower (350500°C) temperatures with catalysts. The aim is the production of gases (CO, CO2, CH4, and
H2) that can be used in internal combustion engines or that can be upgraded to syngas or
hydrogen [35-38]. The biomass decomposes into char, tar, gas, or other intermediate
compounds, which are reformed into gases. Such high temperature and high pressure
systems are well known in the petrochemical industry but their use is relatively new in
biomass processing and most of the research on hydrothermal gasification has been
performed in the last three decades. Despite substantial research successful
commercialization of this technology remains in the future [33]. Economic evaluation of
supercritical wood gasification showed that it cannot yet produce synthetic gas at a
compatible price. Sub-critical gasification of waste manure was found to be still more
expensive than conventional digestion [45]. More recently it was found that various polyols
(oxygenated hydrocarbons with multiple hydroxyl groups) derived from biomass can be
selectively reformed into hydrogen and carbon dioxide using supported transition metal
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catalyst [46] at even lower temperatures (180-250 °C) in a process called Aqueous Phase
Reforming (APR) which is the main reaction to be studied in this thesis.

Aqueous Phase Reforming
The term aqueous phase reforming was introduced by the group of Dumesic in 2002 for
the production of hydrogen and carbon dioxide from an aqueous solution of an oxygenated
hydrocarbon feed (generally with a C/O ratio of 1) with the use of a supported platinum
catalyst [46]. The stoichiometric reactions occur according to:
CxH2xOx ↔ xCO + xH2
CO + H2O ↔ CO2 + H2
CxH2xOx + xH2O ↔ xCO2 + 5H2

(R1)
(R2)
(R3)

The first step is the reforming of the oxygenated hydrocarbons to CO and H2 (R1), next the
CO is converted into CO2 and H2 via the water-gas-shift (WGS) reaction (R2). The
combination of the two reactions is the overall aqueous phase reforming reaction (R3).
CxH2xOx + H2 ↔ CxH2x-2Ox-1 + xH2O
CO + H2 ↔ CH4 + H2O
CO2 + H2 ↔ CH4 + H2O

(R4)
(R5)
(R6)

When feedstock with a C/O ratio >1 is used the reforming will also result in formation of
methane. Additionally, methane can be formed via CO/CO2 hydrogenation (R5 and R6)
which is often considered an undesirable by-product. Although the focus of most APR
studies is to achieve a high hydrogen selectivity there is also research which aims for
oxygenates [47, 48] or hydrocarbons [10, 49, 50] as the desired product (e.g. R4). Since
APR and the hydrogenation/hydrogenolyis of polyols both proceed in the aqueous phase in
the same temperature range and with comparable catalysts, is it possible to use the
hydrogen produced in APR in-situ to decrease the oxygen content of the oxygenated
hydrocarbon feed via C-O hydrogenolyis (dehydroxylation) [51, 52].
The specifics of APR, the production of hydrogen versus oxygenates or hydrocarbons,
are dependent on the complexity of the biomass feedstock, the reaction conditions and the
type of catalyst used. The reforming reaction typically takes place in liquid water at
relatively low temperatures (180-250 °C) and intermediate pressures, i.e. at least above the
bubble point of the solution (about 10-50 bars). Next to the use of a renewable feedstock
APR has a number of advantages over conventional steam reforming:
- Sugars and polyols have low vapor pressures and are difficult to vaporize without
decomposing thus low temperature processing in the aqueous phase is advantageous.
15
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- The reforming takes place in the liquid phase it does not require vaporization of (all)
the water or the feedstock, potentially making this process more energy efficient.
- APR produces a pressurized (H2 and CO2) with low levels of CO that can be easily
separated into pure H2 by e.g. pressure swing adsorption without the need for
compression of the gas phase. The increased pressure in a continuous process is
achieved by pressurizing the liquid phase which is much more efficient than the
compression required for gas phase processes.
- The low levels of CO in the product gas make APR a suitable technology for
combination with a hydrogen fuel cell for small scale power applications [53] and
portable power application [54].
The main disadvantages of APR are that generally dilute reactant solutions are used and
compared to steam reforming the residence time is much longer, i.e. less than 1 s versus
several minutes [53]. Another disadvantage is that APR generally uses noble metal catalysts
(mainly Pt) which will probable limit its application to small scale high end power
generation units.
Research into APR has focused on utilizing different types of feedstock, the kinetics
and thermodynamic of the reaction, optimization of the catalyst and on the reactor
performance and engineering [53]. A wide variety of different types of renewable feedstock
have been used in APR [55]. Some commonly used substrates, which can be derived from
the carbohydrate part of biomass, include sugars (glucose, xylose), sugar alcohols (sorbitol,
xylitol), lower polyols (glycerol, ethylene glycol) or alcohols (ethanol, methanol). Ethylene
glycol [46, 56-62] is one of the most frequently used substrate in APR and the simplest
substrate which still has comparable functionality to carbohydrate biomass. Although
ethylene glycol can be obtained from biomass directly via hydrogenolysis [63-65], it is
mainly used as a model compound in order to study suitable catalysts. Another popular
substrate is glycerol [66-75] because it is available as by-product from the production of
biodiesel or can be obtained by the fermentation of sugars [76]. If the crude glycerol from
the biodiesel production could be used directly for APR this could significantly improve the
economics of the biodiesel production process because costly glycerol purification is
avoided [77]. However, only a few studies have investigated the use of crude glycerol so far
[78, 79]. Besides crude glycerol, sugars are most directly relevant to biomass utilization,
especially glucose [80, 81] and xylose, which can be obtained by hydrolysis of cellulose
and hemicellulose part of the biomass, and fructose [81] which can be obtained by
isomerization of glucose [65]. Sugar alcohols are also of interest but their production from
carbohydrates requires an additional reduction step. For instance sorbitol [82] and xylitol
[49, 82, 83] can be obtained by hydrogenation of respectively glucose and xylose. APR has
also been used to directly convert cellulose [84] and hydrolysates of cellulose [85] and
woody biomass [86] into hydrogen.
16
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Possible reaction routes and mechanisms for the formation of H2, alkanes and oxygenates
over a Pt/Al2O3 catalyst were proposed by the group of Dumesic [46, 53, 57, 62, 80, 88, 90,
91], see figure 3. After molecular adsorption of the substrate on the metal surface (M), the
dissociative adsorption of the substrate can occur via dehydrogenation of C-H and/or O-H
bonds, which have comparable activation energy [46, 92]. The intermediate is then
adsorbed via M-C or M-O bond formation, with a preference of M-C bonds in the case of a
Pt catalyst [46], subsequent C-C cleavage then results in an absorbed *CO or *COHx
intermediate that leads to formation of CO, or gets converted to CO2 via the WGS reaction.
The adsorbed CO species could be observed on a Pt/γ-Al2O3 catalyst using ATR-IR
spectroscopy [73]. Sequential reaction of CO/CO2 with H2 can form methane and water or
higher alkanes via Fischer–Tropsch reactions. Attempts have been made to elucidate the
likely order of C-H and C-C bond cleavage for small polyols, i.e. ethylene glycol and
glycerol, by identifying the lowest energy transition states using DFT. It was shown that for
ethylene glycol on a Pt catalyst C-C bond scission likely occurs after abstraction of 2 or 4
hydrogen atoms [90, 93] and that O-H bond cleavage precedes C-H bond cleavage [94].
An alternative pathway involves C-O cleavage of the dehydrogenated intermediate and
subsequent hydrogenation resulting in dehydroxylated intermediates that are precursors to
alkane formation. The activity of C-C and C-O bond cleavage is an important factor in
determining the selectivity towards the various products and is dependent on the type of
metal catalyst used. The dehydrogenated intermediate can also undergo a rearrangement to
form organic acids while yet another parallel pathway is the dehydration of polyols. It is
speculated that these reactions take place (partially) on the catalyst support or in the
solution and can be catalyzed by acidic or basic [69] surface sites or by homogeneous acids
or bases.
The kinetics of the formation of hydrogen via APR has also been studied, mainly for Pt
catalyst [54, 57]. Based on similar rates observed for the reforming of methanol and
ethylene glycol Shabaker et al. concluded that C-C cleavage is not rate limiting for
reforming of ethylene glycol [57]. It has been proposed that the initial dehydrogenation is
the rate limiting step in the reforming of polyols to H2 and CO2 [57, 62, 95]. Others have
suggested that the WGS reaction is rate limiting based on the increase in reaction rates
observed with catalysts that promote the WGS reaction [61, 96]. For Pt/Al2O3, the reaction
order in polyol substrate was found to be lower than 1 and decreases for lager substrates
probably due to stronger molecular adsorption for larger substrates [57]. For Sn-promoted
Raney nickel catalysts the reaction order was nearly zero [62], suggesting an even stronger
adsorption of substrates or intermediates on Ni compared to Pt. The APR reaction is
inhibited by hydrogen as is evident from the negative fractional reaction order in hydrogen
for the reforming of methanol and ethylene glycol over Pt catalyst [57].
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Figure 3: Catalytic pathways for the formation of hydrogen, alkanes and oxygenates via APR
(reproduced with permission from [46]).

Much research has been devoted to identifying suitable catalysts for APR. In general
catalysts for APR are based on transition metals dispersed on high surface area support
materials. The nature of the metal and the support controls the activity, selectivity and
stability of the catalyst. Active catalyst for the reforming of polyol into H2 and CO2 are
group 8-10 transition metals because of their activity for C-C bonds cleavage. The rate for
ethylene glycol reforming was found to increase according to Pt~ Ni>Ru> Rh~Pd>Ir for
silica-supported catalysts [97]. Besides hydrogen also oxygenates and hydrocarbons can be
formed, thus the hydrogen selectivity, which was found to be the highest for Pt and Pd
catalysts, is another important indicator of the catalytic performance. Catalysts based on Pt
are by far the most investigated in APR [46, 61, 71, 78, 90, 98-101] and attention has
focused on the use of bimetallic or polymetallic catalyst, mainly based on noble metals [39,
102]. Huber was the first to study aqueous-phase reforming over supported Pt and Pd
bimetallic catalysts [61] and showed that bimetallic PtNi, PtCo, PtFe and PdFe catalysts
were more active than the monometallic catalyst in the reforming of ethylene glycol,
because alloying decreases the strengths with which CO and hydrogen interact with the
surface. The combination of Pt with non-noble metals; PtFe, PtCo, PtNi, [99] and NiCu
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[66] has also been investigated. The largest increase in performance could be achieved with
the addition of Ni [99, 103, 104]. The performance of Pt-Re catalysts was also found to be
superior to the monometallic catalysts [67, 105-107]. Here it was argued that the main
influence of Re is its stronger binding of oxygen species facilitating water activation,
producing OH species which are involved in the WGS reaction and in C–O bond cleavage
reactions [108]. Also, the doping of Pt catalyst with Mo and W was found to increase the
activity but decrease the hydrogen selectivity [109, 110].

Noble versus non-noble metals catalysts
Heterogeneous precious (i.e. noble) metal based catalysts are widely used in the
polymer, automotive and pharmaceutical industries [111]. However, it would be more
sustainable and economical if noble metal catalysts could be replaced with more abundant
materials. As shown in table 4, the mass abundance of noble metals like Pt, Pd and Re in
the earth crust is in the order of 104 times lower than that of base metals like Ni, Co and Cu.
As expected this is also reflected in their price difference and thus, especially for industrial
processes requiring large amount of catalyst (i.e. where the cost of the catalyst significantly
impacts the process economics), the use of more abundant non-noble metals is preferred.
Besides being cheaper, the use of abundant materials has the advantage that they are less
susceptible to supply fluctuations [112], while Fe and Cu are also less toxic than noble
metals (see table 4). Furthermore, the environmental impact associated with the metal
mining and the recycling or disposal is rarely considered and should be included when the
sustainability of a given catalyst is evaluated [113]. For instance, the CO2 footprints
associated with the (cradle-to-gate) recovery of noble metals far exceed those of the base
metals [114] (see table 4).
Also in the hydrothermal biomass conversion processes, late transition, noble metal
catalysts play an important role. In hydrothermal gasification noble metals, e.g. Ru [115,
116] and Pt [117], have gained attention due to their high catalytic activities, however, their
high price restricts large-scale industrial application [33, 118]. As shown in the previous
section noble metal catalysts, most importantly Pt and Re, are among the most investigated
catalyst for the production of hydrogen via aqueous phase reforming. In the industrial
production of hydrogen via steam reforming of hydrocarbons late transition metals such as
Pd, Pt, Rh, Ru and Ir can also be used as catalysts. In practice, although less active than the
noble metal catalyst, Ni based catalysts are used because it is more economical [119]. In
principle more reactive base metals like Co and Fe are not employed because they are more
easily oxidized at higher steam to methane ratios [119]. The optimum catalyst is thus
selected by compromising between catalyst cost, catalytic activity and stability.
For APR, studied in this thesis, it has been acknowledged that catalysts with lower cost
than Pt would be preferable [46, 120]. Possible alternatives are non-noble transitions metals
with C-C cleavage activity like Fe, Ni and Co (known catalysts for steam reforming).
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Table 4: Comparison of price, abundance, toxicity and CO2 footprint of noble and non-noble metals.

Mass abundance
(earth crust) [121]

Price per kg1
[122]

Daily exposure limit
(μg/day) [123]

CO2 footprint2
[114]

Platinum

5 ppb

$39742

100

12500

Palladium

15 ppb

$25755

100

3880

Rhenium

0.7 ppb

$94051

100

35100

5.6 %

$0.5 (steal
billit)

13000

1.5

Nickel

84 ppm

$17

250

6.5

Cobalt

25 ppm

$32

-

8.3

60 ppm

$7

2500

2.8

Metal

Iron

Copper
1

2

December 2014. Expressed as kg CO2/kg produced metal.

Copper catalysts are active in gas phase reactions for dehydrogenation of alcohols and the
WGS reaction [124] but have low activity for C-C bond cleavage [125]. Thus copper
catalysts might be suitable for production of hydrogen and oxidation products under APR
conditions.
The novel technologies for conversion of bio-feedstock will place new demands on the
robustness of catalysts, especially in hydrothermal processes, which is an aspect that should
not be overlooked by academic authors [20]. Like in steam reforming the non-noble metals
will be more susceptible to oxidation in APR than their noble metal counterparts. Besides
oxidation an additional problem for heterogeneous catalyst used in aqueous phase processes
is the possibility of leaching of the active metal into the liquid phase, owing to the strong
complexing and solvolytic properties under operating conditions [126]. Therefore, when
replacing noble metals with non-noble metals, it is necessary to identify and resolve
specific causes of catalyst deactivation.

Scope of this thesis
This thesis concerns the evaluation of the potential of supported non-noble metal
catalysts in aqueous phase processes for the production hydrogen and oxygenates. The aim
of this thesis is to investigate how different factors, especially the nature of the metal,
additives and reaction conditions, determine the stability and selectivity of supported nonnoble metal catalysts for the aqueous processing of polyol feedstock.
The stability of base metals (Fe, Co, Ni, and Cu) under hydrothermal conditions is
studied from a thermodynamic point of view in chapter 2. In chapter 3 the effect of
hydrothermal reaction conditions on several types of catalyst support materials is
investigated. Carbon nanofibers (CNF) are identified as a promising material in terms of
stability. Carbon nanofiber supported Co, Ni and Cu catalysts are then compared to
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benchmark Pt catalysts for the aqueous phase reforming of ethylene glycol in chapter 4.
Among these, the CNF supported Ni catalyst is identified as the most promising alternative
to the platinum based catalysts, both in terms of stability and activity. However, the acidic
reaction conditions are detrimental to the catalyst stability and Ni catalysts deactivated as a
result of metal particle growth. Chapter 5 reports on the effect of reaction conditions on
the stability of nickel nanoparticles supported on CNF, in the APR of ethylene glycol. By
tuning the reaction conditions the stability of the Ni catalyst can be increased. More
reducing conditions, i.e. higher reactant concentration and partial hydrogen pressure are
advantageous. The use of more alkaline conditions has the most pronounced beneficial
effect on the catalyst stability. In chapter 6 Ni catalysts supported on carbon nanotubes and
ZrO2 and optionally promoted with CaO are used for the aqueous reforming and
hydrogenolysis of glycerol. The promotion of Ni catalysts with CaO prepared by coimpregnation results in highly dispersed CaO in close proximity to Ni. This increased the
catalytic activity for the production of hydrogen and 1,2-propanediol compared to a
physical mixture of CaO with the Ni catalyst. Additionally, CaO was found to have a
beneficial effect on the catalyst stability. In chapter 7 the transformation of glycerol and
ethylene glycol to hydrogen and organic acids (carboxylates) is investigated at relatively
mild temperatures. The reaction takes place under alkaline conditions over both Ni and Cu
catalyst. Copper was found to be more selective towards organic acids whereas higher
hydrogen selectivities can be achieved with nickel catalysts. It is shown that this is a
promising process for the production of organic acids when compared to the aerobic
oxidation process. Finally, interesting observations that may be useful for further work are
presented in chapter 8. The effects of the catalyst support material, the initial nickel
particle size and the nature of the base additive on the stability of carbon nanofiber
supported Ni catalysts are discussed. Also, the effect of feed concentration, gas pressure,
hydroxide concentration and temperature on the kinetics of hydrogen production is reported
for a carbon nanofiber supported nickel catalyst. In chapter 9 the results obtained in the
previous chapters are summarized.
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Chapter 2
Hydrothermal stability of non-noble metal catalysts
in the aqueous phase – thermodynamic
considerations
Introduction
The scarcity and high cost of precious metals are the drive to explore alternative, more
abundant metals, for application as catalysts [1, 2]. The development of new catalytic
processes for the valorization of renewable resources should therefore also aim for the use
of non-precious metals catalysts. When processing biomass derived feedstock in aqueous
phase (hydrothermal conditions), precious metal catalysts can be replaced by non-precious
metals as long as the stability of the catalyst can be guaranteed. In general the stability of a
catalyst relates to the lifetime of a catalyst, i.e. the timespan over which the catalyst has a
satisfactory activity and selectivity. Due to numerous reasons the catalysts for most
processes eventually deactivate. The deactivation mechanisms of heterogeneous catalysts
have been reviewed by Bartholomew [3, 4], see table 1.
Although many intrinsic mechanisms for catalyst deactivation have been reported,
Bartholomew defined 6 types, their causes are either chemical, mechanical or thermal in
nature [4]. The desire to substitute precious (i.e. noble) metal catalyst with non-precious
metals for aqueous phase processes raises issues with respect to the stability of the catalyst,
especially with regards to chemical deactivation (e.g. oxidation and leaching). Noble metals
like Pt, Pd or Re can be successfully applied as catalyst under hydrothermal conditions, e.g.
in Aqueous Phase Reforming (APR) [5, 6], because they are more resistant to corrosion and
oxidation (i.e. noble metals do not readily react with oxygenated waters or with diluted
hydrochloric acid solutions whereas non-noble metals are oxidized easily under these
conditions).
Active and selective heterogeneous metal catalysts in aqueous phase reforming (APR)
are metals with activity for C-C, C-H bond cleavage and water-gas-shift (WGS) activity
[7]. Potential (non-noble) catalyst candidates include base metals Fe, Co, Ni and Cu. For
several reaction steps the active phase of the catalyst is the metal in its zero valence state,
e.g. for hydrogenation and for C-C cleavage. Therefore, oxidation of non-noble metals by
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Deactivation mechanism
Poisoning
Vaporization/leachinga
Vapor-solid, solid-solid or
liquid-solid reactions
Thermal degradation
Attrition
Fouling

Basic type
Chemical
Chemical
Chemical
Thermal
Mechanical
Mechanical

Table 1: Basic types of catalyst
deactivation mechanisms according to
Bartholomew [4].
a

Bartholomew focused on gas phase
reactions, leaching can be considered
as the liquid phase equivalent of loss
of active phase due formation of
volatile compounds.

water might result in an inactive metal oxide phase or in leaching of the metals into the
solution (oxidative dissolution). The stability of prospective metal catalysts considered here
(Fe, Co, Ni and Cu) with respect to oxidation in the aqueous phase environment depends on
the specific reaction conditions like temperature, hydrogen pressure, pH and on the
characteristics of the catalyst like the type of metal, metal particle size and the support.
Here the intrinsic stability of these metals is discussed with respect to oxidation under
hydrothermal conditions from a thermodynamic point of view, as function of the
parameters indicated above (temperature, hydrogen pressure, metal particle size and nature
of metal).

Catalyst oxidation and leaching
Effect of temperature
The oxidation of metals by water, M(0)→M(II) or analog for differently charged metal
ions, occurs according to:
M+H2O(l)↔MO+H2(g)

(R1)

The enthalpy and entropy values for this reaction for Fe, Co, Ni and Cu are compiled in
table 2. The oxidation of these metals in liquid water (1) is endothermic (ΔH°298>0) and has
a positive entropy change (ΔS°298>0). Therefore the reaction is favored (ΔrxnG°<0) at higher
temperatures due to the entropic contribution (ΔrxnG°=Δ rxnH°-TΔrxnS°<0).
The spontaneity of the reaction can be evaluated using the standard Gibbs free energy
change at a certain temperature (ΔG°T = ΔH°T -T ΔS°T). Figure 1 shows the Gibbs free
energy (ΔrxnG°) for the oxidation of metals by water as function of temperature (T). The
thermodynamic tendency towards oxidation by water decreases according to
Fe>>Co>Ni>>Cu. The standard Gibbs free energy change for the reaction of Cu and Ni
with liquid water is positive over the entire temperature range in figure 1. For Co it
approaches zero around a temperature of 600 K, whereas Fe has a negative ΔrxnG° over the
entire temperature range.
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Metal/metal oxide

Reaction 1 (kJ/mol H2)
ΔrxnH°298

ΔrxnS°298

Fe/FeO

13.7

91.0

Co/CoO

47.9

83.7

Ni/NiO

46.1

98.8

Cu/Cu2O

117.2

87.0

Table 2: Standard enthalpy ΔrxnH°298
(kJ/mol) and entropy ΔrxnS°298 (J/mol)
values for the oxidation of metals by
water at 298 K (thermochemical data
obtained from the NIST webbook and
HSC chemistry).

90

ΔrxnG° (kJ/mol)

70
50
30
10
-10
-30
400

450

500
550
Temperature (K)

600

650

Figure 1: Standard Gibbs free energy change for base metal oxidation by liquid water versus
temperature (PH2=1 bar).

This means that under standard conditions both Cu an Ni are stable, Fe is unstable and Co
becomes unstable only at high temperatures, i.e. the reaction of cobalt with water is
unfavorable at temperatures up to 600 K.
Effect of hydrogen pressure
Based on the large (<-25 kJ/mol) negative ΔG values of for the oxidation of Fe over the
entire temperature range (figure 1), Fe in a metallic state can be excluded as a viable option
for use as catalyst in aqueous phase reactions. Co is a plausible option at temperatures
below 600 K whereas Ni and Cu are stable in liquid water up to the critical temperature
(TC=647 K), provided that the partial H2 pressure is at least the standard pressure of 1 bar.
Because the values of ΔrxnG° for both Ni and Co are relatively close to zero (compared to
Cu), these metals might be susceptible to oxidation if the hydrogen pressure in the process
is substantially lower than the standard pressure (i.e. 1 bar). For a process like hydrothermal
hydrogenolysis, that requires H2 as a reactant, the partial hydrogen pressures will generally
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exceed at least 10 bars [8, 9]. However for APR, which is operated close to the bubble point
of the solution, partial hydrogen pressures between 0.5-10 bar have been reported [7, 10]
and the oxidation of Co and Ni might be possible, especially in the higher temperature
range. The stability diagrams for Co and Ni as function of temperature and partial H2
pressure are given in figure 2. Each line represents the equilibrium hydrogen pressure,
which in this case is equal to the equilibrium constant (K=PH2), since non-ideality is
ignored and the activities of solids and liquids are unity (see calculation section, equation
S6). In figure 2 also typical operation windows (temperature and H2 pressure) for some
aqueous phase processes, APR, hydrothermal gasification and hydrogenation are shown.
The application of cobalt, nickel and copper in APR operating at PH2=0.5-10 should not
result in catalyst deactivation via (bulk) metal oxide formation because the operating H2
pressure is higher than the equilibrium pressure. The equilibrium lines for Fe and Cu fall
outside the range of the graph since they are respectively larger than 2 and smaller than 10-3
over the indicated temperature range, which shows that Cu is stable and Fe is unstable over
the entire temperature range for these processes. Note that in the absence of a source of H2,
e.g. at the start-up (batch reaction) or at the entrance of a fixed-bed (continuous reaction)
theses metals might be susceptible to oxidation to such an extent at which the equilibrium
hydrogen pressure is reached by evolution of hydrogen due to the oxidation of part of the
metal. When equilibrium conditions are not reached, e.g. due to the continuous removal of
the evolved hydrogen in a fixed bed, this could result in complete oxidation of the catalyst
starting at the beginning of the catalyst bed and progressing in the direction of the flow. In
reality this can be prevented by other reducing species, i.e. the reactants present in the
reaction mixture.

2

Hydrogenolysis

1

log(PH2)

APR window

hydrothermal
gasification

0
Ni
-1

Co
CoO/NiO

-2
400

450

500
550
Temperature (K)

600

650

Figure 2: Phase stability diagram for metallic cobalt and nickel with respect to oxidation to M(I/II)O
by liquid water as function of temperature and partial H2 pressure.
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Therefore, start-up of the reactor with a pure aqueous phase and subsequent introduction of
the reactants should be avoided (e.g. injection of reactant only when the desired
temperature is reached in a batch system or pressurization/equilibration of a continuous
system with a pure aqueous phase).
Leaching and pH
The calculations up to now did not take into account additional reactions, like the
dissolution of metal species (leaching) via the formation of (oxy)hydroxide species. The
stability of the metals and their susceptibility to leaching depends on the pH of the reaction
mixture. For example glycerol, a well-known feedstock for APR [11, 12], is produced as a
byproduct from biodiesel synthesis and therefore contains residual alkaline catalyst species
(e.g. CaO). Another example is the formation of acidic products and byproducts like
carbonic acid, acetic acid and formic acid during biomass processing.
In electrochemistry the effect of the pH on the reactions of metals in liquid water is
traditionally visualized using potential (Eh) versus pH diagrams [13, 14]. The potential is
related to the standard Gibbs free energy (Eh=-ΔrxnG/νF, where F is Faradays constant and ν
is the number of electrons transferred). The direct electro-chemical oxidation of metals in
acidic water (corrosion) can be written in terms of metal oxidation by hydronium ions:
(2/n)M(s) + 2H+(aq) ↔ (2/n)Mn+ + H2(g)

(R2)

The potential-pH diagram is a type of phase diagram (a M-H-O diagram) showing the
stable species of an electrochemical system, which can be calculated from the Nernst
equation [13, 15, 16]. The visualization of electrochemical reactions in potential-pH
diagrams was invented by Marcel Pourbaix and these diagrams are known as Pourbaix
diagram [17]. Pourbaix diagrams show the predominance region for the stable species in
water. The Pourbaix diagrams for the metals of interest can be found in the Atlas first
published by Pourbaix in 1963 [17]. Since then improvements of the data have been
published and diagrams are available at super ambient conditions for Cu [18], Ni[19, 20],
and Co [21, 22] and detailed studies on the solubility of metal oxides at elevated
temperatures have become available [23-29]. These days simple diagrams can be readily
constructed using dedicated software like HSC Chemistry, as shown in figure 3 for Co, Ni
and Cu at 503 K (see calculation section for details). In these figures the dotted lines
represent the potential for the water oxidation and reduction half-reactions, which together
form the stability field for water, i.e. the potential values where water is thermodynamically
stable with respect to oxidation and reduction. The solid lines show the potential versus pH
for redox (for example the M(0)/M(I/II) couple) and dissolution reactions. The potential of
reactions that do not involve the transfer of protons are unaffected by the pH and therefore
have horizontal lines, while reactions that do not involve the transfer of electrons have
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Figure 3: Pourbaix diagrams for Cu, Ni and Co calculated using HSC chemistry for Windows at
T=473 K, P=15.3 bar, PH2=1 and a total ion activity [M]=10-6 (mol/kg).

vertical lines. A metal is stable with respect to oxidation in the region where the potential of
the M/M(I/II) couple is higher than that of H+/H2, known as the immunity region. Of
interest is the pH value where the situation becomes reversed, since at that point the
oxidation of the metal is favorable (ΔE≥0). The pH value where the potential of the water
reduction and metal oxidation half reactions intersect is thus the critical pH with respect to
the metal stability. The graphs show that Cu can be oxidized only in strong acidic solutions
(critical pH<2.2), which is in line with literature [30]. Nickel can be oxidized in slightly
acidic solutions (critical pH<5) which is in agreement with literature suggesting that Ni is
quite resistant to corrosion in subcritical conditions from slightly below the neutral pH of
water to very alkaline pH’s. This implies that nickel will not corrode in the absence of
oxygen in the system at a pH above neutral [20]. Because the potential of the M(0)/M(I/II)
couple is unaffected by the pH, the stability of these metals is increased at higher pH due to
the decrease in the reduction potential of H+/H2 with decreasing hydronium concentration.
At very high pH the formation of anionic Ni species (e.g. Ni(OH)3-) can become favorable.
Literature suggests that this can occur around pH=12-13 [19], however, according to figure
3 this does not occur below pH=14. This discrepancy can be explained by the different
methods used for the extrapolation of the heat capacity data in order to calculate the molar
entropies of aqueous ions at elevated temperatures (see calculation section for details). The
Pourbaix diagram of Co shows that this metal is unstable both in acidic pH<6 and alkaline
solutions pH>11. Since the neutral pH (npH) at 473 K is approximately 5.8 (Kw=2.5*10-12)
the stability of Co in water is questionable. Note that each line in the Pourbaix diagrams
shows the potential of the equilibrium position between the given species, the position of
the critical pH values is therefore sensitive to changes in the hydrogen pressure (PH2=1) and
the used corrosion limit or total aqua ion activity, which is assumed a priori (assuming the
conventional corrosion limit of [M(II]=10-6 mol/kg according to Pourbaix), see calculation
section for details. The stability of the metals at a certain pH must thus be regarded as
relative stability with respect to a certain metal solubility (S) specified by the assumed
corrosion limit. Keep in mind that these results are valid for bulk metals and metal
(hydr)oxides and do not provide information on the stability of surface species, which
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would require the calculation of surface Pourbaix diagrams [31]. Nor do these calculations
provide information on the stability of metals in a highly dispersed state, i.e. nanoparticles.
Effect of metal particle size on the formation of metal oxides
The results discussed so far are valid for bulk metals, whereas supported heterogeneous
metal catalysts typically consist of highly dispersed supported metal crystallites with sizes
in the range of ~1-100 nm. Because nanoparticles have excess surface energy (or interfacial
energy) they are unstable with respect to the bulk phase. Therefore the size of the metal
particles should be taken into account when evaluating the stability of the metals. Using a
typical (size independent) value of the surface energy (γ) of 2 J/m2 for a metal [32] it can be
calculated that the excess energy for e.g. Co, with respect to the bulk phase for particles of
100 nm is already in the order of 1 kJ/mol. The excess surface energy scales with one over
the particle diameter (1/dp) and thus has a substantial contribution to the energetics in the
nano-size range [33]. The minimization of this excess energy is the driving force for the
growth of small metal particles into larger particles. The resulting decrease in specific
surface area is a well-known cause of catalyst deactivation. This growth could proceed
either via Ostwald ripening or via a particle migration and coalescence mechanism [34].
Because nanoparticles are inherently unstable in a thermodynamic sense with respect to the
bulk phase, the particle growth mechanisms must be sufficiently hindered by diffusion
limitations or kinetics in order for the catalysts to have an acceptable stability.
The size of the metal particles also affects their stability with respect to oxidation. The
oxidation of metal crystallites, or the formation of an oxide shell around the metal particle,
might be thermodynamically possible under conditions at which the oxidation of the bulk
metal is not feasible [35]. In fact, Chernavskii et al. have shown that a critical diameter
exists such that, at a given temperature and partial hydrogen pressure, the reduction of the
oxide will only be possible when the particle size exceeds a critical diameter [36].
Nanoparticles are less resistant towards oxidation than the bulk metal because the surface
free energy of the metal oxides is lower than that of the corresponding metal [32, 35, 36].
Due to the change in volume upon oxidation, the stability of the metal versus the metal
oxide surface also depends on the molar density (υ) of the metal and the respective metal
oxide. When the ratio (R) of surface energies and densities as given below exceed 1 (see
also the calculation section E10), the surface energy of a spherical metal oxide particle will
be lower than that of the respective metal, which is true for most metals [37].
R=







  








 >1

(with s=1 for Ni/NiO, Co/CO and s=2 for Cu/Cu2O)

Using the surface energy data provided in the calculation section (table S1) values for R
of 1.2, 3.1 and 3.5 are obtained for Cu, Ni, Co respectively; hence nanoparticles of all these
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metals might become unstable below a certain size. For the 100 nm Co particle, with an
excess surface energy of 1 kJ/mol, the energy difference between de metal and the metal
oxide can be obtained from the value of R and yields ~0.7 kJ/mol. A rough estimate of the
size where the oxidation behavior will be affected by the particle size can now easily be
made. The standard Gibbs energy for the oxidation by water of bulk Co at 473 K is about
~10 kJ/mol (from figure 1) while the excess energy difference for the 100 nm Co particle
with respect to CoO formation is about 14 times lower. Because the surface energy scales
with 1/d the particle size which will enable the oxidation of Co is in the range of 7 nm (at
473 K at PH2=1 bar).
As a complication, the size dependency of the surface energy becomes significant in the
nano-size range (<100 nm). According to a simple broken bond model [35, 38-40] the
surface energy increases because the number of uncoordinated sites increases as the particle
size decreases, i.e. atoms have on average fewer bonds (a reduction in the cohesion energy
of the surface atoms). Thus the surface energy, and also the ratio of the surface energy of
the metal to metal oxide, may change. More complex electronic size effects become
important for particles below 2-3 nm [33, 41]. For example the distance between the energy
levels of the valence electrons increases as the number of atoms forming an isolated metal
nanoparticle decreases [42], as a result the metallic character of the particle partially
disappears for particles <2 nm [43]. The effect of the particle size on the resistance towards
oxidation in the aqueous phase can also be expressed as a reduction in the electrochemical
potential, i.e. the standard potential of ionization decreases for small particles [44]. It has
been shown that also the oxidation of noble metals by water is possible when particles
become sufficiently small, e.g. Henglein [45] showed that the potential for Agn/Ag+
decrease from 0.8V (bulk) to -2 V when n approaches 1 (n=number of Ag atoms). The
decrease in size can also affect the dissolution mechanism. According to Tang et al. [46] Pt
dissolution from a nanoparticle occurs by direct electro-oxidation of Pt to soluble Pt2+
cations, unlike bulk Pt, which dissolves from the oxide.
In order to evaluate the effect of particles size on the stability of metal nanoparticles in
aqueous solution the procedure outlined by Van Steen et al. [34], who calculated the
stability field of Co particles as function of particle size and hydrogen to steam ratio to
evaluate possible oxidation of Co under FT synthesis conditions, was adjusted to metal
nanoparticle oxidation by liquid water. This can be accomplished by incorporation of the
energetic effects of nanoparticles into the calculation the Gibbs free energy change for R1
(figure 2). It has been argued that Gibbs thermodynamics may be extended to nano-sized
particles if the size dependence of the specific excess free energy is adequately taken into
account [47]. In short, the used method involves calculating ΔrxnG° for the bulk reaction
and adding the size dependent excess energy difference between the metallic and the metal
oxide nanoparticles (ΔGsurf), see equation S8. Here the complete oxidation of the metal
particle is considered but it is also possible that the metallic crystallites deactivate not by
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complete oxidation of the particle, but by the formation of an oxide shell surrounding a
metallic core. This results in the formation of an additional M-MO surface and therefore an
additional size dependent surface energy term [36]. For the current evaluation the size
dependency of surface energy of the metal particle size was estimated from the reported
value of the bulk metal (see table S1) using a simple broken bonds model [35, 38, 39, 48].
Since oxidation occurs in the liquid phase, a 75% lower surface energy was used as
suggested by Navrotsky et al. [49] for the hydrated compared to a non-hydrated surface
(independent of the particle size). For simplicity it was assumed that the ratio of γM/γMO
remains unchanged as function of the particle size. More details are given in the calculation
section below.
The effect of the particle size on the resistance toward oxidation was calculated for Cu,
Ni and Co nanoparticles at 473 K. The effects were most pronounced for Co and Ni as
shown in figure 4. As expected the stability of the Co and Ni crystallites decreases with
decreasing particle size as the contributions of the surface energy becomes more dominant.
The effect of the particle size on the partial H2 pressure required to keep the Co
nanoparticles in a reduced state becomes significant at sizes below approximately 10 nm.
Under typical operating conditions in APR (PH2 =1-10 bar) the metallic cobalt crystallites
with a diameter larger than 4-6 nm should not be oxidized to CoO. Ni crystallites with a
size of 2 and up to 4 nm (around the lower limit for the validity of the broken bond model)
are still stable. For Cu the stability of the field of the metal nanoparticles extends beyond
PH2=0.01 bar, which shows that even very small Cu particles are resistant to metal oxide
formation. The ratio of the equilibrium hydrogen pressure of a 2 nm Cu particle and the
bulk phase is only a factor of 4. The effect of the Cu particle size on the oxide formation
was thus least pronounced, which could already be inferred from the lower value of R
(1.19) with respect to Ni and Co. For higher temperatures the stability field of the metal
nanoparticles will decrease further.
Figure 4: Stability region
of Co (fcc) and Ni (fcc)
with respect to oxide
formation in the aqueous
phase at 473 K in
equilibrium with hydrogen
as function of the diameter
(2-100 nm) of the metal
particles.
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Figure 5: Metal solubility
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The size dependent formation for metal oxides (figure 4) might give a misleading
representation of the stability of nanoparticles because the possibility of leaching (oxidative
dissolution) is not taken into account. This gives an additional pathway for catalyst
deactivation. The Pourbaix diagrams for bulk metals (figure 3) showed that, at certain pH,
leaching is a possible deactivation mechanism even for bulk metals. The contribution of the
surface energy should also be taken into consideration when evaluating the stability of
nanoparticles with respect to leaching. Figure 3 also showed that, depending on the pH (in
the range pH=0-14), metal leaching is possible as cationic (for Cu, Ni and Co) or anionic
species (for Co).
The following discussion is limited to the size dependent leaching of cations which can
occur via direct electro chemical dissolution (R3) or via dissolution of metal hydroxides. In
the liquid phase the metal oxides can react further to form metal hydroxides. The stability
of the metal oxide with respect to hydration is also affected by the particle size, i.e. smaller
metal oxide particles can be more stable compared to the hydroxide because the hydration
of metal oxide will increase the surface area. For instance a decrease in particle size is
known to stabilize the oxyhydroxide with respect to the hydroxide of iron [50]. However
the solubility (leaching) of the metal hydroxide will increase with decreasing particle size
because leaching will reduce the overall surface energy. Leaching can also occur via direct
electro chemical dissolution [46] which is identical from a thermodynamic point of view
but then only the size dependent surface energy of the metal needs to be considered, which
is already known. Metal leaching is a reversible reaction, thus at given conditions an
equilibrium concentration of dissolved metal species exists, dictated by the equilibrium
constant (K). Assuming that for nanoparticles the metal dissolves by direct electrooxidation of the metal, only the size dependent surface energy of the metal needs to be
considered. As a result of the excess energy of the metal nanoparticles the solubility of the
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Figure 6: Critical pH as
function of the metal
particle size for the
oxidative
dissolution
reaction of Ni, Co and Cu
at
[M(I/II)]=10-6
M,
PH2=1-10 bar and T=473
K.
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(oxidized) metals is thus expected to increase with decreasing particle size. The equilibrium
constant (K) for reaction R3 can be obtained from the standard Gibbs energy change of the
dissolution reaction with the addition of the surface energy difference of the reaction, see
equation E20 in the calculation section. The theoretical solubility for a nanoparticle of a
given size can then be calculated at a given pH, PH2 and temperature. When the solubility is
expressed as a relative solubility with respect to the bulk phase (as shown in figure 5) only
the temperature needs to be known (E21). Figure 5 shows that in region of interest for
supported metal catalysts (<100 nm) the size of the nanoparticles has a large influence on
their solubility. Especially below 10 nm the relative solubility increases strongly with
decreasing particle size. The increase in relative solubility is determined by the magnitude
of the surface energies of the metals; Ni (1.8 J/m2)>Co (1.7 J/m2)>Cu (1.4 J/m2), see table
S1. Figure 5 also provides the link between metal leaching and metal particle growth. For
all the metals a regime exists where the solubility difference for a relatively small particle
size difference becomes substantial. Since heterogeneous catalyst generally consist of nonuniform sized nanoparticles, the solution will be supersaturated with respect to the larger
particles in the catalyst, which enables the mass transfer of dissolved metals over the
resulting concentration gradient (Ostwald ripening), leading to an overall growth of the
nanoparticles.
It should be noted that the absolute value of the equilibrium solubility between the
nanoparticles of the metals is very large because of the differences in the values for the
solubility of the bulk phases are several orders in magnitude. To assess how the absolute
solubility is affected by the pH as function of particle size the ion concentration (corrosion
limit) is defined in line with the Pourbaix diagrams in figure 3 (the conventional limit of 106
M). The critical pH, the value at with metal leaching becomes favorable, can then be
calculated at a certain partial hydrogen pressure as function of the particle size, see figure 6.
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A nanoparticle is considered stable if the equilibrium concentration of leached metal
species at the critical pH does not exceed the corrosion limit. The Pourbaix diagram for
bulk Co (figure 3) already showed that the stability of Co with respect to leaching is
questionable. Figure 6 shows that in a neutral aqueous solution at 473 K the particle size for
stable Co nanoparticles goes up from ~8 nm to over a 100 nm in the interval PH2=1-10 bar,
since below these sizes the critical pH is lower than the neutral pH (5.8). For Ni
nanoparticles the critical pH is lower than the neutral pH provided that they are larger than
~4-6 nm for PH2=1-10 bar while for Cu nanoparticles the critical pH is far below the neutral
pH even for 2 nm particles. Leaching can thus be expected to contribute to the deactivation
of both Co and Ni nanoparticles.
One should keep in mind that the actual reactive environment during aqueous phase
processing of biomass differs significantly from the hydrogenated aqueous phase (dissolved
hydrogen in equilibrium with the specified partial H2 pressure) used in the presented
calculations, most importantly with respect to the feed compositions. As stated previously,
the reactant species can act as reducing agents, which will have a beneficial effect on the
metal stability. For example ethylene glycol, a widely used biomass model compound is
known to reduce the corrosion of different types of steal [51, 52]. On the other hand,
reactants or product species might also form metal complexes which could be more difficult
to reduce than the aqua-complexes. Also, thermodynamically unstable species can still exist
if their transformation is kinetically hindered (e.g. surface passivation). The various
stability diagrams provide no information on the rate of the predicted oxidation reactions.
Note that also several simplification and approximations were made with respect to the
calculations and the used data (see calculation section for details). The effect of the support
on the stability of the nanoparticles can also be significant [33, 53] and was not taken into
account. The actual situation is therefore far more complex than described here and these
calculations should only be used as a general indication or qualitatively in order to signify a
trend.

Conclusions
The basic thermodynamic aspects of the oxidation of Fe, Co, Ni and Cu in liquid water
have been discussed in order to evaluate their possible application as catalyst for Aqueous
Phase Reforming. The stability of these metals with respect to metal oxide formation and
metal leaching is dependent on the temperature, the partial hydrogen pressure, the pH and
the metal particle size. Typical conditions for aqueous phase reforming, 473 K and a
hydrogen pressure of 1-10 bar, will result in the oxidation of bulk Fe which makes this
metal unsuited for application as catalyst in hot liquid water. The bulk metals Ni, Co and
Cu are stable with respect to the formation of metal oxides because the equilibrium
hydrogen pressure is lower than the APR operation pressure even at much higher
temperatures than generally used in APR (up to 600 K for Co). Bulk Cu and Ni were found
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to be stable with respect to leaching at a temperature of 473 K provided that the solutions
are not very acidic and the partial hydrogen pressure is at least 1 bar. For Co the solubility
will exceed the corrosion limit of 10-6 M even at neutral pH, making the stability of Co
under these conditions questionable. Nanoparticles are less stable with respect to oxidation
than their respective bulk metals. The difference between the stability of the bulk metals
and the stability of nanoparticles is due to the contribution of the surface energies. By using
a simple broken bond model to estimate the size dependence of the surface energy, the
stability of metal nanoparticles with respect to the formation of metal oxides can be
calculated. It was shown that the equilibrium hydrogen pressure required to prevent the
formation of metal oxides increases with decreasing particle size and becomes significant at
sizes below 10 nm. The formation of metal oxides of Ni and Co in water can be expected
around respectively 2-4 and 4-6 nm for partial hydrogen pressures in the order of 1-10 bar,
while under similar conditions Cu particles of 2 nm are still stable even at 0.01 bar H2. The
stability of nanoparticles with respect to leaching should also be considered. The effect of
the particle size on metal leaching can be expressed as an increase in the relative solubility
(solubility relative to the bulk solubility) or an increase in the critical pH (solubility with
respect to the corrosion limit). The relative solubility of all the metal nanoparticles
increases strongly for particles below 10 nm and is dictated mainly by the magnitude of the
surface energy of the metal. Based on these results it is expected that surface leaching as a
deactivation mechanism is more problematic than bulk oxide formation. Under actual
reaction conditions the feed composition and the support material can be expected to affect
the stability as well. For real systems all the discussed effects will contribute
simultaneously and experimental investigation is required in order to study the likelihood of
catalyst deactivation via oxidation and leaching of these metals and to show if the predicted
oxidation reactions take place at a rate significant enough to affect the stability.

Calculations and supporting information
Basic thermodynamics relations
Basic thermodynamic relations can be found in standard textbooks, e.g. [54, 55]. For the
oxidation of a metal by water to form the metal oxide, as given by R1, the standard molar
Gibbs energy change (ΔrxnG°) at a certain temperature (T) and pressure (P) is obtained
from:
"
 ! " = ∑ $% !%,',(

(E1)

Where vi is the stoichiometric constant (positive for products and negative for reactants).
The relation between the Gibbs energy (G) and the enthalpy (H) and entropy (S) is defined
as G=H-TS. The standard Gibbs energy of formation for species (i) can be calculated at T,P
from the standard enthalpy and entropy at the reference state (Tr=298 K,Pr 1 bar):
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The pressure dependent term can be neglected for solids and liquid at the pressure levels
relevant to this work. The standard enthalpy and entropy of formation and the temperature
dependence of Cp,i (e.g. Shomate equation, E4) can be obtained from various sources like
textbooks, the NIST database or dedicated programs like HSC Chemistry for Windows.
2
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The thermodynamics of metal oxidation were calculated using the data from the NIST
database (webbook) and HSC Chemistry for Windows 7 [56]. This yield values of ΔrxnG°
for reaction (R1) of -29.79 kJ/mol (FeO), 9.35 kJ/mol (Co/CoO), 14.71 kJ/mol (Ni/NiO)
and 85.85 kJ/mol (Cu/Cu2O) at 473 K. The differences in the two methods due to variations
in the basic thermodynamic data were negligible. The equilibrium position for reactions
(R1) was calculated according to:
2
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Where Gm is the molar Gibbs energy, Q is the reaction quotient and (α) is the activity
(concentration times the activity coefficient) which is unity (α=1) for both CoO, Co (pure
solids) and H2O (liquid). The activity for hydrogen is equal to the partial pressure (PH2)
times the fugacity coefficient (αH2=fH2*PH2/P0). At relatively low pressures the non-ideality
can be neglected and the hydrogen activity is approximately equal to the partial pressure for
hydrogen (αH2≈PH2). At equilibrium ΔrxnG equals zero and Q is equal to the equilibrium
constant (K). For reaction (R1) at a certain temperature (T) and pressure (P) the equilibrium
H2 pressure Peq,H2 is expressed as:
@ = 1AB,C = exp −
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Effect of particle size
Because for small particles the ratio of surface to volume is no longer negligible the
effect of the surface energy on the molar Gibbs energy (Gm), must be taken into account.
The molar Gibbs energy of a condensed phase consists of a contribution of the bulk phase
and a surface energy term. In order to incorporate the effect of the surface energy on the
stability of metals with respect to oxidation by water (reaction R1) equation S5 needs to be
modified by adding the excess surface energy term (ΔGsurf):
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ΔrxnGm°+ ΔGsurf =-RT ln(PH2)

(E7)

Besides the surface energy also the stability of possible isomorphic phases for the
nanoparticles must be considered. The stable crystal structure at the temperature of interest
(473 K) for Ni and Cu is the face-centered cubic (fcc) structure while for Co the fcc
structure is thermodynamically stable only above ~690 °C and the hexagonal-closed packed
(hcp) phase is stable at lower temperatures [57, 58]. However for small nanoparticles (<100
nm) the fcc structure is the stable phase. The effect of the phase change (Co(hcp)→
Co(fcc)) on the Gibbs energy of reaction (ΔrxnG°) for bulk cobalt was estimated from the
value of ΔtransH=501 J/mol at Ttrans=690 K [59]. This yields ΔtransS=0.73 J/mol and
ΔtransG°473=0.16 kJ/mol which is negligible compared to ΔrxnG°473=9.35 kJ/mol calculated
according to (E3) (figure 1) and ΔrxnGm° can be calculated from equation E5. The
contribution of the excess energy of the nanoparticles to the molar Gibbs energy is given
by:
T

.!NOP = Q(dS ).  
Where (γ) is the surface energy density (J/m2) or simply the surface energy, which can be a
function of the particle diameter (dp), and A/n is the area per mol (Am). The difference in
the Gibbs energy between the metal and the metal oxide can be obtained from:
!NOP = QUV (d-,UV ).38,UVW QU (d-,U ).38,U = QUV 38,UVW QU 38,U

(E8)

The last expression is valid only for a constant surface energy. From the molar balance the
particle diameter of the metal (M) and metal oxide (MO) are related to the molar density
and molar volume (ρm=1/Vm) as follows:
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Where (s) is a factor due to the stoichiometry in reaction R1 (s=1 for Ni and Co and s=2 for
Cu). The excess energy difference between the metal oxide and the metal can be expressed
by using the relation dp=6 Vm/Am for spherical particles and by substituting for ρMO*dp,MO :
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The expression is valid if the surface energy is not a function of the particle size (γ≠f(dp)),
otherwise;
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Equation S10a is identical to the surface energy term used by Van Steen [35] while
equation S10b should be used if the surface energy is dependent on the particle size or
dispersion. The last expression of equation 10b is useful if the ratio of the metal and metal
oxide surface energy can be expressed as function of dp,M or when this ratio is independent
of the particle size. Because the oxidation of the metal particle becomes favorable for
ΔrxnGm≤0, the partial hydrogen pressure at which oxidation of a metal particle with a certain
size is favorable is then given by:
1C ≤ exp −
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Surface tension data and calculations
The surface energy of a particular substance is affected by the crystal type, exposed
crystal plane (index) [60] and the type of surface (surface termination) for ionic substances
[61]. For metals the surface energy can be regarded as an excess energy related to the
number of broken bonds of the atoms in the surface layer [38-40]. The surface energy can
be expressed relative to exposed surface atoms (J/atom or mol) or relative to their surface
area (J/m2). Because sublimated solids have lost all their neighboring atoms, the surface
energy can be estimated from the enthalpy of sublimation (ΔsubH). For a closest atomic
packing the surface energy can then be estimated from γ= a ΔsubH/NA (J/atom) [62], where
NA is Avogadro’s constant and the coefficient a (<1) depends on the atomic packing.
Overbury [32] showed that the surface tension for bulk metals can be obtained from the
empirical relationship:
γU = 0.16Δqrx H
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Where (f) is 1.09 for fcc metals, M is the molar mass and ρ is the mass density. Table S1
shows the bulk surface energy values for various species of interest calculated according to
equation E11 and obtained from experiments or (DFT) calculations.
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Table S1: Surface energies (γ) for Co, Ni and Cu metals and metal oxides.

Species

γ

Ref.

(J/m2)
Ni (fcc)

Data source or method, surface,

γ (J/m2) –

temperature (K)

this work1

1.706

[32]

Calc. (equation S12, T≈Tm)

1.850

[32]

Exp. (T=1523)

1.484

[32]

Calc. (equation S12, T≈Tm)

1.670

[32]

Exp. (T=1320)

1.79

[63]

Calc. (LDE, extrapolated to T=0)

2.17-2.28

[48]

Calc. (DFT (100))

1.53

2.14

[35]

Calc. (broken bonds model)

1.60

2.77

[48]

Calc. (DFT, (111) surface)

3.19

[48]

Calc. (DFT, (100) surface)

2.22

[64]

Calc. (from liquid values)

2.44

[35]

Exp. (CR, T=493 K)

2.52

[63]

Calc. (LDE, extrapolated to T=0)

0.77

[65]

Calc. (DFT)

1.64

[65]

Corrected value from [48]

1.39

[66]

Calc. (classical (001))

1.38

[67]

Calc. (DFT)

0.85

CuO

1.37-0.53

[32]

Exp. (Resting drop T=1423)

0.75

Cu2O

0.78

[68]

Calc, (DFT (111))

0.68

CoO

0.46

[35]

Calc. (classical electrostatic model (001))

0.34

1.55

[48]

Calc. (DFT)

1.38

[67]

Calc. (DFT)

0.585-

[32]

Exp. (T=1573-1673)

Cu (fcc)

Co (fcc)

Co (hcp)

NiO

FeO

1.78
1.43

0.40

0.732
1

Values for a hydrated surface at 473 K used in this work. LDE= liquid drop experiment.

The surface energy of a metal can be regarded as proportional to number of broken
bonds per surface atom. This assumption has been be used to estimate the difference
between the surface energy of Co (hcp) and Co(fcc) [35]. The number of broken bonds per
surface atom in [35] could be obtained from the statistics given by Van Hardeveld and
Hartog [69] who derived the number of different surface atoms for various crystal types as
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a function of the total number of atoms and the size of the crystal. For instance the number
of broken bonds (Nj) and the number of surface (Ns) and total atoms (NT) for an fcc
(tetrahedron) and an hcp (hexagonal bipyramid) crystal is given by [69]:
NS= 2m2-4m+4, NT =m(m+1)(m+2)/6 and Nj=6m(m+1)
NS= 3m2-6m+5, NT,hcp=m(m2+1)/2 and Nj=10.5m2+181.5

(fcc, m>5)
(hcp, m>5)

(E13)
(E14)

Where (m) is the number of atoms lying on an equivalent ridge. Since for (m→∞) the ratio
(Nj/NS) yields 3 (fcc) and 3.5 (hcp) the bulk surface energy of γβ,Co is approximated as
γβ,Co= γα,Co/1.16 (as reported by Van Steen). Not only the crystal structure affects the
surface energy but also the size of the particle should be taken into account. For solid
metals the number of broken bond increases with decreasing particle size due to the larger
fraction of low coordinated surface atoms, and thus the surface energy should increase. The
broken bond model is expected to be a valid approximation down to particle sizes of 2-3
nm, below which more complex electronic size effects become important [33, 41].
Assuming that the surface energy is directly proportional to the number of broken bonds
(NT) [35, 38, 39, 48], i.e. all the bonds have the same strength, the surface energy of a metal
particle of a certain size can be calculated from:
Q = QO
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Where Nj/NS is the number of broken bond per surface atom for a particle of a certain size
with a particular geometry obtained from the statistics given by Van Hardeveld and Hartog
[69]. The relative particle diameter is related to the total number of atoms (NT) in the
particle by .A =

hY

h

= 1.1085'

c/6

[69]. Where (da) is the atomic diameter and (dp) is the

effective particle or crystallite diameter defined as the diameter of a sphere with a volume
equal to that of the particular morphology. The surface energy for small fcc metal particles
can be empirically related to the diameter of the corresponding spherical crystallites by
interpolation of crystallites with a perfect geometric arrangements [35].
Atoms in close-packed surfaces have a coordination of 8-9 which yields values of Nj/NS of
3-4 for the bulk phase. The surface energy of fcc crystallites is the lowest for the perfect
geometric tetrahedral, octahedral, rhombic dodecahedral arrangements (with Nj/NS is 3 for
the bulk), see figure S1.
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Figure S1: Relative surface energy (γdrel/γbulk) as a function of the relative diameter in metal fcc
crystallites for different morphologies according to the broken bond model [35] assuming a direct
proportionality between the number of broken bond per surface atoms and the surface energy. The
expression for the number of broken bond per surface atom was obtained for each morphology using
the statistics from Van Hardeveld and Hartog [69]. A relative diameter of 10 corresponds to a particle
diameter of ~2.5 nm (Co, Ni, Cu).

A least squares fit (interval drel~10-400) of the surface energy values for these
morphologies from equation S15 yield values of a=1.82 and b=3.30 for the approximate
relation between the relative particle diameter and the surface energy expressed as an
expansion of 1/drel. The increase in surface energy between the bulk and a 2 nm particle
according to S15 is ~28%, which shows that the use of size independent surface energy
could result in a substantial underestimation of the particle size effect on the position of the
thermodynamic equilibrium of a reaction involving nanoparticles in the 2 nm range.
The size dependency of the surface energy for metal oxides has also been described by a
broken bond model [70], however, because bonding in ionic compounds has a long-range
Coulombic interaction, an electrostatic method is preferred [35], and the estimation of the
surface energy of ionic compounds is more complex. However, because the size
dependency of the metal is already known, the size dependency of the metal oxide might be
neglected if the ratio of the metal oxide and metal surface energy is not a strong function of
the particle size (as shown in equation E10b). According to Van Steen et al. the ratio of the
surface energy for the metal and the oxide can then be expressed as function of the
(spherical) particle diameter (dp in nm) [35]:
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Here the surface energy of the metal oxide was estimated from the difference between
the lattice energy of the ion in the bulk and those in the surface layers using the classical
electrostatic model, i.e. the internal energy of an ion minus the internal energy of an ion in
the bulk per unit surface [35, 48]. The bulk lattice energy for a rock salt structure (CoO)
was obtained using the Born-Landé equations with the Born repulsive interaction inverse to
the ninth power, an effective charge magnitude of 1.22 and for Madelung’s constant for the
rock salt structure (1.748) [35]. The difference in the ratio (MO/M) of the surface energies
between the bulk and a particle of 2 nm (approximately the limit for the validity of
equations S15 and S16) according to equation E16 is <5%. Keeping in mind that the error
in the values of the bulk surface energies for the metals and metal oxides compiled in table
S1 are likely much larger than this value, it seems that using a size independent bulk ratio
of the surface energies is an acceptable simplification. Swart [48] argued that the values for
the surface energy of CoO obtained via a classical electrostatic model or obtained from
broken bond covalent contributions are too low and a more accurate method should be
based on both the ionic and broken bond contributions to the surface energy. This results in
higher values for the bulk surface energy (for the most stable CoO surface (100)) but the
broken bond energy contribution is almost a constant addition to the magnitude of the
energy and therefore has a minor effect on the size dependence [48]. Hence the
approximation of a constant MO/M surface energy is still valid. The only remaining size
dependent term in equation E10 is that of the metal surface energy which was already given
by equation E15. The values of the surface energy in table S1 refer to the solid (metal) gas
interface (γs-g) for experimentally derived values and to a solid vacuum interface for values
calculated by DFT. These values might deviate as function of the gas phase composition
and certainly the difference between a gaseous and a liquid environment should be taken
into account. For sake of simplicity a constant factor (0.75) was used for the difference
between the energy of the hydrated surface and the anhydrous surface, as suggested by
Navrotsky et al. [49]. The surface tension of the metallic or oxide phases is not a strong
function of temperature, however, and surface energy values obtained from DFT
calculations are mostly valid at 0 K [48] whereas experimental values are typically
determined at temperatures close to their melting temperature, both resulting in significant
deviation from the value at the temperature of interest (473 K). The surface energy for
many solid metals (e.g. Cu) decreases by approximately 0.5 mJ.m-2.K-1 with increasing
temperature and was thus calculated as: Q = Q2 − 5 ∗ 10W *, where (γ0) is the surface
energy at absolute zero. The temperature and interface corrected values of the surface
energy used for the calculations of the surface energy terms in equations E15 and E16 are
given in table S1. As a conservative approach (worst case scenario) the lower values for the
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surface area of NiO and CoO are used. The stability diagrams (figure 3) are then obtained
using equations E10 and E11.
Size dependent metal leaching
For a size independent surface energy the relation between particle size and solubility is
often formulated in the form of the Kelvin or [71, 72] or Ostwald-Freundlich [73] equation,
which both describe the effect of curvature on the phase equilibrium. A size dependent
surface energy for the metal is used here which describes the effect of the specific surface
area on the phase equilibrium as derived from the Gibbs equation [74, 75]. The oxidative
dissolution of metals is given by R2. The equilibrium condition for the bulk phase is given
by:
° (bulk)
Δklm G|

= −9* ln
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Where (n) is the charge of the metal ion (1 for Cu and 2 for Ni and Co) and [S0] is the metal
ion concentration in equilibrium with the bulk phase. Taking into account the excess energy
of the nanoparticles the equilibrium conditions is given by:
° (bulk)
Δklm G|

+ ΔGNOP = −9* ln
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Where [S] is the metal ion concentration in equilibrium with the metal nanoparticles. By
substituting E17 in E18 equation E19 is obtained:
ΔGNOP = −9* ln
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For the oxidative dissolution (R2) the surface energy difference term involves only the
excess energy of the metal:
!NOP = −QU (d-,U ).38,U

(E20)

Using the relation dp=6 Vm/Am for spherical particles and expressing as function the molar
density (ρm=1/Vm ) and E21 is obtained:
[\

Z hY,

.d

c

XY,



¤

e = − 9* ln  
¤L

(E21)

Together with the expression for the size dependent surface energy of the metal (E16), the
relative solubility can be calculated from equation E21. The critical pH is calculated from
47

Chapter 2
equation S18 by substitution of the solubility [S] with the assumed corrosion limit of 10-6 M
at a certain value of PH2.
Construction of Pourbaix diagrams
Pourbaix (E-pH) diagrams were constructed using the HSC Chemistry 7. In order to
create the diagrams all the reactions between the species defined for the system must be
considered. These can be either condensed, aqueous neutral or ionic species. The species
included in the calculations of the diagrams in figure 3 are given in table S2. Methods for
the construction procedure of Pourbaix diagrams are well documented [13, 16, 76] and only
a brief description of the general aspects will be given.
The construction of Pourbaix diagrams basically involves the calculation of equilibrium
compositions as function of pH. Each line in the Pourbaix diagram forms a stability
boundary which represents the equilibrium position between the reactant(s) and product(s)
species for a given (assumed) ion concentration (activity). The Nernst equation describes
how the reduction potential of an electrochemical reaction depends on the reaction quotient.
The reduction potential (E) is defined as ΔG/nF where (n) is the number of free electrons
and F is Faradays constant. For a general reaction;
rR + wH2O ↔ pP + hH+ + ne-

(E22)

The Nernst equation is obtained by substitution into E5:
7 = 72 +
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Where E0 is the standard reduction potential obtained from the standard Gibbs energy
change of the reaction and α is the activity which is unity for water. The pH is defined as
pH=-logαH+ and for an ideal solution the activity can be replaced with the concentration and
the partial gas pressure (pi/p0). This is a valid approach only for dilute solutions. Reaction
R3 consists of the following half reactions (written as reduction reactions):
Mn+(s) + ne- ↔ M(s)
2H+ + 2 e-↔ H2(g) (or 2H2O + 2e- ↔ H2(g) + 2OH-)

(R3)
(R4)

This yields the flowing expression for the reduction potential of reactions R3 and R4:
2
7UJ£ /U = 7U/U
J£ −

7C £ /C = 7C2 £/C −
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Table S2: Species and conditions used for the construction of Pourbaix diagrams with HSC
Chemistry 7.

System

Cu-H2O

Species state and conditions
crystalline
“

Co-H2O

Included species
Cu (fcc)

Ni (fcc)

Co (hcp)

Cu2O

NiO

Co3O4

Cu(OH)2

NiOOH

CoO

-

α-Ni(OH)2

Co(OH)2

β-Ni(OH)2

-

dissolved

Ni-H2O

Cu

+

2+

Ni

Co(OH)2(aq)

Cu2+

NiOH+

Co2+

CuOH+

Ni(OH)3-

CoO(aq)

-

CoO2-

Cu(OH)3-

-

CoOOH-

10-6 M

10-6 M

10-6 M

T (K)

473

473

473

P (bar)

15.3

15.3

15.3

CuO
Total ion concentration

2-

Because the activity of dissolved species is given by the corrosion limit, an analytical
expressions for the equilibrium lines can be derived [77]. The metal ion concentration is
obtained from the corrosion limit which specifies the total ion concentration of the system
(generally 10-6 M is used). When E0 is known the potential can be expressed as function of
pH, at a given temperature and hydrogen pressure, as is shown in figure 3. E0 is calculated
from the standard Gibbs free energies (equation E1). The Gibbs energy change of the
various reactions at the given temperature is calculated from the enthalpy and entropy
(equation E2). The construction of Pourbaix diagrams at super ambient conditions is
complicated by the lack of thermodynamic data [76]. The partial molar properties as
function of temperature and pressure of especially the aqueous ions need to be calculated
via correlations [5]. The contribution of the pressure dependent term is generally small and
can be neglected for pressure <100 bar [76]. HSC Chemistry 7 uses the Criss-Cobble
method [56] for the extrapolation of standard entropies which neglects the pressure
dependence and is based on an assumption of linear temperature dependence. This will
result in some deviation with respect to literature where often the semi-empirical HelgesonKirkham-Flowers (HKF) equation of state is used [77]. The use of the calculation methods
incorporated in HSC Chemistry is considered to be adequate for our purposed, i.e. to use
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the diagrams to evaluate the stability of the metals with respect to metal leaching and the
formation of metal oxide phases.
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Chapter 3
A comparative study on the hydrothermal stability of
catalyst support materials

Abstract: The effect of hydrothermal conditions (liquid water at autogeneous pressure,
T=200 °C) on different catalyst support materials was investigated with the aim of
identifying suitable materials for the synthesis of heterogeneous catalyst that can be
applied in aqueous phase processes at elevated temperature and pressure. The stability of
various materials (Al2O3, ZrO2, TiO2, MgO, SiC and carbon nanofibers) was assessed by
characterization with XRD, N2-physisorption, XRF and SEM before and after a
hydrothermal treatment. Among the investigated materials carbon nanofibers, a
mesoporous nanostructured graphite-like carbon material shows the greatest potential as a
support material for heterogeneous catalyst under hydrothermal conditions. A promising
metal oxide support material with high surface area and hydrothermal stability is
monoclinic ZrO2. Low surface area support materials, α-Al2O3 and SiC, also possess high
hydrothermal stability and should be considered as well.
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Introduction
The conversion of biomass into useful chemicals and fuels can be accomplished by
thermo- catalytic processes using heterogeneous catalyst [1-6]. In contrast to the
hydrocarbon feeds processed in existing petrochemical processes biomass feedstock
consists of solid and/or nonvolatile compounds and is often processed in the liquid phase
[7]. Compared to low polarity hydrocarbons, biomass feedstock generally consists of highly
functionalized polar molecules (-C(OH)-) which can be processed in the aqueous phase.
Next to being an environmentally friendly solvent [6], water is also a major component of
many types of biomass [8]. However, the processing of biomass or biomass derived
feedstock in the aqueous phase introduces unique challenges with respect to the stability of
heterogeneous catalyst not encountered in catalytic petrochemical processes. The fact that
the stability of traditional high surface area catalyst support materials like zirconia, titania
and especially γ -alumina, under aqueous phase reaction conditions, is questionable was
previously observed by Elliott et al. [9, 10], when working on hydrothermal gasification
processes at high temperature (>250 °C) and in supercritical water. Nevertheless γ-Al2O3
[3, 11-22] has been, and continues to be, one of the most used supports for catalysts utilized
in the production of H2 via the aqueous phase reforming (APR) of biomass derived polyols
(e.g. glycerol and sugars) [23]. The APR reaction takes place at temperatures between 180250 °C and pressures up to 50 bars. Recently, it has been reported that γ-Al2O3 is also
unstable under the APR reaction conditions and readily undergoes a phase transition into
boehmite AlO(OH) [24-27]. Several other support materials, e.g. SiO2 [11, 12, 28, 29],
MgO [11, 12, 18], TiO2 [12], ZrO2 [18, 29] and carbon [11, 30], have been used as support
materials for heterogeneous catalyst in APR and aqueous phase hydrogenolyis reactions but
the explicit role of the support material on the stability of the catalyst is not always taken
into account or discussed.
Here a comparative study of the effect of hydrothermal conditions (i.e. liquid water at
200 °C and autogenous pressure (approximately 16 bar) on structural and textural
properties of a variety of support materials is presented. Conventional (metal) oxide support
materials are selected; three types of alumina (γ-Al2O3, α-Al2O3 and AlO(OH)), zirconia
(monoclinic and tetragonal), titania, silica and silica-alumina. In addition more
unconventional materials: siliciumcarbide (SiC) and carbon nanofibers (CNF) are studied.
The parent support material and the treated samples were investigated by XRD, N2physisorption, XRF and SEM.

Experimental
Hydrothermal treatment
The hydrothermal treatment of 400 mg of the support materials (table 1) with 5 ml of
demineralized water was performed in an autoclave (10 ml) for 20 hours at 200 °C at an
approximate pressure of 16 bars (i.e. the saturated steam pressure plus initial N2 pressure of
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1 bar). After the treatment the reactor was cooled down and the support materials were
recovered by filtration over a 0.45 μm syringe filter (Millipore). The residue was dried at 60
°C in an oven for 16 hours and investigated with N2-physisorption, XRD and SEM. The
filtrate was investigated for the presence of leached metals using XRF. Because the SiO2
and SiO2-Al2O3 filtrates re-formed suspensions upon aging these samples were filtered
(0.45 μm filters) for a second time prior to the preparation of the samples for XRF
measurement.
Characterization
The N2-physisorption experiments were performed at -196 °C on a Micrometrics Tristar
Surface Area and Porosity analyzer. The measurements were used to determine pore
volumes and specific surface areas of the materials.
Powder X-ray diffraction (XRD) was measured using a D2 PHASER X-ray Diffraction
Analyzer from Bruker with Co Kα radiation (λ = 1.789 Å). Rietveld refinement was
performed with the Material Analysis Using Diffraction (MAUD) software (University of
Trento, Trento, Italy) for relative quantitative analysis. Spectra were calculated based on the
structure in Inorganic Crystal Structure Data Base (ICSD). The background, cell
parameters, preferred orientation, peak asymmetry, atomic positions, site occupancy factors
and global vibrational parameters were refined. Generally five iterations were utilized
before a best fit was found using the least squares minimization procedure.
SEM micrographs were obtained using a Philips XL30FEG electron microscope
equipped with an EDX detector for elemental analysis. The samples were placed on a
carbon grid and coated with platinum before measurements to prevent charging.
XRF was measured on a Brucker S2 picofox TXRF. An internal standard solution (1 μl
of 5 mg/L Ga) was added to aliquots (2 ml) of the sample and homogenized by stirring.
The solutions were placed on a quartz or acrylic sample holder and evaporated before the
measurement.

Results
Support recovery.
The support materials were recovered after the hydrothermal treatment by filtration over
a 0.45 μm syringe filter. Filter cakes were obtained for all supports except for silica and
silica-alumina for which a gelatinous material was obtained which was difficult to filter and
rapidly caused blockage of the filter. The supernatant was a clear liquid in all cases but the
filtrates of the silica and silica-alumina suspensions had become slightly turbid after several
hours.
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Physisorption
Table 1 summarizes the N2-physisorption results obtained for the parent (-p) and treated
supports (-ht). For all support materials a decrease in BET surface areas was observed,
although to various extents for the different materials. The support materials with the
highest specific surface area (>200 m2/g) also showed the largest decrease in specific
surface area (i.e. γ-Al2O3, AlO(OH) and SiO2-Al2O3). The relative loss in specific surface
area ranged from about 70% for SiO2-Al2O3 to more than 90% for γ-Al2O3. The decrease in
specific surface area for these samples was accompanied by a decrease in the pore volume
which indicates that the reduction in specific surface area is for a large part the result of the
collapse of the pore structure. The N2-physisorption isotherms (adsorption and desorption)
and pore size distributions (2-100 nm) of all materials are shown in figure 1. For γ-Al2O3-p
and AlO(OH)-p the hysteresis between and adsorption and desorption indicates the
presence of meso-pores with an average pore size of 15 nm. After the hydrothermal
treatment most of these pores disappeared. SiO2-Al2O3-p has an average pore size of 5 nm
which increased to 20 nm with a much broader distribution after the treatment.
Table 1: BET surface area and pore volume obtained form N2-physisorption of various support
materials before and after hydrothermal treatment at 200 ºC for 20 h.

Sample1

Fresh (-p)
BET area

Vp (ml/g)

m2/g

Treated (-ht)
2

BET area m /g

Supplier

Vp (ml/g)

(loss %)

γ-Al2O3

209

0.56

27 (87)

0.06

Engelhard

α-Al2O3

7

0.01

6 (14)

0.01

BASF

295

0.65

66 (78)

0.22

Harshaw

65

0.09

69 (-)

0.11

Engelhard

SiO2-Al2O3

306

0.48

98 (68)

0.29

Engelhard

m-ZrO2

90

0.22

74 (18)

0.20

Degussa(RC100)

t-ZrO2

115

0.14

102 (11)

0.14

In house [31]

TiO2

51

0.09

43 (16)

0.11

Aeroxide P25

MgO

22

0.06

20 (9)

0.09

Engelhard

SiC

26

0.05

25 (4)

0.05

SiCat(CTS-56)

CNF

192

0.33

182 (5)

0.35

In house [32]

AlO(OH)
SiO2
a

1

All supports were sieved to a 90-150 μm fraction. aSiO2-Al2O3 nominal composition according to
manufacturer: 87 wt% SiO2 and 13 wt% Al2O3. Vp = single point pore volume at p/p0=0.95.

56

Figure 1: N2-physisoption adoption-desorption isotherms and pore size distribution (2-100 nm) according to the BJH method applied to the
desorption branch (inserts) of the parent support material and hydrothermally threated samples (200 °C, 20 h).
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The supports with the intermediate (50-200 m2/g) specific surface areas (i.e. SiO2, ZrO2
and TiO2) showed substantially less reduction in the specific surface area upon
hydrothermal treatment. For ZrO2 the decrease in specific surface area was 18% (m-ZrO2p) and 11% (t-ZrO2-p) while the meso-pores around 10 nm (m-ZrO2) and 5 nm (t-ZrO2)
remained after treatment. For TiO2-p the very small pores around 3 nm were destroyed in
the hydrothermal treatment. However, due to formation of new pores around 50 nm, TiO2-p
showed a slight increase in the total pore volume. For SiO2 the surface area remained
almost the same although a large decrease in the pores larger than about 60 nm was
observed. The support materials with low specific surface area’s (α-Al2O3, MgO and SiC)
showed only a minor loss in specific surface area. These materials only have very low
porosity and their pore volume was maintained.
A larger specific surface area thus appears to correlate with more extensive loss of
surface area during the hydrothermal treatment. CNF is a notable exception to this trend,
since it has a relatively large surface area (180 m2/g) but only showed a minor decrease
(5%) in surface area, while the meso-pore distribution and the total pore volume were also
not significantly affected.
XRD
The phase composition of the support materials before and after the hydrothermal
treatment was determined by powder X-ray diffraction. The crystallite sizes determined
with EVA DiffracSuite (based on the Scherrer equation) and the position of the
characteristic diffraction lines are given in table 2. The relative phase compositions are
given in table 3. Figure 2 shows the diffractograms of both the parent (-p) and treated (-ht)
support materials. The γ-Al2O3-p showed a complete phase transformation from γ-Al2O3
into boehmite after the hydrothemal treatment (γ-Al2O3-ht). Since the diffraction lines for γ
-Al2O3-ht (i.e. AlO(OH)) were much sharper than those of AlO(OH)-p it must be concluded
that the former was more crystalline with a larger crystallite size, i.e. 3 nm versus 36 nm
(table 2). However, when the commercial boehmite sample (AlO(OH)-p) was exposed to
the hydrothermal conditions (AlO(OH)-ht) the diffraction pattern became similar to γAl2O3-ht. This suggests sintering of the nano-crystallites in the parent boehmite sample
[33]. An increase in size the of the boehmite crystallites from 3 nm for AlO(OH)-p to 20
nm for AlO(OH)-ht was found.
The XRD patterns for the two zirconia samples, m-ZrO2-p and t-ZrO2-p, indicate that
both parent materials were not phase pure (see below and table 3). For the t-ZrO2 sample,
beside the tetragonal phase, also a diffraction lines were observed which are characteristic
of the monoclinic phase. For the m-ZrO2 sample, monoclinic ZrO2 was the main phase,
although a minor contribution of the tetragonal and cubic phases was also present. It should
be noted that, when present in small amounts, the tetragonal and cubic phase are difficult to
differentiate because diffraction peaks of the cubic phase are overlapping with those of the
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tetragonal phase. Also the TiO2-p was not phase pure and the observed diffraction pattern
was representative of an anatase phase with some rutile TiO2 as could be inferred from the
presence of the minor diffraction line at 32 °2θ.
For TiO2 and ZrO2 the relative phase compositions were calculated by means of
Rietveld analysis with MAUD and the resulting compositions are given in table 3. For the tZrO2 sample a transformation of the tetragonal (71% for the parent sample) into the
monocline phase (84% for the treated sample) occurred as a result of the hydrothermal
treatment. The crystallite size of monoclinic phase remained essentially unchanged before
(8 nm) and after (9 nm) treatment and did not differ much from the size of the tetragonal
crystallites (7 nm). For the TiO2 there was a minor increase in the rutile phase at the
expense of the anatase phase (respectively 8% and 14% rutile for TiO2-p and TiO2-ht). This
increase coincided with an increase in the average size of the rutile crystals (from 27 nm to
37 nm).
The diffractogram of MgO-p showed a pure monoclinic MgO phase while a very
different diffraction patter, which was identified as Mg(OH)2, was observed for MgO-ht.
With SiO2-Al2O3 the only observable change in the diffraction pattern was an additional
Table 2: Crystallite sizes (nm) for parent and treated support materials obtained from XRD.

Sample

Phases

(hkl)

2theta

Crystallite size (nm)

Supplier

(°)
Fresh (-p)

Treated (-ht)

γ-Al2O3

440

79.6

3

-

boehmite

120

32.8

-

36

104

41.0

74

73

BASF

boehmite

120

32.8

3

20

Harshaw

m-ZrO2

001

32.8

13

13

Degussa

m-ZrO2

001

32.8

8

9

t-ZrO2

001

35.2

7

-

anatase

101

29.0

23

26

rutile

110

32.0

27

36

MgO

200

50.3

21

-

Mg(OH)2

100

38.3

-

26

SiC

111

41.6

15

15

SiCat

CNF

002

30.7

5

5

In house [32]

γ-Al2O3
α-Al2O3
AlO(OH)
m-ZrO2
t-ZrO2
TiO2

MgO

Engelhard

In house [31]
Aeroxide
Engelhard
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γ-Al2O3-p
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Figure 2: XRD diffractograms for parent (-p) and hydrothermally treated (-ht) support materials. The
spectra of the parent materials are offset for clarity.

pronounced narrow diffraction line at 20 °2θ, which is consistent with the formation of
boehmite. No significant changes were observed in the diffractograms of SiO2, CNF, SiC,
α-alumina and m-ZrO2.
Support leaching
The aqueous phase obtained by cold filtration of the slurry after the treatment was
investigated with XRF for the presence of leached Al, Zr, Ti, Mg, and Si (table 4). For all
the Al containing samples minor leaching of Al was detected; 3.0 ppm for γ-Al2O3, 5.1
ppm for α-Al2O3, 10.7 ppm for AlO(OH) and 5.0 ppm SiO2-Al2O3.
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Sample
t-ZrO2-p
t-ZrO2-ht
m-ZrO2-p
m-ZrO2-ht
TiO2-p
TiO2-ht

Sample
γ-Al2O3
α-Al2O3
AlO(OH)
SiO2
SiO2-Al2O3 (Si/Al)
m-ZrO2
t-ZrO2
TiO2
MgO

Monoclinic
29%
84%
96%
96%
Anatase
92%
86%
Metal
leaching
3.0±0.8
5.1±0.9
10.7±0.6
137±2
251±27 /
5.0±0.1
b.d.l.
b.d.l.
b.d.l.
38.5±0.5

Phase
Tetragonal
71%
16%
2%
2%

Cubic
0%
0%
2%
2%
Rutile
8%
14%

detection
limit (ppm)
1
1
1
1
1/2

Table 3: Phase
compositions (mass
%) for ZrO2 and
TiO2.

Table 4: Leaching of selected
support
materials
under
hydrothermal conditions (200
°C, 20 h).
b.d.l. = below detection limit

2
2
4
3

Much higher levels of Mg (38.5 ppm) leaching were found and leaching was most severe
for Si in both SiO2 (137 ppm) and SiO2-Al2O3 (251 ppm). It should be noted that particles
smaller than 0.45 um which can pass through the filter will also appear to contribute to
leaching. With ZrO2 (<2 ppm) and TiO2 (<4 ppm) leaching was absent. Furthermore,
during hydrothermal conditions the actual concentration of metal species in solution might
be higher than those measured after cooling down and could contribute to surface area loss
as a result of particle growth via Ostwald ripening.
SEM
The morphology of boehmite, SiO2 and TiO2 was determined using SEM analysis
(figure 5). The SiO2-p consists of clustered spherical silica particles with approximate sizes
of 50 nm. After the treatment the spheres have become agglomerated and fused to various
degrees with cracks forming in the coalescent areas. The boehmite particles consist of an
agglomeration of plate like crystals which together form a material consisting of stacked
sheets. This is in agreement with the physisorption which showed a hysteresis characteristic
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of slit like meso-pores (type H3, IUPAC classification). In the treated sample the
morphology is very different and the particles consist of densely packed clusters of
rectangular crystals with approximate dimension of 15 nm thick, 50 nm broad with lengths
up to 100 nm. TiO2 consists of densely packed spheres (about 30-40 nm). The treated TiO2
sample showed that the spheres are merged into cauliflower like structures with the
formation of cracks in the merged areas but also in the spherical particles.

Figure 5: SEM images for a) parent and b) treated SiO2, c) parent and d) treated boehmite and e)
parent and f) treated TiO2.
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Discussion
Characterization with XRD showed that a phase transformation occurred under
hydrothermal conditions for several of the metal oxide supports materials, either as a result
of a reaction with water (hydration) or due to a change in crystal structure (polymorphism).
Hydration occurred for γ-Al2O3 and for MgO to form their thermodynamically stable
phases in the presence of water, boehmite and Mg(OH)2 respectively. The formation of
large boehmite crystals from γ-Al2O3 was accompanied by the loss of the pore structure and
thus a loss in specific surface area. This transformation has been well documented for
similar conditions [24, 34]. The rate of conversion of γ-Al2O3 into boehmite could be
reduced by the presence of supported metal nanoparticles and dissolved organic substrates
but cannot be prevented [24]. This makes γ-Al2O3 unsuited as catalyst support material for
hydrothermal reactions but boehmite itself might be an interesting alternative as a support
material [35]. However, a large increase in boehmite crystallite size occurred accompanied
by a loss in surface area and porosity. This makes high surface area boehmite also a poor
choice. However, also here the presence of metal particle might affect the stability of the
support and indeed stable performance of boehmite based catalysts has been reported [27].
This growth of the boehmite crystallites might occur via coalescence but also Ostwald
ripening is a possibility since Al-species were present in the solutions. For MgO hydration
occurs and Mg(OH)2, is formed. However, because of the absence of meso-pores in MgO
and the rather low surface area (20 m2/g), the pore volume and surface area were not
affected by the transformation to Mg(OH)2. Next to the phase transformation also leaching
of Mg ions takes place, making the material unattractive for use as catalyst support under
hydrothermal conditions. Direct use of Mg(OH)2 might be considered as an alternative if
under prolonged exposure the surface area does not decrease further due to growth of
Mg(OH)2 crystallites, although leaching will probably still be an issue.
For t-ZrO2-p and to a lesser extent for TiO2-p leaching was absent but a (partial)
transformation of the meta-stable, high surface area phases, into the stable lower surface
area phase occurs. The t-ZrO2-p consists of 71% pure tetragonal zirconia which after the
hydrothermal treatment is transformed to 84% monoclinic zirconia (t-m transformation)
with larger crystals than the original tetragonal phase. The tetragonal zirconia phase is
known to be the stable crystal phase at temperatures above 1170 °C whereas below this
temperature monocline zirconia is the stable phase for pure ZrO2, although this is strongly
influenced by the presents of stabilizers (e.g. Y2O3) [36]. The t-m transformation in zirconia
can occur upon exposure to water vapor at low temperatures (30-400 °C) [36]. Under
hydrothermal conditions the transformation likely proceeds through the formation of a layer
of transformed material consisting of both monoclinic and tetragonal phases surrounding
the original tetragonal phase (nucleation and growth mechanism) [37]. The t-ZrO2-p which
consists mostly (96%) of the stable monoclinic ZrO2 did not show a change in phase
composition. For the TiO2-p sample which consists mostly of the anatase phase (92%) a
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minor increase in rutile content (from 8 to 14%) and a decrease in the specific surface area
(16%) were found after the hydrothermal treatment. The rutile phase of TiO2 is the stable
phase at all temperatures [38]. The metastable anatase phase will generally start to
transform to rutile (a-r transformation) in air around 600 °C [38]. It has been shown that
under hydrothermal conditions, at a much lower temperature (300 °C), anatase is the first
phase formed from amorphous TiO2 but is then partially converted to the rutile phase [39].
Interestingly, for TiO2-ht an actual increase in pore-volume was found which seems
contradictory to the decrease in surface area but was likely due to a combination of growth
of the TiO2 crystals with a shift in the pore distribution to larger pores sizes. The fact that
the transitions from the meta stable to the stable phase for t-ZrO2 and anatase can take place
in water at temperatures around those used in aqueous phase catalytic processes (e.g. 100350 °C) makes these materials less suited for application as catalyst support. The inevitable
loss of meso-porosity and surface area could increase the mobility and as such promote
sintering of the active metal particles, or part of the active phase can become entrapped
when the pores structures collapse. The direct use of the stable monoclinic ZrO2 seems
more promising in this respect, although some loss of surface area and porosity also
occurred for m-ZrO2-p. Interestingly the monoclinic ZrO2 (t-ZrO2-ht) obtained by
hydrothermal treatment of the tetragonal phase (t-ZrO2-p) still has a higher surface area
than the commercial monoclinic ZrO2 sample (m-ZrO2-p), 102 m2/g versus 74 m2/g
respectively and consists of somewhat smaller crystallites (9 nm versus 13 nm). Therefore
hydrothermal treatment of (partial) tetragonal ZrO2 could be a preferred method of
obtaining a hydrothermally stable ZrO2 support with relatively high surface area.
The SiO2-p sample consists of non-porous microspheres and lost some of its macroporosity after the treatment. The SiO2-Al2O3-p has both micro and meso-porosity which is
partially lost after the hydrothermal treatment. Both SiO2 and SiO2-Al2O3 can undergo
partial dissolution, probably due to hydrolysis and re-condensation reaction of the Si-O-Si
or Si-O-Al bonds. The reactions are catalyzed by acid or base (H+/OH-) and can take place
under hydrothermal conditions because of the decrease in pKw, i.e. an increase in the ion
concentration [40]. SEM analysis of SiO2 shows that the microspheres become fused
which results in a gel type material that is difficult to filtrate but which also contains
individual solvated particles smaller than 0.45 μm that aggregate in the filtrate upon ageing.
These features are highly undesirable in a slurry process when separation and recovery of
the catalyst is required, and for fixed bed process which requires mechanically strong
shaped catalyst bodies [41], making SiO2 and SiO2-Al2O3 unsuitable support materials for
catalytic hydrothermal processes. In addition the high levels of leached Si might also be
problematic as their deposition on the active phase of silica supported catalysts could result
in catalyst deactivation.
CNF and SiC seem most resistant to the hydrothermal conditions since their surface
areas were not significantly affected, no changes were observed in the XRD diffractograms
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and leaching is not an issue with these materials. CNF especially is an attractive candidate
for uses as catalyst support material in aqueous phase processes since it is a meso-porous
material with high surface area that is easily recovered via filtration. De Jong and Geus [42]
and Bitter [43] have shown that economically viable production of carbon nanofiber for
application as catalyst support materials is also possible. The use of other carbonaceous
support materials, e.g. high surface area graphite, carbon nano-tubes [44] have been
reported as stable catalyst support materials for liquid phase reactions. An elegant solution
to increase the stability of unstable oxide supports has also recently been proposed which
involves the synthesis of composite materials consisting of a meso-porous oxide support
with a protective carbon layer [45].

Conclusions
The current generation of high surface area porous catalysts support materials, alumina,
zirconia, titania and silica, designed specifically for the processing of hydrocarbons in gas
phase reactions are unsuited for application under hydrothermal conditions (high
temperature, high pressure liquid water). When contacted with hot liquid water at 200 °C
these materials showed various modes of degradation; crystallite growth, leaching, phase
changes, loss of surface area and porosity. This occurred within a timeframe of only 20
hours which, from and industrial point of view, is an extremely rapid degradation.
Monoclinic ZrO2 was the most interesting metal oxide support and only showed a minor
decrease in surface area. The most promising material in this study was the carbon
nanofibers, which almost maintained their original high surface area and porosity. The
support materials α-Al2O3 and SiC also possess high hydrothermal stability but their low
surface areas could be a disadvantage if high dispersions or high loadings of active phase
are required for the catalyst.
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Chapter 4
Stability and activity of carbon nanofiber supported
catalysts in the aqueous phase reforming of ethylene
glycol

Abstract: Nickel, cobalt, copper and platinum nanoparticles supported on carbon
nanofibers were evaluated with respect to their stability, catalytic activity and selectivity in
the aqueous phase reforming of ethylene glycol (230 °C, autogenous pressure, batch
reactor). The initial surface-specific activities for ethylene glycol reforming were in a
similar range but decreased in the order Pt (15.5 h-1)> Co(13.0 h-1) > Ni(5.2 h-1) while the
Cu catalyst only showed low dehydrogenation activity. The hydrogen molar selectivity
decreased in the order Pt (53%) > Co (21%) > Ni (15%) as the result of the production of
methane over the latter two catalysts. Over the Co catalyst also acids were formed in the
liquid phase while alcohols were formed over Ni and Pt. Due to the low pH of the reaction
mixture, especially in the case of Co (as a result of the formed acids), significant cobalt
leaching occurs which resulted in a rapid deactivation of this catalyst. Investigations of the
spent catalysts with various techniques showed that metal particle growth is responsible for
the deactivation of the Pt and Ni catalyst.
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Introduction
The catalytic conversion of biomass derived polyols and sugars into hydrogen by
Aqueous Phase Reforming (APR) [1] is a promising process that could play an important
role in the sustainable replacement for part of the current fossil fuel use with biomass [2].
APR takes place at elevated temperatures (200-250 °C) and pressures (16-40 bar) high
enough to keep water in the liquid phase. Under these conditions it is possible to produce
H2 with low CO content which makes this process especially attractive for use in
combination with PEM fuel cells [3]. The essential surface chemistry of APR is believed to
involve dehydrogenation and the cleavage of C-C bonds over a metallic catalytic site (1)
followed by the water gas shift reaction (WGS) of the adsorbed CO (2) (as shown here for
ethylene glycol) [1].
C2H6O2 →3H2 + 2CO
CO + H2O→H2 + CO2

(R1)
(R2)

APR has previously been described for substrates like glycerol, sorbitol [4] and
cellulose [5]. Often ethylene glycol (EG) is used as model substrate for fundamental studies
since it contains the same functionality as the larger polyols but gives fewer by-products
[6]. Supported (promoted) platinum based catalysts have been investigated extensively for
production of hydrogen via APR. These catalysts display a high surface-specific activity
and high molar hydrogen selectivity [6, 7].
It has also been acknowledged that the development of a catalyst based on more
abundant and less expensive base metals is desired [8]. Metals like nickel cobalt and copper
are of interest in this regard because of their activity in the (steam) reforming of methane,
methanol and ethanol. Of these, nickel has been investigated most intensively for APR,
mainly supported on alumina [7, 9-15], but also silica [3], ceria [16] and hydrotalcite [17]
have been used as support materials. The use of bulk (modified) Raney nickel [4, 6, 18-21]
catalysts has also been reported. Both cobalt [7, 21-24] and copper [21] have received
substantially less attention so far.
Cobalt, nickel, copper are more susceptible towards oxidation and, as a result of that,
leaching than noble metals like platinum. Thermodynamic analysis predicts that bulk
metallic cobalt [25] and nickel [26, 27] cannot be oxidized by water at temperatures and
pressures (<250 °C, pH2>1 bar) typically encountered in APR [6]. Indeed it has been
reported that nickel and copper catalyst remain metallic under the even more severe
conditions (T, p) of hydrothermal gasification [28]. Nevertheless their oxidation resistance
is also expected to decrease with decreasing pH. Under APR conditions the pH might be
low due to the presence of liquid phase acidic products such as alcohols, aldehydes,
carboxylic acids and carbonic acid [3, 29-31]. This increases the driving force for water to

70

Stability and activity of carbon nanofiber supported catalysts
oxidize the metal and thus will increase the risk of catalyst leaching (see also Chapter 2 of
this thesis), as was observed for nickel based catalysts [4, 32, 33].
For nickel on silica also coke formation [3] and particle growth [4] were identified as
deactivation mechanisms. Oxidation was suggested as the deactivation mechanism for
nickel supported on alumina [12] while a combination of sintering and oxidation was
observed for nickel on ceria [16].
Besides the stability of the active phase also the stability of the support is of crucial
importance. Conventional high surface area supports, e.g. silica and alumina, are unstable
in hot liquid water (see Chapter 3 of this thesis and [28]). It has been shown by several
authors that under hydrothermal conditions γ-alumina is transformed to boehmite [13, 34]
while partial dissolution of silica takes place [35] (see also chapter 2 of the thesis). Since
structural changes of the support can enhance deactivation [36] the choice of support
material is critical for the stability of the catalyst. Carbonaceous materials are stable under
hydrothermal and even supercritical conditions [37] and preferred as support material for
APR catalyst. Different types of carbon like carbon nano-tubes [22, 37], carbon black [38],
activated carbon [39, 40] and mesoporous carbon [41] have previously been used as
supports for platinum based catalyst in APR.
In the current work we use carbon nanofibers (CNF), a well characterized, high surface
area, mesoporous and inert support which has been proven to be very promising for
multiple different catalyst systems [42-45]. In the present study we have compared cobalt,
nickel and copper and platinum supported on CNF with respect to their stability and
activity in the aqueous phase reforming of ethylene glycol. A Pt/Al2O3 catalyst is included
in this study as the benchmark since this catalyst is often studied and shows good
performance [6, 7, 9]. Characterization of the parent and spent catalysts is used to describe
the role of deactivation due to oxidation, leaching, sintering and carbon depositions. We
show that besides reforming additional reaction pathways exist specific to the metal
component.

Experimental
CNF synthesis
Carbon nanofibers were prepared by chemical vapor deposition of diluted synthesis gas
(266 ml/min CO, 102 ml/min H2, and 450 ml/min N2) over a 5%Ni/SiO2 catalyst (5 g) at 4
bar and 550 °C for 24 hours. This procedure yielded 35 g of raw CNF. To remove SiO2
from the raw CNF they were suspended in a 400 ml 1M KOH (Acros 85%) solution and
refluxed for 1 hour. Then the solution was decanted and the procedure was repeated three
times. After that the fibers where washed with copious amounts of demineralized water and
recovered by filtration. Subsequently the fibers were treated in boiling 65% nitric acid for
1.5 hours to remove exposed nickel and introduce surface oxygen groups (0.21 mmol/g
[46]). The surface oxidized fibers (CNF-ox) were washed with copious amounts of
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demineralized water and dried at 60 ºC in air for 16 hours prior to being used as a support
material. This method has been described previously in more detail [47].
Catalyst preparation
Samples with nominal loadings of 5 wt% for platinum and 15 wt% for cobalt, nickel or
copper were prepared by incipient wetness impregnation of CNF-ox with aqueous solutions
of respectively 0.45 M Pt(NH3)4(NO3)2 (Sigma-Aldrich 99.995%), 5.0 M Co(NO3)2.6H2O
(Acros 99%), 5.0 M Ni(NO3)2.6H2O (Acros 99%) or 4.6 M Cu(NO3)2.3H2O (Acros 99.5%).
Typically 2 grams of CNF-ox (sieve fraction 90-150 µm) were dried under vacuum at 80 ºC
for 2 hours. After cooling to room temperature the support was impregnated under static
vacuum with 1.2 ml of the aqueous metal precursor solution. The impregnated samples
were then dried for 16 hours at 120 ºC. Next the samples were reduced for 2 hours at 300
ºC (Co, Ni and Pt) or 400 ºC (Co) in a flow of 30 (v/v)% H2/N2 (100 ml/min) with a heating
ramp of 5 ºC/min. The reduced catalysts were cooled down to room temperature and the
reactor was opened, this allowed air to diffuse into the reactor resulting in slow passivation
of the catalysts. The catalysts were labeled Ni/CNF, Co/CNF, Cu/CNF and Pt/CNF. A
commercially available 5% platinum on γ-Al2O3 (Sigma Aldrich) was used as a benchmark
catalyst (this sample was labeled Pt/Al2O3).
Catalyst characterization
Both parent and spent catalysts were characterized by X-Ray powder diffraction (XRD),
H2 chemisorption, N2 physisorption, Atomic Absorption Spectroscopy (AAS) and thermo
gravimetric analysis (TGA).
X-ray powder diffraction (XRD) patterns were measured on a Bruker-AXS D2 Phaser
powder X-ray diffractometer with CoKα1,2 radiation (λ = 1.79026 Ǻ), between 2θ 20 – 120°.
Crystallite sizes were estimated from the Scherrer equation using a shape factor of 0.89.
Values for the full width at half maximum were obtained from a least squares fit of the
experimental data with a pseudo-Voight function using a linear combination of the support
(CNF) and metal contributions and a correction for instrumental broadening.
N2-physisorption isotherms were recorded with a Micromeritics Tristar 3000 at -196 °C.
The samples (100 mg) were dried prior to performing the measurement for at least 16 h at
120 ºC under N2. The specific surface areas were calculated according to the BrunauerEmmett-Teller (BET) method. The total pore volume was defined as the single-point pore
volume at p/p0 = 0.95.
H2-chemisorption isotherms were recorded on a Micromeritics ASAP 2020C. Prior to
the measurement the samples (200 mg) were re-reduced in flowing H2 (60 ml/min) at 300
ºC (nickel and platinum) or 350 ºC (cobalt) for 2 hours (heating rate of 5 ºC/min). After the
reduction treatment the system was outgassed at that temperature for 2 hours. The H2adsorption isotherms were measured at 150 ºC (Ni and Co) or 35 ºC (Pt). The monolayer H2
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uptake was found by extrapolating the linear part of the isotherm (150-600 mbar) to zero
pressure. Particle sizes were calculated using the monolayer uptake assuming complete
reduction and a stoichiometry of 1 hydrogen atom per metal surface atom for all samples.
Transmission Electron Microscopy (TEM) analysis was carried out on a FEI
Technai20F operated at 200 KeV or on a FEI Tecnai 12 operated at 120 keV. The samples
(reduced and passivated) were ground to a fine powder in a mortar and a small amount of
powder was supported onto a thin carbon film on a copper grid. The reported metal particle
sizes from TEM are number averaged values (>200 particles).
Atomic Adsorption Spectroscopy (AAS) was measured on an Analytik Jena ContrAA
700. The metal loadings of the reduced and passivated samples were determined by
digesting 20 mg of catalyst in 5 ml of in aqua regia for 4 hours at 60 °C after which the
samples were diluted to a total volume of 1 liter. The amount of leached metals was
measured in liquid samples taken after each reaction. These samples were filtered over a
0.45 µm syringe filter (Millipore), diluted to metal concentrations between 1-10 mg/L and
adjusted to pH=3 with diluted sulfuric acid.
Metal loadings of the CNF supported samples were also determined with thermo
gravimetric analysis on a Perkin Elmer Pyris 1 TGA. Typically 20 mg of sample was
loaded in the sample holder. Next the temperature was raised to 900 °C (10 °C/min) in
flowing O2 (1 ml/min). These conditions result in complete combustion of the CNF-ox
support. The metal loading was calculated based on the sample mass and the residual mass
which was attributed to Co3O4, NiO, CuO and corrected for the amount of encapsulated Ni
in the CNF-ox support material (0.1%).
Catalysts testing
The catalysts were tested in the aqueous phase
reforming of ethylene glycol using an Autoclave
Engineers EZE seal batch slurry reactor (150 ml).
The reaction was performed at 230 °C for 24 hours.
The temperature inside the reactor was monitored
with a K-type thermocouple situated in a thermowell.
In a typical experiment the passivated catalyst was
loaded into the reactor (figure 1) which was then
purged with Ar. The catalyst was activated in flowing
H2 at 300 °C (nickel, copper and platinum) or 350 °C
(cobalt) for 1 hour. Subsequently the reactor was
cooled to room temperature and purged with Ar.
Next an aqueous solution of 10 wt% EG (100 ml)
Figure 1: Photograph of batch autoclave
setup used for catalyst testing.
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was introduced into the reactor via a charge vessel and the reactor was pressurized with Ar
to 6 bar. The EG solution was previously degassed by bubbling with Argon (100 ml/min)
for at least 1 hour prior the catalytic test. In 20 minutes the reactor was heated to 230 °C
which was defined as the start of the reaction (t=0), at this point also the stirring was started
(1000 rpm). Samples from the liquid phase (1 ml) were taken during the reaction using a
dip tube. These samples were filtered over a 0.45 μm syringe filter (Millipore) and analyzed
by High Performance Liquid Chromatography (HPLC) on a Shimadzu CBM20A equipped
with a refractive index detector (RID) and a Biorad Aminex HPX-87H organic acids
column. The column was operated at 60 °C using a 5 mM H2SO4 eluent with a flow rate of
0.55 ml/min. Products were identified by their retention times and the ethylene glycol
conversion over time (XEG(t)) was calculated based on the initial concentration CEG,t=0 (1.6
mol*L-1), and the measured concentration in the samples (CEG,t) according to equation 1
(i.e. constant volume approximation).
©ªK («) =

¬®,¯° W¬®,
¬®,¯°

∗100%

(1)

The initial surface specific rate (turn-over-frequency, equation 2) is defined as the initial
rate (rw,i) normalized by the amount of metal surface atoms as determined with H2chemisorption (Ni, Co and Pt) and TEM (Cu). The initial rate (rw,i) is calculated as twice
the amount of EG (mol) converted in the first half hour per gram catalyst.
TOF (h-1) =

µ ∗ µ )
M±,² (8"∗³´

µ )
T8"O ¶ "P NOP·A ¶"8N (8"∗³´

(2)

Carbon selectivity of liquid phase products (SLi) was defined as the ratio between the moles
of carbon in the formed products and twice the moles of ethylene glycol converted
(equation 3).
+¸% =

8"AN "P -"hO·¶ % P"8Ah∗·"
 ∗ 8"AN "P ªK ·"

A¶Ah

O8A

∗100%

(3)

Gas phase analysis was performed at the end of each 24 hour run by cooling down the
reactor to room temperature and sampling with a gasbag (Tedlar, 1L). The gas composition
was measured on a dual channel Intersience CompactGC with TCD detectors using He and
N2 as carrier gas. Carbon dioxide and hydrocarbons were separated on Poraplot Q while H2
and CO were separated on a Molsieve 5A.
Hydrogen selectivity (SH2) is defined (equation 4) as the ratio between the moles of
hydrogen produced and 5 times the moles of EG converted (according to C2H6O2 +
2H2O→2CO2 + 5H2).
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+C =
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A¶Ah

∗ 100%

(4)

After depressurizing the reactor was opened and the pH of the slurry was measured
(Metler Toledo FE20), aliquots of the liquid (20 ml) were filtered over a 0.45 μm syringe
filter (Millipore) and stored in the fridge before AAS analysis. The spent catalyst was
recovered by filtration, washed with water and dried in air at 60 °C for 4 hours. The spent
catalyst samples were labeled Co/CNFs, Ni/CNFs, Co/CNFs, Pt/CNFs and Pt/Al2O3s.

Results and Discussion
First the results of the characterization of the parent and spent catalyst are given and the
catalyst stability with respect to leaching and oxidation is discussed. Next the catalyst
activity and selectivity will be addressed.
Catalyst characterization
Nitrogen physisorption
From N2-physisorption a specific surface area of 140-169 m2/g was found for the CNF
supported catalysts (table 1). The specific surface area of the unloaded CNF-ox was 182
m2/g. The reduction in specific surface area for all impregnated samples compared to the
CNF-ox is mainly due to the presence of the metals, which have a lower specific surface
area. In addition some blockage of part of the pores by metal particles might further
decrease the specific surface area. The spent catalysts did not show a substantial difference
in surface area or pore volume as compared to the parent catalyst.
XRD
The XRD patterns of the CNF-ox support and of the passivated catalysts are given in
figure 2. Diffraction lines at 30° (002), 50° (100) and 62° 2θ (200) were present in all CNF
Table 1: N2-physisorption of parent and spent Co/CNF, Ni/CNF, Cu/CNF and Pt/Al2O3 catalysts.

Catalyst
CNF-ox
Co/CNF
Ni/CNF
Cu/CNF
Pt/CNF
Pt/Al2O3

BET1 (m2/gcat)
Parent
182
142
140
151
169
97

Spent
n.d.
143
156
143
172
107

Pore volume2 (ml/gcat)
Parent
Spent
0.42
n.d.
0.24
0.26
0.25
0.31
0.23
0.24
0.31
0.33
0.20
0.26

1

BET area per gram of catalyst 2Single point adsorption total pore volume at p/p0=0.95 per gram of
catalyst. N.d. = not determined.
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samples which are representative for disordered stacked graphene sheets [48]. Additional
contributions exist for the metal loaded samples. For Ni/CNF additional diffraction lines at
52.0° 2θ (Ni 111) and 60.8° 2θ (Ni 200) were observed which correspond to an fcc metallic
nickel phase. The additional diffraction lines for Cu/CNF are located at 50.6° 2θ (111) and
59.1° 2θ (200) representing an fcc metallic copper phase. The Co/CNF sample has further
contributions at 48.7°, 51.9° and 55.5° 2θ which correspond to the presence of hcp cobalt
(most stable bulk cobalt phase [49]). The additional diffraction line at 60.0° 2θ in
combination with an increased intensity of the 51.9° 2θ indicates that also fcc cobalt (stable
phase for particles <100 nm [50]) is present. The Pt/CNF sample shows two very broad
contributions at 46.6° 2θ and 54.3° 2θ revealing the metallic platinum phase.
Besides these metallic diffraction lines also a very broad peak at around 43° 2θ is observed
for all metal loaded samples except Pt/CNF. These contributions can be attributed to the
corresponding metal-oxides (Co(II)O, Ni(II)O and Cu(II)O) and are the result of the partial
oxidation of the metals during the passivation treatment. Most likely this resulted in the
formation of a shell of metal oxides surrounding the metallic core of the particles [51].
Average crystallite sizes calculated with the Scherrer equation from the line broadening
of the (111) metallic diffraction lines for Co (fcc), Ni (fcc), Cu (fcc) and Pt (fcc) are given
in table 2. For Pt/CNF the smallest average crystallite size (3 nm) was observed. For the
base metals an average crystallite size of 11 nm was obtained for Ni/CNF followed by 16
nm for cobalt and 35 nm for copper. The larger crystallites formed with copper compared to
cobalt and nickel can be explained by the formation of poorly dispersed copper
hydroxynitrate species during the thermal decompositions step [52].
Investigation of the spent samples with XRD showed no detectable change for the
Pt/CNF sample but substantial narrowing of the diffraction lines of the metal phase for
cobalt, nickel and copper occurs (figure 2). The average nickel crystallite size increased
from 11 nm to 19 nm and the cobalt crystallites increased from 16 nm to 20 nm respectively
(table 3). An increase from 35 nm to 54 nm was detected for the spent Cu/CNF sample.
For all the spent catalyst, except cobalt, only diffraction lines corresponding to their
metallic phase were observed. Please note that the other samples might also form a metal
oxide layers on their surface which have diffraction lines with such low intensity that they
are below the detection limit of XRD. The main diffraction line at 39.8° 2θ for CoO in the
cobalt catalyst shows a shift compared to the parent catalyst (42.6° 2θ) which is consistent
with the formation of a distorted form of cubic CoO [53] during the catalytic experiment.
No changes in the XRD pattern for the CNF support were observed. By comparing the
diffractograms of parent and spent Pt/Al2O3 (not shown) a conversion of γ-Al2O3 to
boehmite was observed which has been reported previously in literature [36]. Analysis of
the platinum crystallite size (table 3) shows a slight increase from 3 nm to 4 nm for the Pt
crystallites of this sample.
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Figure 2: XRD diffractograms of passivated catalysts. (a) Comparison of CNF supported parent
catalyst and unloaded CNF-ox. Comparison of the region of interest of the parent and spent catalyst;
(b) Ni/CNF, (c) Co/CNF, (d) Cu/CNF and (e) Pt/CNF catalysts.

TEM
TEM images for the parent and spent catalysts (except Pt/Al2O3) are shown in figure 3.
The average particle sizes obtained from the analysis of TEM images are given in table 1.
These values correspond well with the average crystallite sizes obtained from XRD and H2chemisorption (discussed below). For the Pt/CNF catalyst an increase in average particle
size from 3.4 nm to 4.2 nm for the spent catalyst and a shift in size distribution was
revealed by the histograms (see supporting information section, figure S1). A comparable
result was obtained for the Pt/Al2O3 for which the average size increased for 3.7 nm to 5.2
nm. Analysis of the spent nickel, cobalt and copper catalyst show the disappearance of
smaller particles (up to 5 nm) while some agglomeration of particles into domains as large
as 200 nm appears, resulting in a bimodal particle size distribution (see figure S1). The
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average particle size for these catalysts has doubled; from 14 nm to 28 nm for nickel, from
19 nm to 32 nm for cobalt and from 26 nm to 55 nm for copper. This shows that particle
growth is substantial for all catalyst under aqueous phase reforming conditions.
Chemisorption
The particle sizes of the parent catalysts measured with different techniques are shown
in table 2. The results inferred from H2-chemisorption are in good agreement with the result
obtained from XRD and TEM. To investigate whether a significant loss of metal surface
area occurred during reaction the hydrogen uptake for both parent and spent samples was
investigated (table 3). The H2-uptake for the spent nickel catalyst is less than 10% of the
parent catalyst value, indicating a decrease in metal surface area of 90% (using H/M=1).
This is in poor agreement with the observed particle increase from 11 to 19 nm observed
from XRD and with the result
Table 2: Metal loading and metal particle sizes of CNF supported and Pt/Al2O3 catalysts.

Catalyst

Loading1

Average particle size (nm)

wt%

XRD

H2-Chemisorption

TEM

Co/CNF

14.6

16

12

19

Ni/CNF

14.5

11

7

14

Cu/CNF

14.9

Pt/CNF
Pt/Al2O3
1

35

n.d.

26

a

3

2.0

3.4

b

3

3.5

4.8
5.0

3.7
a

Metal loading loadings determined by AAS and confirmed with TGA ( ±5%). Nominal loading.
Loading for Pt/Al2O3 as given by the supplier. N.d.= not determined.

b

Figure 3: TEM images of parent and spent CNF supported catalysts. a) Co/CNF, b) Co/CNFs, c)
Ni/CNF, d) Ni/CNFs, e) Cu/CNF, f) Cu/CNFs, g) Pt/CNF and h) Pt/CNFs.
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from TEM which suggest only about half of the specific metal surface area is lost. The
large reduction in metal sites available for H2-uptake can be explained by both nickel
particle growth and blockage of part of the metal surface. Washing the catalyst with water
ethanol, methanol and chloroform did however not increase the H2-uptake. Therefore we
conclude that deposition of carbon/coke or strongly adsorbed intermediates occurs for this
catalyst. This has been observed for nickel on metal oxide supports in APR of sugars [9]
and glycerol [16]. Attempts to visualize this with TGA/MS proved inconclusive as a result
of the much larger contributions to the combustion of the carbon support.
For Co/CNF also a significant amount of cobalt leaching occurs (as is discussed below),
which contributes to the loss of cobalt sites (8.9%) available for H2-uptake. With this in
mind the decrease in surface area (47%) can be explained by the increase in particle size as
observed from TEM. It should be noted that the spent samples are reduced prior to the
measurement. Therefore any loss of metal sites in the spent samples due to oxidation, as
was observed for Co/CNFs with XRD, is not measured.
Interestingly also the Pt/CNFs and Pt/Al2O3s samples showed a substantial decrease in
H2-uptake (~60%). This decrease is the result of the growth of platinum particles as is
shown by TEM analysis.
Table 3: Characterization of the parent and spent catalysts.

Catalyst

Co/CNF
Ni/CNF
Cu/CNF
Pt/CNF
Pt/Al2O3

H2 uptake (µmol/gcat) 1
Parent
144
196
n.d.
69
41

Spent
67
17
n.d.
42
24

Crystallite size2 (nm)
Parent
16
11
35
3
3

Spent
20
19
54
3
4

Leached metals3
(%)
8.9
1.9
0.1
n.d.
blda

1

Values determined by H2 chemisorption. 2Average crystallite sizes from XRD measurements
calculated with the Scherrer equation for the metallic (111) contribution. 3Amount of leached metals
as detected by AAS in the liquid phase at the end of each run expressed as percentage of the amount
of metal present in the parent catalyst. a Below detection limit.
from the reactor wall blank experiments without catalyst and with CNF-ox were performed. The
nickel level in solution

Metal

∆G°rxn (kJ/mol)1

Ks(-)2

Nickel

21.78

3.23*10-17

Cobalt

14.94

2.52*10-16

Copper

91.77

9.27*10-21

Table 4: Gibbs free energy for the oxidation of
Ni, Co and Cu by liquid water to form metal
hydroxides1 and the equilibrium constants of the
dissolution of metal hydroxides2.
1
M(s) + 2H2O(l) = M(OH)2(s)+H2(g). 2M(OH)2(s)
= M2+ (aq) + 2OH-(aq). Calculated with HSC
Chemistry for Windows 7.1 at T=230 °C.

79

Chapter 4

Leaching and oxidation
For all the base metals leaching, as indicated by the amount of metal in the solution,
was observed after 24 hours of reaction (table 3). Leaching was most significant for the
cobalt catalyst for which 8.9% of the cobalt present in the parent catalyst was leached into
the solution. Much lower amounts of nickel (1.9%) and copper (0.1%) were leached.
Leaching of platinum was investigated as well but the Pt levels in solution were below the
detection limit (0.1 ppmw). To check for leaching of metals from the reactor wall, blank
experiments without catalyst and with CNF-ox were performed. The nickel level in solution
was <2 ppmw while the Cu and Co levels did not exceed 0.5 ppmw. This shows that the
presence of leached species after the reaction can be largely attributed to the leaching of the
active phase from the catalysts. It was further found that the pH after reaction was rather
low (pH 3.6-4.1). This is the result of the formation of carbonic acid from dissolved CO2
and acidic liquid products such as carboxylic acid which were formed with Co as catalyst
(see below). At lower pH an increased formation and solubility of the metal hydroxides
occurs. In order to explain the difference in susceptibility of the different base metals with
respect to the formation and leaching of metal hydroxides under relevant APR conditions
we calculate the standard Gibb free energy of reaction (∆G⁰rxn) for the oxidation reaction of
nickel, cobalt or copper by liquid water to metal hydroxides in oxygen free conditions
(M(s)+2H2O(l)=M(OH)2(s)+H2(g)) and the equilibrium constant (Ks) for the dissolution of
the metal hydroxides (M(OH)2 = M2+ + 2OH-). The values of ∆G⁰rxn (table 4) for all
oxidation reactions (pure water, 230 ⁰C) show that copper is the most and cobalt the least
resistant to oxidation. The equilibrium constants for the dissolution of the metal hydroxides
(Ks) show that their solubility increases in the order Co>Ni>Cu. Qualitatively this is in
agreement with the observed amount of leached metals (table 3) (even though the influence
of the presence of carbonates and oxygenates [54] and the influence of particle size [55] is
discarded, see also chapter 2 of this thesis).
Catalytic tests
The catalytic activity was evaluated based on the conversion of ethylene glycol (figure
4) and the products formed in the liquid (figure 5) and gas phase. The conversion and
selectivities over all catalyst are shown in table 5 and the cumulative composition of the gas
phase after 24 hours is given in table 6.
Activity and selectivity
Similar initial surface-specific rates (table 5) were found for Pt/Al2O3 (19.2 h-1), Pt/CNF
(15.5 h-1), Co/CNF (13.0 h-1) and Ni/CNF (5.2 h-1). The presence of internal diffusion
limitations was ruled out based on the Weisz-Prater criterion (see supporting information,
table S1). Figure 4 displays the activity of the different catalysts as function of time.
Although the highest initial rate (3.7 mmol*h-1*g-1cat) was measured for the Co/CNF
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catalyst the final conversion reached after 24 hours was relatively low (9%). This indicates
that a rapid deactivation occurs for this catalyst which is supported by the observed
oxidation and leaching for this catalyst. For Pt/CNF, Ni/CNF and Pt/Al2O3 the conversion
increases more gradually over a period of 24 hours reaching a maximum conversion of 1417% (table 5). For these catalysts the rate also decreases over time which is the result of
both the loss of metal surface area of these catalyst and slower kinetics as a result of the
increasing hydrogen pressure (which has a negative order [18]) in the reactor. The
conversion of EG with the Cu/CNF catalyst is very low (1%) and only the result of
dehydrogenation and not of reforming activity (see below). A blank reaction with unloaded
CNF-ox showed no discernible conversion of EG.
The composition of the gas phase at the end of the reactions is given in table 6. With both
Pt/CNF and Pt/Al2O3 the gas phase consists almost exclusively of H2 and CO2 and the
highest H2-selectivities (52.5 and 61.4% respectively) were obtained for these catalysts
(table 5). Please note that our H2 selectivity is based on the amount of EG converted and
not on the relative composition of the gas phase. Therefore this selectivity is comparable to
those obtained by Dumesic and co-workers [7] who reported H2-selectivity of 87% based
on the amount of carbon detected in the gas phase for the reforming of EG over Pt/Al2O3
catalysts.
The formation of large amounts of undesired methane was observed for the Co and Ni
catalyst resulting in rather low H2 selectivities for Co/CNF (21.4%) and Ni/CNF (14.6%)
respectively. Co and Ni are known methanation catalysts [56] and methane is the more
thermodynamically stable product with respect to H2 and CO/CO2 at these conditions [1]
which explains the lower hydrogen selectivity over these catalysts. For the reaction with
Cu/CNF the gas phase consists of very low amounts of CO2 as compared to H2. It is thus
evident that the low activity observed for this catalyst is mainly the result of EG
dehydrogenation and that Cu lacks the activity for C-C cleavage required for EG reforming
Figure 4: Ethylene glycol
conversion in a batch reactor as
Pt/CNF function of time for (●)
Ni/CNF Co/CNF, (♦) Cu/CNF, (■)
Pt/Al2O3 Ni/CNF, (×) Pt/CNF and (▲)
Pt/Al2O3.
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Table 5: Catalytic performance of tested catalysts in the aqueous phase reforming of EG
(experimental conditions: 230 °C, 24 hours, 10 wt% EG, 100 ml and 2 gram catalyst).

Catalyst

XEG1 (%)

Co/CNF
Ni/CNF
Cu/CNF
Pt/CNF
Pt/Al2O3

8.5
14.5
1.0
17.0
13.6

Initial rate
(mmol*h-1*g-1cat)
3.7
2.0
0.2
1.6
2.1

TOF2
(h-1)
13.0
5.2
1.4
15.5
19.2

∑SLi3
(%C)
53.9
8.4
100
45.7
38.5

SH2
(%)
21.4
14.6
37.1
52.5
61.4

1

Ethylene glycol conversion after 24 hours. 2Surface specific initial activity (turn-over-frequency) for
the conversion of ethylene glycol measured in the first half hour of the reaction. 3Cumulative carbon
selectivities for the formation of ethanol, methanol, acetic acid, glycolic acid, glycolic aldehyde.
Carbon balances were closed within 5%. Please note that selectivities towards hydrogen and liquid
carbon products are based on independent carbon and hydrogen balances.

Catalyst
Co/CNF
Ni/CNF
Cu/CNF
Pt/CNF
Pt/Al2O3

H2
59.8
36.7
90.8
72.8
79.0

Gaseous products (v/v %)
CO2
CH4
C2H6
C3H8
18.6
19.8
0.9
0.6
22.6
38.2
1.4
0.5
7.9
0.0
0.2
0.0
24.8
1.0
1.3
0.0
19.4
0.3
0.0
0.0

CO
0.3
0.6
1.1
0.1
0.0

Table 6: Composition of the
gas phase (experimental
conditions: 230 °C, 24
hours, 10 wt% EG, 100 ml
and 2 g catalyst).

This is further confirmed by investigation of the liquid phase composition. The cumulative
carbon selectivities to liquid products are given in table 5 and the most important products
are shown in figure 5. In the case of Cu/CNF liquid phase carbon selectivity (SL) reaches
100%, due to mainly the formation of glycolic acid and a small amount of glycolic
aldehyde. For the other catalysts besides the reforming of EG also other pathways that yield
liquid phase products are important under our conditions. With Ni/CNF the lowest amount
(8.4%) of the EG converted after 24 hours is detected as additional liquid phase products,
followed by Pt/Al2O3 (38.5%) and Pt/CNF (45.7%). Substantial selectivities towards liquid
phase products were also found with Co/CNF (53.9%). The formation of these products is
discussed in detail the next section.
Formation of liquid phase products
Besides the differences in activity and selectivity towards gas phase products there also is a
distinct dissimilarity between the catalysts in selectivities towards the formation of liquid
phase products. Since the conversions with all catalysts (except Cu/CNF) are in a close
range (13.6-17.0%) a comparison between these catalysts can be made with respect to
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Figure 5: Carbon
selectivities (SLi) of
liquid phase products
in the aqueous phase
reforming of
ethylene glycol over
Co/CNF,
Ni/CNF,
Cu/CNF, Pt/CNF and
Pt/Al2O3 catalysts.

the selectivities towards liquid phase products. As shown in figure 5 the Pt/CNF and
Pt/Al2O3 catalysts have similar selectivities to primarily ethanol and methanol. These are
also the main products formed over Ni/CNF although selectivities with this catalyst are
much lower. The formation of these hydrogenation products is favored over platinum and
to a lesser extent over nickel, as a result of the high partial H2 pressures developed over the
course of the reaction under our conditions. On the other hand carboxylic acids (acetic acid
and glycolic acid) were the main liquid products with the Co/CNF and Cu/CNF catalyst.
The formation of these liquid products was followed over time by sampling of the liquid
phase (see supporting information section, figure S2).
The levels of carboxylic acids formed during the reaction are highest over Co/CNF and
are formed in the beginning of the reaction (reaching 2 g/L). This can explain the rapid
deactivation of the Co/CNF catalyst by oxidation and leaching of the cobalt phase as
discussed above. The formation of these liquid products from EG is known to be
thermodynamically favorable under APR conditions [18, 57]. The difference in the
composition of these by-products indicates that the APR reaction follows different
pathways over these metals. It had been shown using DFT calculations that the formation of
CO2 and H2 from EG goes through a different bond scission sequence over a Pt versus a NiPt surface [58] which might result in the formation of different by-products due to the
desorption of the intermediates.
Based on the observed products (figure 5) and available knowledge in literature possible
pathways towards the major liquid phase products over each metal are given (figure 6). The
initial step in the reforming of ethylene glycol is its dehydrogenation [18, 29] to form
glycolic aldehyde, which is observed in all reactions. A rearrangement can then yield acetic
acid which is one of the major product formed with Co/CNF [18].
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Figure 6: Possible pathways for the formation of the main liquid phase products detected in the
aqueous phase reforming of 10 wt% ethylene glycol over Co/CNF, Ni/CNF, Cu/CNF and Pt/CNF
catalysts at 230 °C.

The other major product with both Co/CNF and Cu/CNF is glycolic acid. This can be
formed by disproportionation of glycolic aldehyde (acid catalyzed Tishchenko reaction)
[29]. Also plausible is its formation as the result of further dehydrogenation of glycolic
aldehyde to glyoxal (not detected) followed by a rapid intra-molecular disproportionation
[59]. An additional experiment with Cu/CNF and Co/CNF starting with low glycolic
aldehyde concentrations (0.1 g/L) shows that glycolic acid is indeed the major liquid phase
product formed. Alternatively in the first step EG can be dehydrated over the catalyst
surface to form acetaldehyde as a reactive intermediate [18], which was detected at trace
levels only (<10 ppmw). Hydrogenation of acetaldehyde by hydrogen available from
reforming will then yield ethanol [18] as observed for Pt/CNF, Ni/CNF and (to a lesser
extent) for Co/CNF. The formation for methanol could result from the hydrogenolysis of
ethylene glycol and ethanol or from the decarbonylation of glycolaldehyde and the
decarboxylation of glycolic acid [29].

Conclusions
Carbon nanofiber supported nickel, cobalt, copper and platinum catalysts were
synthesized and tested for their stability and activity in the aqueous phase reforming of
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ethylene glycol. Comparable initial surface-specific rates for Pt/CNF, Co/CNF and Ni/CNF
were observed based on the amount of metal surface sites. The Pt/CNF and Ni/CNF
catalysts also showed comparable activities over a period of 24 hours while the Co/CNF
catalyst deactivated rapidly. Low ethylene glycol conversion was achieved with the
Cu/CNF catalyst which was the result of dehydrogenation and not due to the desired
reforming. The Pt/CNF catalyst showed higher H2 selectivities compared to Ni/CNF and
Co/CNF due to the methanation activity of the latter two catalysts. Reforming of ethylene
glycol to H2 is further accompanied by the formation of liquid products with different
selectivities for the various catalysts. This indicates that different pathways are available
over the metals. With cobalt, glycolic acid and acetic acid are the primary products while
nickel and platinum produce mainly methanol and ethanol.
All catalysts exhibit loss of metal surface area due to metal particle growth, most
notably for Ni/CNF and Pt/CNF. Further loss of metal surface is attributed to coking for
Ni/CNF. Additionally it was found that reforming takes place at a rather low pH and that
the formation of acids is especially detrimental to the stability of the cobalt catalyst,
resulting in oxidation and leaching. This will hinder the applicability of base metals under
aqueous phase reforming conditions unless neutralization of the acidity can be realized.

Supporting information
Intra particle diffusion limitation
The possibility of internal diffusion limitations can be ruled out based on the WeiszPrater criterion (Θ).
Parameter

Co/CNF

rw,obs (mol/(kgcat s))

1.04*10-3

dp mol/(s kg)

150*10-6

ρ (m3/kg)

1100

Co (mol/m3)

1613

2

De (m /s)
nb
Θ

a

6.1*10-9
0-1
1.18*10-45.92*10-5

Table S1: Weisz-Prater numbers (Θ) for ethylene
glycol under aqueous phase reforming conditions for
Co/CNF.
Θ=

½¾,"N ∗ b ∗ .- ; + 1
∗(
) < 0.15
2
36 ∗ 2 ∗ 5A

a

Estimated effective diffusion coefficient of ethylene
glycol in water at 230 °C calculated from the molar
diffusion coefficient (1.2*10-9 at 25 °C) using the
Stokes-Einstein relation and assuming a low value (2)
for the tortuosity. b Reaction order in ethylene glycol
is between 0 and 1 [18].

85

Chapter 4

30

30

Spent

Spent

Co/CNF

Fresh

20

Frequency

Frequency

Ni/CNF

10

0

10

0
Particle Size (nm)

Particle Size (nm)
40

30

Spent

Cu/CNF

Spent

Pt/CNF

Fresh

Fresh

30

20

Frequency

Frequency

Fresh

20

10

20

10

0

0
<1

1-2

2-3

3-4

4-5

5-6

6-7

7-8

>8

Particle Size interval (nm)

Particle Size (nm)

40

Spent

Pt/Al2O3

Fresh

Frequency

30

Figure S1: Normalized histogram analysis of
TEM images of parent and spent catalysts.
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Particle size distributions
Particle size distributions for the parent and spent catalysts (figure S1) were obtained
from the analysis of TEM images by counting a minimum of 200 particles. Both the parent
Pt/CNF and Pt/Al2O3 catalyst show narrow size distributions with a clear shift toward larger
particle sizes for the spent catalysts. The average particle size increases from 3.4 to 4.2 for
the Pt/CNF sample and from 3.8 nm to 5.1 nm for Pt/Al2O3. The CNF supported nickel,
cobalt and copper catalyst show broad size distributions with average sizes of 14 nm, 19 nm
and 26 nm respectively. For the spent catalyst an increase in the size distribution observed
and the average size has increased to 28 nm (nickel), 32 nm (cobalt) and 55 nm (copper).
The change is size distribution is mainly the result of a large decrease in the amount of
smaller particles (up to 5 nm) and appearance of agglomerations of particles into domains
of up to 200 nm. This results in a bimodal particle size distribution.
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Figure S2: Time dependent evolution of the
main liquid products detected with HPLC in the
aqueous phase reforming of 10 wt% ethylene
glycol at 230 °C with CNF supported catalyst
and a Pt/Al2O3 catalyst. Trace amounts (<100
ppmw) formic acid, acetaldehyde and oxalic
acid were also detected. The start of the
reaction time is defined as the moment at which
the temperature in the reactor reached 230 °C.

Liquid phase product evolution
Intermitted sampling of the liquid phase was used to follow the production of
intermediate and/or by-products. The main products are methanol, ethanol, glycolic acid,
acetic acid and glycolaldehyde. Trace amounts of formic acid (<100 pmmw), acetaldehyde
and oxalic acid (<10 pmmw) were also detected. The concentration of the main products
for the reactions with all catalyst is plotted versus time in figure S2. Glycolic acid and
acetic acid are the main liquid products in the reaction with Co/CNF. A relatively high
concentration (2 g/L) of glycolic acid is formed already during the heating stage. The
glycolic acid concentration reduces to 1.3 g/L over the course of the reaction whereas acetic
acid yield is increasing over time reaching 2.0 g/L after 24 hours. The nickel catalyst shows
the lowest concentrations of liquid by-products, the main products are ethanol and methanol
of which the concentrations are increasing with reaction time (reaching 0.4 g/L and 0.5 g/L
after 24 hours respectively). Low levels of glycolic acid and glycolic aldehyde are found
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with concentrations of glycolic acid increasing slightly, while the levels of glycolic
aldehyde are decreasing over time. Over Cu/CNF glycolic acid was formed rapidly in the
first four hours after which the concentration increases more slowly to 1.2 g/L. Lower level
of glycolic aldehyde were detected which show an optimum concentration of 0.2 g/L after 1
hours indicating that it is the intermediate in the formation of glycolic acid. Ethanol and
methanol were the main products formed with both Pt/CNF and Pt/Al2O3. These products
increase steadily over the course of the reaction with Pt/CNF showing an increased
production of ethanol as compared to Pt/Al2O3 (3.0 g/L versus 1.8 g/L). Also small amounts
acetic acid and glycolic acid were detected with these catalysts.

Acknowledgements
This research has been performed within the framework of the Catchbio program. The
authors gratefully acknowledge the support of the Smart Mix Program of the Netherlands
Ministry of Economic Affairs and the Netherlands Ministry of Education, Culture and
Science. Carl Ludding is thanked for his contribution to this chapter. We are thankful to
Cor van de Spek and Peter Munnik for TEM measurements and Marjan Versluis for TGA
measurements.

References
[1] R.R. Davda, J.W. Shabaker, G.W. Huber, R.D. Cortright, J.A. Dumesic, Applied Catalysis B:
Environmental, 56 (2005) 171-186.
[2] B. Brehmer, R.M. Boom, J. Sanders, Chemical Engineering Research and Design, 87 (2009)
1103-1119.
[3] R.R. Davda, J.W. Shabaker, G.W. Huber, R.D. Cortright, J.A. Dumesic, Applied Catalysis BEnvironmental, 43 (2003) 13-26.
[4] J.W. Shabaker, G.W. Huber, J.A. Dumesic, Journal of Catalysis, 222 (2004) 180-191.
[5] G. Wen, Y. Xu, Z. Xu, Z. Tian, Catalysis Communications, 11 (2010) 522-526.
[6] J.W. Shabaker, R.R. Davda, G.W. Huber, R.D. Cortright, J.A. Dumesic, Journal of Catalysis, 215
(2003) 344-352.
[7] G.W. Huber, J.W. Shabaker, S.T. Evans, J.A. Dumesic, Applied Catalysis B-Environmental, 62
(2006) 226-235.
[8] G.W. Huber, J.W. Shabaker, J.A. Dumesic, Science, 300 (2003) 2075-2077.
[9] A. Tanksale, Y. Wong, J.N. Beltramini, G.Q. Lu, International Journal of Hydrogen Energy, 32
(2007) 717-724.
[10] A. Iriondo, V.L. Barrio, J.F. Cambra, P.L. Arias, M.B. Güemez, R.M. Navarro, M.C. SánchezSánchez, J.L.G. Fierro, Topics in Catalysis, 49 (2008) 46-58.
[11] A. Tanksale, C.H. Zhou, J.N. Beltramini, G.Q. Lu, Journal of Inclusion Phenomena and
Macrocyclic Chemistry, 65 (2009) 83-88.
[12] G. Wen, Y. Xu, Z. Xu, Z. Tian, Catalysis Letters, 129 (2009) 250-257.
[13] B. Roy, K. Loganathan, H.N. Pham, A.K. Datye, C.A. Leclerc, International Journal of
Hydrogen Energy, 35 (2010) 11700-11708.
[14] A. Iriondo, J.F. Cambra, V.L. Barrio, M.B. Guemez, P.L. Arias, M.C. Sanchez-Sanchez, R.M.
Navarro, J.L.G. Fierro, Applied Catalysis B: Environmental, 106 (2011) 83-93.
[15] D. Karthikeyan, G.S. Shin, D.J. Moon, J.H. Kim, N.C. Park, Y.C. Kim, Journal of Nanoscience
and Nanotechnology, 11 (2011) 1443-1446.

88

Stability and activity of carbon nanofiber supported catalysts
[16] R.L. Manfro, A.F. Da Costa, N.F.P. Ribeiro, M.M.V.M. Souza, Fuel Processing Technology, 92
(2011) 330-335.
[17] I.O. Cruz, N.F.P. Ribeiro, D.A.G. Aranda, M.M.V.M. Souza, Catalysis Communications, 9
(2008) 2606-2611.
[18] J.W. Shabaker, J.A. Dumesic, Industrial & Engineering Chemistry Research, 43 (2004) 31053112.
[19] L.J. Zhu, P.J. Guo, X.W. Chu, S.R. Yan, M.H. Qiao, K.N. Fan, X.X. Zhang, B.N. Zong, Green
Chemistry, 10 (2008) 1323-1330.
[20] F.Z. Xie, X.W. Chu, H.R. Hu, M.H. Qiao, S.R. Yan, Y.L. Zhu, H.Y. He, K.N. Fan, H.X. Li, B.N.
Zong, X.X. Zhang, Journal of Catalysis, 241 (2006) 211-220.
[21] G. Wen, Y. Xu, H. Ma, Z. Xu, Z. Tian, International Journal of Hydrogen Energy, 33 (2008)
6657-6666.
[22] X. Wang, N. Li, L.D. Pfefferle, G.L. Haller, Catalysis Today, 146 (2009) 160-165.
[23] N. Luo, K. Ouyang, F. Cao, T. Xiao, Biomass and Bioenergy, 34 (2010) 489-495.
[24] X. Chu, J. Liu, B. Sun, R. Dai, Y. Pei, M. Qiao, K. Fan, Journal of Molecular Catalysis A:
Chemical, 335 (2011) 129-135.
[25] J. Chivot, L. Mendoza, C. Mansour, T. Pauporté, M. Cassir, Corrosion Science, 50 (2008) 62-69.
[26] B. Beverskog, I. Puigdomenech, Corrosion Science, 39 (1997) 969-980.
[27] S.E. Ziemniak, P.A. Guilmette, R.A. Turcotte, H.M. Tunison, Corrosion Science, 50 (2008) 449462.
[28] D.C. Elliott, L.J. Sealock Jr, E.G. Baker, Industrial and Engineering Chemistry Research, 32
(1993) 1542-1548.
[29] A. Wawrzetz, B. Peng, A. Hrabar, A. Jentys, A.A. Lemonidou, J.A. Lercher, Journal of
Catalysis, 269 (2010) 411-420.
[30] N. Li, G.W. Huber, Journal of Catalysis, 270 (2010) 48-59.
[31] A.V. Kirilin, A.V. Tokarev, E.V. Murzina, L.M. Kustov, J.P. Mikkola, D.Y. Murzin,
Chemsuschem, 3 (2010) 708-718.
[32] J.W. Shabaker, D.A. Simonetti, R.D. Cortright, J.A. Dumesic, Journal of Catalysis, 231 (2005)
67-76.
[33] A.D. Pienaar, A. De Klerk, Industrial and Engineering Chemistry Research, 47 (2008) 49624965.
[34] R.M. Ravenelle, J.R. Copeland, A.H. Van Pelt, J.C. Crittenden, C. Sievers, Topics in Catalysis,
55 (2012) 162-174.
[35] M. Dietzel, Geochimica Et Cosmochimica Acta, 64 (2000) 3275-3281.
[36] R.M. Ravenelle, J.R. Copeland, A.H. Van Pelt, J.C. Crittenden, C. Sievers, Topics in Catalysis,
55 (2012) 162-174.
[37] D.J.M. DeVlieger, D.B. Thakur, L. Lefferts, K. Seshan, Chemcatchem, 4 (2012) 2068-2074.
[38] P.J. Dietrich, R.J. Lobo-Lapidus, T. Wu, A. Sumer, M.C. Akatay, B.R. Fingland, N. Guo, J.A.
Dumesic, C.L. Marshall, E. Stach, J. Jellinek, W.N. Delgass, F.H. Ribeiro, J.T. Miller, Topics in
Catalysis, 55 (2012) 53-69.
[39] B. Meryemoglu, A. Hesenov, S. Irmak, O.M. Atanur, O. Erbatur, International Journal of
Hydrogen Energy, 35 (2010) 12580-12587.
[40] L. Zhang, A.M. Karim, M.H. Engelhard, Z. Wei, D.L. King, Y. Wang, Journal of Catalysis, 287
(2012) 37-43.
[41] H.J. Park, H.D. Kim, T.W. Kim, K.E. Jeong, H.J. Chae, S.Y. Jeong, Y.M. Chung, Y.K. Park,
C.U. Kim, Chemsuschem, 5 (2012) 629-633.
[42] J.H. Bitter, Journal of Materials Chemistry, 20 (2010) 7312-7321.
[43] K.P. De Jong, J.W. Geus, Catalysis Reviews-Science and Engineering, 42 (2000) 481-510.
[44] A.M. Frey, J.H. Bitter, K.P. de Jong, Chemcatchem, 3 (2011) 1193-1199.
[45] G.L. Bezemer, P.B. Radstake, U. Falke, H. Oosterbeek, H.P.C.E. Kuipers, A.J. Van Dillen, K.P.
De Jong, Journal of Catalysis, 237 (2006) 152-161.

89

Chapter 4
[46] R.W. Gosselink, R. Van Den Berg, W. Xia, M. Muhler, K.P. De Jong, J.H. Bitter, Carbon, 50
(2012) 4424-4431.
[47] M.L. Toebes, J.H. Bitter, A. Jos Van Dillen, K.P. De Jong, Catalysis Today, 76 (2002) 33-42.
[48] Y. Guo, M.U. Azmat, X. Liu, Y. Wang, G. Lu, Applied Energy, 92 (2012) 218-223.
[49] Y.A. Zhu, Z.J. Sui, T.J. Zhao, Y.C. Dai, Z.M. Cheng, W.K. Yuan, Carbon, 43 (2005) 1694-1699.
[50] O. Kitakami, H. Sato, Y. Shimada, F. Sato, M. Tanaka, Physical Review B - Condensed Matter
and Materials Physics, 56 (1997) 13849-13854.
[51] G.L. Bezemer, P.B. Radstake, V. Koot, A.J. Van Dillen, J.W. Geus, K.P. De Jong, Journal of
Catalysis, 237 (2006) 291-302.
[52] P. Munnik, M. Wolters, A. Gabrielsson, S.D. Pollington, G. Headdock, J.H. Bitter, P.E. De
Jongh, K.P. De Jong, Journal of Physical Chemistry C, 115 (2011) 14698-14706.
[53] Powder Diffraction Fil no. 01-075-0419, in.
[54] R. Rinaldi, F. Schüth, Energy and Environmental Science, 2 (2009) 610-626.
[55] E. van Steen, M. Claeys, M.E. Dry, J. van de Loosdrecht, E.L. Viljoen, J.L. Visagie, Journal of
Physical Chemistry B, 109 (2005) 3575-3577.
[56] M.A. Vannice, Journal of Catalysis, 37 (1975) 449-461.
[57] D.A. Simonetti, J.A. Dumesic, Catalysis Reviews, 51 (2009) 441-484.
[58] M. Salciccioli, W. Yu, M.A. Barteau, J.G. Chen, D.G. Vlachos, Journal of the American
Chemical Society, 133 (2011) 7996-8004.
[59] P.P. Pescarmona, K.P.F. Janssen, C. Delaet, C. Stroobants, K. Houthoofd, A. Philippaerts, C. De
Jonghe, J.S. Paul, P.A. Jacobs, B.F. Sels, Green Chemistry, 12 (2010) 1083-1089.

90

Towards stable nickel catalysts for aqueous phase reforming

Chapter 5
Towards stable nickel catalysts for aqueous phase
reforming of biomass derived feedstock under
reducing and alkaline conditions

Abstract: Nickel nanoparticles supported on carbon nanofibers (CNF) can be stabilized in
aqueous phase processes at elevated temperatures and pressures by tuning the reaction
conditions to control Ni oxidation and leaching. As a showcase Ni/CNF was used for the
production of hydrogen via aqueous phase reforming of ethylene glycol (EG). Under
standard conditions (T=230 °C, inert atmosphere, 1% wt. EG) extensive catalyst
deactivation as a result of Ni particle growth occurred. The extent of Ni particle growth
was diminished by either using a more reducing environment by the introduction of
additional H2 into the reactor or by increasing the concentration of reactant. Deactivation
of the Ni/CNF catalyst due to particle growth was almost completely prevented by addition
of KOH to the reaction mixture. Stable H2 production was achieved with high hydrogen
selectivity (99%) during 50 hours-on-stream with addition of KOH while without KOH the
catalysts lost 93% of its initial activity and the H2 selectivity was lower (90%). The
increased stability of Ni particles under both alkaline and reducing conditions is ascribed
to the suppression of Ni leaching, thereby preventing subsequent particle growth via
Ostwald ripening.
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Introduction
Environmental concerns and the diminishing fossil fuels supply have resulted in
considerable research efforts into the potential of biomass as a sustainable feedstock for the
production of chemicals and fuels [1-6]. Catalytic reactions in the aqueous phase at
elevated temperature and pressure, i.e. hydrothermal processes, are expected to play a key
role in the conversion of biomass and biomass derived feedstocks [7]. Various catalytic
processes like hydrothermal gasification [8], hydrogenolyis [9] and aqueous phase
reforming (APR) [10] have been proposed. Ni is a promising catalyst for these processes
but exhibits poor stability under hydrothermal conditions compared to the more expensive
noble metal catalysts [11]. For example Shabaker et al. [12] investigated the activity of Ni
supported on Al2O3, SiO2, or ZrO2 in APR and showed that these catalysts lose about 90%
of their initial activity within 2 days. Hence, improving the stability of non-noble metal
catalysts is an important issue in the field of biomass conversion and aqueous phase
catalysis in particular.
Carbonaceous support materials like, activated carbon, carbon nanofibers (CNF) [13,
14] and mesoporous carbon [15] are stable under hydrothermal conditions and are therefore
preferred over conventional metal oxide supports. Alternatively, the use of carbon coated
metal oxide materials as support has been explored as well [16]. Beside issues with the
stability of the support a major deactivation route for nano-structured catalysts is the loss of
active (metal) surface area as a result of metal particle growth. The resulting loss of active
surface area is detrimental to the productivity of the catalysts and thus will impede the
application of Ni catalysts under hydrothermal conditions.
Strategies for the stabilization of supported metal nanoparticles with respect to sintering
(particle growth due to particle migration and coalescence) generally involve careful
control over catalyst properties such as metal support interaction [17], particle size [18],
particle location and spacing on the support [19] or particle confinement [20-23]. These
strategies are applied with some success to catalysts designed for gas phase reactions.
However, stabilizing the active Ni nanoparticles in the liquid phase is more cumbersome
since in the liquid phase particle growth can also proceed via Ostwald ripening (particle
coarsening) [24]. Prevention of particle growth by Ostwald ripening is challenging for
metals which, like Ni, may lead to substantial amounts of dissolved species in the aqueous
phase. These species can be formed via (surface-) oxidation and subsequent metal oxide
dissolution (leaching). The driving force for the Ostwald ripening process is the reduction
of the specific surface free energy which is lower for larger particles. The presence of
molecular or ionic dissolved species enables particle growth by mass transfer over a
concentration gradient from smaller to larger particles. Additionally, during continuous
processing, this will not only lead to loss of active surface area due to particle growth but
also to loss of the active metal via leaching and transport out of the reactor.
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It was shown in the previous chapter [11] that metal particle growth is the main
deactivation mechanism for a Ni/CNF catalyst during aqueous phase reforming. In this
chapter the increased stability of supported Ni nanoparticles is reported by tuning of the
reaction conditions. The aqueous phase reforming of ethylene glycol is used as a show case.
The compositions of the gas phase atmosphere, reactant concentration and pH are the key
parameters investigated in this study. We will show that alkaline conditions effectively
stabilize the Ni nanoparticles resulting in stable catalytic performance while at the same
time increasing the activity and selectivity of the catalyst. The relation between catalyst
stability and reaction conditions will be discussed.

Materials and methods
Catalyst synthesis
Carbon nanofibers were grown using a Ni/SiO2 growth catalyst and syngas as the
carbon source as described elsewhere [25]. For the preparation of Ni/CNF typically 4 grams
of surface oxidized carbon nanofibers (sieve fraction 90-150 µm) was dried under vacuum
at 80 ºC for 2 hours. After cooling to room temperature the support was impregnated under
static vacuum with 2.4 ml of a 5 M aqueous Ni(NO3)2.6H2O (Acros 99%) precursor
solution. This resulted in catalysts with a nominal Ni loading of 12.5 wt% which was
verified by carbon burn-off experiments using thermogravimetric analysis (TGA). The
impregnated samples were then dried overnight at 120 ºC. Next the samples were reduced
for 2 hours at 300 ºC (heating ramp 5 ºC/min) in a flow of 30 (v/v)% H2/N2 (100 ml/min).
After reduction the reactor was cooled down to room temperature. To passivate the
catalysts, prior to the characterization, air was allowed to diffuse through a 26 cm long tube
with a 3 mm inner diameter into the reactor.
Characterization
X-ray powder diffraction (XRD) was carried out using a Bruker-AXS D2 Phaser
powder X-ray diffractometer with CoKα1,2 radiation (λ = 1.79026 Ǻ) between 2θ 20–120°.
The experimental data was fitted with a pseudo-Voight function using a linear combination
of the support (CNF) and metal contributions and a correction for instrumental broadening.
Crystallite sizes were estimated from the Scherrer equation using a shape factor of 0.89.
Hydrogen chemisorption was performed on a Micromeretics ASAP 2020C instrument.
The sample (100-400 mg) was placed between quartz wool plugs in a quartz tube. The
catalysts were reduced in H2 (60 ml/min) at 300 °C for 2 h after which the system was
outgassed (P<10-5 bar) at that temperature for 2 h. Subsequently the system was cooled to
150 °C and outgassed for another 0.5 h before the measurement was started. The monolayer
H2 uptake was found by extrapolating the linear part of the isotherm (150-600 mbar) to zero
pressure. Particle sizes were calculated using the monolayer uptake assuming complete
reduction and a stoichiometry of 1 hydrogen atom per metal surface atom.
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Transmission Electron Microscopy (TEM) analysis was carried out on an FEI
Technai20F operated at 200 KeV. The samples were ground to a fine powder in a mortar
and a small amount of powder was supported onto a thin carbon film on a copper grid.
Atomic Absorption Spectroscopy (AAS) was measured on an Analytik Jena ContrAA
700. The amount of leached metal was measured in liquid samples taken after each
reaction. These samples were filtered over a 0.45 µm syringe filter (Millipore) after which
the pH of the filtrate was adjusted to 3 with sulfuric acid.
Catalyst testing
The Ni/CNF catalysts (sieve fraction 90-150 μm) were tested in the aqueous phase
reforming of ethylene glycol (degassed, 1-50 wt%, 6 hours, 230 °C). Batch reactors (10 ml)
were used to study the effect of the nature and concentration of base additives (0-0.8 M) on
the stability of the Ni particles. The reactors were filled with 100 mg of reduced catalyst,
base additive and the reactant solution (5 ml) in a glove box under N2 atmosphere. The
reactors were heated in an oil bath and stirred with a magnetic spinner at 1000 rpm under
autogeneous pressure (i.e. the saturation pressure of water and the pressure of the produced
gases).
The effect of the initial gas phase composition on catalytic performance was
investigated using an Autoclave Engineers 100 ml batch EZE seal batch autoclave equipped
with a liquid sampling port. The passivated catalyst (2 g) was loaded into the reactor and
activated in-situ in flowing H2 (50 ml/min) at 300 ⁰C. After cooling down the reactor was
flushed and pressurized to 6 bars with H2 or Ar and the reactant was introduced via a charge
vessel. After heating the reactor to 230 °C (12 °C/min) the stirring (1000 rpm) was started.
The reactor was operated under autogenous pressure which was monitored using a pressure
transducer (Setra C206). The temperature was monitored using a K-type thermocouple
placed in a thermowell. An example of the pressure and temperature profile is shown in
figure S1 in the supporting section below. Liquid samples were taken to determine the EG
concentration and monitor the formation of liquid phase products (methanol, ethanol,
glycolic aldehyde and glycolic acid) over time. The conversion was calculated based on the
decrease in EG concentration (constant volume approximation).
Catalyst activity and stability with time-on-stream (TOS) were measured in a fixed bed
continuous flow reactor operated at 230 ºC. The passivated catalyst (100 mg) was loaded
into the reactor (stainless steel tube with 4 mm inner diameter) and SiC was used to
minimize the reactor void volume. Blank experiments showed that the SiC and the reactor
material had negligible activity. Prior the catalytic experiment the catalysts were activated
at 300 °C for 1 hour in a flow (30 ml/min) of 33% H2/N2 after which the system was
thoroughly flushed with N2. The degassed reactant solutions (10 wt% EG optionally with
0.5 M KOH) were introduced in up flow configuration using a syringe pump (ISCO
Teledyne) at a flow rate of 3 ml/hr. The corresponding WHSV was 3 g EG-1* g cat-1 * h-1.
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The reactor effluent was fed together with Ar sweep gas to a gas-liquid separator vessel.
The system pressure was controlled at 29 bar using a back pressure regulator.
As a result of carbon capture by the addition of base the amount of CO2 found in the gas
phase was not representative for the amount of CO2 produced in the process. Hence it was
not possible to define selectivity to H2 based on the amount of carbon detected in the gas
phase and the reforming ratio (H2/CO2 ratio according to the reaction stoichiometry) as is
normally practiced when studying APR. Therefore H2 gas phase selectivities (SH2) were
expressed based on the molar concentration of hydrogen in the gas phase relative to the
total moles of hydrogen detected in the gas phase including the hydrocarbons CH4, C2H6
and C3H8.
+C =

[ ]
× 100%
[ ] + 2[ ] + 3[ [ ] + 4[6 Ã ]

Turn-over-frequencies (TOFs) were calculated based on the moles of H2 and CH4
produced and normalized by the number of nickel surface sites of the parent catalyst as
measured by H2 chemisorption.

Results and discussion
Effect of the reaction conditions on the nickel particle size
The effect of the reaction conditions on the stability of the Ni/CNF catalyst with respect
to the Ni particle size was investigated for the aqueous phase reforming of ethylene glycol
(1-50 wt% EG) at 230 °C. The reactions were initially carried out in a batch stirred
autoclave under either an H2 or inert gas phase for 6 hours and with KOH concentrations
between 0-1.2 M.
Effect of gas atmosphere
The influence of the gas atmosphere (hydrogen versus argon) on the Ni/CNF catalyst
during the reforming of 1 wt% EG was investigated using XRD, TEM and hydrogen
chemisorption. The properties of the parent and spent catalysts are summarized in table 1
(entries 1-3). We first discuss the results obtained from XRD analysis (figure 1). The parent
catalyst showed diffraction lines at 52.1° and 60.9° 2Θ corresponding to Ni (111) and Ni
(200) respectively. In addition a broad contribution around 43° 2Θ representing NiO was
observed as a consequence of the passivation treatment prior the XRD analysis. After APR
in inert atmosphere, which are standard APR conditions, a clear increase in Ni peak
intensity and a narrowing of the Ni-peak was observed in the spent samples. No evidence of
an oxidic Ni phase was found for the spent samples. Since these samples were also exposed
to air before measurement this suggests that the passivation layer was either amorphous or
the amount of NiO was below the detection limit. The size of the metallic Ni crystallites of
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the parent and spent catalysts were calculated from line broadening analysis using the
Scherrer equation. The crystallite size increased from 8 nm for the parent sample to 58 nm
in the spent sample under the standard APR conditions. When the reaction was performed
with an H2 atmosphere of 6 bar the Ni crystallite size increased to 36 nm, which is
considerably less than for the sample tested under inert. Increasing the H2 pressure to 20 bar
resulted in a Ni crystallite size of 34 nm (entry 4), showing that a further increase in H2
pressure only has a minimal effect on the nickel particle growth.
We also investigated the available Ni surface sites of the parent and spent catalysts
using H2-chemisorption. Table 1 lists the total amount (Mt) of chemisorbed hydrogen (also
referred to as saturation or monolayer amount) and the corresponding Ni particle size
assuming spherical particles and an adsorption stoichiometry of Ni/H=1.
The parent sample showed a total hydrogen uptake of 181 μmol/g. After reaction using
standard APR conditions the hydrogen uptake decreased to 17 μmol/g which amounts to a
91% loss of Ni surface sites. When the reaction was performed in an initial H2 atmosphere
the H2 capacity of the spent catalyst decreased to 34 μmol/g and the loss in Ni surface sites
was thus reduced to 81%. Table 1 shows that besides a reduction in total hydrogen
chemisorption capacity (Mt) also the irreversible hydrogen uptake (Mirr) decreased for the
spent catalysts. The irreversible hydrogen uptake represents the more strongly adsorbing
sites [25]. Since smaller particles have a higher Mirr/Mt ratio as a result of stronger metal-H
binding the Mirr/Mt ratio serves as an additional indicator of particle growth [26]. The parent
catalyst had a Mirr/Mt of 0.34 whereas a reference Ni powder sample (table 2, entry 17) had
a negligible fraction of irreversible sites (Mirr/Mt < 0.01). The spent catalysts both showed a
significant decrease in the Mirr/Mt ratio to 0.21 for a H2 atmosphere and to 0.14 for an Ar
atmosphere. This indicates that Ni particle growth is responsible for the decrease in H2
chemisorption capacity. Results from both XRD and chemisorption thus show that during
APR with Ni/CNF significant particle growth occurred which could be reduced by
preforming the reaction with an initial H2 gas phase.
Effect of base addition
Figure 1 further shows the effect of the addition of 0.5 M KOH (KOH/EG molar ratio of
0.3) to the reaction mixture on the XRD patterns of the spent catalysts. With addition of
KOH, in contrast to APR under standard conditions, only very limited narrowing of the Ni
diffraction lines was observed for the spent catalysts, irrespective whether the reaction was
performed with an Ar or H2 gas phase. The Scherrer crystallite sizes were comparable for
Ar and H2 atmosphere, respectively 12 nm and 10 nm (table 1, entries 5-6).
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Figure 1: XRD profiles for
parent and spent Ni/CNF
catalysts after aqueous phase
reforming of EG under different
gas atmosphere (H2 or Ar) and
the presence or absence of KOH
(1 wt% EG, KOH/EG molar
ratio of 0.3, 230 °C for 6 h). The
insert shows the deconvolution
of
the
CNF
and
Ni
contributions.

This is only slightly larger than for the parent catalyst, especially considering that the parent
sample also has a 3 nm NiO contribution due to the passivation treatment. This indicates
that only very limited growth of the Ni particles occurred in the presence of KOH compared
to the spent catalyst used in reactions without KOH.
The absence of extensive crystallite growth in spent catalysts treated with KOH based
on the XRD study does not exclude the possibility that Ni particles grow into aggregates
with multiple small crystallite domains. Therefore the spent catalysts were also
characterized using Transmission Electron Microscopy (TEM). Figure 2 shows
representative TEM micrographs for the parent catalyst and the spent catalysts after the
reforming of 1% EG both with and without KOH addition. The parent catalyst (figure 2a)
showed a Ni particle size distribution in the range of 2-20 nm with a number-average
particle size of 8 nm. After APR in the presence of KOH (figure 2b) a similar size
distribution was obtained for the spent catalyst with a negligible increase in the average size
to 9 nm. In contrast, in the absence of KOH, significant growth of Ni particles was
observed with TEM. The small Ni particles present in the parent catalyst had disappeared
and larger particles of 20-50 nm were observed (figure 2c). Additionally in other areas of
the sample the formation of very large Ni clusters of up to 200 nm was observed (figure
2d).
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Figure 2: TEM micrographs and
corresponding
particle
size
distributions of (a) parent
Ni/CNF catalyst, (b) spent
catalyst after reaction with
KOH:EG 3.1 and (c and d) spent
catalyst after reaction without
KOH (230 °C, 6 h, 1 wt% EG).

The particle size distribution of this sample was very broad and bimodal. This is in
qualitative agreement with the result obtained from XRD which revealed a large increase in
the average crystallite size. To get a more accurate quantitative picture we preformed
further characterization with H2-chemisorption.
The higher stability for the catalysts treated in the presence of KOH was also evident
from the H2 uptake i.e., 142 μmol/g and 151 μmol/g for the catalysts used in an Ar or H2
atmosphere respectively (table 1, entries 5-6). The decrease in H2 uptake for these spent
catalysts compared to the parent catalyst (16 and 27%) was thus much lower than for the
same reaction without KOH (81% and 91%). Furthermore for these catalysts the Mirr/Mt
ratio was significantly higher (0.28 and 0.33) and close to the ratio of the parent catalyst
(0.34). The particle size calculated from the total H2-uptake are given in table 1 and agreed
well with the results from XRD. For all chemisorption measurements the samples were
reduced in-situ prior to measurement of the H2 adsorption isotherm so that the uptake can
be related to the average particle size. For two additional experiments (table 1 , entry 17-18)
this reduction step was omitted and the samples were pre-treated in vacuum at 300 °C to
remove adsorbed surface species. The samples were filtrated under N2 flow to minimize
exposure to air and dried in-situ prior to the measurement. This resulted in a negligible
uptake for the spent catalyst for the reaction without KOH and an uptake comparable to that
for pre-reduced sample with KOH (1%EG solutions). This shows that nickel particles
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Figure
3:
Correlation
between the initial EG
concentration (1-50 wt%) and
the Ni crystallite size (XRD)
of the spent catalyst for
reaction at 230 °C for 6 hours
under initial Ar (□ no KOH,
■ 0.5M KOH) and H2
atmosphere (○ no KOH, ●
0.5M KOH). Lines added to
guide the eye.
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remain metallic during the reaction in the presents of base whereas without base no H2
adsorption occurs, which is likely due to formation of surface (hydr)oxides. We also
investigated the effect of other bases on the Ni crystallite growth (table 1, entries 7-9). The
addition of NaOH and Ca(OH)2 resulted in Ni particles of 12 and 14 nm respectively. The
effect of these bases on the crystallite growth was therefore comparable to KOH,
suggesting that the increase in pH is the most important factor (i.e. the cation does not play
an essential role). The addition of Mg(OH)2 however resulted in a spent catalyst with
considerably larger Ni crystallites (21 nm). This might be attributed to the low solubility of
Mg(OH)2 which has a solubility constant of a factor 105 lower than Ca(OH)2.
Effect of reactant concentration
Figure 3 shows the influence of the EG concentration on the Ni crystallite sizes as
determined by XRD. The most severe growth of Ni crystallites was observed with the
lowest EG concentration under inert atmosphere. With an increasing EG concentration the
increase in Ni crystallite size after reaction was less significant and the beneficial effect of
using an H2 versus Ar atmosphere becomes smaller. These results are confirmed by
hydrogen chemisorption (table 1 entries 10-14) which shows that H2 uptake of the spent
catalyst increased for higher EG concentrations. In the presence of KOH an increase in EG
concentration from 1 to 10 wt% did not significantly affect the Ni crystallite size or the H2
uptake of the spent catalysts (table 1, entries 15-16).
Particle size, leaching and pH
In order to provide a possible explanation for the effect of the different reaction
conditions on the extent of particle growth we now turn to discuss the influence of the pH
of the solutions in relation to the amount of leached Ni species.
99

Spent crystallite size (nm)

Chapter 5

60
EG solution

50
40
Water

30
20
fresh catalyst

10
0
2

4

6

8

10

12

14

Figure 4: Correlation between
the crystallite size of the spent
catalysts and the pH of the
final reaction mixture (lines
added to guide the eye). The
pH of the feed solutions was
adjusted by addition of KOH
(0-1.2 M) to aqueous solutions
of 1 wt% (○), 10 wt% EG (●)
and water (■). Reactions were
performed at 230 °C for 6
hours
under
inert
gas
atmosphere.

pH
The concentration and relative amounts of leached Ni are given in table 1. We have
previously shown that leaching of metals from the stainless steel vessel wall also occurred
but its contribution to the total amount of leached Ni is insignificant (<0.1 ppmw) and the
presence of dissolved Ni species can thus be attributed to Ni leaching from the catalyst
[11]. Concentrations up to 7.1 ppm of leached nickel were observed which represents only
0.28 % of the total amount of nickel in the catalyst. Therefore leaching itself does not
directly contribute to catalyst deactivation but plays a role in the Ostwald ripening
mechanism. The extent of nickel leaching differed for the various reaction conditions
applied. APR of EG solutions under standard conditions (initial neutral pH) resulted in an
acidic reaction mixture (pH 3.5) containing substantial amounts (6.4 ppmw) of leached Ni
(table 1 entry 2). With KOH concentrations of 0.5 M in the feed solutions (pH 13.6)
leaching of Ni was inhibited (<0.1 ppmw) and alkaline reaction mixtures were obtained
with pH ranging from 8.1 to 11.0 depending on the initial EG concentration (entries 5-6 and
15-16). Thus after reaction the pH was substantially lower than that of the feed solutions.
This is attributed to CO2 formation during APR (C2H6O2 + H2O → CO2 + H2 ) [10] which
reacts to form carbonic acid (CO2+ H2O ↔ H2CO3 ↔ H+ + HCO3-) and thus decreases the
pH. In addition, carboxylic acids are known be formed as side products [11]. In this study
we detected the formation of glycolic acid in significant amounts, up to 2 mmol/L, see table
S1 (supporting information section). With the addition of KOH these acids are neutralized
and CO2 is captured in the form of potassium (bi)carbonate [27]. The capture of CO2 is also
evident from the absence of CO2 the gas phase when KOH is present (table 2, vide infra).
The role of the pH on the Ni particle growth was further investigated over a wide range
of KOH concentrations (0-1.2 M) both in water and in EG solutions. Figure 4 shows the
correlation between the crystallite sizes of the spent catalysts and the final pH of the
reaction solutions. The latter is most representative for the pH during the reaction (see
figure S3 in the supporting information section). For aqueous solutions of EG and KOH we
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observed that, below approximately pH=8, increasingly larger Ni crystallites were formed
during reaction whereas above this pH the crystallite size remained unchanged and was
close to that of the parent catalyst. A similar observation was made for aqueous solutions of
KOH (i.e. without EG) however at very high pH (>13) we observed again an increase in the
particle size. Since the pH was measured at room temperature we acknowledge that the
values deviated from the pH at the reaction temperature (230 °C) due to the increase in selfionization of water at higher temperature (pKw=11.3 at 230 °C [28]), however this deviation
is expected to be equal for all experiments.
We believe that the effect of the pH of the solution on the stability of the Ni
nanoparticles is twofold, as it influences both the redox potential and solubility of Ni
species. Both these effects are traditionally visualized using Pourbaix (potential versus pH)
diagrams. Beverskog et al. have calculated Pourbaix diagrams for the Ni-water system at
elevated temperatures (200-300 °C) and showed that at a pH below neutral bulk Ni0 can be
oxidized by water or acids [29] (see also figure 3 in chapter 2). In an acidic media the
oxidized Ni species dissolve and predominantly Ni2+ ions are formed [30]. This explains the
leaching we observed during APR under standard conditions which, as a result of reaction
products, took place in an acidic media.
At a pH above neutral, oxidation of bulk Ni is prevented because the redox potential of
the H+/H2(g) couple decreases with increasing pH (as follows from the Nernst equation,
Eh=-0.1*pH at 230 ºC) [31] and falls below that of the Ni/Ni2+ couple. This is consistent
with the reported enhancement of CuO reduction in aqueous cellulose solutions under
alkaline conditions compared to neutral solutions [32]. While oxidation and leaching of Ni
are linked in acid media this is not the case under alkaline conditions. Even though the bulk
Ni phase is thermodynamically stable under alkaline conditions, surface oxidation can still
occur. As a result of water dissociation Ni-OH or Ni-O species form on the Ni surface or on
low coordination sites [33]. However, under alkaline conditions oxidized nickel species
become less soluble [29]. In fact, theoretical calculations of surface Pourbaix diagrams
predict that the highest resistance against corrosion for Ni is obtained at pH = 9.9 [34]. The
prevention of Ni oxidation and leaching is essential for the stability of the Ni nanoparticles
because the formation of mobile Ni species is a prerequisite for Ostwald ripening since they
enable mass transfer from the smaller to the larger Ni particles. We observed that nickel
particle growth occurred already at neutral pH, in contrast to what was expected from the
discussion above, and alkaline conditions were required (pH>8) to stabilize our catalyst
(figure 4). This is most likely because we used Ni nanoparticles which can be oxidized
more easily compared to the bulk phase [35, 36] thus explaining the need for a higher pH
compared to the bulk phase. In very alkaline solutions (pH>13) the formation of anionic
soluble Ni species (e.g. Ni(OH)3-) becomes favorable [29] which can explain the increase in
particle size observed at very high pH (figure 4).
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Besides the pH also the partial hydrogen pressure affects the oxidation and solubility of
Ni. It has been shown previously that air exposed oxidized Ru catalysts can be reduced in
water at high H2 pressures (~40 bar) [37]. We found that in an acidic media the extent of
particle size growth was diminished with an H2 gas atmosphere compared to the use of an
inert gas (table 1, entries 2-3) which is likely due to a decrease in metal oxidation under
these conditions. Indeed, lower levels of Ni leaching were measured for reactions with 1
wt% EG under H2 atmosphere versus an Ar atmosphere, 3.8 ppmw and 6.4 ppmw
respectively. As expected with the use of H2 gas the Ni-ion solubility (Ni(s) + 2H+ (aq) ↔
Ni2+(aq) + H2(g)) was suppressed [38] resulting in a lower Ni crystallite growth rate.
Finally the presence of organic species also plays an important role in the Ni particle
growth mechanism. Figure 4 shows that Ni crystallites are more stable in EG mixtures
compared to water. Also, without KOH in acidic media a decrease in extent of particle
growth was accomplished by increasing the EG concentration from 1 to 50 wt% (table 1,
entries 10-14). However a straightforward relation between the concentration of dissolved
Ni species and the initial EG concentration was not observed. The amount of leached Ni
increased from 3.8 for 1wt% EG to 7.1 and 6.6 ppmw for 10 wt% and 20 wt% respectively
and decreased again for 50 wt% solutions (1.6 ppmw). Shabaker et al. also showed that
leaching of Ni from Sn modified Raney Ni catalyst during APR can be reduced by a factor
of 5 when changing the feed concentration from 5 to 63 wt% EG. This resulted in higher
catalyst stability and the authors concluded that the presence of excess water is partly
responsible for the deactivation [39]. Maris et al. also found that in the in the aqueous phase
particle growth of a Ru/SiO2 could be prevented in the presence of glucose [40]. Increasing
the reactant concentration might have a stabilizing effect by decreasing the surface
coverage of adsorbed water and increasing the coverage of the reactant and products
thereby minimizing oxidation and leaching, thus slowing down the Ostwald ripening
process. This is in agreement with our observation that the stabilizing effect of externally
added H2 pressure become less significant with increasing feed concentration (see figure 2).
In addition Sieverts et al. [41] have shown that an increased coverage of the catalyst with
organic species (substrate and/or intermediates) has a stabilizing effect. To investigate
whether the initial EG concentration influences the nickel particle growth via the formation
of liquid phase (intermediate) products we measured the concentrations of the latter (see
table S1). Increasing concentrations of ethanol (0-21 mmol/L) and methanol (0-16)
mmol/L) were observed as function of the EG feed concentration (1-50 wt%). The
concentration of glycolic acid, expected to have a negative effect on the stability, was
between 1.6-2.0 mmol/L and was not a strong function of the reactant concentration (see
supporting information section, figure S2). Therefore we speculate, in analogy with work of
Sieverts et al. [41], that coverage of the catalyst with organic species (substrate and/or
intermediates) can play an essential role in stabilizing the Ni nanoparticles, in our case by
slowing down the Ostwald ripening process.
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Table 1: Effect of reaction conditions on properties of Ni/CNF catalysts (230 °C, 6 h).
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Effects of gas atmosphere and pH on catalytic performance
The effect of reaction conditions on the catalytic performance of Ni/CNF in reforming
of EG was evaluated using a slurry batch reactor. The conversion over time was followed
by taking intermittent liquid phase samples whereas the composition of the gas phase was
measured at the end of the reaction. In addition, the H2 and CH4 productivity expressed as
turnover frequencies were measured in a continuous flow reactor.
Slurry batch experiments
Figure 5 displays the conversion profiles for the EG reforming in a slurry batch reactor.
Batch reaction time t=0 is defined as the moment the reactor reached 230 ºC, however
during the heating period of approximately 30 minutes already substantial conversion was
realized. With standard APR conditions a conversion of 80% was realized after 1 hour.
When the initial gas phase was changed to an H2 atmosphere only 48% conversion was
obtained in the first hour, indicating that the initial rate for EG conversion decreases in H2
atmosphere. The decreased activity can be explained by a negative effect of H2 on the
reaction kinetics [42, 43]. Figure 5 further shows that the rate of EG conversion is
considerably increased by the addition of KOH, as full conversion is now reached already
within 1 hour. A similar observation was made by Liu et al. who found that during APR of
glycerol the activity progressively increased up to a factor of 4 when increasing the KOH
concentration from 0 to 1.6 M. This could be related to the shift in redox potential which
predicts that Ni is less likely to be oxidized under these conditions and the Ni particles are
thus more metallic in nature under alkaline conditions. This is confirmed by H2
chemisorption measurements lacking a reduction treatment prior the measurement, which
showed a negligible H2 uptake for spent catalyst under normal APR conditions (no KOH)
but a H2 uptake comparable to pre-reduced samples was measured for the catalyst with
0.5M KOH in the feed. This shows that nickel catalyst under alkaline conditions retain

Figure 5: Conversion versus time for reforming 1wt% EG in a batch reactor (a) without and (b) with
the addition of KOH under initial (■) Ar and (●) H2 atmosphere of 6 bar. Conditions: 230 °C, 6 h,
100 ml 1% wt EG and 2.0 g Ni/CNF. The moment that the reactor reached 230 °C has been defined as
t=0.
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metallic surface sites. An additional explanation of the increased activity is that KOH can
act as a co-catalyst and the mechanism might be different at high pH, as can be inferred
from the work of Zope et al. [44] on the alkaline enhanced oxidative dehydrogenation of
glycerol. The authors showed that in alkaline media the oxidative dehydrogenation of
glycerol is facilitated over a Pt surface. They elaborate by means of DFT calculations that
the activation barrier for O-H dissociation and subsequent activation of C-H bonds is
significantly reduced in alkaline media over a Pt catalyst, resulting in enhanced reaction
rates. Finally, the addition of base results in the capture of CO2 (table 2) and thereby may
enhance kinetics if CO2 inhibits the APR over nickel.
The effect of the reaction conditions on the gas phase compositions is shown in table 2.
The main components detected were H2, CO2 and CH4 together with small amounts of CO
and higher alkanes (C2H6 and C3H8). As proposed by Dumesic [10], the APR of EG
proceeds through reforming (1) and subsequent WGS (water-gas shift) reaction (2) while
especially for Ni based catalysts methanation of CO (3) or CO2 (4) can occur as side
reactions [45]. Additionally under alkaline conditions CO2 capture takes place (5).
C2H6O2(l)→ 2CO(g) + 3H2(g)
CO(g) + H2O(l) ↔ CO2(g) + H2(g)
CO(g) + 3H2(g) → CH4(g) + H2O(l)
CO2(g) + 4H2(g) → CH4(g) + 2H2O
KOH(a) + CO2(g) → KHCO3(a)

(1)
(2)
(3)
(4)
(5)

The CO2 concentration reached up to 31% and 23% v/v for 1 and 10 wt% EG solutions
respectively (table 2 entries 1 and 3). With KOH added to the feed this was reduced to 9.7
% v/v for sub-stoichiometric amounts of KOH (KOH:EG 0.31, table 2 entry 2) while CO2
was absent for excess amounts of KOH (KOH:EG 3.1, table 2 entry 4), which demonstrates
the complete capture of CO2 in the form of (bi)carbonates. Interestingly the formation of
CH4 was also affected by the addition of KOH. In the absence of KOH high concentrations
of CH4, 19% and 38% v/v were formed for both the reactions with 1 and 10 wt% EG
resulting in low H2 selectivities (52% and 31% respectively, table 2 entries 3 and 1). In
contrast with alkaline feed solutions of 1 and 10 wt% EG much higher H2 selectivities (96%
and 94%, table 2 entries 2 and 4) were obtained. Even in the presence of an initial H2
atmosphere the CH4 concentration was still rather low (4.3% v/v, table 2 entry 5).
The increase in H2 selectivity observed in the presence of KOH corroborates previously
published results [27, 46, 47] and can be explained by several factors. Due to the CO2
capture in the form of (bi)carbonate (4) [46] the thermodynamic limitations of the WGS
reaction can be circumvented as the WGS reaction becomes irreversible [48]. This
effectively decreases the CO concentration while simultaneously eliminating the possibility
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Table 2: Gas phase composition (excluding Ar) sampled at after 6 hours. Conditions: 230 °C, 1-10
wt% EG and optionally 0.5M KOH.

Entr
y
1a
2a
3a
4a
5b

Conditions
[EG]
Base1
(wt%)
10
none
10
KOH
1
none
1
KOH
1

KOH

Composition (%)
CH4
CO

C2+

SH21
(%)

Pressure2
(bar)

H2

CO2

37
89
48
97

23
9.7
31
0

38
1.7
19
3.2

0.6
0
0
0

1.9
0.04
1.8
0

31
96
52
94

33.4
47.2
31.3
40.5

90

5.4

4.3

0

0

-

35.1

1

Hydrogen gas phase selectivity with respect to the formation of gas phase alkanes. 2Total system
pressure after 6 hours. The reaction was performed under: a inert (Ar) or b reducing (H2) gas
atmosphere.

of methanation of CO2. This is evident from the low CO2 concentration in the gas phase
(table 2). The selectivity is then controlled by the relative WGS and methanation rates. The
base can affect the rate of the individual reactions differently, i.e. an increase in H2
selectivity can be the result of either an increase in the reforming and WGS reaction rate or
a decrease in the methanation rate. Since H2O dissociation is a necessary step in WGS
mechanism Liu et al. speculated that KOH addition increases the rate of the WGS reaction
by increasing the hydroxyl concentration on the catalyst surface [46]. Also the active sites
might change, or new sites might be formed, in the presence of the base. It is well known
that the water-gas shift reaction is accelerated by basic compounds [32] and (potassium)
bicarbonate formed during the reaction is known to act as a homogeneous catalyst for the
WGS reaction even at the temperatures in this study [49]. This only explains the higher H2
production rates in the presence of the base provided that the WGS is the rate determining
step in the overall process as has been suggested based upon the increased reaction rates for
Pt and Pd catalysts by addition of a WGS promoter [50, 51]. Secondly, Ni(OH)2 species
might be formed under alkaline conditions which are also known to be a highly active
catalyst for the WGS reaction [52]. It has also been suggested that the increase in hydrogen
selectivity is the result of a suppression of CO methanation by blockage of Ni defect sites
or disruption of ensembles required for methanation. This has for instance been
demonstrated by doping Raney Ni catalyst with Sn in the APR of polyols [12, 53] and
potassium ions can play a similar role in the blockage of methanation activity of Ni
catalysts [46].
Fixed bed reactor experiments
In order to evaluate the catalyst stability with respect to H2 production and to eliminate
the negative influences of the pressure build up in the batch reactor on the reaction kinetics
we performed catalytic tests under continuous flow conditions in a fixed bed reactor. Figure
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6 shows the catalytic activity of Ni/CNF with time-on-stream expressed as the H2
production rate for the reforming of 10% EG solutions optionally containing 0.5M KOH.
The result of a benchmark 5% Pt/CNF without KOH added is included for comparison [11].
The H2 production rates for all catalysts increased in the first few hours (due to transient
phenomena in the reactor and gas-liquid separator) before reaching steady state. With
Ni/CNF a maximum H2 production of 194 μmol min-1 gcat-1 was observed after about 2
hours followed by a sharp decline between 2-8 hours, indicating that significant
deactivation occurred already during the first few hours. After this period the activity
continues to decline more slowly. The deactivation, expressed as the relative difference
between the maximum activity and the activity after 50 hours on stream, is given in table 3
and shows that the Ni/CNF catalysts lost 93% of its initial activity. The loss of active
surface area for Ni/CNF measured by H2 chemisorption after 6 hours was 91%. This shows
that the deactivation of Ni/CNF can be ascribed to the loss of surface area as a result of
particle growth.
Stable H2 productivity was observed for Pt/CNF and for Ni/CNF with KOH after
approximately 10 hours. The H2 production rate was highest, 646 μmol min-1 gcat-1, for the
Pt/CNF catalysts and was not likely controlled by mass transfer since the volumetric
productivity of our most active catalysts (439 μmol min-1 cmcat-3 for Pt/CNF with a bed
density of 0.71 g cm-3) is comparable to that of Pt/Al2O3 for which it was shown that
transport limitations were not significant [42, 53]. For the Ni/CNF an increase in activity to
455 μmol min-1 gcat-1 in H2 production was observed when KOH was present. The H2
productivity of that catalyst approached that of the benchmark Pt/CNF catalyst and,
contrary to the reaction without KOH, did not decline over time. This stability is in
agreement with the observations from TEM and XRD which showed that the Ni particles
were stable in the presence of KOH.
Figure 6: Activity with timeon-stream for Ni/CNF and
Pt/CNF in the continuous
aqueous phase reforming of
10% EG at 230 °C 29 bar and
WHSV= 3 h-1.

H2 prodution rate
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Table 3: Steady state catalytic performance in the APR of 10% EG at 230 °C, 29 bar, 10 h TOS and
WHSV=3 h-1.

Catalyst
system
Ni/CNFa
Ni/CNF
+ 0.5M KOH
Pt/CNFb
1

TOFH2
(min-1)
0.16
1.34

TOFCH4
(min-1)
0.009
0.009

Conversion
(%)
3.5
22.4

H2 sel.1
(v/v%)
90
99

5.1

0.018

27.0

99

Deactivation2
(%)
93
<2
<2
2

Hydrogen gas phase selectivity with respect to the formation of gas phase alkanes. Deactivation
expressed as the percentage of decrease in H2 production rate between the maximum and final
production rate (50 h TOS). a Catalyst underwent deactivation.bCatalyst previously reported in chapter
5 of this thesis [11].

Table 3 also lists the H2 selectivity and the activity of the Ni/CNF and Pt/CNF catalysts
for the formation of H2 and CH4 expressed as turnover frequencies (TOF). For the sake of
simplicity the number of surface metal sites of the parent catalysts has been derived from
the total H2 uptake measured by H2 chemisorption (using H/Ni=1), 361 μmol/g for Ni/CNF
and 138 μmol/g for Pt/CNF. The H2 selectivity increased from 90% to 99% with KOH in
the feed solution which is in agreement with the result for the batch wise reforming which
also showed an increase in H2 selectivity with the addition of KOH. The TOFs for CH4 at
10 h TOS were comparable (0.009 min-1) for Ni/CNF in the presence and absence of KOH
but since significant deactivation had occurred without KOH addition we conclude that the
initial rate of CH4 production is reduced in the presence of KOH. It should also be noted
that in batch mode the H2 selectivity for Ni/CNF was much lower (31% versus 90%) than
in plug flow mode. The higher H2 selectivity in the continuous reforming of EG can be
explained by lower system pressure (29 bar) under continuous operation compared to batch
wise reforming (table 2 ) where the H2 and CO2 accumulates in the reactor. Consequently,
the H2 and CO2 pressures were lower in the fixed bed reactor which resulted in a lower
methanation rate [45, 54] compared to the batch wise experiments. However, further
research is required to elucidate the effect of base addition and gas phase compositions on
the reforming, methanation and WGS reaction in more detail.

Conclusions
The hydrothermal stability and performance of Ni/CNF catalysts was investigated for
the production of H2 via aqueous phase reforming of ethylene glycol at 230 ºC. Results
from spent catalyst characterization with XRD, TEM and chemisorption showed that during
APR the Ni/CNF catalyst deactivated due to loss of Ni surface area as a result of Ni particle
growth. Our results suggest that this particle growth correlates with Ni leaching which is a
result of the acidic APR conditions. The extent of this growth could be controlled by tuning
of the reaction conditions for which the effectiveness can be summarized as follows:
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increase in pH>increase in reactant concentration>increase in H2 pressure. When using a H2
containing gas atmosphere or a high concentration of EG the particle growth was
suppressed. Modifying the pH of ethylene glycol solutions with KOH was most effective in
stabilizing the Ni nanoparticles and at pH>8 the nickel particle growth was almost
completely prevented. Under these conditions Ni oxidation and subsequent leaching was
inhibited which is crucial in order to prevent the subsequent growth of Ni particles via
Ostwald ripening. With addition of KOH also the H2 selectivity was increased and by
performing APR of EG with KOH in a fixed bed reactor a H2 selectivity of 99% was
achieved. The H2 production remained stable with KOH addition whereas the catalyst lost
93% of its initial activity during 50 hours time-on-stream without KOH.

Supporting information
Figure S1: Pressure and
temperature profiles during the
reforming of 50 wt% ethylene
glycol with Ni/CNF at 230 °C.
Samples were taken from the
liquid phase every hour using
a dip tube resulting in slight
disturbances in temperature
and pressure.

EG feed

XEG

SL

(wt%)
1
10
20
50

(%)
99
8
6
3

(%C)
0
5
12
12

Concentration of liquid phase
products (mmol/L)
GA GAH MeOH
EtOH
0
0
0
0
1.6
0.01
3.7
3.0
1.7
0.05
16
13
2.0
0.23
15
21

Table S1: Formation of
liquid phase oxygenates
in the aqueous phase
reforming of ethylene
glycol
solutions
at
varying
feed
concentrations.

EG = ethylene glycol, GA = glycolic acid, GAH = glycolic aldehyde, MeOH = methanol and EtOH =
ethanol. XEG = ethylene glycol conversion. SL= liquid phase selectivity on a carbon basis expressed as
the
total
sum
of
liquid
phase
products
(∑SL,i)
with
+¸,% =
8"AN "P -"hO·¶ % P"8Ah∗·"
 ∗ 8"AN "P ªK ·"

A¶Ah

O8A

∗100%. Reaction conditions: 230 °C, 6 hours, Pi= 6 bar H2.
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Figure S2: Formation of
glycolic acid as function of
reaction time during the
aqueous phase reforming of
ethylene glycol. Conditions: 2 g
catalyst, 100 ml of (□) 1, (▲)
10, (■) 20 and (○) 50 wt% EG
at 230 °C.
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Figure S3: pH profiles during
the reforming of ethylene
glycol with Ni/CNF (2 g) at
230 °C. (○) 10 wt% EG, (●)
1wt% EG, (■) 1 wt % EG
(KOH/EG =0.3) and (□) 10
wt%
EG
(KOH/EG=3).
Samples were taken from the
liquid phase using a dip tube
and cooled down to room
temperature
before
the
measurement.
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Chapter 6
CaO-promoted nickel catalyst for the production of
oxygenates and hydrogen from glycerol

Abstract: The production of hydrogen and oxygenates via aqueous phase processing, i.e.
reforming and hydrogenolysis, of glycerol with CNT and ZrO2 supported nickel catalysts
was improved by the addition of CaO. In the most effective case the Ca and Ni were
introduced to the support by co-impregnation. This resulted in catalysts systems where Ni
and CaO are in close proximity which almost doubled the activity for the production of H2,
in the semi-batch aqueous phase reforming of glycerol, compared to unpromoted Ni
catalysts. Also the use of physical mixtures of CaO with either Ni/CNT or Ni/ZrO2 catalyst
results in an increased activity for the production of H2, but to a lesser extent than for the
intimately promoted system. By operating in a batch reactor the produced hydrogen was
involved in the hydrogenolysis of glycerol to 1,2-propanediol, whereas hydroxyacetone was
the main liquid phase by-product when H2 was removed from the reactor by operating in
semi-batch mode. The addition of CaO resulted in a shift in selectivity from hydroxyacetone
and 1,2-propanediol towards lactic acid. The CaO-promoted Ni catalysts also showed an
increased stability, making CaO a promising additive for sustainable production of H2 and
lactic acid with supported Ni catalysts
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Introduction
Research efforts into renewable alternatives to fossil resources for the production of
energy carriers and chemicals are ever increasing. An important industrial process in this
regard is the production of biodiesel by transesterification [1, 2]. It is well known that
glycerol is available in large amounts as by-product from this process and that therefore the
valorization of glycerol is an important step in order to increase the overall sustainability
and profitability of the biodiesel production process [3]. Several possible conversion
processes for glycerol have been explored [4], such as formation of ketomalonic acid by
selective oxidation, fuels oxygenate by etherification [5, 6] or by acetylation [7], acrolein
by dehydration [8], highly branched polymers by esterification and synthesis gas by
reforming [9, 10].
Here we investigate the catalytic conversion of glycerol into hydrogen by aqueous phase
reforming (APR) [11] and the production of oxygenates via a parallel hydrogenolysis
reaction [12, 13].
C3H8O3 +3H2O →3CO2 + 7H2
C3H8O3 + H2 → C3H8O2 + H2O
C3H8O3 → C3H6O2 + H2

(1)
(2)
(3)

In these process glycerol is converted into H2 (1) and valuable oxygenated organic
compounds like 1,2-propanediol (2) and lactic acid (3) which can be used as building
blocks for e.g. fine chemicals, pharmaceuticals and polymers [13]. Supported (promoted)
platinum based catalysts have been investigated extensively for production of hydrogen via
APR and for the hydrogenolysis of glycerol to 1,2-propanediol [13-16]. However, the
development of catalysts based on more abundant and less expensive base metals is desired
[17]. Unfortunately, the design of stable catalyst for aqueous phase conversion of biorenewables is often challenging [18, 19]. We have previously shown that Ni is a viable
replacement for Pt in APR related reactions [17, 20, 21]. Both the stability and activity of
Ni catalyst were improved under alkaline conditions by addition of homogeneous bases
[20]. It is, however, well known that homogeneous bases display multiple disadvantages
such as corrosion and formation of (soluble) salts as by-products [22]. The latter requires an
additional energy intensive separation step to obtain the desired products. Heterogeneous
base catalysts are attractive alternatives since they are less corrosive, exhibit high activity
and selectivity in many reactions, are often regenerable, are easily separable from the
reaction mixture and produce less waste [22-25]. Key examples of solid base catalysts are
alkaline earth metal oxides [26-29], rare earth oxides [30], metal exchanged zeolites [3133] and hydrotalcites [34-36]. Replacement of corrosive homogenous base additive such as
KOH with less soluble alkaline additives can further improve the processes for the
production of sustainable hydrogen and chemicals using a non-noble metal catalyst.
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Calcium was identified as a promising additive based on a screening of various alkali
metal and alkaline earth metal (hydro)oxides and carbonates (see Chapter 9 of this thesis)
and the more favorable thermodynamic properties of the calcium hydr(oxide) and calcium
carbonate (see supporting information section for details, Table S1 and Figure 1). The
effect of CaO or Ca(OH)2 promotion in ARP has not yet been explored in detail, although
its use has been reported as bulk additive (i.e. physical mixtures of supported metal catalyst
and CaO) [37, 38]. It is also known that promotion of nickel catalysts with CaO has a
beneficial effect with regard to activity and stability of the catalyst in the steam reforming
of methane [39] [40] and the dry reforming of methane [41].
In this chapter the influence of CaO promotion of CNT and ZrO2 supported Ni catalyst
for the aqueous phase reforming and hydrogenolyis of glycerol is investigated. CaO
promoted catalysts are compared to unpromoted supported nickel catalysts and to physical
mixtures of CaO and supported Ni catalyst. The effect of CaO on the selectivity towards
oxygenated products and hydrogen is reported using respectively batch (hydrogenolysis
conditions) and semi-batch (APR conditions) reactor configurations. In addition the
influence of calcium oxide on the stability and activity of the catalysts is evaluated.

Experimental
Catalyst preparation
Chemicals and support materials: Calcium nitrate tetrahydrate (Sigma-Aldrich, 99%),
nickel nitrate hexahydrate (Acros Organics, puriss 99%), calcium oxide powder (Acros,
99.99%, 20 m2/g) were used as precursors. ZrO2 (Degussa) and multi walled carbon
nanotubes (Bay tubes, C-IS-HP) were used as supports. The carbon nanotubes were
functionalized before use by refluxing 36 g of the material in 500 ml concentrated HNO3
for 1.5 h. After the acid treatment the tubes were washed with demineralized water until the
washing water was neutral. The surface-oxidized carbon nanotubes (CNT) were isolated by
filtration, dried at 120 °C for 12 hours. A sieve fraction (90-150 micron) was used for
catalyst preparation.
Ca, Ni and CaO-Ni introduced to different supports by impregnation: The zirconia was
dried for 2 h at 120 °C before use. 2.5 g of ZrO2 with a pore volume of 0.6 ml/g was placed
in a 50 ml impregnation flask under vacuum for 30 minutes. In order to prepare CaONi/ZrO2 with nominal loadings of 10 wt% of both Ni and CaO, the calcium and nickel
nitrate were introduced simultaneously by vacuum incipient wetness impregnation using a
10 ml solution containing 4.44 g of Ca(NO3)2.4H2O and 5.19 g Ni(NO3)2.6H2O in water
(co-impregnation). The sample was allowed to equilibrate for 1 h, followed by drying at
120 °C for 12 h. A second impregnation step was performed with the same solution
following the same procedure to obtain the desired loading. The sample is denominated
CaO-Ni/ZrO2. For Ni/ZrO2 and CaO/ZrO2 the same procedure was followed with two
consecutive impregnations of respectively an aqueous solution containing Ca(NO3)2.4H2O
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or Ni(NO3)2.6H2O in such a manner that Ca or Ni loadings equivalent to CaO-Ni/ZrO2 were
obtained. CaO-Ni/CNT, Ni/CNT and CaO/CNT were prepared with the same loadings as
the ZrO2 samples. The carbon nanotubes have a high pore volume (1.2 ml/g) and the
desired loadings could be achieved with just one incipient wetness impregnation step.
Except from this simplification the catalysts were prepared following the same procedure as
for the ZrO2 samples. Physical mixtures Ni/ZrO2+CaO and Ni/CNT+CaO were prepared by
adding the equivalent of the amount of high surface area CaO powder (<150 μm) to the
activated Ni/CNT or Ni/ZrO2 samples.
Activation of the catalysts: Prior to catalyst testing the catalyst precursors were activated
by a calcination and reduction step. The samples (1-2 g) were first heat treated in 30 ml
min-1 N2 at 600 °C for 3 h (5 °C min-1) to decompose the nitrate precursor and form CaO. In
order to obtain metallic nickel the heat treatment was followed by reduction at 500 °C (5 °C
min-1) for 2 hours in 30 ml min-1 H2 while for the CNT supported samples the reduction
was performed at 300 °C and otherwise identical conditions.
Characterization
Temperature programmed reduction (TPR) was performed on a Micromeritics
Autochem 2920 in two ways using ±100 mg of sample. Full reduction was obtained by
heating the samples (after heat treatment at 600 °C for 3 h in N2) to 1000 °C with 10
°C/min in 30 ml/min 5% H2 in Ar. Reduction as before catalytic tests was performed by
heating the ZrO2 supported samples to 500 °C for 2 h (5 °C/min) in 30 ml/min 5% H2 in Ar.
Temperature programmed (de)soption of CO2 (TPD) was measured on a Micromeritics
Autochem 2920 using 100 mg of sample. The samples were pretreated by calcination in a
He flow (30 ml/min) at 600 °C (5 °C/min) for 1 h. The samples were cooled to 40 °C and
CO2 loaded with pulses of 10% CO2/He (loop size 0.5311 ml) until saturation. The TPD
was performed by heating to 1000 °C with 10°C/min in 30 ml/min He.
Hydrogen chemisorption was performed on a Micromeretics ASAP 2020C instrument.
Between 100-400 mg of catalyst was placed between quartz wool plugs in a quartz tube.
The catalyst was calcined and reduced in H2 (60 ml/min) at 300 °C (CNT) and 500 °C
(ZrO2) for 2 h after which the system was outgassed (<10 μbar) at that temperature for 2 h.
Subsequently the system was cooled to 150 °C and outgassed for another 0.5 h before the
measurement was started. The monolayer H2 uptake was found by extrapolating the linear
part of the isotherm (150-600 mbar) to zero pressure. Particle sizes (dp) were calculated
using the monolayer uptake assuming complete reduction and a stoichiometry of 1
hydrogen atom per metal surface atom for all samples. The nickel particle size was
calculated from the monolayer hydrogen uptake (UH2) according to:
.- =
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Where (VNi) is the total Ni volume of the sample and (ANi) is the Ni surface area
calculated from the hydrogen uptake (UH2); using an adsorption stoichiometry (Nstoich) of 1,
an average atomic cross section (SNi) of 0.0649 nm2 and Avogadro’s number (Navo).
Activated catalysts were passivated by slow exposure to air prior to being examined
with transmission electron microscopy (TEM) using an FEI Tecnai 12 equipped with
energy dispersive x-ray spectrometer (EDX) for quantitative localized chemical analysis.
The samples were placed on holy carbon or copper grid and both bright field and dark field
TEM images were recorded. Powder X-ray diffraction (XRD) of passivated samples was
measured using a D2 PHASER X-ray Diffraction Analyzer from Bruker with Co Kα
radiation (λ = 1.789 Å).
Catalytic tests
The effect of the CaO addition on the H2 production by aqueous phase reforming of
glycerol was investigated using an Autoclave Engineers 100 ml EZE seal reactor equipped
with a condenser vessel and back pressure regulator which allows operation of the reactor
in semi batch mode. The reactor vessel was filled with reduced catalysts (200 mg) 5 wt%
aqueous glycerol solutions (50 ml) and optionally CaO (20 mg) in a glove box under N2
atmosphere. After closing the reactor it was flushed with Ar and pressurized to 19 bars. The
reactor was heated to 200 °C (12 °C/min) and the stirring (magnadrive at 800 rpm) was
started while the backpressure regulator was used to maintain a pressure of 19 bar during
the reaction. N2 sweep gas was introduced into the solution using a dip tube and Ar was
introduced to the condenser vessel to facilitate the back flow of condensed water.
Glycerol hydrogenolysis was investigated in a 10 ml batch autoclave reactor without
external hydrogen addition under autogenous pressure. The reactors were filled with
reduced catalyst (100 mg), reactant solutions (5 ml of a 1% aqueous glycerol solution) and
optionally CaO (10 mg) in a glove box under N2 atmosphere. The reactors were heated (200
°C) in an oil bath and stirred with a magnetic spinner at 1000 rpm. The spent catalysts were
recovered after the reaction by filtration and characterized using XRD, TEM and H2chemisorption.
The composition of the gas phase during the APR experiments was measured online
every 30 min on a dual channel (Poraplot Q and Molsieve 5A) Intersience Compact GC
with TCD detectors using He and N2 as carrier gas. The composition of the liquid phase
was determined by sampling at the end of the reaction after the reaction mixture had cooled
down. Liquid samples were analyzed by HPLC using a refractive index detector and an
Animex Column (0.55 ml/min of 0.005 M H2SO4 at 60 °C and 35 bar). Amounts of leached
nickel and calcium were determined by atomic adsorption spectroscopy (AAS) on an
Analytik Jena ContrAA 700. The substrate conversion (Xsubstrate) was calculated as moles of
substrate reacted / moles of substrate fed x 100%. The product yields (Yproduct) were
117

Chapter 6
calculated on a carbon basis as moles of carbon in the formed product / 3 times the moles of
substrate fed to the reaction x100. The selectivity (Sproduct) was calculated as Sproduct=
Yproduct/ Xsubstrate x100%

Results
Characterization of parent and spent catalyst
We used TEM in order to evaluate the morphology and particles sizes of the Ni and Ca
phases of the parent samples and after use of the catalyst for the hydrogenolysis of glycerol
(spent catalysts). Figure 1 displays representative TEM images of parent and spent samples.
In the parent Ni/ZrO2 (figure 1a) and in the parent CaO-Ni/ZrO2 (image not shown)
samples the nickel could not be observed directly. This might indicate that the Ni particles
were highly dispersed over the ZrO2 support. Therefore EDX line scan analysis was
performed which showed that Ni was homogeneously distributed over the ZrO2 (see
supporting information figure S2). For the spent Ni/ZrO2 sample (dark field TEM, figure
1b) large Ni-clusters were observed, while in other parts of the sample the Ni content of the
ZrO2 support was very low (see supporting information figure S3). This indicates that
nickel particle growth and possibly leaching occurred during the catalytic test. For the spent
CaO-Ni/ZrO2 sample (figure 1c) no Ni clusters were observed indicating that nickel particle
growth is less extensive when calcium is present. Figure 1d shows a micrograph of the
spent physical mixture of CaO and Ni/ZrO2, also in that case Ni particle growth was less
extensive as compared to Ni/ZrO2 and comparable to that of CaO-Ni/ZrO2.
For the parent Ni/CNT (figure 1e) nickel particles with a broad particle size distribution,
5-50 nm, were observed. In CaO-Ni/CNT (figure 1f) both the calcium and the nickel could
be observed. Extended dark areas covering the CNT were found which is consistent with
the presence of CaO as thin film and as small particles < 3 nm [29]. In addition discrete Ni
particles of about ~20-30 nm were present. For the spent Ni/CNT samples large Ni particles
and Ni clusters were observed as previously reported for a similar catalyst [17]. In the spent
CaO-Ni/CNT sample (figure 1g) Ni particles in the range of 20-30 nm, comparable to the
parent sample, were observed. No large Ni clusters were found for this sample though some
CNT bodies were remarkably empty (not shown). This indicates Ni particle growth is less
significant for the CNT samples than for the ZrO2 samples. For the spent CaO-Ni/CNT
sample the well distributed CaO, observed in the parent sample, disappeared and large
CaCO3 crystals have been formed (inset, figure 1g). Also for the physical mixture of
Ni/CNT and CaO (figure 1h) an increase of the Ni particle size was observable but
appeared limited compared to Ni/CNT.
EDX was also used to determine the Ni and Ca loading in the different samples. For the
parent samples the Ca and Ni loading were ~10 wt% which is consistent with the nominal
loadings. However for the spent co-impregnated sample the Ni loading decreased
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Figure 1: Selected TEM images of parent and spent ZrO2 and CNT supported Ni catalysts optionally
promoted with CaO.
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to about 7 wt% while the Ca loading decreased to about 4 wt% after the reaction. This
indicates that part of the calcium has leached or the distribution has become
inhomogeneous (we collected only a limited number of line scans) during the catalytic
testing. For the physically mixed samples the loading of Ni was only slightly lower than for
the parent samples and minor deposition of Ca (<1%) on the support was observed.
XRD patterns of the parent catalysts and of the spent catalyst, after the hydrogenolysis
of glycerol, are shown in figure 2. For the parent CaO-Ni/ZrO2 sample no diffraction
patterns related to calcium containing phases were observed suggesting that the CaO was
either amorphous, present as very small particles or as a thin film covering the support. For
the parent CaO-Ni/CNT sample the calcium is present as Ca(OH)2. As a result of the
calcination and reduction step during catalyst preparation we would expect the Ca to be
present as CaO. The formation of Ca(OH)2 is therefore attributed to moisture from the air
before or during the ex-situ XRD measurement. The fact that hydroxide is formed rapidly is
another indication of the presence of calcium as small nanoparticles or films [29],

Figure 2: XRD profiles for A) ZrO2 supported samples B) CNT supported samples: a) CaO-Ni
parent b) Ni parent c) CaO-Ni spent d) Ni+CaO spent e) Ni spent.

Sample

Ni/ZrO2

Crystallite size (nm)
CaO-Ni/ZrO2 Ni/ZrO2 +CaO

Parent
Spent

6
>100
Ni/ CNT
16
38

9
50
CaO-Ni/CNT
16
20

Parent
Spent

120

9
44
Ni/CNT +CaO
16
18

Table 1: Nickel crystallite sizes
(nm) obtained from XRD line
broadening analysis.
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which is consistent with the morphology of the CaO observed in TEM. Both ZrO2
supported parent samples (Ni/ZrO2 and CaO-Ni/ZrO2) showed broad Ni diffractions (52
and 61 °2θ) indicating small crystallites or amorphous nickel particles. The crystallite sizes
as determined from the line broadening using the Scherrer equation of the parent as well as
the spent catalysts are summarized in table 1. For the parent ZrO2 supported samples the Ni
crystallite size was below 10 nm, while for the parent CNT samples (Ni/CNT and CaONi/CNT) the Ni crystallite size was about 16 nm. For the spent Ni/ZrO2 and Ni/CNT the
nickel diffraction peaks have clearly become much more narrow compared to the parent
sample and significantly larger nickel crystallite sizes were present in both the spent Ni
samples; >100 nm for Ni/ZrO2 and 38 nm for Ni/CNT. In spent CaO promoted samples
narrow CaCO3 reflections were observed (located at 34, 42, 46, 51, 56 and 57 °2θ)
indicating that large CaCO3 crystallites were formed which is in agreement with TEM
observations (figure 1g). Also, the narrowing of the Ni related diffraction lines for these
samples, compared to unpromoted samples, was considerably less pronounced. The Ni
crystallites were 50 nm for spent CaO-Ni/ZrO2 and 20 nm for spent CaO-Ni/CNT while for
the unpromoted samples respectively >100 nm and 38 nm Ni crystallites were observed in
the spent catalysts. This clearly shows that calcium has as positive effect in inhibiting
nickel particle growth during the reaction. These observations were in accordance with the
observation from TEM (figure 1). For both the ZrO2 and CNT based samples the presence
of calcium oxide seems to restrict nickel particle growth to a comparable degree for the coimpregnated samples and for the physically mixed samples (Ni/ZrO2+CaO and
Ni/CNT+CaO). Although the trends are the same for both supports, the absolute extent of
nickel particle growth was more pronounced for ZrO2 based catalysts compared to CNT
based catalysts.
To investigate the particle size differences in more detail H2-chemisorption was
performed on the parent samples (table 2). The chemisorption results showed that the CaONi/ZrO2 and the Ni/ZrO2 samples have similar total H2 uptake (116-120 μmol/g) which
corresponds to an average Ni particle size of 7 nm. For the CNT supported catalyst the
values were again comparable to the sample with and without calcium (57-58 μmol/g) but
lower than for the ZrO2. Thus indicating that the particle size was larger (14-15 nm) for the
CNT based samples, which is in accordance with the observation from XRD as discussed
Table 2: H2-Chemisorption results for parent catalysts and derived Ni particle sizes.

Catalyst
CaO-Ni/ZrO2
Ni/ZrO2
CaO-Ni/CNT
Ni/CNT

Ni particle
size (nm)
7
7
14
15

Total H2
uptake (μmol/g)
120.2
116.7
58.0
56.5

Irreversible H2
uptake (μmol/g)
39.7
60.0
2.0
10.0

Irreversible H2/
Total H2
0.33
0.51
0.03
0.18
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-1

-1

H2 consumption (ml*min *g )

above. Table 2 also displays the ratio between irreversible H2-uptake and total H2-uptake
for the different samples. For both series this ratio is lower for the calcium containing
samples than for the samples containing only nickel. The irreversible uptake represents the
H2 that cannot be removed by evacuation and is associated with the more strongly binding
sites. The lower value for the irreversible uptake versus total uptake of the CaO promotes
samples indicates that part of the CaO was deposited on these strongly adsorbing sites.
To investigate the reducibility of nickel oxide in the ZrO2 containing samples as
function of temperature TPR experiments were performed (figure 3). The reduction profile
is clearly influenced by the presence of calcium oxide. For Ni/ZrO2 three reduction peaks
were observed, one around 200 °C, one at 350 °C and one at 480 °C. For the CaO-Ni/ZrO2
sample the second reduction peak was much less intense while the high temperature
reduction peak shifts to 550 °C and increased in intensity as compared to the high
temperature peak for Ni/ZrO2. For the physical mixture of Ni/ZrO2 and CaO, interestingly
enough, both a peak at 480 °C and a shoulder on this peak at 550 °C were observed. As a
tentative assignment of the three peaks we ascribe the low temperature peak to large bulklike NiO present in low amounts in all samples. The two high temperature peaks are
assigned to reduction of NiO nanoparticles with respectively weak (350 °C peak) and

30

CaO-Ni/ZrO2

25

Ni/ZrO2

Ni/ZrO2 + CaO

Figure 3: TPR of ZrO2 supported
Ni catalysts with addition of CaO.
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Table 3: Reduction degree for NiO supported on ZrO2, promoted and physically mixed with CaO.

Catalyst

Ni/ZrO2
Ni/ZrO2 + CaO
Ni-CaO/ZrO2
122

1000 °C, 5 °C/min
99%
105%
103%

Reduction degree
500 °C (5 °C/min)
2 hours
104%
108%
99%
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strong (500-550 °C peak) interaction with the support [42]. Apparently the presence of
calcium oxide makes it more difficult to reduce the small nickel oxide particles (as is
evident from the increase in the peak at 600 oC) with strong support interaction. This could
be the result of the hydrophilic nature of CaO which can retain surface water. The presence
of water, a product of reduction, might retard the reduction reaction resulting in a shift of
the reduction to higher temperature as reported previously by Twigg et al. [43].
The reduction degree for the different samples was calculated after reduction up to 1000
°C (10 °C/min) and additionally for reduction conditions as prior to the catalytic tests (500
°C for 2 h with a ramp of 5 °C/min), as shown in table 3. When we calculate the reduction
degree for the profiles in figure 3 and for the reduction conditions as prior to a typical
catalytic test (500 °C, 2 hours) we see that the samples can be reduced at lower temperature
(500 °C) by increasing the reduction time (to 2 hours) at that temperature. For the CNT
supported samples the reduction degree could not be determined accurately due to the fact
that the samples were already partially reduced by the carbon from the carbon nanotubes
during the thermal treatment (600 °C in N2). Therefore the hydrogen take-up during the
TPR experiment was not representative for the reduction degree. Additionally some
methanation of the CNT occurred during the reduction treatment which further complicates
an accurate determination of the hydrogen consumption [44].
CO2-adsorption was performed to investigate the number of base sites in the CaO
promoted catalysts (table 4). Supported CaO samples without Ni (CaO/CNF and
CaO/ZrO2) were included as a reference. For the zirconia supported samples a total of 207
μmol/g catalyst was adsorbed on CaO-Ni/ZrO2 and an amount of 254 μmol/g was adsorbed
on CaO/ZrO2, which shows that the number of CaO surface groups becomes somewhat
lower in the presence of Ni. Subsequent desorption (TPD) experiments showed that a part
of the formed CaCO3 is decomposed at a higher temperature than is expected for bulk
CaCO3, which indicates a strong interaction of CaCO3 with the support (see supporting
information section, table S2 and figure S4). For the Ni-CaO/CNT and the reference
CaO/CNT sample the CO2 uptakes were comparable,
Catalyst
CaO/ZrO2
Ni-CaO/ZrO2
CaO/CNT
Ni-CaO/CNT
CaO
CNT
ZrO2

CO2 uptake
(μmol/g catalyst)
mmol/g CaO
254
2.18
207
1.92
104
0.90
112
1.06
a
38
0.38
10
115
-

Table 4: Comparison of CO2
uptake of promoted catalysts and
support
materials
(pulses
chemisorption with 10% CO2/He
at 40 °C).
a

Uptake of equivalent amount of
CaO with respect to CaO
supported catalyst (based on the
nominal 10% CaO loading).
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104 and 112 μmol/ respectively. It is noteworthy to mention that the co-impregnation of Ni
and Ca does not seem to affect the CaO dispersion on CNT in comparison to the
impregnation of Ca alone. With the ZrO2 support the co-impregnation only results in a drop
of less than 20% in number of available base sites. The CO2 uptakes for the CNT supported
samples were a factor two lower than those of the ZrO2 supported samples (104-112 vs.
207-254 μmol/g). The same trend was found in the H2 chemisorption study. This shows that
both CaO and Ni are better dispersed on the ZrO2 than on the CNT. The uptake of all
supported catalyst with CaO was significantly higher than the uptake of the equivalent
amount of unsupported high surface area CaO.
Effect of CaO promotion on H2 production
The activity and selectivity of the CNT and ZrO2 supported catalysts was investigated
for the production of hydrogen in the semi-batch aqueous phase reforming of glycerol. The
produced gases were continuously removed from the reactor using sweep gas (N2) while the
pressure was kept constant at 19 bars. The effect of CaO addition on Ni catalysts supported
on ZrO2 and CNT was evaluated by comparing the catalytic performance of coimpregnated samples, physically mixed samples (nickel catalyst + CaO additive) and
supported nickel catalysts without CaO additive. Figure 4 shows the evolution of produced
gases (H2, CO2, CO) from glycerol for the different catalysts. In all cases the H2
concentration increased during the first 2 hours. After this time the H2 productivity
decreased, which was most pronounced for the ZrO2 supported catalysts. This might
indicate a higher stability of the CNT supported catalysts compared to the ZrO2 supported
catalysts. Therefore, to compare the activity of the catalysts, the catalytic activity with
respect to H2 production is compared after 2 hours on stream at which point a pseudo
steady state was reached. Table 5 shows the activity expressed as turnover frequencies, the
number of active surface metal sites has been assumed to be equal to the number of Ni sites
measured by H2 chemisorption for the parent catalyst (table 2). The H2 production rates
(TOFs) of both Ni/CNT (0.35 min-1) and Ni/ZrO2 (0.17 min-1) were increased by the
addition of CaO. The highest activity over both supports was observed for the promoted
(i.e. co-impregnated) nickel catalysts which almost had twice the activity of the
unpromoted catalyst: 0.66 min-1 for CaO-Ni/CNT) and 0.29 min-1 for CaO-Ni /ZrO2. The
activity Ni/CNT and Ni/ZrO2 was also increased when CaO was added as a physical
mixture together with the Ni catalyst, but to a lesser extent than for the CaO promoted
samples. Thus for both the CNT and ZrO2 supported systems the activity for the production
of H2 (and CO2) follows the order CaO-Ni>Ni+CaO>Ni. The increased activity is attributed
to basic sites introduced by the addition CaO. It has been argued that the APR of alcohols
in the aqueous phase occurs as bi-functional reactions over catalysts involving both metal
and support acid–base functions [45]. CO2 adsorption experiments showed that the
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Figure 4: Effect of CaO promotion on the production of gases (○H2, □CO2, xCO) from glycerol in the semi-batch reforming of glycerol with
nickel based catalyst (conditions: 5 wt% glycerol, 200 °C and 19 bar).
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promoted samples have a higher CaO dispersion (thus a higher amount of basic sites per
unit weight of catalyst) compared to the bulk CaO in the physical mixture. According to
TPD, which shows a significant increase in reduction temperature as the result of the
presence of CaO, the CaO and Ni are in close proximity for the promoted samples.
Additionally, the decrease in strong hydrogen adsorption sited in the chemisorption
experiments suggest that also some decoration of Ni sites with CaO occurs for the CaO
promoted samples. The close proximity of the active base sites and the Ni in the coimpregnated sample explains the higher activity of the promoted sample compared to the
physically mixed sample. Since it is unlikely that the CaO particles in the physical mixture
can penetrate the pores of the CNT and ZrO2, the increase in activity of the physically
mixed sample compared to the Ni catalyst without CaO addition is explained based on the
solubility properties of the CaO in the reaction mixture. In the aqueous phase the CaO is
first transformed to the sparsely soluble hydroxide (Ks=5.5*10-6 at 25 °C) followed by a
transformation to CaCO3 (as a result of a reaction with the CO2 produced in the reforming
reaction [20]), which has a much lower solubility (Ks=4.8*10-9 at 25 °C). As a result some
Ca can be deposited on the catalyst, as was observed by EDX. Even though the solubility of
Table 5: Effect of CaO addition on the activity and selectivity of Ni catalysts for the reforming of
glycerol. Conditions: 50 ml of 5 wt% glycerol, 200 °C, 19 bar and 100 mg catalyst (Ni: glycerol ratio
0.012 mol/mol.
Gas phase products (v/v%)2
Catalyst
TOFH2 (min-1)1
system
H2
CO2
CO
Ni/CNT
0.35
74.3
19.4
6.4
Ni/CNT+CaO
0.47
70.0
27.5
2.5
CaO-Ni/CNT
0.66
70.0
27.8
2.2
Ni/ZrO2
0.17
76.9
19.8
3.3
Ni/ZrO2+CaO
0.26
70.2
27.4
2.4
CaO-Ni/ZrO2
0.29
70.0
27.7
2.3
SL (%C)3
Product selectivity(%C)3
XGLY (%)3
PDO
AC
LA
EG
EtOH
Ni/CNT
32
19
3
12
1
1
1
Ni/CNT+CaO
35
27
9
14
1
3
1
CaO-Ni/CNT
45
28
5
16
6
1
1
Ni/ZrO2
30
22
1
12
6
0
2
Ni/ZrO2+CaO
38
25
4
12
8
1
0
CaO-Ni/ZrO2
41
29
4
15
8
1
1
PDO = 1,2-propanediol. AC = Acetol, LA = lactic acid, EG = ethylene glycol, EtOH = ethanol.
1
Pseudo steady state activity and (2) normalized gas composition (i.e. excluding N2) measured after 2h
time-on-stream. 3Glycerol conversion and liquid phase product selectivity expressed on a carbon basis
(after 6 hours).
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these Ca compounds is rather low they can also act as homogeneous base. We have
previously shown that a homogeneous base significantly enhances the production of H2
from ethylene glycol [20], although in that case the base concentration was much higher.
The addition of CaO only has a minor effect on the gas phase compositions (figure 4
and table 5). Besides the formation of H2 and CO2 relatively high concentrations of CO are
observed in all runs. The CO concentrations in this study are higher than normally reported
for APR of polyols which show that low (ppm) levels of CO, close to equilibrium
concentrations (with respect to H2 and CO2), can be achieved [46]. The higher
concentration of CO found in our work is most likely a direct result of the use of N2 sweep
gas which strips the H2 and CO from the solution during formation. Since the pressure is
kept constant the induction of inert gas decreases the partial pressures of CO thereby
reducing the rate of the water-gas-reaction and shifts the equilibrium position towards
higher CO concentrations. This can also explain the absence of methane which may be
formed by the hydrogenation of CO or CO2. The opposite effect, i.e. adding excess
hydrogen externally, was shown by Roy et al. to promote the conversion of CO and CO2
during aqueous phase glycerol processing [47]. The concentration of CO in the gas phase
was highest in the absence of CaO (6% for Ni/CNT and 3% for Ni/ZrO2) suggesting that
the water-gas-shift reaction could be promoted by calcium carbonate or basic sites.
Table 5 further shows the conversion levels after 6 hours reaction time and the
selectivity towards liquid phase oxygenated products. The introduction of CaO increases
both the glycerol conversion and the selectivity towards liquid phase oxygenates. The
highest conversion (45%) was achieved with the CaO-Ni/CNT catalyst and the conversion
levels follow the H2-production rate although with all catalyst systems the formation of H2
and CO2 is accompanied by formation of liquid phase oxygenated products. Beside C3
oxygenates (1,2-propanediol, lactic acid and hydroxyacetone) also rather low (10:1)
amounts of C2 (ethanol and ethylene glycol) decomposition products were formed.
Hydroxyacetone was the main product irrespective of the support type or presence of CaO.
These products are the result of dehydration and (de)hydrogenation reactions as will be
discussed in more detail below (in the reaction routes section).
Effect of CaO promotion on glycerol hydrogenolysis
Hydrogenolysis of 1 wt% glycerol solutions was performed in a batch autoclave at 200
ºC without external H2 addition under autogeneous pressure. The effect of CaO addition to
Ni catalysts supported on ZrO2 and CNT was evaluated by comparing the catalytic
performance of co-impregnated samples, physically mixed samples (nickel catalyst + CaO
additive) and supported nickel catalysts without CaO additive, see table 6. The activities of
the catalysts expressed as percentage glycerol converted and the selectivity towards the
most prominent oxygenates (lactic acid, 1,2-propanediol, ethylene glycol and ethanol) are
displayed for the two series of catalysts.
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For both the CNT and ZrO2 supported nickel catalysts the activity is improved by the
addition of CaO as the conversion increases in the order CaO-Ni≥Ni+CaO>Ni. For the
ZrO2 supported catalyst nearly full conversion was reached with both the CaO promoted
catalyst CaO-Ni/ZrO2 and the physical mixture of Ni/ZrO2 + CaO whereas without CaO
addition (Ni/ZrO2) the conversion was much lower (X=68%). For the CNT system the coimpregnated sample was slightly more active than the physical mixture of Ni/CNT+CaO
(84% and 76% conversion respectively). Reference reactions with bulk CaO and supported
CaO only showed relatively low conversion (X≤13%) compared to the nickel containing
catalysts, with lactic acid as the main product, while without catalyst no glycerol was
converted.
The main hydrogenolysis products from glycerol were 1,2-propanediol, lactic acid,
ethylene glycol and ethanol while hydroxyacetone, which was the main liquid phase
product during APR, was not present in significant amounts. Both the support type (CNT
versus ZrO2) and the addition of CaO were found to affect the product distribution. With
the nickel catalyst 1,2-propanediol was the main product both with CNT (S=20%) and ZrO2
(S=35%) as support. However, with CNT as support the hydrogenolysis of glycerol to
ethylene glycol (S=16%) was a secondary route whereas with Ni/ZrO2 the formation of
lactic acid (S=15%) was prominent. With the introduction of CaO, as promoter or
physically mixed, the selectivity of lactic acid was increased with both supports while the
selective towards 1,2-propanediol decreases. The addition of CaO to the Ni catalyst thus
resulted in an increase in activity and a shift in the selectivity from 1,2-propanediol towards
lactic acid for both supports. Marris [48] showed that addition of CaO catalyzes the
formation of lactic acid from glycerol via base catalyzed disproportionation reaction with
Table 6: Effect of CaO addition on the activity and selectivity of Ni catalysts for the hydrogenolysis
of glycerol. Conditions: 1 wt% glycerol, 4 hours, 200 °C, autogeneous pressure and 100 mg catalyst.

Catalyst
system
CaO-Ni/ZrO2
Ni/ZrO2+CaO
Ni/ZrO2
CaO/ZrO2
CaO-Ni/CNT
Ni/CNT+CaO
Ni/CNT
CaO/CNT
CaO

XGLY
(%)

SL(%)

98
96
68
13
84
76
52
10
2

64
61
68
89
66
62
53
91
102

12PDO
20
20
35
9
26
21
20
6
26

Product selectivity (%)
LA
EG
24
21
15
72
22
17
<1
86
49

5
4
2
4
9
14
16
0
15

12PDO = 1,2-propanediol. LA = lactic acid, EG = ethylene glycol, EtOH = ethanol.
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EtOH
15
17
16
3
9
10
0
0
11
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Rh/C catalysts. With Ni/ZrO2 (without CaO) lactic acid was also formed (S=15%), which
can be attributed to the basic sites of the support (see table 4) whereas with Ni/CNT,
lacking basic sites, the formation of lactic acid was minimal (S<1%).
Reaction routes
Based on the difference in product distribution with different supports and with CaO
addition a reaction scheme is proposed that incorporates the formation of gaseous and
liquid phase products during APR and hydrogenolyis of glycerol (scheme 1). According to
Dumesic et al. APR of glycerol proceeds through cleavage of C-H and C–C bonds leading
to the formation of (adsorbed) CO and H2, followed by the reaction of CO with water to
form CO2 and H2 via the water-gas shift (WGS) reaction [49]. The hydrogenolysis of
glycerol to 1,2-propanediol can proceed via two pathways (scheme 1, box 1) [50] either via
a dehydration to hydroxyacetone as intermediate (1) [13, 51, 52] or via a dehydrogenation
to glyceraldehyde (2) [48, 53] which can then be dehydrated to pyruvaldehyde (2-oxopropanal). The hydrogenation of pyruvaldehyde and hydroxyacetone subsequently yields
1,2-propanediol. Both pathways could contribute to the observed product formation.
Reaction products resulting from glycerol dehydration and dehydrogenation are also
frequently reported as by-products in the APR of glycerol. Wawretz et al. [45] confirmed
the possibility of both pathways (dehydration (1) or dehydrogenation (2)) during the APR
of glycerol and suggest that subsequent formation of CO and CO2 results from
decarboxylation and decarbonylation reactions of the reaction intermediates rather than via
a separate pathway.
Also in this study the same liquid phase products, with the exception of
hydroxyacetone, were formed during the hydrogenolysis (albeit without external H2
addition) and APR of glycerol. The presence of hydroxyacetone during glycerol APR as the
main product in the liquid phase suggests that route (1) occurs in our case. The absence of
hydroxyacetone during glycerol hydrogenolyis and the appearance of 1,2-propanediol as
major product shows that even without external hydrogen addition the atmosphere becomes
sufficiently rich in hydrogen to hydrogenate the hydroxyacetone to 1,2-propanediol (box 2).
We note that during our APR experiments, which have a very hydrogen lean atmosphere as
a result of the use of inert sweep gas, the hydroxyacetone is only partly converted to 1,2propanediol (with ratio hydroxyacetone to 1,2-propanediol ratios of 4 and 12 for Ni/CNT
and Ni/ZrO2 respectively). The hydrogen required for this step might be formed by the
decomposition of hydroxyacetone (3) to CO2/CO but in that case also methane formation
would be expected which was not observed. It stands to reason that the H2 is formed instead
via route (1) [48, 53]. Glyceraldehyde can then be further dehydrogenated and this
intermediate (C3H4O3) can undergo disproportionation followed by decarboxylation
(equivalent to scheme 1 box 3) or yield CO via C-C cleavage which, according to
microkinetic analysis, most likely takes place only after abstraction of an intermediate
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number of H atoms [54]. The removal of H2 from the reactor thus promotes the reforming
via the dehydrogenation pathway while built-up of H2 promotes the formation of 1,2propanediol via hydrogenation of the hydroxyacetone intermediate and the formation of
ethylene glycol (box 3). As a result the selectivity towards liquid phase products is also
substantially lower in the APR of glycerol in semi-batch conversion compared to glycerol
hydrogenolysis in batch operation (e.g. SL=68% versus SL=22% for Ni/ZrO2). When the
CaO is introduced a competing pathway toward lactic acid becomes possible. This can
result in the formation of calcium lactate which, in addition to the carbonate formation due
to the produced CO2, results in the neutralization of the base. Maris et al. [48] studied the
reaction route for the hydrogenolysis of glycerol using externally added hydrogen in the
presence and absence of CaO and proposed that lactic acid formation is the results of
glyceraldehyde dehydration towards pyruvaldehyde which is then transformed to lactic acid
via a base catalyzed internal disproportionation. This pathway seems also likely in the
absence of externally added hydrogen [55-57] as has been reported for Ni/CNF catalysts
[21]. This explains that lactic acid is formed with the Ni/ZrO2, which has basic sites, but
hardly any with the Ni/CNT and that lactic acid formation becomes more prominent when
CaO is introduced to Ni/ZrO2 or Ni/CNT as a promoter or physically mixture. Reference
reactions showed that without catalyst no glycerol was converted but CaO/CNT, CaO/ZrO2
and CaO showed that there also exists a minor base catalyzed pathway (not shown in

Scheme 1: Proposed reaction network for the hydrogenolysis and APR of glycerol.
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scheme 1) in the absence of the Ni over the supported calcium catalysts. In this case the
activity follows the trend as the amount of basic site measured by CO2 adsorption
CaO/ZrO2>CaO/CNT>CaO.
Recycling and catalyst stability
During the APR of glycerol decreasing H2 productivities were measured as a function of
time which indicates the deactivation of the catalysts. However, the transient nature of the
semi-batch experiments makes it difficult to decouple the effect of deactivation and kinetics
on the H2 productivity. Since the characterization of the spent catalyst indeed revealed an
increase in particle size of the active phases recycling experiments were performed in order
to investigate the stability of the most active ZrO2 and CNT base catalysts, i.e. CaONi/CNT and CaO-Ni/ZrO2. The CaO-Ni/CNT and CaO-Ni/ZrO2 catalysts were used in the
hydrogenolysis of glycerol for a total of three runs (figure 5). Because we showed that CaO
is converted to CaCO3 during the reaction and the catalysts are exposed to ambient
atmosphere on recovery by filtration they were reactivated by calcination and reduction
treatments prior to each run. Some loss in activity was observed for the CaO-Ni/CNT
catalyst between each run as the conversion decreases (78%-70%- 65%). No significant
change in the liquid phase products was observed. For the CaO-Ni/ZrO2 catalyst the loss of
activity was more severe, less than half the conversion of the first run was attained in the
third run. This is comparable to the observed decrease in activity for the production of H2
and CO2 with the CaO-Ni/ZrO2 catalyst.
In table 7 we report the Ni crystallite size measured after each run. The nickel crystallite
size increased after each run for both the CaO-Ni/CNT and the CaO-Ni/ZrO2 catalyst.
100

a) CaO-Ni/ZrO2
Glycerol conversion

80

Liquid phase selectivity (%C)

60
40
20
0

Glycerol conversion (%)
/LIquid phase carbon selectivity (%)

Glycerol conversion (%)
/LIquid phase carbon selectivity (%)

100

b) CaO-Ni/CNT
Glycerol conversion

80

Liquid phase selectivity (%C)

60
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run2

run3

run1
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run3

Figure 5: Stability of (a) CaO-Ni/ZrO2 and (b) CaO-Ni/CNT prepared by co-impregnation over
multiple hydrogenolysis runs with catalyst regeneration between the runs. Conditions: 1 wt%
glycerol, 2 hours, 200 °C, autogeneous pressure and 100 mg catalyst. Error bars correspond to one
standard deviation.
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CaO-Ni/CNT
CaO-Ni/ZrO2

Parent
16
9

Catalyst
CaO-Ni/CNT

Run 1
14

Run 1
18
35
Ca(%)1
Run 2
17

Spent
Run 2
22
40

Run 3
16

Run 3
27
45

Table 7: Parent and
crystallite sizes over
repeated catalytic tests.

Ni (%)1
Run 1 Run 2 Run 3
0.2
0.2
0.2

spent
three

Table 8: Leaching
of Ni and Ca from
CaO-Ni/CNT.

1

Leaching expressed as percentage of the total amount of Ca and Ni present in the parent catalyst.

We therefore conclude that loss of nickel surface area due to an increase in particle size is
the main cause for the loss in activity. The more detailed previous analysis with TEM
confirms this loss of Ni dispersion for this catalyst. The leaching of Ni is only a minor
contribution to the deactivation as only 0.2% of Ni is leached into the solution for CaONi/CNT (table 8). Since the presence of CaO increased the activity of the supported Ni
catalyst the leaching of calcium might play a role as well. After each run the amount of
CaO in CaO-Ni/CNT was decreased (14%-17%) as a result of leaching, this will also
negatively affect the catalytic activity.
The nickel particle growth can occur through particle migration and coalesces or
through Oswald ripening (via surface species or through the solution). The CaO or CaCO3
particles (formed in-situ) present on the support surface of the calcium promoted catalysts
might act as a barrier and hinder the migration of nickel particles or diffusion of nickel
surface species. However, the addition of CaO as a physically mixture was found to be
equally effective in slowing down the particle growth. It is therefore more likely that CaO
addition can suppress Oswald ripening which occurs via leached nickel species through the
solution, i.e. by suppressing the solubility of Ni species. We have previously demonstrated
that at addition of homogeneous base can effectively stabilize nickel particle during APR
by suppression of nickel leaching and subsequent particle growth in aqueous solution [20].
However, the amount of base used in this study was much lower (0.036 M CaO versus 0.5
M KOH) which can explain that nickel particle growth is still more pronounced compared
to the use of stoichiometric amounts of homogeneous base additives in the previous study
[20].
The Ni/ZrO2 catalyst is found to deactivate more rapidly that the Ni/CNT catalyst. The
higher stability of the CaO-Ni/CNT compared to CaO-Ni/ZrO2 might be tentatively
explained by the difference in initial dispersion of the parent catalysts which is much lower
for the CaO-Ni/CNT catalyst (table 1&2). This finding is in line with recent studies on
nickel catalysts for methanation [58] and APR of ethylene glycol (see chapter 8 of this
thesis) showing that smaller particles lead to much more extensive Ostwald ripening,
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thereby deactivating more rapidly and extensively than catalysts with initially larger
particles.

Conclusions
The activity of nickel catalysts supported on CNT and ZrO2 for the production of
hydrogen and oxygenates from glycerol over Ni/CNT and Ni/ZrO2 catalyst was
significantly increased by the addition of CaO. We show that promotion of Ni/CNT and
Ni/ZrO2 catalyst with Ca prepared by co-impregnation results in more highly dispersed
CaO in close proximity to Ni. This increased the catalytic activity compared to a physical
mixture of CaO with the Ni catalyst for the production of hydrogen, lactic acid and 1,2propanediol. Analysis of the spent catalyst further showed that CaO has a beneficial effect
on the catalyst stability both when the CaO is physically mixed with the nickel catalysts and
when the CaO is introduced to the catalyst by co-impregnation. Recycle experiments
showed that the CaO-Ni/CNT was more stable than the CaO-Ni/ZrO2 catalyst. TEM and
XRD analysis of catalyst showed that growth of Ni particles was inhibited in the presence
of the CaO promoter.
The increased activity and stability make CaO a promising alternative to the use of
homogeneous bases in previous reports [20, 59]. However the formation of CO2 and lactic
acid result in neutralization of the CaO and regeneration of the catalysts was required.
Thus, in practice stoichiometric amount of base are required and therefore the use of
physical mixtures might be preferred.

Supporting information
Properties of base additive
It has been shown previously (chapter 5 of this thesis) that addition of potassium
hydroxide during the aqueous phase reforming of ethylene glycol over a Ni/CNF catalyst
resulted in stable catalytic activity, while reforming without KOH resulted in rapid catalyst
deactivation. This could be attributed to the increased stability of the supported nickel
nanoparticles with respect to oxidation and leaching under alkaline conditions [20].
However, less corrosive base additives could be more practical, also regarding cost and
regeneration. Because during APR the base additive reacts with the CO2 produced in the
reforming process, the properties of the resulting (bi)carbonate should be considered as
well. Alkaline earth metal (hydroxides) might serve as a suitable replacement because of
their lower solubility (see table S1) and could thus serve as heterogeneous bases. Of the
alkaline earth metal oxides CaO and MgO are obvious choices for application as base
promoter based on the solubility properties (table S2), i.e. low solubility for both the
corresponding hydroxides and carbonates, which will facilitate the recovery and
regeneration. Both MgO and CaO can be regenerated by heating the corresponding

133

Chapter 6
carbonates (figure S1) whereas the decomposition temperature of Sr and Ba carbonates
exceed 1000 °C.
Element
Mg
Ca
Sr
Ba

Hydroxide
1.8 x 10-11
5.5 x 10-6
6.4 x 10-3
5 x 10-3

Carbonate
3.5 x 10-8
3.8 x 10-9
1.1 x 10-10
5.1 x 10-9

Table S1: Solubility constant (at 25 °C)1 for
alkaline earth metal hydroxides and carbonates
[60].

Figure S1: Calculated equilibrium compositions (HSC chemistry) at 1 bar as function of temperature
for the formation-decomposition of carbonate from MgO and CaO in the presence of H2O.
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TEM images

Figure S2: TEM and EDX for parent CaO-Ni/ZrO2 (top) and Ni/ZrO2 (bottom) showing the EDX
line scan location (thick lines). In the parent catalysts the Ni, Zr and Ca (if present) are well
distributed over the supported which is evident from the related intensities of these elements.
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Figure S4: TEM and EDX for spent CaO-Ni/ZrO2 (top) and Ni/ZrO2 (bottom). For these spent
catalysts large cluster are observed in by circles (~300 and 500 nm diameter). EDX showed these
clusters consist of Ni while other parts of the sample almost contained no Ni at all as indicated by the
EXD line scans (thick lines). Also for the spent CaO-Ni/ZrO2 catalyst the Ni and Ca loadings are
reduced with respect to the parent material.
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Temperature programmed desorption
The amount of CO2 and the release pattern versus time-temperature are comparable for
the two materials as displayed in figure S4 and table S2 for all three runs. The number of
base sites in the two parent ZrO2 samples is in the same order, 207 versus 254 μmol/g. This
suggests that there is a comparable amount of CaO surface for the two catalysts. From
figure S2 it is clear that the amount of CO2 adsorbed in the first cycle (207-254 μmol/g) is
higher than the desorbed amount (54-66 μmol/g). As expected this is reflected in a lower
uptake in the second cycle (141-191 ml/g). Additional experiments showed that more CO2
could be desorbed if the samples were heated to 1000 °C for longer times. This is however
not a viable regeneration method before catalytic test since these high temperatures cause
sintering of the nickel particles as well as phase transformation of the zirconia. The fact that
part of the CaCO3 is firstly decomposed at higher temperature than expected form
equilibrium calculations (600 °C, figure S4) indicates strong calcium-support interactions.
However, it is evident that a significant part of the CO2 is released regenerating CaO by
heat treatment even at 600 °C. For CaO/CNT and Ni-CaO/CNT the uptake in the first pulse
chemisorption is comparable, 104 and 112 μmol/g. Desorption for these samples was
overshadowed by release of CO and CO2 from the carbon nanotubes and was therefore not
considered further.
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Figure S5: Temperature programmed desorption of CO2 for CaO-Ni and Ca supported on ZrO2.
Table S2: Summary of CO2 uptake (from pulse) and desorption in μmol CO2/g material.

Catalyst
CaO/ZrO2
Ni-CaO/ZrO2
CaO/CNT
Ni-CaO/CNT

Ads 1
254
207
104
112

Des 1
66
54

Ads 2
191
141

Des 2
62
50

Ads 3
170
149
-

Des 3
62
54
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Chapter 7
Catalytic hydrothermal transformations of polyols to
organic acids and hydrogen in aqueous alkaline
media

Abstract: In this chapter we show that carbon nanofiber supported copper and nickel
nanoparticles can selectively transform ethylene glycol and glycerol into value added
oxygenates (alcohols and carboxylates) under anaerobic aqueous conditions. During
aqueous phase oxidation Cu based catalysts showed a nearly quantitative yield (96%
selectivity at 82% conversion) of glycolic acid from ethylene glycol. The reaction was
carried out under alkaline conditions at relatively mild temperatures (150-180 ºC) and
produced H2 as co-product. The high selectivity towards glycolic acid was independent of
the temperature. For glycerol oxidation a high selectivity (67% at full conversion) towards
lactic acid was observed using Cu with competitive formation of glyceric acid, 1,2propanediol, tartronic acid and formation of H2 as co-product. The activity of Ni was
comparable to that of Cu but it was less selective for the formation of desired oxygenates,
glycolic acid (31%) and lactic acid (24%), due to the formation of formic acid.
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Introduction
Plant derived biomass can serve as a primary source for the synthesis of renewable
chemicals and fuels. Cellulose is of special interest in this regard as it is one of the major
components in biomass and does not compete directly with food production. It has been
shown that cellulose can be directly converted into smaller polyols like glycerol (1) and
ethylene glycol (2) [1-3] which can serve as renewable building blocks for the finechemical industry. In addition glycerol is widely available as a by-product from biodiesel
production (see scheme 1). Known strategies for the valorisation of these polyols are
outlined in scheme 1 and include oxidation, hydrogenolysis of a C-O bond [4, 5] and
aqueous phase reforming [6].
The aerobic oxidation (scheme 2) of small polyols can be accomplished via chemical
and biochemical routes. For instance, glycolic acid (2-hydroxyethanoic acid) (3) can be
produced by aerobic fermentation of ethylene glycol with high selectivity [7, 8]. Value
added glycerol derivatives like glyceric acid (2,3-dihydroxypropanoic acid) (4) [9] and
lactic acid (5) [10, 11] can be produced via a variety of microbial processes [12]. These
chemicals are valuable products for the pharmaceutical, cosmetic and polymer industry
[13]. Since these biochemical processes suffer from low space-time-yields alternative
chemical processes using heterogeneous catalysts have also been explored. The liquid
phase catalytic oxidation of glycerol with heterogeneous Au and Pd catalysts yields

Scheme 1: Roadmap summarizing different strategies for the valorization of glycerol and ethylene
glycol obtained from cellulose or biodiesel production via aqueous phase processes; (an)aerobic
oxidation, hydrogenolysis and aqueous phase reforming.
Scheme 2: Products
obtained by the catalytic
transformation
of
glycerol and ethylene
glycol via chemical or
biochemical
aerobic
oxidation.
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dihydroxy acetone (6) plus a variety of organic acids, most notably glyceric acid (4) [14,
15]. High yields (85%) of lactic acid (5) have also been reported with an Au-Pt/TiO2
catalyst [16]. A chemical route is also known for the selective production of glycolic acid
(3) by catalytic oxidation of ethylene glycol using Cu [17] or precious metal (Au Pd, and
Au–Pd bimetallic) catalysts [18] and with Au and Pd supported on carbon [13, 19]. These
processes are conducted at low temperatures (40-90 ºC) using molecular oxygen and
typically require alkaline conditions to in order to achieve appreciable activity.
Next to oxidation the hydrogenolysis of polyols is another route for the production of
value added chemicals (scheme 3). This process requires the addition of hydrogen at high
pressures (20-50 bar) at 180-220 °C. For instance the production of 1,2-propanediol (7)
from glycerol has been investigated extensively with noble and base metal catalyst [3, 4,
20-24]. However d’Hondt et al. were, to the best of our knowledge, the first to report that
hydrogenolysis also proceeds without external H2 addition in inert atmosphere. In that case
aqueous phase reforming [6] of a part of the glycerol feed to H2 and CO2 yields the required
hydrogen in-situ [25], which has since then been corroborated by others [26-28]. Glycerol
hydrogenolyis has been studied under acidic [29] and alkaline [21] conditions and, besides
the type of catalysts, also pH and gas phase composition were shown to affect selectivity
[30, 31]. Higher 1,2-propanediol (7) and ethylene glycol selectivities were obtained under a
H2 atmosphere while more gaseous hydrocarbons were formed under inert atmosphere.
Scheme
3:
Possible
products obtained via the
hydrogenolysis
of
glycerol.

Scheme 4: Possible products obtained via hydrothermal anaerobic oxidation of glycerol and ethylene
glycol (carboxylates shown as free acids).
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Interestingly also lactic acid (5) was observed as a by-product in the hydrogenolysis of
glycerol without external hydrogen addition [26]. Several studies showed that the presence
of base significantly enhanced the reaction rate but shifted the selectivity from 1,2propanediol (7) to lactic acid (as lactate) (5) as major product, both with a hydrogen
atmosphere [21] or under inert atmosphere (i.e. no external hydrogen addition) [31, 32].
The synthesis of lactic acid without external oxygen or hydrogen using metal catalysts is an
interesting alternative to the aerobic chemical routes and to the biochemical route for
application where enantio pure lactic acid (5) is not required, e.g. when lactic acid is
converted further into propionic acid or acrylic acid. In most cases noble metals (Pt and Ru
[21] or Ir and Rh [30, 31] were investigated. Obviously the use of non-noble metal catalyst
would be advantageous. Recently Roy et al. [33] showed that copper catalysts are active
and selective for the production of lactic acid (5) from glycerol in alkaline aqueous
solutions and reported high selectivities at relatively low temperatures (200-240 ºC).
Unfortunately only bulk copper catalysts were stable and supported Cu/SiO2 and
CuO/Al2O3 deactivated due to support degradation in the alkaline reaction medium.
In this chapter we investigate both ethylene glycol and glycerol transformations
(scheme 4) using copper and nickel nanoparticles supported on carbon nanofibers (CNF) as
catalysts. The main advantage of the CNF support is its inertness under the basic conditions
applied [34-36]. Pathways for the conversion of ethylene glycol and glycerol over Ni and
Cu catalysts will be discussed.

Experimental procedures
Catalyst preparation
Carbon nanofibers were prepared via a procedure explained elsewhere [35, 37]. The
catalysts were prepared by vacuum incipient wetness impregnation of surface oxidized
carbon nanofibers (CNF) with aqueous solutions of Ni(NO3).6H2O (Acros 99%) or
Cu(NO3).3H2O (Acros 99.5%) to obtain metal loadings of 10 wt%. The impregnated
samples were dried at 120 °C for 16 hours in static air. The dried samples were then
reduced in a 150 ml/min flow of 30% v/v H2/N2 at 300 °C during 2 hours. Part of the
reduced sample (Cu/CNF, Ni/CNF) was removed from the reactor in a glove box under
nitrogen atmosphere and stored before further use. Prior to characterization part of the
sample was slowly passivated by diffusion of air into the reactor through a 26 cm long tube
with a 3 mm inner diameter (Cu/CNFp, Ni/CNFp). Part of the passivated sample was then
calcined in static air at 250 °C for 2 hours to obtain the CuO/CNF and NiO/CNF catalyst.
Catalyst characterization
X-ray powder diffraction (XRD) was carried out using a Bruker-AXS D2 Phaser
powder X-ray diffractometer with Co Kα radiation (λ = 1.79026 Ǻ), between 2θ 20 – 80°.
The experimental data was fitted with a pseudo-Voight function using a linear combination
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of the support (CNF) and metal contributions and a correction for instrumental broadening.
Crystallite sizes were estimated from the Scherrer equation using a shape factor of 0.89.
Hydrogen chemisorption was performed on a Micromeretics ASAP 2020C instrument.
The catalysts were reduced in H2 (60 ml/min) at 300 °C for 2 h after which the system was
outgassed (<1 Pa) at that temperature for 2 h. Subsequently the system was cooled to 150
°C and outgassed for another 0.5 h before the measurement was started. The monolayer H2
uptake was found by extrapolating the linear part of the isotherm (150-600 mbar) to zero
pressure. The monolayer uptake was calculated assuming a stoichiometry Ni:H of 1.
Transmission Electron Microscopy (TEM) analysis was carried out on an FEI
Technai20F operated at 200 KeV. The samples were ground to a fine powder in a mortar
and a small amount of powder was supported onto a thin carbon film on a copper grid.
Catalyst testing
Catalytic performance was evaluated using 10 ml batch autoclave reactors. The reactors
were loaded in a glove box with reduced catalyst (10-100 mg), base additive (0-0.65 M
KOH) and substrate (0.1-10 wt%), typically a KOH/substrate molar ratio of 2 and a total
liquid volume of 5 ml was used. The reactors were placed in a preheated oil bath (150-180
ºC) set at the desired temperature with an observed fluctuation of about ±2 ºC and a heating
time of 5-10 minutes The reaction mixture was stirred using a magnetic spinner (1000 rpm)
and the reactors were removed from the oil bath after the desired time (0.5-15 h) and
subsequently quenched and depressurized. The reaction mixture was diluted 10x with water
and adjusted to pH 2-3 by addition of diluted H2SO4.
The composition of the liquid phase was analyzed by HPLC using a refractive index
detector and an Animex Column (0.55 ml/min of 0.005 M H2SO4 at 60 °C and 35 bar). The
substrate conversion (Xsubstrate) was calculated as moles of substrate reacted / moles of
substrate fed x 100%. The product yields (Yproduct) were calculated on a carbon basis as
moles of carbon in the formed product / n times the moles of substrate fed to the reactor
x100%, with n=2 for ethylene glycol and n=3 for glycerol. The selectivity (Sproduct) was
calculated as Sproduct= Yproduct/ Xsubstrate x100%.
The gas phase composition was investigated by preforming the reaction in an Autoclave
Engineers 100 ml batch EZE seal batch reactor. The reactor vessel was filled with 0.5 g
catalyst (Ni/CNF or Cu/CNF) and 50 ml 1 wt% aqueous solution of ethylene glycol or
glycerol. The reactor was pressurized to 5 bars with N2 and heated (10 °C/min) to 150 °C
and the reaction was continued for 4 hours before cooling down to room temperature. An
increase in pressure was observed. To analyze the gas phase the reactor was depressurized
via a back pressure regulator (BPR) and the gas composition was measured using an online
GC (dual channel Intersience CompactGC with Poraplot Q and Molsieve 5A columns,
equipped with TCD detectors using He and N2 as carrier gas).
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Turn-over-frequencies (TOFs) were calculated based on the moles of glycerol converted
per hour and normalized by the number of metal surface sites of the parent catalyst as
measured by H2 chemisorption (Ni) or calculated based on the average crystallites size
observed from XRD (Cu).

Results and discussion
Effect of base promoters
The effect of the concentration and nature of the base on the conversion of ethylene
glycol and on the product formation was investigated first. Table 1 shows the conversion of
ethylene glycol and the corresponding product yields after 2 hours. Without base addition
(entries 1-2), at neutral pH, almost no ethylene glycol was converted (<1%) over the
Ni/CNF or Cu/CNF catalyst. We also performed blank experiments with base but without
metal catalyst (entry 3-4). At a KOH: ethylene glycol ratio of 2 no activity was observed
(conversion <1%). This is not surprising since the non-catalytic hydrothermal process (i.e.
without metal catalyst) is known to occur only at significantly higher temperatures (e.g. 300
ºC) [38-40]. The CNF support did show some activity (conversion 5%) but no products
were detected in significant quantity. Therefore we concluded that the observed conversion
is due to the formation of undetectable condensation products or the result of adsorption of
reactant on the support. For the pre-reduced Cu/CNF catalyst different base to ethylene
glycol ratios were explored (table 1, entry 5-8). The activity increased with increasing base
concentration up to a ratio of 2 mole KOH per mole ethylene glycol. The highest achieved
conversion under the applied conditions was 20%.
Table 1: Effect of the substrate base ratio on the product yield and conversion of ethylene glycol.

Entry

Catalyst

Base

1
2
3
4
5
6
7
8
9
10
11

Cu/CNF
Ni/CNF
None
CNF
Cu/CNF
Cu/CNF
Cu/CNF
Cu/CNF
Cu/CNF
Cu/CNF
Ni/CNF

None
None
KOH
KOH
KOH
KOH
KOH
KOH
NaOH
Ca(OH)2
KOH

Base /EG
(mol/mol)
0
0
2
2
1.1
1.5
2
3
2
2
2

Conversion (%)
<1
2
<1
5
14
18
20
16
17
8
49

GOA yield
(%C)
<1
<1
<1
<1
12
17
20
14
16
7
29

Reaction conditions: 1 wt% EG, 150 ºC, 100 mg pre-reduced catalyst (Cu/CNF or Ni/CNF), reaction
time 2 hours; EG = ethylene glycol, GOA = glycolic acid.
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Glycolic acid and trace amounts of glycolaldehyde (2-hydroxyacetaldehyde) and oxalic
acid (ethanedioic acid) were the only products observed. The type of base (KOH, NaOH or
Ca(OH)2 also affected the activity (table 1, entry 7, 9-10). We found that KOH was
comparable to NaOH and superior to Ca(OH)2. This is in agreement with effectiveness of
base additives in the non-catalytic high temperature hydrothermal process [38] and
probably mainly the result of the difference in pH as a result of the solubility of the base.
With Ni/CNF, at a KOH: ethylene glycol ratio of 2, a high conversion (49%) was realized
in 2 hours and besides glycolic acid also formic acid was observed (entry 11). These results
clearly show that the formation of glycolic acid from ethylene glycol requires both the
metal catalyst and the base at this temperature. Therefore all further experiments were
performed at a KOH to substrate ratio of 2.
Reaction profiles: Ni versus Cu
The activity of pre-reduced Ni/CNF and Cu/CNF was studied over time in order to gain
insight into the evolution of the reaction products (figures 1 and 2). Figure 1 shows the
conversion of ethylene glycol and product yield between 1 and 15 hours over (a) Ni/CNF
and (b) Cu/CNF. For Ni/CNF we observed the formation of glycolic acid (as glycolate) and
formic acid (as formate). Glycolic acid is the major product and reached an optimum yield
of 37% after 4 hours and then decreased again to a final yield of 31% after 15 hours.
Glycolic acid is apparently prone to secondary reactions. The decrease in glycolic acid
yield between 4 and 16 hours was accompanied by an increase in formic acid yield. The
formic acid yield continued to increase over the whole course of the reaction and a yield of
24% was reached after 15 hours. This suggests that glycolic acid is the intermediate product
and degrades to formic acid (scheme 5). With Cu/CNF (figure 1b) glycolic acid was also
formed but, unlike with Ni/CNF, did not react further to formic acid and glycolic acid was
quantitatively obtained (scheme 5).
The product selectivities and carbon balances after 15 hour using the Cu and Ni catalyst
and ethylene glycol and glycerol as feedstock are reported in table 2. With ethylene glycol
as reactant and Cu/CNF as catalyst the selectivity towards glycolic acid was 98% while
with Ni/CNF the selectivity was only 31%. In addition the carbon balance of the liquid
phase shows a significant carbon deficit with the Ni/CNF catalyst. This might be explained
by the formation of CO2 which is captured by the base as will be discussed below. Table 2
also lists the initial activity expressed as turn-over-frequency (TOF) at 20% conversion.
These rates are normalized by the number of surface Ni and Cu atoms (288 μmol/g and 58
μmol/g respectively) estimated from H2-chemisorption (Ni) and the XRD (Cu). The TOFs
were comparable for the Ni and Cu catalyst, 11 and 14 h-1 respectively.
Figure 2 shows the conversion profiles of glycerol and product yields between 1 and 15
hours over Ni/CNF (a) and Cu/CNF (b). With Ni/CNF complete conversion of glycerol was
obtained after 2 hours and the product spectrum is dominated by the C3 products lactic acid
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Figure 1: Conversion profiles of (●) ethylene glycol and (carbon based) product yields of (■) glycolic
acid and (▲) formic acid. Reaction conditions: KOH:EG=2, 1 wt% EG in water, 150 °C, 100 mg
catalyst.

Scheme 5: Product formation in the anaerobic oxidation of ethylene glycol with Cu/CNF and Ni/CNF
catalysts in aqueous alkaline media (carboxylates shown as free acids).

(as lactate) and 1,2-propanediol (1,2PDO) and glyceric acid (as glycerate). Also
significant quantities of C2 (glycolic acid and ethylene glycol) and C1 (formic acid)
products were formed. This shows that C-C cleavage is an important pathway over the
nickel catalyst. With the exception of glyceric acid these products have been reported
previously in the transformation of glycerol to lactic acid using Rh/C [30, 31], Ir/C [31, 32],
Pt and Ru on carbon [21] and Cu catalysts [33]. Lactic acid and 1,2PDO yields increased to
19% for both products in the first 2 hours. At this point almost complete conversion of
glycerol was realized, however the lactic acid yield increased further to 24% after 15 hours
whereas the 1,2PDO yield decreased to 9% during this period. The yields of ethylene glycol
and glyceric acid also decreased after full glycerol conversion was realized while formic
acid and glycolic acid yields increased continuously over the whole course of the reaction.
With Cu/CNF complete glycerol conversion was achieved within 6 hours (figure 2b). The
major products formed were lactic acid and glyceric acid and also significant amounts of
1,2PDO and glycolic acid were formed. Also here the formation of lactic acid increased
even after complete glycerol conversion was realized and a final yield of 52% was
obtained. Glyceric acid and 1,2PDO yield decreased after glycerol was fully converted.
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Figure 2: Conversion profiles of glycerol (○) and product yields (carbon based) of (∆) lactic acid,
(▲) formic acid, (*) 1,2-propanediol, (□) glyceric acid (●) ethylene glycol, and (■) glycolic acid. a)
Ni/CNF and b) Cu/CNF. Conditions: KOH: glycerol=2, 1-15 hours, 1 wt% glycerol, 150 °C, 100 mg
catalyst.

Scheme 6: Product formation in the anaerobic oxidation of glycerol with Cu/CNF and Ni/CNF
catalysts in aqueous alkaline media.

When the product distributions over Cu and Ni are compared (scheme 6) it appears that
1,2PDO can react to lactic acid and glyceric acid can degrade to form glycolic acid over
both catalysts. Formation of additional C-C cleavage products, formic acid and ethylene
glycol, occurs only with the Ni catalyst. Ethylene glycol might be formed directly from
glycerol and formic acid could be formed from ethylene glycol via glycolic acid. The
selectivity after 15 hours toward desirable lactic acid and glyceric acid was thus also higher
with the Cu catalyst than with the Ni catalyst, 52% versus 24% (table 2). Again the carbon
balance was closed for the Cu catalyst (99%) while a significant carbon deficit was
observed with Ni (carbon balance 59%), likely due to formation of CO2 and subsequent
capture of CO2 by KOH as (bi)carbonate.
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Table 2: Product selectivities in the processing of ethylene glycol and glycerol over Ni/CNF and
Cu/CNF catalysts

#

1
2
3
4

Reactant /
Metal
catalyst
EG
EG
GLY
GLY

Ni
Cu
Ni
Cu

X
(%)

TOF
(h-1) 1

Product selectivity (%)

Cbal
(%)
2

89
82
100
100

11
14
n.a
30

GOA
31
96
5
5

FA
27
0
15
0

LA
0
0
24
52

GEA
0
0
5
33

1,2PDO
0
0
9
10

EG
0
0
2
0

(%)
65
98
59
99

1

Activity expressed as turn-over-frequency (TOF) at ±20% conversion. 2 Percentage of carbon
accounted for in the liquid phase after 15 hours reaction. Reaction conditions: 150 °C, 1 wt %
solutions, 15 hours, 100 mg catalyst. EG = ethylene glycol, GLY = glycerol, GOA= glycolic acid, FA
= formic acid, LA = lactic acid, GEA = glyceric acid, EG = ethylene glycol. n.a = not available.

Hydrogen formation
Organic acids are the main products from both glycerol and ethylene glycol under the
prevailing conditions. Apparently the oxidation of these polyols proceeds in the absence of
molecular oxygen and should thus be accompanied by hydrogen production. Overall the
reaction can be written as (1) for the formation of glycolic acid from ethylene glycol and
(2) for the formation of lactic acid from glycerol. We also observed the formation of
1,2PDO from glycerol which is accompanied by consumption of hydrogen (3).
C2H6O2 (ethylene glycol) + H2O → C2H4O3 (glycolic acid) + 2H2
C3H8O3 (glycerol) → C3H6O3 (lactic acid) + H2
CH8O3 (glycerol) + H2 → C3H8O2 (1,2-propanediol) + H2O

(1)
(2)
(3)

During aqueous phase hydrogenolysis of glycerol without external H2 in alkaline conditions
Roy et al. [33] detected small amounts of hydrocarbons and CO2 but did not report the
production of H2. Auneau et al. [31] on the other hand reported the formation of H2 during
glycerol hydrogenolysis both in inert and hydrogen containing atmosphere. Since we also
observed a pressure increase in the reactor during the experiments the composition of the
gas phase was investigated for the reactions of ethylene glycol and glycerol with both Cu
and Ni catalyst. H2 was the only gas formed in significant amounts. Figure 3 shows the H2
selectivity expressed as mole of H2 produced per mole of converted substrate. For the
copper catalyst the observed production of 1.9 mole of H2 per mole of ethylene glycol is in
good agreement with the stoichiometry of the formation of glycolic acid from ethylene
glycol (reaction 1). For the reactions with glycerol lower H2 selectivities were obtained as
compared to starting with ethylene glycol.
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Figure 3: Hydrogen selectivity
expressed as mole H2 per mole
converted substrate for ethylene
glycol and glycerol using
Cu/CNF and Ni/CNF catalysts
at 150 °C. Reaction conditions:
150 °C, 1 wt % solutions, 4
hours, KOH: substrate ratio 2.
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This is because the formation of lactic acid only yields one mole of H2 and also the
production of 1,2PDO from glycerol consumes 1 mole of H2 per mole converted glycerol.
With the nickel catalyst the H2 selectivity was always higher. This is in agreement with the
observation that significant amounts of formic acid are formed which results in additional
production of H2. Since only H2 was detected in the gas phase the observed carbon
deficiency with the Ni/CNF catalyst cannot be attributed to the formation of hydrocarbons.
It is therefore most likely that with the Ni catalyst also partial reforming to H2 and CO2
occured, possibly via decaboxylation or decabonylation of the acid or aldehyde
intermediates [41]. The formed CO2 was not observed in the gas phase under alkaline
conditions due to the formation of carbonates [42].
Effect of temperature and concentration
The influence of temperature on the activity and selectivity was investigated for
Cu/CNF, the most selective catalyst towards the desired oxygenated products (i.e. glycolic
acid and lactic acid). Table 3 summarizes the activity and product distribution as function
of temperature. It was already shown in figure 1 that at 150 ºC ethylene glycol was
converted selectively to glycolic acid at a rate of 14 h-1 (table 2, entry 2). By increasing the
temperature to 180 ºC (table 3, entry 1) the TOF increased to 39 h-1 while still maintaining
high selectivity (97%). Thus, the temperature increased the activity while maintaining the
high selectivity.
The effect of the reaction temperature on the reactivity of glycerol in the range 150-180
ºC is also shown in table 3 (entries 2-4). The glycerol TOF increased from 33 h-1 at 150 °C
to 124 h-1 at 180 °C. With Cu/CNF complete conversion was obtained at 160 ºC after 4
hours. From 150-180 ºC the lactic acid selectivity increased steadily from 42% to 64%
while the selectivity to glyceric acid and 1,2PDO decreased. The increase in lactic acid
selectivity can be partially attributed to the higher conversions at higher temperature and
the conversion of 1,2PDO to lactic acid (figure 2). Since at higher temperature the increase
in selectivity towards lactic acid is larger than the corresponding decrease in 1,2PDO
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selectivity it must be concluded that lactic acid formation is also favored over the formation
glyceric acid. In addition, above 150 °C the formation of tartronic acid (2hydroxypropanedioic acid) becomes significant. This also contributes to the decrease in
glyceric acid selectivity.
Since the use of dilute (1 wt%) feed solution is not economical (e.g. glycerol from transetherification typically contains only 20 wt% water) we also investigated the use of higher
feedstock concentrations. The effect of the initial glycol concentration on the reaction rate
and lactic acid yield is shown in table 4. When the glycerol concentration was increased
from 5 to 10 wt% (entry 1-2) the glycerol TOF almost doubled from 106 to 203 h-1. The use
of even higher glycerol concentrations would also require higher base concentrations and
therefore risk severe corrosion of the reactor. We note that such limitation can easily be
overcome for an industrial process in which the pH can be controlled for instance by
operating in semi-batch mode. The use of more concentrated glycerol solutions did not
affect the lactic acid yield which was ~50%. By increasing the reaction temperature to 180
°C almost full conversion was achieved after 4 hours with a lactic acid selectivity of 67%.
Thus by increasing the glycerol concentration and temperature lactic acid could be
produced at high selectivity and with high reaction rate (765 h-1). We note that these
reaction rates are comparable to highly active noble metals, e.g. 600 h-1 for Au-Pd
bimetallic catalyst [18], during aerobic oxidation reaction at 60 °C. Further enhancement of
these rates is expected at higher concentrations and temperatures because, unlike the
aerobic oxidation, the reaction is not limited by oxygen diffusion.
Table 3: Influence of temperature on the glycerol activity and product selectivities over Cu/CNF.

#

Reactant

T (°C)

XGLY
(%)

TOF1
(h-1)

1
2
3
4

EG
GLY
GLY
GLY

180
150
160
180

76
68
100
100

39
33
50
124

Selectivity (%)
LA
0
42
51
64

GEA
0
39
24
7

12PDO
0
16
9
2

TA
0
2
11
14

GOA
97
1
5
13

Reaction condition: 1 wt % solutions, 100 mg Cu/CNF, 4 hours, 120-180 °C. XGLY= glycerol
conversion. LA = lactic acid, GEA = glyceric acid, 12PDO = 1,2-propanediol, TA = tartronic acid and
GOA = glycolic acid. 1Surface normalized initial reaction rates expressed as reactant turn-overfrequency (TOF) at ±20% conversion.
Table 4: Effect of concentration on activity and lactic acid selectivity with Cu/CNF.

Entry
1
2
3
152

Time (h)
2
2
4

Ci,GLY (wt%)
5
10
10

T (°C)
150
150
180

XGLY(%)
22
21
100

TOF1 (h-1)
106
203
765

SLA (%C)
49
50
67
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1

Surface normalized reaction rates expressed as turn-over-frequency (TOF) at ±20%
conversion. Reaction conditions: 150-180 ºC, 2 hours, 50 mg Cu/CNF. XGLY = Glycerol conversion.
SLA = selectivity toward lactic acid.

Reaction thermodynamics
To further illustrate the benefit of the oxidation of polyols in water we calculated the
Gibbs free energy and enthalpy for the transformations of ethylene glycol and glycerol. The
most important reaction products detected in this study were glycolic acid from ethylene
glycol and lactic acid from glycerol. Table 5 lists the standard Gibbs free energy (∆rGº) and
enthalpy (∆rHº) of these reactions for a neutral reaction media (rxn 1 and 5) and for the
reaction including the neutralization in alkaline media (rnx 2 and 6). The aerobic oxidation
reactions (with molecular oxygen) are given as a reference (rxn 3 and 7). The aerobic
oxidation of both ethylene glycol [18] and glycerol [14] also requires the addition of base
and thus forms the corresponding carboxylic salts and are therefore more accurately written
as reactions 4 and 8.
The Gibbs free energies are lower for the reaction of both substrates if KOH addition
(i.e. neutralization) is taken into account. The Gibbs free energy for the formation of
glycolic acid from ethylene glycol (160 ºC) has a positive value (8 kJ/mol) and thus the
equilibrium lies on the side of ethylene glycol and the reaction does not proceed (with any
significant conversion). This explains our experimental finding that without the addition of
base the reaction does not proceed (table 1). From glycerol the formation of lactic acid is
favorable even without KOH addition (-89 kJ/mol).
Table 5: Standard reaction Gibbs free energies and enthalpies of reaction for transformations of
ethylene glycol and glycerol.

Rxn
No.
a

1
2a
3b
4b
5a
6a
7b
8b

Reaction
Ethylene glycol to glycolic acid:
C2H6O2(l) + H2O(l) = C2H4O3(l) + 2H2(g)
C2H6O2(l) + KOH(ia) = KC2H3O3(a) + 2H2(g)
C2H6O2(l) + O2(g) = C2H4O3(a) + H2O(l)
C2H6O2(l) + O2(g) + KOH(ia) = K(C2H3O3)(a) + 2H2O(l)
Glycerol to lactic acid:
C3H8O3(l) = C3H6O3(a) + H2(g)
C3H8O3(l) + KOH(ia) = KC3H5O3(a) + H2(g) + H2O(l)
2C3H8O3(l) + O2(g) = 2C3H6O3(a) + 2H2O(l)
2C3H8O3(l) + O2(g) + 2KOH(ia) = 2KC3H5O3(a) + 4H2O(l)

∆rGº
∆rHº
(kJ/mol substrate)
8
-63
-410
-498

101
68
-466
-520

-89
-155
-301
-360

-4
-27
-294
-338

Calculated using HSC Chemistry for Windows [43]. Reaction temperature of a160 º C and b60 ºC.
Aggregation states (a) aqueous, (ia) aqueous dissociated, (l) liquid and (g) gaseous.
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Experimentally no glycerol conversion was observed over Ni or Cu without KOH (table 1).
The transformation of glycerol is thus kinetically limited over Ni and Cu catalysts in the
absence of the base as co-catalyst. The same is true for the aerobic oxidation reactions (rxn
4 and 8) which have very negative Gibbs free energies values and are thus very favorable.
The role of the base in lowering the activation energy for these reactions has been discussed
in literature [14]. When we compare the enthalpy (∆rHº) of these reactions we see that the
aerobic oxidation reactions are also very exothermic (large negative ∆rHº value). This
implies that such a process requires a large cooling duty and, because of the low reaction
temperature used to prevent over-oxidation (e.g. 60 ºC), thus produces substantial amounts
of low temperature waste heat. The anaerobic process uses water as the oxidant and does
not require molecular oxygen. As a consequence the heat produced in the reaction of
glycerol to lactic acid is significantly lower (-27 kJ/mol versus -338 kJ/mol for the aerobic
reaction). In case of the aerobic glycolic acid production from ethylene glycol the reaction
becomes endothermic by 68 kJ/mol (versus -520 kJ/mol for the aerobic reaction). In fact the
difference in reaction enthalpy between the aerobic and the hydrothermal process equals the
heat of combustion of H2. Since both processes require stoichiometric amounts of base the
anaerobic hydrothermal process can be viewed as advantageous compared to the aerobic
process because, instead of low temperature heat (which often cannot be used
economically), this process produces hydrogen as a valuable co-product. For the production
of glycolic acid from ethylene glycol part of the hydrogen can be combusted in order to
drive the reaction while the remainder can be used elsewhere in a bio-refinery system.
Effect of metal oxidation state
Copper was previously reported to be active both as metallic (Cu0) and metal oxide
(Cu2(I)O and Cu(II)O) catalyst for glycerol transformation to lactic acid [33]. The effect of
the oxidation state of our Cu catalyst was investigated by comparing the activity of the
catalyst in a reduced, passivated and oxidized state (table 6). XRD was used to confirm the
presence of the metallic (Cu0) and Cu(II)O crystalline phases. When a reduced catalyst was
exposed to air at room temperature formation of a CuO phase was observed with XRD in
addition to the metallic Cu phase (Cu/CNFp). When this catalyst was calcined in static air
at 250 °C the metallic phase disappeared completely and CuO was the only phase observed
(CuO/CNF). The highest conversion at 150 °C was observed for the reduced catalyst both
with Ni/CNF (97%) and with Cu/CNF (83%). The passivated Ni catalyst (Ni/CNFp) was
slightly less active (90% conversion) than the reduced catalyst, whereas the activity of the
passivated Cu catalyst (Cu/CNFp) was significantly lower (29% conversion). The CuO and
the NiO catalysts were almost inactive. A possible explanation for the lower activity of the
passivated catalysts is that the CuO layer of the passivated metal catalyst first needs to be
reduced in-situ by the substrate subsequently yielding the active metal catalyst.
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Table 6: Effect of metal oxidation state on catalytic activity.
Catalyst
Conversion
(%)

Ni/CNF

Ni/CNFp

NiO/CNF

Cu/CNF

Cu/CNFp

CuO/CNF

97

90

0

68

29

6

Reaction conditions: 4 hours, 150°C, 1 wt% glycerol solution and KOH:glycerol molar ratio of 2.

It is expected that the in-situ reduction of CuO/CNF and NiO/CNF is more difficult which
explains that these catalyst were inactive. We therefore conclude that the metallic Cu is
most likely the active phase. The activity of the aforementioned Cu(II)O catalyst might be
due to the higher temperature (200-240 ºC) compared to this study (150 ºC).
Intermediate and stability study
In order to gain more insight into the possible reaction route in the conversion of
glycerol and to attempt to differentiate between reactions taking place on the catalyst
surface and in the solution we investigated the reactivity of the observed products (lactic
acid, 1,2PDO and glyceric acid) and possible intermediates; glyceraldehyde (2,3dihydroxypropanal) and acetol (1-hydroxyacetone) at low concentrations (1 g/L).
Glycolaldehyde was observed in some experiments but only in trace amounts. Acetol was
not observed but both glyceraldehyde and acetol have been proposed as intermediate in the
transformation of glycol to lactic acid [21, 40]. We investigated the reactivity of the
possible intermediates and reaction products in aqueous solutions, in alkaline aqueous
solutions and in alkaline aqueous solution in the presence of Cu/CNF. The results are
summarized in table 7. Only glyceraldehyde was converted under solely hydrothermal
conditions (i.e. without metal catalyst and base) or with only the base. For all other
intermediates activity was only observed in the presence of both the base and the Cu
catalysts. Under solely hydrothermal conditions the observed products from glyceraldehyde
were lactic acid (89%) and 1,2PDO (11%). However, only 40% of the carbon could be
accounted for, probably due to condensation/polymerization reactions (entry 1). Indeed the
formation of solids was observed for these reactions. With the addition of base (KOH) and
without metal catalyst only lactic acid formation was observed from glyceraldehyde but
again most of the starting carbon could not be accounted for (entry 2) and again solid
formation was observed. The fact that no 1,2PDO was formed with base only suggests that
the formation of lactic acid is enhanced much more significantly by the presence of base
then the formation of 1,2PDO.
Next we discuss the stability of the substrates when tested with both the copper and the
base catalyst (entry 3-7). Under these conditions glycerol was one of the products obtained
from glyceraldehyde (entry 4). This shows that the glycerol dehydrogenation is reversible.
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Table 7: Reactivity of intermediates and products over a Cu/CNF catalyst under alkaline
hydrothermal reaction conditions.

#
GLY

1a
2b
3c
4c
5c
6c
7c

Reac
tant
GLYA
L
GEA
Acetol
PDO
LA

Product distribution (%)
TA
GLYAL
GEA
GOA

PDO

LA

Cbal1
(%)

0
0
17

0
0
0

0
0
63

0
0
4

0
0
6

11
0
1

89
100
9

40
24
85

0

0

50

34

16

0

0

94

0

0

0

0

0

5

95

94

0

0

0

0

0

40

60

98

0

0

0

0

0

0

100

95

1

(#) Entry number. Percentage of carbon accounted for in the liquid phase after 15 hours reaction.
Reactions with 1 g/L of substrate at 150 ºC for 4 hours in; a water b aqueous solution of KOH
(KOH:substrate ratio 2) c with 50 mg Cu/CNF and KOH:substrate ratio 2. GLYAL = glyceraldehyde,
GLY = glycerol, GEA = glyceric acid, TA = tartronic acid, GOA = glycolic acid, PDO = 1,2propanediol and LA = lactic acid.

However, next to glycerol, mostly oxidation products, glyceric acid, glycolic acid and
tartronic acid were observed. This implies that also H2 must be formed which is then likely
the source of the hydrogen required to hydrogenate the glyceraldehyde to glycerol. It also
shows that the metal catalyst is essential to catalyse the formation of glyceric acid. Starting
with glyceric acid as substrate tartronic and glycolic acid were formed, indicating that the
formation of glyceric acid from glyceraldehyde is not reversible since no lactic acid and
1,2PDO were observed. This shows that formation of glycolic acid might occur through CC cleavage of glyceric acid, although it cannot be excluded that additionally it forms
directly from glyceraldehyde.
The reactivity of acetol was investigated since it is the product that would be formed if
glycol undergoes a base catalyzed dehydration reaction. Both 1,2PDO and lactic acid were
formed. Thus both acetol and glyceraldehyde are possible intermediates in the formation of
lactic acid and 1,2PDO from glycerol. Finally, the reaction with 1,2PDO as substrate (entry
6) showed that it was partially converted to lactic acid whereas the lactic acid (entry 7) was
found to be a stable product under reaction conditions. This is in agreement with previous
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reports [31] and it can be concluded that the formation of lactic acid (as lactate) from
glyceraldehyde is irreversible.
Reaction route
Based on the experimental results and literature a reaction route is proposed for the
formation of glycolic acid from ethylene glycol (scheme 7) and for the reactions of glycerol
(scheme 8). From ethylene glycol we found that glycolic acid was formed exclusively with
Cu and both glycolic acid and formic acid were formed using Ni. Based on the
identification of trace amount of glycolaldehyde in some of the reaction mixtures and the
formation of H2 gas it is reasonable to assume that the formation of glycolic acid proceeds
via the dehydrogenation of ethylene glycol to glycolaldehyde [33], catalyzed by both Ni
and Cu. In a previous study we also observed the formation of glycolaldehyde as a byproduct in the aqueous phase reforming of ethylene glycol [35]. The fact that the
dehydrogenation only occurs in alkaline media can be explained based on the work of
Davis et al. [14] on the oxidative dehydrogenation of ethanol. These authors show that O-H
bond activation for ethanol in aqueous media over Pt/C catalysts is unlikely but the
dissociative adsorption is facilitated in the presence of surface hydroxides. The resulting
alkoxide intermediate can also be formed by deprotonation of ethylene glycol in strong
alkaline solution (the pKa of ethylene glycol is ~14). Subsequent activation of the C-H of
the alkoxide intermediate then yields the glycolaldehyde. The activation barrier for this step
is also lowered due to the presence of adsorbed OH groups [14]. The formation of glycolic
acid might proceed via a base catalyzed Cannizzaro reaction of the glyceraldehyde by
disproportionation of two aldehydes to form an alcohol and an acid. However, the base
alone cannot catalyse this reaction and it is therefore more likely that the reaction takes
place on the metal surface where oxygen insertion could occur via addition of hydroxide to
the aldehyde, after which a hydrogen abstraction will yield the acid [14]. Since aldehydes
are partially hydrated to geminal diols in aqueous solution it was suggested that the reaction
proceeds through a diol intermediate (scheme 7 route I) [44, 45]. Another explanation is
that the reaction proceeds via the metal catalysed dehydrogenation of glyceraldehyde to
glyoxal (ethanedial) which is then followed by a rapid and irreversible internal
disproportionation [19] (scheme 7 route II). The difference between the oxidative
dehydrogenation and the anaerobic hydrothermal process lies in the removal of the
adsorbed hydrogen. During the aerobic oxidation of alcohols oxygen is not directly
involved in the mechanism but is required to remove the hydrogen from the catalyst surface
[45]. The adsorbed hydrogen atoms are removed from the surface by reaction with
dissociatively adsorbed oxygen and close the catalytic cycle by regenerating surface-bound
hydroxide ions [14, 18].
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Scheme 7: Proposed reaction route for the formation of glycolic acid from ethylene glycol. For clarity
products are shown as free acids.

It has been established that in the absence of molecular oxygen no reaction occurs at
reaction temperatures typical for catalytic oxidation of alcohols (60-90 °C). We show that
at higher temperatures it becomes possible to remove the adsorbed hydrogen atoms from
the metal as molecular hydrogen. The difference between the Cu and Ni catalyst is the
additional formation of formic acid with the latter, which was shown to proceed via
glycolic acid. Because Ni is effective for C-C cleavage (opposed to Cu) the formation of
formic acid might proceed via oxalic acid (as oxalate, not shown) [46, 47] which was
detected in trace amounts. Decomposition of formic acid then yields CO2 (as (bi)carbonate)
and H2 [48].
Scheme 8 shows the proposed mechanism starting from glycerol based on that of Davis
et al. [21] and adjusted to incorporate the products observed in this study. Glycolic acid was
not reported in previous studies on the transformation of glycerol in alkaline media with
external hydrogen addition [21, 30] or in inert atmosphere [30, 33] but was observed in this
study with both Ni and Cu catalysts. The formation of glyceric acid from glycol can
proceed via a mechanism equivalent to the formation of glycolic acid from ethylene glycol
(scheme 7). Glycerol is first dehydrogenated to glyceraldehyde over the metal (both Ni and
Cu) catalyst which reacts further to glyceric acid. Glyceric acid can follow the same route
again with oxidation of the primary alcohol to obtain tartronic acid, although higher
temperatures were required for this reaction. The formation of glycolic acid was suggested
to proceed through a retro-aldol reaction of the glyceraldehyde [21] since Cu is not
effective for C-C bond cleavage. This will yield glycolaldehyde which can react to glycolic
acid as shown in scheme 7. Our experiments confirm that glycolic acid is one of the
products when starting from glyceraldehyde but it is also formed from glyceric acid and
only in the presence of the Cu catalyst. Since glyceric acid can react to form glyceraldehyde
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and this reaction is irreversible, it appears that glycolic acid formation actually proceeds via
glyceric acid.
The reaction path for hydrogenolysis of a C-O bond in glycerol to form 1,2PDO has
also been discussed in literature. Montassier proposed a mechanism for the hydrogenolysis
of polyols with Cu catalysts. They found that metallic copper is responsible for the
(de)hydrogenation and copper surface hydroxyl groups are responsible for dehydroxylation
via dehydration followed by hydrogenation [23]. Whether this reaction proceeds first via a
dehydration (scheme 7, route I) or a dehydrogenation (scheme 7, route II) has also been
investigated. As noted by Davis et al. the dehydration of glycerol is unlikely in dilute
aqueous glycerol solutions due to the unfavorable equilibrium [21]. Auneau et al. showed
that the reaction rate for glycerol hydrogenolyis in alkaline media was actually increased
when the gas phase is switched from hydrogen to inert, which points towards a
dehydrogenation as the first step. They evaluated reaction mechanisms over Ir and Rh
catalyst by calculation of the energy of the intermediates and the transition states using
DFT. They concluded that the dehydrogenation pathway is kinetically favored and the
formation of glyceraldehyde intermediate was favored over dihydroxyacetone [30, 31]
although the role of the base was not taken into account. The formation of glyceraldehyde
as the first step is also in agreement with our results since it is also required to explain the
formation of glyceric acid. In order to form 1,2PDO a competing reaction occurs where
instead of glyceric acid formation the aldehyde intermediate can then undergo a base
catalyzed dehydration reaction to form pyruvaldehyde (2-oxopropanal), which is in
equilibrium with the enol, 2 hydroxyacroline via keto-enol tautomerization. Hydrogenation
of these intermediates then gives 1,2PDO. For this reaction the metal catalyst is required
which explains why 1,2PDO was not formed from glyceraldehyde with only the base.
Route I can also explain the formation of lactic acid which, starting from
glyceraldehyde can be formed without metal catalyst. The isomerization of glyceraldehyde
to lactic acid may occur through dehydration of the glyceraldehyde with subsequent
disproportionation via intermolecular Cannizzaro rearrangement of pyruvaldehyde [30, 31],
also referred to as benzilic rearrangement [33]. This step is the equivalent of the formation
of glycolic acid from glyoxal in the mechanism for ethylene glycol (scheme 7). The base
catalyzed elimination of water from glyceraldehyde is expected to be easier than the direct
dehydration of glycerol because of the more acidic α-hydrogens of glyceraldehyde [49].
However when this reaction was performed with only the base it also lead to the formation
of solid by-products, which is not the case in the presence of the metal catalyst. The metal
catalyst thus also facilitates the formation of lactic acid, possibly by providing a different
dehydration pathway. Based on isotope studies by Zhang et al. [40] came to the opposite
conclusion and suggest that lactic acid formation proceeds via dehydration as the first step
(scheme 2, route II).
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Scheme 8: Proposed reaction routes for glycerol. For clarity products are shown as free acids. M
denotes the metal catalyst.

The dehydration of glycerol will yield acetol (in equilibrium with 2-hydroxy allyl alcohol
via keto-enol tautomerization) which was never observed in this study. However their study
was performed without metal catalyst in basic solutions at much higher temperatures (300
°C). Because glycerol dehydration is endothermic it is possible that at higher temperature
dehydration becomes the dominant pathway.
The difference between the Cu and Ni catalyst is the formation of additional C-C
cleavage products with Ni, ethylene glycol and formic acid (not shown in scheme 8).
Ethylene glycol can be formed by direct hydrogenolysis of glycerol [21, 22] with Ni/CNF
and can subsequently react to formic acid as shown in scheme 7. However more research is
required to identify the additional pathway availably over the Ni/CNF catalyst in more
detail.
In conclusion we propose that the formation of glycolic and glyceric acid from polyols
proceeds via a mechanism similar to the oxidative dehydrogenation but hydrogen is
desorbed from the surface as molecular hydrogen. The mechanism for C-O scission leading
to 1,2PDO and lactic acid is under debate but the metal catalyst is required for both the
dehydration and hydro-dehydrogenantion steps, suggesting that the mechanism takes place
entirely on the metal surface although the assistance of base is required.
Catalyst stability
Since Cu is the most promising catalyst for the selective production of glycolic acid
from ethylene glycol and lactic acid from glycerol we focused our stability studies on the
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Cu/CNF catalyst. The catalyst was characterized with Transmission Electron Microscopy
(TEM) as shown in figure 4. For both the parent and the spent catalyst Cu particles with
sizes of 10-100 nm were observed, evenly distributed over the CNF support. The Cu
particles appeared to be somewhat larger for the spent catalyst which was also apparent
from XRD. Figure 5 shows the XRD diffractograms of the parent catalysts and of the spent
catalyst after 15 hours reaction.

Intensity (a.lu)

Figure 4: TEM micrographs of passivated Cu/CNF catalysts; parent catalyst (top) and spent catalyst
after 15 hours reaction (bottom).
* Cu
^
# CuO
^ CNF
Spent (15 hours)

Fresh

25

Run#
1
2
3
4

Figure 5: XRD diffractograms of the parent
(passivated) catalyst and of the spent catalyst
after 15 hours reaction.

*

35

#

^

*

#

45
55
degrees 2 theta

Conversion %)
40±2
27±2
15±1
13±1

65

Table 8: Recycle experiment for Cu/CNF.
Reaction conditions: T=150 °C, 1 wt% glycerol
solution, run time 4 hours.
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We observed mainly diffraction lines at 51° and 59° 2θ attributed to the metallic Cu phase.
In addition broad contributions due to CuO at 41° and 45° 2θ were present. This is likely
the result of the passivation treatment before the measurement and indicates a layer of CuO
exists on the metallic nanoparticles. However we cannot exclude that a fraction of the
smallest particles is completely oxidized by the passivation treatment. By applying the
Scherrer equation an average value of ~30 nm was obtained for the metal crystallites of the
parent catalyst. An increase to 44 nm was found after 15 hours reaction. The loss of
dispersion was also evident from the decrease in catalytic activity when the catalyst was
reused. A decrease in conversion was observed from 40% to 13% after using the catalyst in
four consecutive runs (see table 8).

Conclusions
Anaerobic oxidation of polyols into mainly glycolic acid and lactic acid proceeds with
high selectivity in alkaline aqueous media at low temperatures, 150-180 ºC, using CNF
supported Ni and Cu catalysts. The combination of both supported metal catalyst and
homogeneous base is essential. From ethylene glycol we can produce glycolic acid with
near 100% selectivity at high conversion levels (82 %) with Cu supported on CNF.
Compared to the aerobic process for the production of glycolic acid (oxygen atmosphere,
60 °C) the use of anaerobic conditions at somewhat higher temperatures has the benefit of
producing hydrogen as valuable co-product, however stoichiometric amounts of base are
required in both processes. Starting from glycerol mainly lactic acid is formed with glyceric
acid and 1,2-propanediol as by-products. Higher temperatures and longer reaction times
favor the production of lactic acid for which a maximum selectivity 67% was obtained at
full glycerol conversion using Cu/CNF. With the Ni/CNF catalyst C-C cleavage products,
formic acid and ethylene glycol, were also formed resulting in higher hydrogen selectivity
but lower selectivity to valuable glycolic and lactic acid.
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Chapter 8
Final remarks

Abstract: Several interesting observations that may be useful for future work have been
compiled in this chapter, which is divided into three subchapters. In the first part the effects
of the catalyst support material and the initial nickel particle size on the stability supported
Ni catalysts with respect to particle size growth is studied. In the second part several
hydroxide and carbonate bases were screened with respect to their effect on the stability of
Ni/CNF in the aqueous phase reforming (APR) of glycerol to lactic acid. In the third part
the results of attempts to measures the kinetics of hydrogen production from ethylene glycol
with a supported nickel catalyst as function of the feed concentration, gas pressure,
hydroxide concentration and temperature, are presented.
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Part 1: Effect of initial nickel particle size and support on stability of
nickel catalysts under aqueous phase reforming conditions.
Introduction
The use of biomass as a resource for the production of renewable fuels and especially
chemicals is of increasing interest because of its potential role in the transition towards a
more sustainable use of our natural resources. In order to efficiently process biomass
(derived) resources into useful chemical and fuels the use of catalytic processes is
invaluable. This requires the design of catalyst stable under the conditions typically
employed for such process. For example the oxidation, hydrogenation, hydrogenolysis and
reforming or biomass derived sugars all take place in the aqueous phase at elevate
temperatures and pressures using supported metal catalysts. Platinum based catalysts are
often employed in these processes but, because of the high cost and low abundance of Pt,
alternatives are highly sought-after. Nickel has been proposed as alternative to Pt for the
production of renewable hydrogen via the aqueous phase reforming of sugars and sugar like
substrates (polyols) [1-3]. Although it was found that Ni is less selective toward H2
production due to methanation [1], this can be suppressed by alloying with e.g. Sn [4]. The
stability of nickel is however still an issue for these catalysts and the loss of dispersion due
to nickel particle growth is the main reason for the deactivation of CNF supported nickel
catalyst in the aqueous phase [1].
Understanding the growth process of supported metal particles is of vital importance in
order to develop strategies to improve catalyst stability. The growth of Ni [5] and other
metal particles [6-8] has been investigated extensively in gas phase reactions [9]. Much less
attention has been devoted to the growth of metal particles in the liquid or aqueous phase.
Deactivation of Cu [3, 10] and Ni [2, 11] in the aqueous phase as a result of particle growth
has been reported but studies on the growth kinetics of metal particles in the liquid phase
have mainly focused on supported platinum catalyst [12-17] at low temperatures [15-17].
The growth of supported metal particles is also of interest in the design of stable fuel cell
electrodes, especially low temperature PEM cells. Here significant work has been done
focusing on the particle growth mechanism for the synthesis of stable electrodes, although
again with a focus on Pt as the active phase. This often involves investigation of the growth
characteristics of supported Pt nanoparticles in water or electrolyte solutions under induced
accelerated aging with via a potential sweep. Morgan et al. reviewed the literature on
mechanisms of surface area loss of platinum electrodes [18]. They concluded that platinum
loss occurs due to platinum dissolution and platinum particle growth occurs due to Ostwald
ripening (OR) but the role of particle migration and coalescence (PMC) is uncertain. Like
in the gas phase the growth of metal particles in the liquid phase might proceeds via two
very different mechanisms, i.e. via Oswald ripening (OR) or particle migration and
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coalescence (PMC) [19]. The driving force for the growth of (metal) particles via both
mechanisms is the minimization of the total surface free energy of the system.
The growth of supported metal nanoparticles via migration and coalescence, also called
sintering1 or thermal sintering, involves the random motion of particles over the support
resulting in collision with other mobile or immobile particles and their subsequent merger
into a larger particle (coalescence). The migration of the particles does not necessarily
occur as a concurrent movement of the entire particle, but probably results from an overall
but random mass transfer of (ad)atoms from the particle to the support surface [19]. This
mechanism generally occurs at high temperatures since a high mobility of the atoms is
required for this mechanism. In other words this is a highly activated process and for gas
phase reactions this generally occurs around temperatures of about half the melting point oif
the bulk metal (Tammann temperature) [9], e.g. 590 °C for nickel. While the temperature in
aqueous phase processes is substantially lower (e.g. 230 °C this study) this does not exclude
thermal sintering as a particle growth mechanism a priori, since (liquid) water can affect the
properties of metal nanoparticles and the mobility of the particles on the support differently
than a gaseous environment.
The second mechanism, called Ostwald ripening or particle coarsening, is a mechanism
of interparticle migration by which molecules or atoms migrated from the smaller particles
fixed on the support to the larger particles. The molecular or atomic species migrate either
though a second phase (gas phase/solution, i.e. gaseous or ionic species) or via the support
(adatoms). These different transport modes are denoted three dimensional (3D) and two
dimensional (2D) Ostwald ripening respectively. The different mechanisms, PMC and 3D
or 2D OR, are not mutually exclusive [20] and the dominating mechanism might even
change during the growth process [19]. This makes the determination of the mode by which
supported metal particles grow a daunting task.
Here we investigate the particle growth behavior of supported nickel catalyst as function
of the support type and the size of the Ni nanoparticles in the aqueous phase using the
reforming (APR) of ethylene glycol as a model reaction These conditions, hot (230 °C)
compressed water with a carbohydrate model compound, are relevant to the catalytic
processing of biomass feedstock. The supports were selected based on their known stability
under these conditions (see chapter 3) with the addition of γ-Al2O3 which was included
since it is one of the most used supports in APR. We show that the particle growth observed
under these conditions is best described by an Ostwald ripening mechanism with migration
of dissolved nickel species through the aqueous phase. While also considering the support
1

Sintering is used by some authors to exclusively denote particle growth via the particle migration & coalescence
mechanism while others have used it as an umbrella term that encompassed both particle growth via Ostwald
ripening and growth via particle migration & coalescence. Ostwald ripening is then referred to as chemical
sintering while migration & coalescence is referred to as thermal sintering.
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type and inter-particle distance, the initial particle size is identified as the important factor
that affects the particle growth characteristics.

Experimental
The support materials used in this study were α-Al2O3 (BASF Al-4196E1.8mm), γAl2O3 (Engelhard, BN 245), ZrO2 (Degussa, BN132), β-SiC (SiCAT CtS-56) and surfaceoxidized carbon nanofibers (CNF, prepared in-house). The catalysts were prepared by
incipient wetness impregnation of the support materials with aqueous solutions of
Ni(NO3).6H2O to obtain a metal loading of approximately 10 wt%. Catalysts characteristics
and preparation conditions are shown in table 1. After impregnation the catalysts were dried
in vacuum at room temperature or overnight in air at 80 °C. Next, the catalyst precursor
was activated by direct reduction or by calcination in static air or in N2 flow followed by
reduction in 33% H2 in N2 (150 ml/min). After the reduction treatment part of the sample
was passivated by controlled exposure to air before characterizing with XRD and TEM.
The stability of the supported Ni catalysts was investigated during the aqueous phase
reforming of ethylene glycol. Typically 100 mg catalyst (90-220 um sieve fraction) was
loaded into a 10 ml batch autoclave reactor (Swagelok union mini-reactors similar to those
reported in [21, 22]) and 4 ml of 1 wt% aqueous ethylene glycol solution was added using a
volumetric pipet. The reactor was filled in a glove box under inert atmosphere. The reactant
solution was degassed with argon gas prior to its introduction into the glove box in order to
prevent oxidation of the freshly reduced catalyst by dissolved oxygen. Next the reactor was
placed in a preheated (230 ○C) tumbling oven (4 rpm) as previously reported [23].
Fresh and spent catalysts were characterized by X-Ray powder diffraction (XRD), H2
chemisorption, and Transmission Electron Microscopy (TEM). Powder X-ray diffraction
(XRD) was measured using an D2 PHASER X-ray Diffraction Analyzer from Bruker with
Co Kα radiation (λ = 1.789 Å). Nickel crystallite sizes of the reduced and passivated
catalysts were estimated with the Scherrer equation using a shape factor of 0.89. Values for
the full width at half maximum for Ni (111) were obtained from a least squares fit of the
experimental data with a pseudo-Voight function by deconvolution of support and metal
contributions and were corrected for instrumental broadening. Hydrogen chemisorption was
performed on a Micromeretics ASAP 2020C instrument. The passivated catalyst was rereduced in H2 (60 ml/min) at 300 °C for 2 h. The monolayer H2 uptake was found by
extrapolating the linear part of the isotherm (150-600 mbar) to zero pressure. Particle sizes
were calculated using the monolayer uptake assuming complete reduction and a
stoichiometry of 1 hydrogen atom per metal surface atom for all samples. The passivated
samples were further examined with transmission electron microscopy (TEM) using an FEI
Tecnai 12. The samples were placed on holy carbon grid and both bright field and dark
field TEM images were recorded.
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Table 1: Overview of catalyst preparation conditions and sample treatment history with resulting
nickel particle sizes obtained from XRD and H2-chemisoption.

Sample code
Ni/γ-Al2O3
Ni/ZrO2
Ni/SiC
Ni/CNF
20-Ni/α-Al2O3
12-Ni/α-Al2O3
2%-Ni/α-Al2O3

Ni 1
(%wt)
9.2
9.5
9.8
9.8
9.8
9.8
2.0

Drying
(°C)

cal 2
(°C)

80
600
80
600
80
600
80
80
500 (air)
Vacuum 400 (N2)
Vacuum
-

red 3
(°C)
500 (2h)
500 (2h)
500 (2h)
300 (2h)
500 (2h)
400 (1h)
500 (1h)

BET area Ni particle size (nm)
(m2/g) 4 dXRD 5 dH2C 6 TEM
185
81
23
173
7
7
7

4
10
16
6
20
12
13

14
8.7
4
24
9.1
-

5-10
22
12
-

1

Nominal nickel loading. 2Calcination (cal) treatment in static air or N2 flow (150 ml/min) at the
designated temperature with a 5 °C/min heating ramp for 2 h. 3Reduction treatment (red) in 30% H2 in
N2 (total flow 150 ml/min) at the designated temperature with a 5 °C/min heating ramp. 4 Specific
surface area of the support material according to the BET method. 5Average nickel crystallite sizes as
determined by XRD (dXRD). 6Average nickel particle sizes as determined by hydrogen chemisorption
(dH2C).

Results
Figure 1 shows the XRD patterns for Ni on different supports for both the parent and
spent catalysts (after 22 hours reaction time). For parent Ni/α-Al2O3 and Ni/SiC the
contribution of the Ni (53° and 61° 2θ) can be clearly distinguished from those of the
support materials. For the other catalysts where the Ni and support contributions partially
overlap, the Ni contributions were estimated by deconvolution of the support and nickel
diffraction lines. The Ni crystallite size obtained for the parent catalysts are given in table 1
together with those obtained by hydrogen chemisorption. The values are in reasonable
agreement for most samples. The larger value of the Ni particle size on γ-Al2O3 obtained by
H2 chemisorption compared to XRD and TEM was likely due to incomplete reduction of
the NiO and Ni-aluminate. No NiO diffraction lines were observed for any of the samples
although a contribution of NiAl2O4 (72° 2θ) for the Ni/γ-Al2O3 sample cannot be excluded.
For the spent catalyst no observable changes occurred in the XRD patterns to any of the
support materials except for γ-Al2O3 for which a transformation into a boehmite phase
occurred (see figure S1 for more details). More narrow diffraction peaks with increased
intensity were observed for Ni in all the spent catalyst which shows growth of the Ni
crystallites occurred during the APR treatment.
TEM micrographs of parent and spent catalysts (after 22h) for Ni/ZrO2 and Ni/γ-Al2O3
are displayed in Figure 2. For the parent Ni/ZrO2 (figure 2a) we could not observe any
nickel particles. Analysis with EDX line-scans (figure 2a) showed however that the nickel
is well distributed over the support since the intensity curves of Ni and Zr match each other.
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Figure 1: XRD diffractograms of passivated parent nickel catalyst (left pane) and after 22 h reaction
(right pane) showing the Ni (*) contributions.

he spent Ni/ZrO2 sample (figure 2b) showed very large Ni particles and areas with large Ni
clusters of up to half a micrometer, as was confirmed by EDX (figure 2b). For the parent
Ni/γ-Al2O3 catalyst it was difficult to identify discrete nickel particles, although 5-10 nm
particles could be observed in the less dense areas of the sample. For the spent Ni/γ-Al2O3
sample the Ni particles increased to >50 nm and these particles were easily distinguished
from the support material. In addition a change in shape of the support was observed which
was due to the transformation of the γ-Al2O3 to boehmite as was already observed with
XRD.
For Ni/α-Al2O3 catalysts the nickel particles could be readily observed and the influence
of particle size on stability was further investigated in more detail (figure 3). For the parent
20Ni/α-Al2O3 catalyst (figure 3a) particles with an average size of 22 nm were observed
which increased to 44 nm for the spent catalyst (figure 3b). The particle size distribution
(figure 3g) showed that most (40%) of the particles were between 10-20 nm for the parent
catalysts while in the spent catalysts most of the Ni particles (25%) were 30-40 nm,
resulting in a shift and broadening of the size distribution (average size 44 nm). Figure 3c
shows micrographs for the parent 12Ni/α-Al2O3 in both bright field (figure 3c) and dark
field
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Figure 2: a) TEM dark field image and EDX line profile of the parent Ni/ZrO2, b) TEM dark field
image and EDX line profile of spent Ni/ZrO2 and c) TEM bright field of the parent Ni/γ-Al2O3 with
nickel particles indicated by arrows and d) TEM bright field image of spent Ni/γ-Al2O3.
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Figure 3: TEM images of: a) parent 20Ni/αAl2O3, b) spent 20Ni/αAl2O3, c) parent 12Ni/α-Al2O3
(bright field), d) parent 12Ni/α-Al2O3 (dark field), e-f) spent 12Ni/αAl2O3 in bright field and dark
field. Histograms of the parent and spent nickel particle size distributions are show for: g) 20Ni/αAl2O3 and h) 12Ni/α-Al2O3 catalysts.
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(figure 3d). Clearly this catalyst has smaller nickel particles and thus a higher dispersion
than the 20Ni/α-Al2O3 catalyst. For 12Ni/ α-Al2O3 more than 90% of the particles were
below 20 nm (average size of 12 nm). For the spent 12Ni/α-Al2O3 catalyst (figure 3e-f) the
particles increased in size to 20-40 nm with also a significant amount of very large particles
>100 nm (figure 3h) resulting in a bimodal size distribution (average size of 58 nm).
The growth of Ni particles during the reforming of 1 wt% ethylene glycol was followed
over time for 10 wt% Ni catalysts supported on ZrO2, CNF, SiC, γ-Al2O3 and α-Al2O3. The
nickel crystallite growth curves as determined by XRD analysis are shown in figure 4a.
Notable differences in the extent of growth between the various supports are apparent from
figure 4a. For all the investigated supports the most extensive part of the Ni particle growth
occurs already in the first four hours of the reaction and the extent of the Ni growth follows
the order CNF>ZrO2>SiC>γ-Al2O3>α-Al2O3. Interestingly, the 20Ni/α-Al2O3 had the
largest initial particle size of all these catalysts and showed not only the lowest growth rate
but also the smallest Ni particle size at the end of the reaction.
With the variation of the support type, concurrent changes were introduced to other
parameters, besides changes in the metal support interactions. Two of these parameters, the
inter-particle distance (IPD) and the particle size, are likely relevant to the growth behavior
of Ni particles. First of all the employed supports have specific surface areas varying more
than a factor 30 (between 7-185 m2/g, see table 1) and as such the particle density and thus
the inter-particle distance of the Ni particles will vary. Secondly the initial crystallite size of
these catalysts (as show in table 1) varies about a factor of five, between 4 and 20 nm. In
order to study the effect of the initial particle size on the growth characteristics, additional
samples of Ni supported on α-Al2O3 were investigated with respect to the rate of particle
growth. Using different preparation procedures (see table 1) a sample with approximately
12 nm nickel particles (12Ni/α-Al2O3) was prepared (see figure 3e-f), which is significantly
smaller than the 20 nm average of the 20Ni/α-Al2O3 sample. An additional sample (2%-Ni/
α-Al2O3) was prepared with a 5 times lower loading of Ni (i.e. 2 wt%) but with the same
particle size as 12Ni/α-Al2O3, i.e. 13 nm (see table 1). The three different α-Al2O3 catalysts
thus vary in initial nickel particle size and inter-particle distances. The Ni growth curves of
these catalysts are displayed in figure 4b. The differently prepared Ni/α-Al2O3 samples also
show large variations in the growth characteristics. The fastest particle growth was
observed for the 12Ni/α-Al2O3 catalyst followed by the 2%-Ni/α-Al2O3 catalyst. Both of
these catalysts have a higher particle growth rate than the 20Ni/α-Al2O3 catalyst which had
a larger initial particle size. Also, their final particle size far exceeds that of 20/Ni/ α-Al2O3.
The 2%-Ni/α-Al2O3 catalyst with the lower nickel loading showed a less extensive growth
than the 12Ni/α-Al2O3 with comparable initial particle size.
In order to compare the extent of particle growth for the various catalysts with different
initial particle size we plotted the particle growth factor (initial particle size divided by the
final particle size) versus the calculated inter -particle distance (IPD) and the particle size.
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Figure 4: Nickel particle growth curves of Ni catalyst on various supports (a) and of Ni/α-Al2O3
catalyst (b) prepared using the synthesis conditions outlined in table 1 during the APR of 1 wt% EG at
230 °C.
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Figure 5: Effect of the theoretical inter-particle distance (IPD) (a) and the initial particle size (b) on
the growth factor (dp/dp0) for Ni supported on γ-Al2O3, CNF, SiC ZrO2 (open symbols) and α-Al2O3
(closed symbols) after treatment for 22 hours in a 1 wt% ethylene glycol solution at 230 °C.

A plot of the calculated inter-particle distance (based on the initial particle size and the
specific surface area of the support, see supporting information for more details) versus the
growth factor after 22 hours for all catalysts is shown in Figure 5a. No relationship between
the inter-particle distance and the growth factor for the different catalysts was observed.
The effect of the initial particle size on the particle growth factor for the different samples
in this study is shown in figure 5b. This figure shows that the initial particle size appears to
have an inverse correlation with the particle growth.

Discussion
The particle growth behavior of Ni on various supports and Ni supported on α-Al2O3
with different initial particle sizes shows that the support type is not the only important
factor in the growth process and the support effect are overshadowed by the large effect of
the initial particle size (figures 4a and 4b). Since catalyst with initially smaller particles
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show more rapid and more extensive growth it appears that the lower growth rate of the
20Ni/α-Al2O3 sample compared to the other supports, as shown in figure 4a, is not inherent
to the support type but is related to the initial particle size or the particle size distribution.
The higher growth rate observed for smaller particles is expected based on known particle
growth mechanisms, i.e. Ostwald ripening (OR) and particle migration and coalescence
(PMC). If particle growth occurs via particle migration and coalescence (PMC) more rapid
growth is expect for smaller particles because they are more mobile [19]. A higher growth
rate is also expected for smaller particles if particle growth occurs via Ostwald ripening
because of their higher solubility (due to their excess surface energy).
The type of growth mechanism is of interest since knowledge this can aid in the
development of strategies to combat particle growth. Based on the result presented here a
definitive conclusion with respect to the growth mechanism cannot be drawn. However,
several observations made point towards Ostwald ripening as the growth mechanism. First
of all substantial levels of dissolved Ni were detected in the liquid phase with AAS for both
Ni/ZrO2 (~60-160 ppm) and 20Ni/α-Al2O3 (~5-30 ppm), see figure S2. Whereas for Pt
based catalysts particle growth via Ostwald ripening in liquid phase reactions has been
dismissed on the grounds that the solubility of Pt in the aqueous phase is too low [14], the
much higher solubility of Ni species in the aqueous phase makes mass transport via
dissolved species a realistic possibility. Secondly, because the coalescence in PMC is much
faster than the transport of the particle over the support surface, the latter is the rate
determining step [19] and the growth rate is proportional to the particle distance or density.
Such a relation was not observed in figure 5a. Furthermore, a strong argument for the
prevalence of Oswald ripening as the growth mechanism is the absence of the influence of
the catalyst loading on the (initial) growth rate [24]. In the PMC mechanism the rate
constant is directly proportional to the metal loading (and IPD) for a comparable particle
sizes. It is difficult to determine the rate constant from figure 4b because the initial particle
growth rates are very high. However, the initial particle growth rate of the sample with the
lower loading (2%Ni/α-Al2O3) does not appear to differ substantially from that of 12Ni/αAl2O3 which has a 5 times higher loading and a comparable initial particle size. Another
observation that points towards Ostwald ripening as the growth mechanism is that, even
after extensive particle growth (when mainly very large particles are present) still some
very small particles can be observed (see for instance figure 3e). This can best be explained
by the Ostwald ripening mechanism because during large and small particles are expected
to be present simultaneously because the larger particles grow at the expense of shrinking
smaller particles. Lastly, it was observed that in some cases the Ni particle growth is so
extensive that they grow as large as the support particle/crystallites themselves (figure 2b
and figure 3e). This observation was used by Flynn et al. [20] as argument in favor of the
Ostwald ripening growth mechanism since it shows that transport of Ni must take place
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over the boundaries of the support particles/crystallites, making migration of whole nickel
particles unlikely.
Finally, the observation that the nickel particles of 12Ni/α-Al2O3 with the initially
smaller particles “outgrow” those of the sample with the initially larger particles (20Ni/αAl2O3) is also remarkable, i.e. the smaller particles of 12 nm have a higher initial growth
rate than the larger 20 nm particles but the growth rates do not equilibrate as the size
difference becomes smaller. This behavior is in direct contradiction with both generalized
Ostwald ripening (LSW) theory and theories on particle migration because, although these
theories predict that the initial rate of particle growth is larger for smaller particle, the rate
will also decrease as the average particle size increases. However, Munnik et al. [25]
recently found that during Ostwald ripening of nickel particles, in gas phase methanation
experiments, the small Ni particles deactivated faster due to particle growth and to a larger
extent than catalysts with medium sized particles. Also, Ferreira et al. [26] found that Pt/C
membrane cathode catalysts with the smallest particles actually end up with the largest
particles after potential cycling experiments. This is in line with figure 4b, which shows
that during the growth process the particle size of the 12Ni/α-Al2O3 catalyst with the
smallest initial size (12 nm) exceeded the size for the sample (20Ni/α-Al2O3) with an
initially larger average Ni size (20 nm). This phenomenon could be the result of the
difference in initial particle size and particle size distribution due to the fact that small Ni
particles are more easily oxidized, which is a requirement for the particle growth via
Ostwald ripening. Because the smaller nickel particles are more susceptible to oxidation
and leaching they are the main source of leached species, while the re-deposition and the
re-reduction of leached nickel if favored on the larger particles with a more metallic surface
that can dissociate the hydrogen needed for the reduction of metal ions. For different size
distributions the growth rate can also differ even if the average particle size is the same
[27]. For the 12Ni/α-Al2O3 sample the initial average particle size (12 nm) was close to
what is practically attainable while the distribution appears to be relatively narrow.
However for this sample (12Ni/α-Al2O3) some larger particles where observed but did not
have a significant contribution to the histogram in figure 3, e.g. less than 0.6% of the
particles have a size larger than 50 nm). The small particles in the vicinity of the scarce
number of very large particles will result a much larger concentration gradient between
dissolved nickel species compared to the distribution of 20Ni/α-Al2O3. As a result the Ni
flux between these particles is larger which means a much larger growth rate of the
anomalous large particles in this sample. Using a theoretical model it has been shown that
the introduction of a large particle in a distribution of small particles can already
significantly affect the growth behavior of the population [27] which was confirmed
experimentally by Van den Berg et. al. [28] for Cu supported on silica during methanol
synthesis. It has also been shown previously that the local distributions can have a
significant impact on the overall metal particle growth behavior of a catalyst [7].
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Conclusions
The effect of support type and particle size on Ni particle growth was investigated for
Ni nanoparticles on different supports. The extent of the Ni growth followed, as function of
the support, the order CNF~ZrO2>SiC>γ-Al2O3>α-Al2O3. The Ni particle growth was
found to be related to the initial nickel particle size which overshadowed the effect of the
support material. Nickel supported on α-Al2O3 with different initial particle sizes and
loadings also showed that the initial particle size is the most important parameter
determining the rate of particle growth. A Ni/α-Al2O3 catalyst with an initial particle size of
12 nm showed faster and more extensive growth than a Ni/α-Al2O3 catalyst with an initial
particle size of 20 nm. Furthermore, the sample with the initially smaller particles was
found to outgrow the catalyst with the larger particles. Ostwald ripening is thought to be the
most likely particle growth mechanism and it is postulated that the unusual growth behavior
could be related to the increased susceptibility of smaller nickel particles with respect to
oxidation. Also the presence of some larger particles in the catalyst with an average particle
size of 12 nm probably enhanced the concentration gradient between the particles and
increased the particle growth rate compared to the catalyst with an initial particle size of 20
nm.

Supporting information
Support stability
For the spent catalyst no observable changes occurred in the XRD patterns to any of the
support materials except for γ-Al2O3 for which a transformation into a boehmite phase
occurred. Since the phase change of the support is likely to be relevant to the stability of the
nickel particles we investigated the rate of conversion by analyzing the peak intensities of
the most pronounce diffraction lines of the γ-Al2O3-boehmite at different reaction times.
The insert shows the relative intensities of the γ-Al2O3 and boehmite diffraction lines versus
the reaction time. It is clear that this transformation occurs rapidly since after only 4 hours
the vast majority of the γ-Al2O3 has been converted and no γ-Al2O3 reflections were
observed after 22 hours. Even though this is a rather crude method for the quantification of
the phase transition the results are in good agreement, i.e. the transition occurs within a
comparable time frame, with those previously reported by Ravenelle et al. [29] who studied
the γ-Al2O3-boehmite transformation in detail for alumina supported Pt catalysts in the
reforming of glycerol.
Leaching
The amount of nickel in the liquid phase after cooling down and filtering off the
catalysts was measured with AAS for 20Ni/α-Al2O3 and Ni/ZrO2 (figure S2). For both
catalysts significant amounts of leached Ni were detected but for Ni/ZrO2 the concentration
were higher (60-160 ppm) than for Ni/α-Al2O3 (~5-30 ppm).
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Figure
S1:
γ-Al2O3-boehmite
transformation versus time expressed as the
relative intensity of the alumina and
boehmite reflections (XRD).
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Figure S2: Leaching of nickel species
during the APR of ethylene glycol as
function of reaction time with Ni/Al2O3
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This is possibly due to the smaller starting particle size (as determined from XRD) since
smaller Ni particles are more readily oxidized into soluble Ni(II) species.
Average inter-particle distance (IPD)
The average inter-particle distance can be observed experimentally from TEM or can be
estimated from the average particle density (PD). If the initial Ni particle radius (r0) and the
surface area of the support (Asp) are known the average particle density can be calculated
from the metal loading (L) expressed as the metal fraction in the catalyst (gmetal/gcatalyst) and
metal density (ρm):
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With (n) is 1 for spherical particles and 2 for hemi spherical particles. When the particles
with a certain average PDavg are at the center of a circle with an area equal to 1/PD, the
average spacing (IPDavg) between two neighbors is approximately equal to:
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Part 2: Screening of the influence of the type of base on the stability and
selectivity of a carbon nanofiber supported nickel catalyst
The thermodynamic calculations presented in chapter 2 predict that nickel nanoparticles
are more stable with respect to oxidation and leaching under alkaline conditions. This was
confirmed by the results presented in chapter 5 where it was shown that addition of
potassium hydroxide during the aqueous phase reforming of ethylene glycol over a Ni/CNF
indeed resulted in stable catalytic activity, while reforming without KOH resulted in rapid
catalyst deactivation. Because other base additives could be more practical, regarding cost
and regeneration, several alternative hydroxide and carbonate bases were screened with
respect to their effect on the stability of Ni/CNF in the aqueous phase reforming (APR) of
glycerol to lactic acid. A Ni/CNF catalyst with a nominal Ni loading of 10 wt% was
prepared via incipient wetness impregnation (following the procedure explained in chapter
4) with an average particle size of 6 nm according to H2-chemisoption (corresponding
monolayer uptake of 152 umol/gcat) and an average crystallite size of 8 nm according to
XRD. The selected base additives were KOH, NaOH, Ca(OH)2, MgO, NH4OH, K2CO3,
Na2CO3, NaHCO3, and NH4HCO3. The catalytic tests were performed in 10 ml batch
reactors as described in chapter 7 using 100 mg pre-reduced catalyst with 1 wt% glycerol
solutions and a base reactant ratio of 3 (base: carbon ratio 1) for 4 hours at 200 °C. The
stability of Ni/CNF was evaluated using the Ni crystallite sizes measured with XRD. The
catalytic activity was evaluated based on the composition of the liquid phase measured with
HPLC.
Figure 1 shows the crystallite size of the parent Ni/CNF catalyst and those of the spent
catalyst after reaction with various base additives. The average crystallite size of the parent
catalyst was 8 nm which increased to 32 nm during reaction without base additive. The use
of both NaOH and KOH additives resulted in an average crystallite size of 8 nm for the
spent catalyst. Thus, in line with the result in chapter 5, these additives can stabilize the Ni
particles with respect to particle growth. The use of Ca(OH)2 resulted in a particle size of
12 nm and is thus also quite effective. This is agreement with the results presented in
chapter 6 where it has been shown that CaO promoted nickel catalysts are more stable than
unpromoted catalysts. A direct comparison between KOH (chapter 5) and Ca(OH)2 (chapter
6) was not possible because in those cases different catalyst and base to substrate ratios
were used. From the current results it is clear that Ca(OH)2 stabilizes the nickel particles to
a lesser degree than KOH and NaOH. Mg(OH)2 was again less effective than Ca(OH)2
which could be due to the lower solubility of Mg(OH)2. The soluble carbonate salts of
potassium and sodium were all less effective in stabilizing the nickel nanoparticles than
their respective hydroxides which is expected since their base strength is much lower. Also
NH4HCO3, which is a weaker base than NH4OH and NaHCO3, which is a weaker base than
NaCO3, were less effective but admittedly these differences are small.
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size (nm)

Figure 2 shows the effect of the bases on the glycerol conversion and on the lactic acid
yields. All the base additives increased the activity and full conversion of glycerol was
achieved except with MgO and NH4CO3, while without base additive the conversion was
only 24%. The highest lactic acid yield of 55% was achieved with Ba(OH)2. Interestingly
both bases without metal cations (NH4OH and NH4HCO3) showed high conversion of
glycerol but with minimal formation of liquid phase acids. This suggests that these bases
are useful for the reforming of glycerol to CO2 and H2 without changing the selectivity
from gaseous products to liquid phase acids. Additional experiments with gas phase
analysis are required to confirm that the hydrogen production is indeed increased.
Summarizing, the solubility and base strength were found to be the most important
parameters with respect to the effectiveness of base additives in stabilizing nickel
nanoparticles against particle growth while the metal cation influences the selectivity with
respect to lactic acid. Since it was shown in Chapter 6 that the type of metal affects the
selectivity towards organic acids, steering of the selectivity (towards acids or gaseous
products) can be achieved by the combination of base additive and metal catalyst.
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Figure 1: Effect of base additive on
the stability of Ni/CNF. Crystallite
sizes were calculated with the
Scherrer equation based on the
broadening of the (111) and (200)
Ni diffraction lines except for
CaCO3 and Ca(OH)2 which were
based on the broadening of the most
intensive Ni diffraction line (111)
due to overlapping contributions.
Figure 2: Effect of base additive on
the glycerol conversion, lactic acid
yields and total liquid phase carbon
yields (HPLC detected) at high
conversion.

Final remarks

Part 3: Effect of reaction conditions on the production of hydrogen
from ethylene glycol over a carbon nanofiber supported nickel catalyst
Background
Even though the research on APR already spans a period of about 12 years and many
transition metals in combination with many support materials have been explored as
potential catalysts, the number of studies so far into the kinetics of aqueous phase reforming
(APR) is relatively small [1-7]. Only two of these studies are related to (modified Raney)
Ni catalyst and none have been reported for supported nickel catalysts. The reason for this
is probably twofold. It might be related to the choice of reactor type, i.e. a fixed bed reactor,
most commonly used in APR research. The use of a fixed bed for a three phase system
(solid catalyst with gaseous and liquid phase reactants or products) results in a trickle flow,
i.e. trickle bed reactor [8]. This makes it difficult to measure intrinsic kinetics because the
effect of kinetics and hydrodynamics cannot easily be decoupled for changing contact times
and pressures. Furthermore the specific type of trickle flow in decomposition reactions with
the production of gases, like APR, is not well established and probably differs from the
well-studied trickle flow in liquid phase hydrogenation reactions. These problems can be
circumvented, as was shown recently by Niera D’Angelo et al. [2] for a Pt catalyst, by
using a coated micro-channel capillary reactor, also known as a micro-reactor, that exhibits
a Taylor flow regime. Unfortunately, when using non-noble metal catalyst (especially with
supported metal nanoparticles), the deactivation of the catalyst can also make kinetic
measurement challenging. It has previously been show that significant deactivation of a
Ni/CNF catalyst takes place on the same time scale (~10 h) as was required for our fixed
bed reactor to reach steady state (see chapter 5). Despite this difficulty attempts are made
here to investigate the kinetics of nickel nanoparticle supported on carbon nanofiber (CNF).
To study the kinetics of Ni/CNF and minimize the deactivation, the effect of reaction
conditions on the APR kinetics were evaluated by measuring the initial activity in a batch
slurry reactor with a short reaction time, i.e. 1 hour, while keeping the conversions low by
adjusting the amount of catalyst when required. By this method the effects of feed
concentration, partial H2 and CO2 pressures and pH on the activity for a Ni/CNF catalyst
were investigated. The use of a reaction time of 1 hour could however not prevent
deactivation, which is still likely to affect the obtained result. A surprising discrepancy
between the slurry reactor and the fixed bed reactor was found which is discussed below.

Experimental
A 12 wt% Ni catalyst supported on CNF was prepared by incipient wetness
impregnation of surface-oxidized CNF with an aqueous Ni(NO3)2.6H2O solution, resulting
in a catalyst with an average particle size of about 5 nm as measured by XRD. Details with
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respect to catalyst preparation can be found in the experimental section of Chapter 5 of this
thesis. The pre-reduced 12% Ni/CNF catalyst was loaded into the reactor vessel together
with the degassed reaction solution under a N2 atmosphere in a glove box. The reactor
configuration has been described in Chapters 4 and 5 of this thesis. The reactor was flushed
with N2 and filled with the desired initial gas composition. The reactor was heated (12
°C/min) to the desired temperature and the MagneDrive Dispersimax (Autoclave
Engineers) impellor was started (800 rpm). The average rate of formation of each
component (x) was calculated based on change in gas phase composition relative to the
internal standard (N2) after cooling down the reactor according to:

%
½8,"N
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(0 − 0 )1,%
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,P
08 ∗ ·¶ ∗ «

Where Vl is the liquid volume (50 ml), Vr is the reactor volume (150 ml) PN2,i is the
initial pressure of nitrogen (typically 1.01 bar), Cx,f is the final relative gas phase
concentration of compound i (moli/moltotal), Px,i is the initial pressure of component (x) if
present, Vm is the molar volume (ideal gas at the temperature after cooling down) and t is
the reaction time (1 h). Leak testing was performed before the reaction at room temperature
but did not exclude that (minor) leakage occurred at the reaction temperature. Alternatively,
the gas formation rates can be calculated based on the observed pressure differential
between the pressure before and after the reaction. Because the accuracy with which the
pressure could be determined was ±0.1 bar the first method was preferred for the
calculations since for most experiments PN2 was equal to the atmospheric pressure (i.e.
1.013 bar). Large deviations between both methods are an indication of leakage or other
experimental errors and these results were discarded. In the case of leakage the second
method will underestimate the pressure increase and the gas production rates. The first
method does not require measuring the pressure increase; instead, in case of leakage the
partial N2 concentration will be underestimated also resulting in an, albeit smaller,
underestimation of the gas production. Initial reaction rates were measured at ≤10%
conversion for reactions without KOH addition and between 20-25% for reactions with
KOH addition. At these conversions the pressure increase resulting from gas production
was still rather low (typically <3 bar). Due to the low filling degree (<33%) the differential
partial pressures are low at low conversion (< 3 bar) and therefore the error introduced due
to the dissolution of gases in the liquid was very small and the effect of dissolution of gases
on the calculated production rate is small except in case of CO2.
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Results
The initial activity was investigated by measuring the initial rate of formation for
gaseous products (H2, CO2, CO and CH4) from ethylene glycol (EG) over a 12 wt%
Ni/CNF catalyst. As proposed by Dumesic [10] the APR of EG proceeds through reforming
(R1) and subsequent WGS reaction (R2), while especially for Ni based catalysts
methanation of CO (R3) or CO2 (R4) is a possible side reaction. Additionally, under
alkaline conditions, CO2 capture takes place (R5).
C2H6O2(l)→ 2CO(g) + 3H2(g)
CO(g) + H2O(l) ↔ CO2(g) + H2(g)
CO(g) + 3H2(g) → CH4(g) + H2O(l)
CO2(g) + 4H2(g) → CH4(g) + 2H2O(l)
KOH(a) + CO2(g) → KHCO3(a)

(R1)
(R2)
(R3)
(R4)
(R5)

Figure 1a shows the initial formation rates (TOFi) of H2, CO2, CO and CH4 from
ethylene glycol versus the ethylene glycol concentration (1, 10 and 50 wt% solutions). The
TOFi was calculated by normalizing the gas production rates to the number of Ni sites of
the parent catalyst determined by H2-chemisorption (see chapter 5). The H2 TOF was
almost unaffected by the increase in concentration for 1 up to 50 wt%, whereas the CO2
formation rate was found to decrease with increasing ethylene glycol concentration. Both
CO and CH4 formation rates increased for higher feed concentrations, which indicate a
decrease in WGS reaction rate at higher feed concentrations. Based on the formation of
carbonaceous gases (mainly CO2 and CO) the apparent reaction order in ethylene glycol
was approximately 0.2, which is lower than the order reported for ethylene glycol
reforming over a Pt (0.4) catalyst [5] but larger than for Sn modified Raney (0.03-0.05) Ni
catalysts [6]. Further experiments were performed at low (1 wt%) EG concentrations at
which formation rates of CO and CH4 are the lowest.
The extent of deactivation was estimated by measuring the increase in average
crystallite size between the parent and the spent catalyst with XRD. This showed an
increase in crystallite size from 5 nm to 23 nm (1 wt% EG). Even with a relatively short
reaction time the deactivation was still substantial and the corresponding decrease in
activity is estimated to be at most a factor of 5. One should keep in mind that differences in
the deactivation rate will also influence the obtained reaction orders.
Figure 1b shows the formation rates of the product gases as function of the initial
hydrogen pressure. The increase in H2 pressure only decreased the TOFs of H2 slightly and
also the CO2 and CO formation rates decreased with increasing partial hydrogen pressure,
while the CH4 production was somewhat increased. Hydrogen formation is thus marginally
inhibited at higher hydrogen pressure and, since the rates of CO and CH4 formation are
relatively small compared to H2, the reaction order with respect to H2 is approximately -0.1,
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Figure 1: Initial rates of gas formation, (●) H2, (■) CO2, (○) CO and (□) CH4, for the reforming of
ethylene glycol over Ni/CNF expressed as turn-over-frequencies (TOF) as function of: a) the ethylene
glycol feed concentration, b) initial H2 pressure, c) initial CO2 pressure and d) KOH concentration.
Other conditions: 230 °C, 1 hour, 50 ml reactant solution and 100 ml headspace volume, 800 rpm, 1
wt% EG or otherwise specified, 5-100 mg pre-reduced Ni/CNF catalyst, initial pressures of N2=1 bar
with the specified initial pressures of other gases. TOF values were calculated at conversions levels of
≤10% except for reactions with KOH addition (20-25% conversion).

which is higher that the reported value of -0.4 for Pt/Al2O3 [5]. The observed inhibition of
the H2 production rate with increasing H2 pressure could be underestimated due to the
lower stability of the catalyst at lower H2 pressure, as was shown in Chapter 5 of this thesis.
This inhibiting effect of H2 might be caused by the blocking of surface sites by adsorbed
hydrogen atoms [5].
The effect of initial CO2 pressure on the reforming rate had not yet been investigated
previously. Unfortunately the formation rates of CO2 could not be accurately determined
directly due to the high concentrations of CO2 already present in this experiment, which is
further complicated by the relatively high solubility of CO2 in water. However, as shown in
figure 1c, the formation rates of CO and H2 were not very sensitive to the initial partial CO2
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pressure while the methanation rate was found to increase significantly for higher CO2
pressures. The increase in the methane formation rate could be an indirect result of the
increased CO2 pressure via CO methanation (R3), since a higher CO2 pressure will increase
the CO equilibrium pressure of the (reverse) WGS reaction. If the latter is the case, also an
increase in CO concentration would be expected which was not the case. The increase in
the methane formation rate is thus more likely a direct result of the higher CO2 pressure
(via CO2 methanation (R4)). It should also be noted that, even though the TOFH2 were not
very sensitive to the initial CO2 pressure, the TOFH2 values were found to be lower than
those without initial additions of CO2 (e.g. 1 /min versus ~2 /min) which could point to
increased deactivation as the result of the increased acidity (as was noted in chapter 5).
Figure 3d shows the effect of KOH addition on the H2 formation. No CO2 was detected
in these runs due to carbonate formation (R5). Compared to the reforming of EG without
KOH the TOFH2 showed a substantial increase, i.e. the initial activity for reforming 1 wt%
ethylene glycol was found to be about ~2 min-1 whereas with addition of base this increased
to a maximum of 58 min-1 (0.5 M KOH). The increase in activity due to addition of KOH,
as was observed previously from the ethylene glycol conversion plots (figures 6 in Chapter
5), is also evident from the increasing formation rates of H2 with increasing KOH
concentrations in figure 1d. The reaction order in KOH was approximately 0.3.
Further measurements of the hydrogen production rate were made at different
temperatures (180, 200, 230 °C) with the additions and in absence of 0.5 M KOH, as shown
in figure 2. Since the formation of methane with 1 wt% ethylene glycol was relatively
minor, the apparent activation energy (Eapp) may be estimated from the hydrogen
production rate. It was found that Eapp for the reforming of ethylene glycol with KOH is
slightly higher (82±13 kJ/mol) but within the same confidence (95%, α=0.05) of the value
for ethylene glycol without additive (75±18 kJ/mol). These values are slightly lower than
the values reported for Pt, 100 kJ/mol [5], 110 kJ/mol [6] and 90 kJ/mol [9], and 100
kJ/mole [6] reported for Sn modified Raney nickel. For comparison, the apparent activation
energy with respect to hydrogen for the vapor phase reforming of ethylene glycol over Pt
was reported to be 63 kJ/mol [10].
Interestingly, for the reforming of ethylene glycol in an FBR with a Raney Ni catalyst
and 0.5 M KOH at a temperature of only 5 °C lower, a value of only TOFH2=0.7 min-1
(TOF also based on hydrogen chemisorption) was reported by Liu et. al. [11]. The TOFH2
values obtained for APR of EG with the addition of KOH were also significantly higher
than those obtained previously for the reforming of EG with 0.5 M KOH in a fixed bed
reactor (FBR) (table 3 in Chapter 5), although these were measured for 10 wt% solutions at
which the KOH concentration of 0.5 M can become limiting.. In an additional experiment
the reaction of 1% EG with 0.5M KOH was performed in a FBR at 230 °C and 29 bar and
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a TOFH2 of 3.4 min-1 was obtained (with a H2 yield of 19%). This shows that the observed
high rates in the batch slurry reactor could not be reproduced under continuous flow
conditions (using the FBR system describe previously in [12] and Chapter 5). The trivial
explanation that the rates in the batch reactor are overestimated due to the contribution of
the activity during the heating stage cannot account for such a large (i.e. near 20 fold)
difference.

Discussion
The hydrogen formation rate was found to be rather insensitive to both the reactant
concentration (1-50 wt %) and the CO2 partial pressure (0.1-10 bar), and was also found to
decrease slightly for increasing hydrogen partial pressures (0.1-10 bar). The most
pronounced effect was the increase in the hydrogen production rate with the addition of
KOH to the reaction medium. The higher activity can be explained partially by the
deactivation that occurs without KOH (the stability of Ni/CNF under alkaline conditions is
much higher as was shown in Chapter 5 of this thesis). However the observed increase in
activity due to addition of KOH is about a factor of 30 while the decrease in activity due to
deactivation that occurred without base addition is estimated to be less than a factor of 5.
The increased activity of Ni/CNF with KOH addition can thus not be explained by an
increase in catalyst stability alone.
It was suggested in Chapter 5 that the increased activity under alkaline conditions could
be related to the shift in the potential required for Ni oxidation, which predicts that Ni is
less likely to be oxidized under alkaline conditions, as was also argued in Chapter 2. Under
these conditions the more metallic Ni particles have more available active sites and thus a
higher reaction rate. If this is the case it would also be expected that the hydrogen
production rate levels off at higher base concentration (i.e. at higher pH values) which,
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since the reaction order in KOH was found to be approximately 0.3 up to at least 0.5 M
KOH, is not the case (see figure 1d) and other factors must be contributing to the observed
increase in activity.
Several additional explanations for the enhancement of the reforming rate were also put
forward in Chapter 5. For instance, the addition of base also leads to capture of CO2 which
in turn can enhance kinetics if CO2, like H2, inhibits the APR reaction on Ni. However, in
figure 1d it was shown that the TOFH2 increased with increasing KOH concentration
although the amount of KOH added was enough to capture all CO2 formed in the
concentration range of 0.16-0.5 M. From figure 1c it is also clear that the H2 TOF was not
significantly affected by the initial CO2 pressure and that therefore the increased activity
cannot be attributed to inhibition by CO2.
Since KOH is also a catalyst for the WGS reaction it could increase the activity of EG
reforming by increasing the (reverse) WGS rate (R2) provided that the WGS is rate
limiting. However, if the addition of KOH increases the activity because of its functions as
a catalyst a linear relation between the KOH concentration and the activity would be
expected instead of the observed fractional order (0.3).
Another explanation proposed in Chapter 5 is that the under alkaline conditions a
change in the reforming mechanism occurs and the increase in reaction rate is the result of a
decrease in the activation energy, as was shown for instance for the oxidative
dehydrogenation of glycerol [13]. However the apparent activation energies for the
reforming with KOH addition was actually slightly higher than without KOH addition,
which makes it unlikely that the increase in overall rate is caused by a change in the
mechanism of the rate determining (and preceding) steps. The observation of comparable
activation energies is however in agreement with the proposition that the increased activity
is due to the higher availability of metallic active surface area under alkaline conditions
[12]. However, it should be noted that determination of the activation energy based on 3
different temperatures (comparable to previous reports [5, 6]) resulted in rather poor
confidence intervals. If the observed increase in activity by a factor (fa) of at most ~30
would be the result of a change in mechanism, the corresponding difference in the apparent
activation energy (ΔEa) would be about 14 kJ/mol at 230 °C (estimated as ΔEa=RT*ln(fa))
(assuming the same frequency factor and providing the order of the reaction remains
unchanged) which is comparable to the inaccuracy of the measurement. The, an increase in
overall rate as a result of a decrease in activation energy due to a change in the mechanism
cannot excluded.
Based on the difference in reaction rates without KOH and with 0.5 M KOH
(approximately a factor 30) and an apparent reaction order of 0.3 in KOH it can be
calculated that the base concentration without KOH additions should be approximately
6*10-6 M which is close to the theoretical value of the hydroxide concentration of a neutral
solution at the reaction temperature (~2*10-6 M). The enhanced activity due to KOH
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addition could thus be a kinetic effect where the hydroxide participates as a reactant, either
directly or indirectly. It was suggested by Liu et al. that APR activity may be enhanced by
KOH directly as a result of the increase in surface hydroxyl groups which react with the
adsorbed *COH fragments (i.e. WGS reaction), again assuming that the WGS reaction is
rate limiting. An indirect effect of the base addition might be due to the effect of the pH on
the equilibrium concentration of the deprotonated species (pKa of EG is 14.2), i.e. the
equilibrium concentration of the alkoxide is proportional to the KOH concentration.
Interestingly, the H2 formation rates observed by Liu et al., using a Raney Ni catalyst
were more than an order of magnitude lower than those obtained in the batch reforming
experiments of our study (i.e. an initial TOFH2 of ~0.6 min-1 with 0.5M KOH at 225 °C) but
the reaction order in KOH that can be inferred from their data (concentration range 0.02-0.5
M KOH) is 0.2 and thus comparable to our results. An additional experiment with our
catalyst performed in a continuous flow reactor at the conditions of the highest activity
from the batch wise experiment showed that these differences in activity could be related to
the reactor configuration, since much lower TOFH2 values were obtained with the FBR.
Two factors might contribute to the phenomena that the observed rates are different for the
batch versus continuous reaction: (1) Transport limitations affect the observed reaction
kinetics, e.g. because of the low flow rates in the FBR the rate is limited by the external
mass transfer of the reactant or by gas liquid transport of hydrogen. (2) The differences are
related to the hydrodynamics of the reaction and due to e.g. channeling, difference in gas
hold up, bubble size distribution or catalyst wetting efficiency. The estimated liquid-solid
mass transfer coefficient in the slurry batch reactor [14] was about twice as high as for the
FBR [15] but at the measured reaction rates external (and internal) mass transfer limitations
with respect to EG was excluded based upon a theoretical evaluation using the Carberry
and Weisz-Prater criteria, with some reservations regarding volume expansions (see section
below). It has also been shown that reactor performance can be increased due to increased
transport of H2 to the gas phase [2]. Inadequate removal of hydrogen from the catalyst
surface can result in low reaction rates due to site blocking by hydrogen as a result of
increased local concentrations. The inhibiting effect of H2 pressure on the reaction rate
measured in the slurry batch reactor was found to be less negative than that reported
previously for Pt using a continuous flow reactor [5]. Both the use of a micro-reactor versus
a fixed bed reactor and the co-feeding of inert gas were shown to improve reactor
performance which was attributed to improved gas-liquid transfer of H2 [2, 16-18]. The
difference in hydrodynamics of the FBR due to different bubble size and size distribution
can also decrease the contact between the liquid and the catalyst due to channeling and poor
catalyst wetting [19] and results in decreased reactor performance. In the batch reactor
bubbles are formed via agitation (using a disperimax impellor in our case) initially
containing mainly water vapor and inert gas, the gas to liquid ratio remains more or less
constant while the pressure inside the bubble increases slightly with the production of H2
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and CO2. In the FBR the gas to liquid ratio is in principle initially zero (without co-feeding
inert gas) and then increases over the bed length due to production of gaseous species as
bubbles are being formed and expand (isobaric operation) due to gas production and water
evaporation. Finally, very different start up procedures of slurry batch reactor and the fixed
bed reactor are apparent that may lead to different extents of catalyst deactivation for both
reactors.

Conclusions
The effect of reaction conditions (reactant, hydrogen and carbon dioxide pressure, base
and temperature) on the kinetics have been evaluated for the aqueous phase reforming of
ethylene glycol in a batch slurry reactor. The hydrogen formation rate was found to be
rather insensitive to both the reactant concentration (1-50 wt %) and the CO2 partial
pressure (0.1-10 bar), and was also found to decrease slightly for increasing hydrogen
partial pressures (0.1-10 bar). The most pronounced effect on the hydrogen production rate
was the addition of base (KOH) to the reaction medium which resulted in a ~30 fold
increase in activity for the highest KOH concentration (0.5 M). This is partially due to the
deactivation of the catalyst without KOH addition. The participation of hydroxide as a
reactant in the KOH promoted reforming of EG together with an increase in number of
available metallic Ni sites in the alkaline solution can further explain the observed increase
in reaction rate.
An order of magnitude discrepancy was observed between the specific reaction rates
obtained in a batch slurry reactor versus the rates obtained in a fixed-bed reactor. After
excluding transport limitations of ethylene glycol via a theoretical approach the best
explanation for this phenomenon at the moment is a decrease in the inhibition of the
reaction by hydrogen due to an increase in the liquid to gas hydrogen transport combined
with better contact, e.g. higher wetting efficiency of the catalyst in the batch reactor.

Supporting information: evaluation of transport phenomena
The possible presence of internal diffusion limitation can be evaluated based on the
Weisz-Prater criterion(Φ), for spherical particles [20]:
Ï=

−½ ,"N ∗ ½- 
5APP ∗ N

An internal effectiveness factor >0.95 denotes the absence of significant internal diffusion
limitations and requires that Φ<0.6 for a first order reaction and Φ<6 for zero order
reactions. When the surface concentration is taken equal to the bulk concentration the value
reported in table 1 are obtained, which show that the Weisz-Prater criterion is below 0.6 for
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all reactions. External (film) diffusion limitation can be evaluated with the Mears or
Carberry criterion (Ca) [20, 21]:
Ð =
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Where kLS is the overall liquid solid mass transfer coefficient which can be obtained from
the Sherwood number (Sh) which in turn, for a laboratory slurry reactor [14, 22], can be
estimated from the Reynold (Re) and Schimdt (Sc) number via the correlation:
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For the fixed bed reactor with a low Re number the value of kLS can be estimated according
to [15]:
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The solid liquid mass transfer coefficient obtained based on these correlations indeed
yield a value for kLS that is twice as high for the film diffusion in the batch versus the FBR
and thus the resistance against mass transport in the batch reactor is about half of that in the
FRB. But since even for the highest observed ration rates, the Carberry criterion is (close to
but) still below 0.15 (table 1), external mass transfer limitations cannot explain the
differences in reaction rate of the FBR versus the batch reactor (see table 2 for values used
in the calculations). This provides a rough indication that external liquid–solid and internal
mass transport do not affect the reaction rate since the calculated values are indicative only
as they are based on estimated values for the effective diffusions coefficients, volumetric
production rates and mass transfer coefficients. Also, the Weisz-Prater criterion is not valid
for reactions that are product inhibited [23] which is the case for the reforming of EG (and
which has not been established for KOH enhanced reactions). Diffusion of potassium and
hydroxide ions was not evaluated since it is reasonable to expect that these species have
diffusion coefficients equal or larger than ethylene glycol. More importantly the film
factors were taken as unity (i.e. assuming equimolar countercurrent diffusion) and thus
ignoring the change in number of moles in the reaction. This latter effect is negligible for
diffusion in small pores but for molecular diffusion the effect of the change in the number
of moles in the reaction can only be neglected for dilute solutions [20, 24]. The ethylene
glycol mole fraction used in most of our experiments was indeed low but in this case the
diffusion might still be hindered significantly if gas bubbles are formed from the gases
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Table 1: Theoretical assessment of transport limitation in APR for slurry batch and trickle (fixed) bed
reactors (FRB) at 230 °C and 29 bar.

Conditions
1 wt% EG
Reactor
-rm,obs (mol/kgcat/s)1
Criterion (critical value)
Weisz-Prater (<6-0.6)2
Carberry (<0.15)

Slurry batch
2*10-3

1 wt% EG, 0.5 M
KOH
Slurry batch
7*10-2

1 wt% EG, 0.5 M
KOH
FBR
4*10-3

1*10-2
2*10-3

4*10-1
2*10-2

1*10-2
3*10-3

ΔTadiabatic

-

-

8 °C

1

Reaction rate of ethylene glycol was calculated as ½ of the rate of the formation of carbonaceous
gases and 1/5 of the rate of hydrogen formation for the reaction with KOH. 2For reaction order (n)
between 0-1 [20].

produced in the reaction inside the catalyst pores or in the static boundary layer surrounding
the catalyst particle. Kubota [24] suggested to take Φ< 1/((1+θ)n) for reactions with volume
expansion or contraction where θ is the volume expansion coefficient which was estimated
to be at most ~10 at our conditions, i.e. if all gases formed according to the stoichiometry of
R1 and R2 form bubbles with the equilibrium partial water vapor pressure (thus neglecting
gas solubility). This means that for a reaction order of 0.2 in ethylene glycol Φ should be
smaller than 0.4, which is the value obtained for the highest activity. The observed
exponential relation between temperature and the reaction rate and the obtained values for
the activation energy also point towards the absence of diffusion limitations.
Due to high heat capacities and conductivities, heat transport limitations are generally of
less concern in liquid phase reactions [25]. For the endothermic APR of ethylene glycol and
methanol in a fixed bed reactor Shabaker et al. found that heat transport limitation becomes
important only after internal diffusion limitation arises [5]. However, in the evaluation of
the heat transport required for isothermal operation in a fixed bed reactor during the
endothermic APR reaction it should be noted that, because of the high vapor pressure of
water at the reaction temperature, the heat transferred to the reactor should be equal to not
only the heat of reaction (ΔHrxn) but should also include the heat of vaporization (ΔHvap) of
water that occurs when gas bubbles containing H2 and CO2 (and thus mainly H2O) are
formed. The maximal axial adiabatic temperature gradient ΔTadiabatic can be estimated from
the heat-balance (for pressures close to the bubble point because the solubility of the gases
in water is ignored and also ignoring reactant vapor pressure):
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Table 2: Values used for the calculation of transport limitation criteria.

Symbol

ρc
rp
dp

Description
volumetic specific observed
ration rate
mass specific observed ration
rate
catalyst particle density
catalyst particle radius
particle (upper) diameter

D

diffusion coefficient at Tr

-rv,obs
-rm,obs

Dab (EG)
Tr
T0
ul,r
ul,0
v
Deff
ε
τ
n
Tr
Psys
Psat
Pvap
θ
ΔTadiabatic

ΔHrxn

ΔHvap
s
1

binary diffusion coefficient at
T0
reaction temperature
reference temperature
dynamic viscosity at Tr
dynamic viscosity at T0
linear velocity
effective diffusion coefficient
porosity
tortuosity
reaction order
reaction temperature
total system reaction pressure
water saturation pressure
water vapor pressure
volume expansion factor
adiabatic axial temperature
gradient
enthalpy of reaction for APR of:
ethylene glycol (R1+R2)
ethylene glycol +KOH
(R1+R2+R5)
enthalpy of vaporization of
water
reaction stoichiometry

Unit
mol/(m3cat.s)

Value
-rv,obs* ρc

Ref.
-

mol/(kg3cat.s)

table 1

-

kgcat/m3cat
mcat
mcat
m2/s

-

m2/s

1100
dp/2
150*10-6
Dab*(Tr/T0*)
/
(uT0*uTr)
1.25*10-9

°C
°C
kg/(m.s)
kg/(m.s)
m/s
m2/s
m3pore/m3catalyst
°C
bar
bar
bar
m3product/m3reactant
°C

230
25
8.9*10-2
1.2*10-2
6.6*10-5
εD/τ
0.77
2
0.2
29.0
~Pvap
24.3
~10
10

kJ/mol

217 (230 °C)
119 (230 °C)

[28]

kJ/mol

35.1

[28]

(molgas/molfeed)

5

Since CNF has a low tortuosity [29] a value of 2 has been assumed here.
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[26,
27]
-

1

[28]
-
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*h%¶%·

 ∗ 1CV,N¶

Û³ ∗  ∗ d
1NÜN −1CV,N¶
=
b ∗ -

-

+  e

With (s) being the reaction stoichiometry with respect to the formation of gaseous
products: s=7 (molgas/molEG) for R1+R2 and s=5 (molgas/molEG) for the stoichiometry of
R1+R2+R5. For low concentrations of ethylene glycol in water the PH2O,sat can be taken
equal to the equilibrium water vapor pressure Pvap. This yields ΔTadiabatic= 8 °C for
reforming 1% EG at 230 °C and 29 bar at a hydrogen yield of y=17%. For comparison
without taking evaporation of water into account a value of only 1.5 °C is obtained and
vaporization of water thus significantly affects the heat transfer required for isothermal
operation even at low reactant concentrations. When evaporation occurs inside the catalyst
particle or on the surface, internal and external heat transfer could become an issue
especially with high feed concentrations, larger feed molecules, high gas yields and partial
pressures close to the bubble point. Note that in the slurry batch reactor the bubbles formed
due to agitation are already saturated with water vapor and only increase in pressure when
gaseous products are formed. The resulting increase in partial pressure of the products in
the batch reactor is then a function of the filling degree (liquid-headspace ratio).
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Chapter 9A
Summary
Concerns about the impact of fossil fuel usage on the environment and climate,
combined with the diminishing fossil fuel resources, are the main drive for research into the
utilization of biomass as a more sustainable feedstock for the production of chemicals and
fuels, as was discussed in Chapter 1. The conversion of biomass into useful chemicals and
fuels can be accomplished by various thermo- catalytic processes using heterogeneous
catalysts. In contrast to the hydrocarbon feeds processed in existing petrochemical
processes, biomass feedstock consists of highly functionalized polar molecules which are
solid and/or non-volatile, and are preferably processed in aqueous media. Catalytic
reactions in the aqueous phase at elevated temperature and pressure, i.e. hydrothermal
processes, are therefore expected to play a key role in the conversion of biomass and
biomass derived feedstock to sustainable chemicals and fuels. This introduces challenges
with respect to the stability of the catalyst and therefore often noble metals are used in
biomass related conversion processes. However, because of the scarcity and high cost of
precious metals, the development of (new) catalyst and catalytic processes for the
valorization of renewable resources should also aim for the application of non-precious
(non-noble) metals as the catalysts’ active phase.
The aim of the work described in this thesis has been the investigation of the potential
of non-noble metal catalysts, notably nickel and copper, with respect to their stability and
activity in aqueous phase processing of polyols at elevated temperature and pressure. The
production of hydrogen via aqueous phase reforming (APR) and a process for combined
production of hydrogen and organic acids via oxidation of ethylene glycol and glycerol are
the key catalytic reactions which were studied.
In Chapter 2 the stability of non-noble metals (iron, cobalt, nickel and copper) as
prospective catalysts in aqueous phase reactions is discussed. To assess the stability of
these metals thermodynamic calculations were performed. The stability of these metals
with respect to metal oxide formation and leaching behavior is dependent on the
temperature, the partial pressure of hydrogen, the pH and the metal particle size. Typical
conditions for APR (>473K and PH2=1-10 bar) result in the oxidation of bulk Fe whereas
bulk metals cobalt, nickel and copper are stable with respect to the formation of metal
oxides. Additionally, the stability of bulk cobalt at these conditions is questionable because
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of its high solubility (above the corrosion limit of 10-6 M) already at neutral pH at 473 K.
Bulk copper and nickel were found to be more stable with respect to leaching (solubility
below 10-6 M) at a temperature of 473 K and can be applied as catalysts provided that the
solutions are not very acidic and the partial hydrogen pressure is at least 1 bar. The stability
of metal nanoparticles with respect to the formation of metal oxides was evaluated by
taking the contribution of the surface energy of the metals into account. It was shown that
the equilibrium hydrogen pressure required to prevent the formation of metal oxides
increases with decreasing particle size and this increase becomes significant at sizes below
10 nm. The formation of metal oxides of nickel and cobalt in water can be expected around
respectively 2 nm to 4 nm and 4 nm to 6 nm for hydrogen pressures in the order of 1-10
bar, while under similar conditions copper particles of 2 nm are still stable. The solubility
of all the metal (oxide) nanoparticles increases strongly for particles below 10 nm. Based
on these results it is expected that leaching (oxidative dissolution) as a deactivation
mechanism will be a major concern.
For heterogeneous supported catalysts the stability of the support material is also
expected to affect the stability of the catalyst. Therefore a comparative study of the effect of
liquid water at 200 °C on the structural properties of a variety of support materials (γAl2O3, α-Al2O3, AlO(OH), m-ZrO2,t-ZrO2, TiO2, SiO2, SiO2-Al2O3, SiC and carbon
nanofibers (CNF)) was performed in Chapter 3. It was found that high surface area catalyst
support materials; γ-Al2O3, t-ZrO2, TiO2 and SiO2 are unsuited for application under
hydrothermal conditions. These materials showed extremely rapid degradation (within 20
hours) due to crystallite growth, leaching and/or phase changes which resulted in loss of
surface area and porosity. Monoclinic ZrO2 was the most interesting of the high surface
area metal oxide supports because it showed only a minor decrease in surface area. Most
promising were carbon nanofibers (CNF), because this material maintained its high surface
area and porosity. The support materials α-Al2O3 and SiC also possess high hydrothermal
stability but their low surface areas are a disadvantage when high dispersions or high
loadings of active phase are required for the catalyst.
Next, in Chapter 4, cobalt, nickel and copper supported on CNF catalysts were
synthesized and used for the production of hydrogen via APR of ethylene glycol (230 °C,
autogenous pressure). The stability and activity of these catalysts were compared to a
benchmark platinum catalyst. The initial surface-specific activities for ethylene glycol
reforming were similar but decreased in the order platinum (16 h-1)> cobalt (13 h-1) > nickel
(5.2 h-1) while the copper catalyst only showed minimal dehydrogenation activity. The
hydrogen molar selectivity decreased in the order platinum (53%) > cobalt (21%) > nickel
(15%). Over the cobalt and nickel catalysts methane was formed which resulted in low H2
selectivity. Besides reforming to gaseous species also liquid phase products were formed.
The nature of these products differed from metal to metal pointing to additional reaction
pathways specific to the metal component. Over the cobalt catalyst acids were formed in
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the liquid phase while mainly alcohols were formed over nickel and platinum catalyst.
Investigations of the spent catalysts showed that all catalysts exhibited loss of metal surface
area due to metal particle growth, most notably for Ni/CNF and Pt/CNF. In addition, since
reforming took place at a rather low pH as a result of the formed acids, catalyst oxidation
and leaching might occur. This was found to be most pronounced for the cobalt catalyst. In
general this will hinder the applicability of base metals under aqueous phase reforming
conditions unless neutralization of the acidity can be realized.
In Chapter 5 the stabilization of CNF supported nickel nanoparticles in aqueous
reforming of ethylene glycol by tuning the reaction conditions is reported. The composition
of the gas phase atmosphere, reactant concentration and pH were the key parameters
investigated. Results from spent catalyst characterization with XRD, TEM and
chemisorption showed that during APR the Ni/CNF catalyst deactivated due to loss of
nickel surface area as a result of nickel particle growth. This particle growth is proposed to
correlates with the oxidation and leaching of nickel as a result of the acidic APR conditions.
The extent of this growth could be controlled by tuning the reaction conditions for which
the effectiveness can be summarized as follows: increase in pH>increase in reactant
concentration>increase in H2 pressure. Nickel crystallite growth was almost completely
prevented above a pH of 8 by addition of KOH to the reaction mixture. Stable H2
production could be achieved with high hydrogen selectivity (99%) during 50 hours-onstream when KOH was added. Without KOH the catalysts lost 93% of the observed initial
activity in the same time period and the H2 selectivity was lower (90%). The increased
stability of nickel particles under both alkaline and reducing conditions is ascribed to the
suppression of nickel leaching, thereby preventing subsequent particle growth via Ostwald
ripening.
In Chapter 6 the influence of CaO promotion on nickel catalyst supported on carbon
nanotubes (CNT) and ZrO2 for the aqueous phase reforming and hydrogenolyis of glycerol
is reported. CaO promoted catalysts were compared to unpromoted supported nickel
catalysts and to physical mixtures of CaO and supported Ni catalysts. In the most effective
case the calcium and nickel were introduced to the support by co-impregnation. This
resulted in catalyst systems where nickel and CaO were in close proximity which increased
the catalytic activity for the production of hydrogen and liquid phase products compared to
a physical mixture of CaO with the nickel catalyst and unpromoted nickel catalysts. By
operating in a batch reactor part of the produced hydrogen was used in-situ for the
hydrogenolysis of glycerol to 1,2-propanediol. When H2 was removed from the reactor
during the reaction, by N2 stripping in semi-batch mode, hydroxyacetone was the main
liquid phase product. The addition of CaO resulted in a shift in selectivity from
hydroxyacetone and 1,2-propanediol towards lactic acid. Growth of nickel particles was
inhibited both when the CaO was physically mixed with the nickel catalysts and when the
CaO was introduced to the catalyst by co-impregnation. The increased activity and stability
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make CaO a promising alternative to the use of homogeneous bases like KOH. The formed
acidic products (CO2 and lactic acid) reacted with the base which resulted in consumption
of the CaO. Thus, either the base needs to be regenerated or stoichiometric amounts of base
are required.
Chapter 7 concerns the anaerobic oxidation, of ethylene glycol and glycerol into
organic acids (glycolic acid and lactic acids respectively) in alkaline aqueous solutions,
using CNF supported copper and nickel nanoparticles at 150-180 °C. Compared to the
aerobic process for the production of glycolic acid (using an oxygen atmosphere and
temperatures around 60 °C) the use of anaerobic conditions at somewhat higher
temperatures has the benefit of producing hydrogen as valuable co-product. During the
anaerobic aqueous phase oxidation of ethylene glycol over the Cu/CNF catalysts at 150 °C
a nearly quantitative yield of glycolic acid (96% selectivity at 82% conversion) was
obtained and the high selectivity toward glycolic acid was independent of the temperature.
During glycerol oxidation mainly lactic acid was formed over Cu/CNF, with glyceric acid
and 1,2-propanediol as by-products. Higher temperatures and longer reaction times favor
the production of lactic acid for which a maximum selectivity 67% was obtained at full
glycerol conversion. With the Ni/CNF catalyst C-C cleavage products, formic acid and
ethylene glycol were formed additionally, resulting in lower selectivity to valuable glycolic
and lactic acid but higher hydrogen selectivity compared to Cu/CNF.
In Chapter 8 some final remarks and results are presented divided in three different
parts. First the role of the support type and the initial nickel particle size on the stability of
the nickel catalysts with respect to nickel particle growth was investigated. The extent of
the nickel particle growth decreased in the order CNF>ZrO2>SiC>γ-Al2O3>α-Al2O3. Nickel
supported on α-Al2O3 with two different initial particle sizes and loadings showed that the
initial particle size is one of the most important parameters determining the rate of particle
growth. A Ni/α-Al2O3 catalyst with an initial particle size of 12 nm showed far more rapid
and extensive growth than a Ni/α-Al2O3 catalyst with an initial particle size of 20 nm.
Furthermore, the sample with the initially smaller particles was found to outgrow the
catalyst with the initially larger particles. It is postulated that Ostwald ripening is the most
likely particle growth mechanism and the unusual growth behavior could be related to the
increased susceptibility of smaller nickel particle with respect to oxidation and leaching.
Also the presence of some larger particles in the catalyst with 12 nm particle size could
increase the local concentration gradient between the particles and thus increase the particle
growth rate.
In the second part of Chapter 8 various hydroxide and carbonate base additives were
screened with respect to their effect on the stability of Ni/CNF in the aqueous phase
reforming (APR) of glycerol to lactic acid. The base strength and solubility appear the most
important with respect to the effectiveness of these additives in reducing the extent of
nickel particle growth. The metal cation is shown to influence the selectivity with respect to
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lactic acid. It is suggested that the selectivity of the reforming of glycerol towards lactic
acid or gaseous products can be controlled by combination of the choice of base additive
and metal catalyst.
In the last part of Chapter 8 the effect of reaction conditions (reactant, hydrogen and
carbon dioxide pressure, base and temperature) on the kinetics of the aqueous phase
reforming of ethylene glycol with a Ni/CNF catalyst were evaluated. The hydrogen
formation rate was found to be rather insensitive to both the reactant concentration (1-50
wt%) and the CO2 partial pressure (0.1-10 bar), and was also found to decrease slightly for
increasing hydrogen partial pressures (0.1-10 bar). The most pronounced effect on the
hydrogen production rate was the addition of base (KOH) to the reaction medium which
resulted in a ~30 fold increase in activity for the highest KOH concentration (0.5 M). This
is partially due to the deactivation of the catalyst without KOH addition. The participation
of hydroxide as a reactant in the KOH promoted reforming of EG together with an increase
in number of available metallic nickel sites in the alkaline solution can further explain the
observed increase in reaction rate.
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Samenvatting
De bezorgdheid over het milieu en klimaatverandering als gevolg van het gebruik van
fossiele brandstoffen in combinatie met de afnemende voorraad van fossiele bronnen zijn
de aanleiding voor onderzoek naar het gebruik van biomassa als een meer duurzame
grondstof voor de productie van chemicaliën en brandstoffen, zoals besproken in
hoofdstuk 1. De omzetting van biomassa naar bruikbare chemicaliën en brandstoffen ter
vervanging van een deel van de fossiele bronnen kan worden bewerkstelligd met
verschillende thermisch-katalytische processen en gebruik van heterogene katalysatoren. In
tegenstelling tot de koolwaterstoffen die verwerkt worden in bestaande petrochemische
processen bestaat biomassa uit gefunctionaliseerde polaire vaste en/of niet vluchtige
componenten die bij voorkeur verwerkt worden in een waterige medium. Katalytische
reacties in water bij verhoogde temperatuur en druk (hydrothermale processen) zouden
daarom een sleutelrol kunnen spelen in de omzetting van biomassa en van biomassa
afgeleide grondstoffen naar duurzame chemicaliën en brandstoffen. Dit introduceert
uitdagingen met betrekking tot de stabiliteit van de katalysatoren en daarom wordt er vaak
gebruik gemaakt van edelmetalen als actieve fase. Echter, als gevolg van de schaarste en de
hoge kosten van edelmetalen, zou men in de ontwikkeling van (nieuwe) katalysatoren en
katalytische processen voor de valorisatie van hernieuwbare bronnen ook moeten streven
naar het toepassen van niet-edelmetalen voor de actieve fase van de katalysator.
Het doel van dit proefschrift is te onderzoeken wat de potentie is van niet–edelmetaal
gebaseerde katalysatoren, met name nikkel en koper, met betrekking tot de stabiliteit en
activiteit van deze katalysatoren voor de omzetting van polyolen bij verhoogde temperatuur
en druk in waterige media. De productie van waterstof via reformeren in water (aqueous
phase reforming, APR) en de gecombineerde productie van waterstof en organische zuren
via de oxidatie van polyolen (ethyleenglycol en glycerol) in een alkalisch medium zijn de
belangrijkste katalytische reacties die bestudeerd zijn.
In hoofdstuk 2 wordt de stabiliteit van niet edel metalen (ijzer, kobalt, nickel en koper)
als potentiële katalysatoren in waterfase reacties besproken. Om de stabiliteit van deze
metalen te evalueren werden thermodynamische berekeningen uitgevoerd. De stabiliteit van
deze metalen met betrekking tot de vorming van metaaloxides en het uitlogen van deze
metalen is afhankelijk van de temperatuur, de partiële waterstofdruk, de pH en de
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deeltjesgrootte. Representatieve condities voor APR (temperatuur van 473 K en een
waterstof druk van 1-10 bar) resulteren in de oxidatie van het ijzer terwijl nikkel, kobalt en
koper stabiel zijn ten aanzien van de vorming van metaaloxides. Verder is de stabiliteit van
kobalt onder deze omstandigheden twijfelachtig gezien de hoge oplosbaarheid (hoger dan
de corrosielimiet van 10-6 M) reeds bij de neutrale pH van water bij 473 K. Koper en nikkel
zijn veel stabieler ten opzichte van uitlogen (oplosbaarheid lager dan 10-6 M) bij een
temperatuur van 473 K en dus toepasbaar als katalysator op voorwaarde dat de zuurgraad
van de oplossingen niet te hoog (pH niet te laag) is en dat de partiële waterstofdruk
minimaal 1 bar is. De stabiliteit van nanodeeltjes van deze metalen met betrekking tot de
vorming van metaaloxiden werd geëvalueerd door de bijdrage van de oppervlakte-energie
van de nanodeeltjes te verdisconteren. Er werd aangetoond dat de evenwichtswaterstofdruk
die nodig is om de vorming van metaaloxiden te verhinderen toeneemt bij afnemende
deeltjesgrootte en dat deze toename significant wordt bij deeltjes kleiner dan 10 nm. De
vorming van metaaloxiden van nikkel en kobalt in water kan worden verwacht rond
respectievelijk 2 nm tot 4 nm en 4 nm tot 6 nm voor een partiële waterstofdruk in de orde
van 1-10 bar, terwijl onder vergelijkbare omstandigheden Cu deeltjes kleiner dan 2 nm
stabiel zijn. De relatieve oplosbaarheid van de metaal(oxide) nanodeeltjes neemt ook sterk
toe voor deeltjes kleiner dan 10 nm. Op basis van deze resultaten is het te verwachten dat
uitlogen als deactiveringsmechanisme een probleem kan zijn.
Voor heterogene, gedragen, katalysatoren zal ook het dragermateriaal de stabiliteit
beïnvloeden. Daarom is het effect van vloeibaar water bij 200 °C op de structurele
eigenschappen van verschillende dragermaterialen (γ-Al2O3, α-Al2O3, AlO(OH), m-ZrO2,tZrO2, TiO2, SiO2, SiC en koolstofnanovezels (carbon nanofiber, CNF) vergeleken in
hoofdstuk 3. Hieruit bleek dat dragermaterialen met een hoog specifiek oppervlak;
aluminiumoxide , t-zirconia , titaanoxide en silica ongeschikt zijn voor gebruik onder
hydrothermale condities. Deze materialen lieten een extreem snelle degradatie zien (in een
tijdbestek van 20 uur) door groei van kristallieten, uitloging en/of faseovergangen die
leiden tot verlies van specifiek oppervlak en porositeit. Mono-klinisch zirconia was de
meest interessante van de metaaloxidedragers omdat het slechts een kleine afname van het
specifieke oppervlakte toonde. Koolstofnanovezels waren het meest veelbelovende
dragermateriaal aangezien voor dit materiaal het hoge oppervlakte en de porositeit
behouden bleef. De materialen α-alumina en siliciumcarbide hebben ook hoge
hydrothermale stabiliteit, maar hun initieël lage specifieke oppervlak is een nadeel wanneer
hoge dispersies of hoge beladingen van de actieve fase vereist zijn.
Vervolgens werden in hoofdstuk 4 kobalt, nikkel en koper gedragen op CNF gebruikt
als katalysator voor de productie van waterstof via APR van ethyleenglycol (230 ° C,
autogene druk). De stabiliteit en activiteit van deze katalysatoren werden vergeleken met
een referentie platinakatalysator. De initiële oppervlakte specifieke activiteiten voor
ethyleenglycol omzetting waren in een vergelijkbare orde van grootte maar daalden in de
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volgorde; platina (16 h- 1) > kobalt (13 h-1) > nikkel (5.2 h-1), terwijl de koperkatalysator
slechts minimale activiteit voor dehydrogenatie vertoonde. De selectiviteit van de
waterstofproductie nam af in de volgorde; platina (53%) > kobalt (21%) > nikkel (15%). De
productie van methaan bij de laatste twee katalysatoren resulteerde in lage
waterstofselectiviteiten. Naast de productie van gasvormige componenten door middel van
reformeren werden ook vloeistoffase producten gevormd. Met de kobaltkatalysator worden
ook zuren gevormd terwijl voornamelijk alcoholen werden gevormd met nikkel en platina.
Analyse van de gebruikte katalysatoren liet zien dat alle katalysatoren verlies van
metaaloppervlak vertonen als gevolg van deeltjesgroei. Bovendien, aangezien APR
plaatsvindt bij een vrij lage pH, door de vorming van zuren, kan vorming van metaaloxides
gevolgd door het oplossen van deze metaaloxides plaatsvinden. Dit bleek voornamelijk te
gebeuren met de kobaltkatalysator. In het algemeen zal dit toepasbaarheid van niet
edelmetalen metalen in waterige fase bemoeilijken tenzij de zuurgraad kan worden
verminderd.
In hoofdstuk 5 werden CNF-gedragen nikkelnanodeeltjes in de APR van
ethyleenglycol gestabiliseerd door het controleren van de reactiecondities. De
samenstellingen van de gasfase, reactantconcentratie en pH waren de belangrijkste
parameters. Uit de karakterisatie van de
gebruikte katalysatoren met XRD
(röntgendiffractie), TEM (elektronmicroscopie) en waterstofchemisorptie bleek dat
gedurende APR de Ni/CNF katalysator deactiveerde door afname van nikkeloppervlak als
gevolg van nikkeldeeltjesgroei. De deeltjesgroei hangt samen met het oplossen van nikkel
hetgeen een gevolg is van de zure APR condities. De mate van groei van de deeltjes kan
worden beperkt door controle van de reactieomstandigheden waarvoor de effectiviteit als
volgt kan worden samengevat; toename in pH > toename reactantconcentratie > toename
van de waterstofdruk. De groei van nikkelkristallieten kon bijna volledig verhinderd
worden door toevoeging van KOH aan het reactiemengsel tot een pH waarde van 8 of
hoger. Stabiele waterstofproductie met een hoge selectiviteit voor waterstof (99 %)
gedurende een periode van 50 uur kon worden bereikt door toevoeging van KOH terwijl
zonder KOH de katalysatoren 93 % van zijn aanvankelijke activiteit verloor in dezelfde
periode en ook de waterstofselectiviteit lager was (90 %). De verhoogde stabiliteit van
nikkeldeeltjes onder alkalische en reducerende condities wordt beiden toegeschreven aan de
onderdrukking van oxidatie en het oplossen van nikkel, waardoor deeltjesgroottegroei via
zogenaamde ‘Ostwald ripening’ kan worden verhinderd.
In hoofdstuk 6 is de invloed onderzocht van calciumoxide als promotor voor
nikkelkatalysatoren gedragen door koolstofnanobuizen (carbon nanotubes, CNT) en
zirconia in APR en hydrogenolyse van glycerol. Calciumoxide gepromoteerde
nikkelkatalysatoren werden vergeleken met niet-gepromoteerde nikkelkatalysatoren en met
fysische mengsels van calciumoxide en gedragen nikkelkatalysator. In het meest effectieve
geval werden calcium en nikkel samen aangebracht op het dragermateriaal door middel van
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co-impregnatie. In de met deze methode verkregen katalysatorsystemen zijn nikkel en
calciumoxide in elkaars nabijheid met als resultaat een verhoogde katalytische activiteit
voor de productie van waterstof en organische producten vergeleken met een fysisch
mengsel van CaO met de nikkelkatalysator en het gebruik van nikkelkatalysator zonder
calciumoxide. Wanneer de reactie plaats vond in een gesloten reactorvat werd een deel van
de geproduceerde waterstof insitu gebruikt voor de hydrogenolyse van glycerol naar 1,2 propaandiol. Wanneer waterstof werd verwijderd uit de reactor gedurende de reactie, door
met stikstof te strippen in semi-batch modus, was hydroxyaceton het belangrijkste product.
De toevoeging van calciumoxide aan het reactiemengsel of aan de nikkelkatalysator
resulteerde in een verschuiving van de selectiviteit van hydroxyaceton en 1,2-propaandiol
naar melkzuur. De groei van nikkelnanodeeltjes werd geremd wanneer het calciumoxide
fysisch was gemengd met de nikkelkatalysatoren en wanneer CaO werd toegevoegd aan de
katalystor door middel van co-impregnatie. De verhoogde activiteit en stabiliteit maken
calciumoxide een veelbelovend alternatief voor het gebruik van homogene basen zoals het
gebruik van KOH in hoofdstuk 5. Omdat de vorming van zuren (kooldioxide en melkzuur )
de base consumeert zal in de praktijk echter het gebruik van stoichiometrische hoeveelheid
base of regeneratie van de base vereist zijn.
In hoofdstuk 7 werd de anaerobische oxidatie van ethyleenglycol en glycerol tot
organische zuren (respectievelijk glycolzuur en melkzuur) onderzocht. Deze oxidatie vond
plaats in alkalische waterige oplossingen met koolstofnanovezels gedragen koper- en
nikkelnanodeeltjes bij een temperatuur van 150-180 °C. In vergelijking met de aerobe
oxidatie voor de bereiding van glycolzuur (met een zuurstof bevattende atmosfeer en
temperaturen rond 60 °C) heeft het gebruik van anaerobe omstandigheden bij wat hogere
temperaturen het voordeel dat waterstof als bijproduct wordt verkregen. In de oxidatie van
ethyleenglycol toonde de koperkatalysatoren een vrijwel kwantitatieve opbrengst aan
glycolzuur (96 % selectiviteit bij 82 % omzetting) waarbij de hoge selectiviteit van
glycolzuur onafhankelijk was van de temperatuur. Tijdens oxidatie van glycerol werd er
hoofdzaak melkzuur gevormd over de koperkatalysator, met glycerinezuur en 1,2propaandiol als belangrijkste bijproducten. Hogere temperaturen en langere reactietijden
bevorderden de productie van melkzuur, waarvoor een maximale selectiviteit 67 % werd
verkregen bij volledige omzetting van glycerol. Met de nikkelkatalysator werden daarnaast
de koolstof-koolstof splitsingsproducten mierenzuur en ethyleenglycol gevormd, hetgeen
resulteerde in een lagere selectiviteit voor de productie van glycolzuur en melkzuur, maar
met een hogere waterstofselectiviteit vergeleken met het gebruik van de koperkatalysator.
In het hoofdstuk 8 worden enkele overige resultaten besproken in drie verschillende
onderdelen. Eerst wordt het effect van het dragermateriaal en de initiële Ni deeltjesgrootte
op de deeltjesgroei van Ni katalysatoren gedurende de APR van ethyleen glycol besproken.
De mate van Ni deeltjesgroei op geselecteerde dragermaterialen verminderde in de
volgorde: CNF>ZrO2>SiC>γ-Al2O3>α-Al2O3. Nikkeldeeltjes gedragen op α-Al2O3 met
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twee verschillende initiële deeltjesgrootte van 12 nm en 20 nm en beladingen van 2 en 10
gewichtsprocent laten zien dat de initiële Ni deeltjesgrootte een van de bepalende
parameters is voor de snelheid van de deeltjesgroei. Een Ni/α-Al2O3 katalysator met een
initiële deeltjesgrootte van 12 nm vertoonde een snellere en meer extensieve deeltjesgroei
dan een Ni/α-Al2O3 katalysator met een initiële deeltjesgrootte van 20 nm. Bovendien bleek
dat de deeltjesgrootte van de Ni katalysator met de initieel kleinere deeltjes van 12 nm aan
het einde van de reactie de grootte oversteeg van de katalysator met de initieel grotere Ni
deeltje van 20 nm. Er wordt voorgesteld dat ‘Ostwald ripening’ het meest plausibele
mechanisme is voor de groei van de nikkeldeeltjes en het bijzondere gedrag van de
deeltjesgroei veroorzaakt kan worden door de hogere vatbaarheid voor oxidatie en uitloging
van de kleinere Ni deeltjes. Ook kan de aanwezigheid van enkele grotere deeltjes in de
katalysator met de 12 nm deeltjesgrootte de concentratiegradient vergroten en zorgen voor
een hogere deeltjesgroeisnelheid.
In het tweede gedeelte van Hoofdstuk 8 werden verschillende basische carbonaten en
hydroxides getest als additief in APR van glycerol naar melkzuur en werd de invloed van
deze additieven op de stabiliteit van een Ni/CNF katalysator bestudeerd. Oplosbaarheid en
de sterkte van de base waren het meest belangrijk voor het verhinderen van de groei van de
Ni deeltjes. Het (metaal) kation bleek een rol te spelen in het bepalen van de selectiviteit
naar melkzuur. De selectiviteit van de glycerol APR naar melkzuur dan wel naar
gasvormige producten zou dus gecontroleerd kunnen worden door de juiste keuze van
metaal en base.
In het laatste deel van Hoofdstuk 8 wordt het effect bestudeerd van de reactiecondities
(reactant concentratie, waterstof- en koolstofdioxidedruk, baseconcentratie en temperatuur)
op de kinetiek van de APR van ethyleenglycol. De vorming van H2 uit glycerol bleek
ongevoelig voor zowel de reactantconcentratie als de initiële partiële druk van CO2 en
verminderde minimaal met toenemende H2-druk. Het meest opvallende effect was de
toename van de waterstofproductiesnelheid met de toevoeging van KOH. Dit resulteerde in
een toename in activiteit met een factor ~30 voor de hoogste KOH-concentratie van 0.5 M.
Dit komt gedeeltelijk door de deactivatie van de katalysator wanneer geen KOH wordt
toegevoegd. De verhoogde activiteit is ook deels te verklaren door de verhoogde hydroxide
concentratie welke ook als reactant fungeert en door aanwezigheid van een groter aantal
actieve sites door het meer metallische Ni-oppervlak in de basische oplossing.
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