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Chapter 1

1.1 Biomass as a Feedstock for Transportation Fuels and Chemicals
The many current attempts to develop alternatives to the fossil fuel-based
processes for the production of our energy vectors, materials and chemicals
are driven by several factors, including the limited availability of fossil fuel
reserves, the environmental issues arising from the imbalance between the
amounts of produced and consumed CO2, as well as geopolitical issues. In the
alternative technologies that are being explored, biomass features prominently
as a renewable carbon-based feedstock that allows for the production of
transportation fuels and key building blocks for the chemical industry [1].
Indeed, many efforts are currently being invested in establishing a bio-based
economy. Ultimately, this should lead to biomass conversion processes for the
production of transportation fuels, power and value-added chemicals in facilities
called biorefineries. These envisaged biorefineries are very similar to traditional
oil refineries in which petroleum-based feedstocks (e.g., naphtha) are converted
into energy, materials and chemicals in a highly efficient and integrated manner.
Indeed, in order to be able to compete with the current petrochemical industry
and to be economically viable, biorefineries should also strive for the combined
production of transportation fuels and chemicals and aim at valorising all fractions
of the processed biomass. This implies that biorefineries should produce no or
only very little waste.
Depending on the feedstock used and on the technology chosen for its
pretreatment and further conversion, many different biorefinery schemes are
possible; some of which are currently still in the early stages of development,
while others are already being commercially operated. Prime examples of the
latter are the pulp and paper mills that have diversified their product portfolio,
cellulosic ethanol biorefineries (both of which make use of lignocellulosic biomass)
and the biodiesel plants that are converting fats and oils to transportation fuels
(Figure 1.1). Biorefineries that convert lignocellulosic biomass, i.e. non-edible
plant material, need to find ways of adding value to the three main components
of lignocellulose, the polysaccharides cellulose and hemicellulose and the polyaromatic biopolymer lignin. It should be noted in this respect that in lignocellulosic
biorefineries the primary focus is often on the conversion of the C6 glucose sugars
in the cellulose fraction, with the lignin and hemicellulose components receiving
much less attention. Also a polysaccharide, the hemicellulose fraction, which
mainly consists of C5 sugars such as xylose, is much less efficiently converted [3].
8
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Figure 1.1. Various biomass refinery options to produce a portfolio of existing as well as new fuels,
chemicals and materials via a combination of biochemical, thermochemical and chemocatalytic routes
[2].

This fraction poses a challenge, for instance, for the biotechnological means that
are used in (cellulosic) bioethanol plants. In pulp and paper mills, which again
aim primarily at the valorisation of cellulose, hemicellulose-derived C5 sugars and
oligomers are also produced as a side stream. These examples show the potential,
but also the need for catalytic conversion strategies for the valorisation of
hemicellulose-derived components [4]. Important chemicals that can be obtained
from hemicellulose are xylitol, ethanol (albeit much less efficiently than from the
glucose released by cellulose hydrolysis) and furfural, of which the production
and conversion of the latter is currently again receiving much attention [4].
Similarly, the biodiesel industry typically converts their (vegetable) oils by
transesterification to fatty acid methyl esters (FAMEs), turning the fatty acid
component of the triglycerides into transportation fuels and creating a large
stream of glycerol as a side product. Even though the longer-term viability of
biodiesel production from oils is debatable, current production projections still
forecast a growth of about 23 million metric tons in 2012 to about 37 million
metric tons in 2020. As for every ton of biodiesel produced roughly 10 wt%
(100 kg) of glycerol is obtained, outlets need to be sought for this by-product.
The traditional glycerol markets are much smaller in volume and could not cope
with this biodiesel glycerol that flooded the market, resulting in the glycerol price
dropping significantly and showing great volatility. The crude glycerol that is
obtained from a biodiesel process is a rather cheap feedstock (about 150 US$/
ton), providing opportunities for its conversion to value-added products. Indeed,
valorisation of the glycerol fraction could reduce the dependence on subsidies of
the biodiesel industry [5]. Many different options are being studied for the further
conversion of glycerol, including oxidative, reductive, hydrolytic and fermentative
9
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processes, showing the potential of glycerol to become a primary biorefinery
building block [6]. Of the many routes currently explored for the conversion of
both glycerol and hemicellulose biorefinery side streams, the catalytic production
of renewable hydrogen is of particular interest here, as will be detailed below.

1.2 Sustainable Production of Hydrogen
Nowadays, about 450 billion m3 of hydrogen are being produced primarily
for its intense utilization in the petrochemical industry in key refining operations
and for ammonia production [7]. While this current use is mainly concerned
with fuels upgrading and chemicals production, hydrogen has also emerged as
a very promising alternative energy carrier. Its sustainable production would
provide a fuel of high energy density with the potential to replace (part of) the
fossil fuels we use today, providing a route to a more sustainable energy future.
Indeed, it can in principle be produced and converted in a CO2-neutral fashion,
with water being produced as the only by-product. Hydrogen production is only
CO2-neutral if the resource used to extract hydrogen from is carbon-neutral.
Being an energy carrier rather than a primary energy source, hydrogen needs
to be manufactured and sustainable ways of doing this include water splitting
(making use of e.g. solar or wind energy) or by the conversion of biomass or
its components. Here, we focus on the latter route and explore the production
of hydrogen from biomass-based renewable substrates. While whole biomass
can in principle be directly converted into hydrogen (syngas) by gasification,
downsides of direct gasification include the high capital costs and the inherent
energy losses that reduce duce the efficiency of such processes. Alternatively,
the biomass feedstock can be fractionated into its components, which can then
be further converted to value-added fuels and chemicals. Selected components
or fractions of the biomass feed, for instance waste fractions or by-products
such as the hemicellulose and glycerol streams mentioned above, can then be
converted to hydrogen. Such on-site production of hydrogen in a biorefinery
is considered advantageous as many of the (catalytic) processes will require
hydrogen, e.g. for the upgrading of fuels (e.g. catalytic pyrolysis oils for advanced
biofuels production). Internal demand can thus be met by hydrogen production
from streams that are otherwise not valorized and regarded as waste. It has been
argued that hydrogen production from biomass should in any case be part of an
integrated facility that also co-produces chemicals and transportation fuels, as
10
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Table 1.1. Summary of a selection of thermochemical technologies for the production of H2 from
various biomass-based feedstocks, together with current conversion efficiencies as well as the shortand long-term feasibility of the conversion methods. Adapted from references [11,12].

[a]

Method

Feedstock

Conversion
efficiencies[a]

Availability

Ref.

Biomass
gasiﬁcation

Lignocellulosic biomass

35–50%

Commercial

13

Partial
oxidation

Glycerol, alcohols, polyols, sugars,
organic acids

60–75%

Commercial

13,14

Autothermal
reforming

Glycerol, alcohols, polyols, sugars,
organic acids

60–75%

Near term

13

Aqueous-phase
reforming

Glycerol, alcohols, polyols, sugars,
organic acids

35–100%

Medium term

15

Thermal efﬁciency: based on higher heating values.

dedicated hydrogen production from biomass, e.g. by gasification, cannot
compete economically with the well-developed technology of steam reforming
natural gas [8]. Note, that the economics of hydrogen production are furthermore
strongly impacted by the current shale gas boom, with the availability of cheap
methane further favoring methane steam reforming [9,10].
A wide variety of technologies has been developed for the production of
hydrogen from biomass and the feeds used and levels of maturity are summarized
in Table 1.1. In a variation on the petrochemical hydrogen production routes,
many of these technologies involve reforming methods, yet make use of various
biomass-derived platform molecules as feed (e.g. glycerol, glucose, or sugar
alcohols such as sorbitol and xylitol). Renewable hydrogen can, for instance,
be produced via steam reforming [16,17], supercritical water reforming [18],
or autothermal reforming [19-21]. Hydrogen can also be produced by AqueousPhase Reforming of renewable oxygenates (APR) [22], a relatively new process
that was developed by Dumesic and his co-workers about 10 years ago. This
process differs from technologies such as steam reforming in the fact that
oxygenates are converted into hydrogen in an aqueous liquid phase rather than
in the gas phase. APR thus eliminates the need to vaporize the high-boiling
biomass-derived oxygenate. This not only holds the obvious advantage of
reducing the energy requirements for hydrogen production, it also prevents
the thermal decomposition that is typically observed if these oxygenates are
heated to their boiling point. Another particular advantage is that APR is run
11
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with aqueous feeds, exactly the kind of waste or side streams that are typically
encountered in a biorefinery operation. In a typical APR process, hydrogen is
produced from (dilute) aqueous solutions of biomass-derived oxygenates over
an appropriate heterogeneous catalyst [23] at temperatures near 225 °C. An
additional advantage of the low APR process temperature over conventional
steam reforming processes is that the water-gas shift (WGS) reaction, one of
the two steps in oxygenate reforming (see also below), is thermodynamically
favored [23], allowing hydrogen generation with low levels of CO in the product
mixture. CO has to be avoided as much as possible as it is a poison that poses
well-known problems to the use of hydrogen in fuel cell applications. APR finally
allows one to produce hydrogen in a single-step process, again in contrast with
the multi-reactor steam reforming system.

1.3 Glycerol and Xylitol as Advantaged Renewable Substrates for
APR
APR reactions have been studied with a variety of renewable feeds,
ranging from whole woody biomass to lignin to renewable platform molecules
[20,24]. The best results, i.e. highest hydrogen selectivities, are obtained
with oxygenates with a carbon-to-oxygen ratio of 1:1 with examples
including methanol, ethylene glycol, glycerol, sorbitol and carbohydrates.
The selectivity order of glucose < sorbitol < glycerol < ethylene glycol <
methanol found by Dumesic and co-workers shows that APR is more favorable
for molecules that are more reduced than the parent sugars that are readily
obtained from lignocellulosic biomass. The fact that, for instance, sorbitol is
more efficiently converted to hydrogen than glucose is at least partially the result
of homogeneous decomposition reactions open to glucose but not to the sugar
alcohol [25]. The additional observation that hydrogen selectivity is relatively
insensitive to polyol concentration in the aqueous feed, further emphasises
that sugar alcohols are excellent and maybe even preferred renewable feeds for
hydrogen production by APR.
The sugar alcohols glycerol, xylitol and sorbitol are not only privileged
substrates for APR processes, they are more generally expected to play an
important role as platform molecules in future biorefinery operations. Indeed,
in 2004 the National Renewable Energy (NREL) and Pacific Northwest National
(PNNL) Laboratories proposed a list of the fifteen most promising building blocks
12
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that can be produced from sugars and subsequently converted into a number of
high-value bio-based chemicals or materials (known as the DOE 'Top 10' report,
Table 1.2) [26]. In 2010, Bozell and Petersen provided an updated 'top chemicals'
list based on advances made in biorefinery technology since 2004 (Table 1.3).
Some of the criteria for the revision included the impact the building blocks
made in the various fields of research (i.e. attention received in the scientific
literature), the applicability of the technology to multiple products/high volume
products, and the potential for and maturity of developments aimed at scale-up
[5]. Notably, glycerol, xylitol and sorbitol still feature prominently among those
twelve building blocks. Having thus been identified as advantaged feedstocks for
aqueous phase processing in general and being readily available as side streams
of important current biorefinery operations (i.e. the crude glycerol produced as byproduct of biodiesel and the xylitol that can be obtained from the hemicellulose
waste stream of cellulosic and pulp and paper biorefineries), we further focus
on a description of the state-of-the-art of glycerol and xylitol APR (Figure 1.2),
including some of the typical challenges faced in selective APR.
Table 1.2. Top twelve sugar-derived building blocks [26].
Building block
1,4-diacids (succinic, fumaric and malic)

itaconic acid

2,5-furan dicarboxylic acid

levulinic acid

3-hydroxypropionic acid

3-hydroxybutyrolactone

aspartic acid

glycerol

glucaric acid

sorbitol

glutamic acid

xylitol/arabinitol

Table 1.3. Revised top chemical opportunities from biorefinery [5].
Building block
ethanol

succinic acid

furans

3-hydroxypropionic acid/aldehyde

glycerol and derivatives

levulinic acid

biohydrocarbons

sorbitol

lactic acid

xylitol
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Figure 1.2. Different APR production routes of hydrogen from biomass. The focus in this PhD thesis
is on glycerol, an important by-product in the manufacturing of biodiesel, and xylitol, which can be
obtained from the hemicellulose fraction of lignocellulosic biomass.

Glycerol. As already mentioned, glycerol is an attractive source for the production
of value-added chemicals. It can be produced by fermentation of sugars [27],
but most of the renewable, natural glycerol (as opposed to synthetic glycerol
that is obtained from e.g. epichlorohydrin) is obtained from triglycerides. While
traditionally saponification of triglycerides for soap production accounted for
most of the supply of glycerol, this supply has been supplanted as primary
source by glycerol from the transesterification of oils/fats for biodiesel production
[28]. Biodiesel production results in a yield of 10 wt% glycerol, which makes it
readily available at low cost for further chemical processes. It should be noted
though that the glycerol obtained from biodiesel processes is of a crude grade
that is considerably less pure than the pharmaceutical grade glycerol that finds
many applications in consumer products. Crude glycerol can be purified and
upgraded, but this comes at a considerable cost and is often not economically
viable. In any case, the market for pure glycerol is rather small in volume (at
least in comparison to the large amounts generated by the biodiesel industry)
and saturated. Alternative outlets need to be sought therefore, preferably based
on technology that can process the crude glycerol directly, without the need for
additional purification processes. The sustainable production of hydrogen from
(crude) glycerol would be such an outlet.
Glycerol was used as one of the substrates in the first publication on
aqueous-phase reforming [21] and glycerol APR has since received considerable
attention. Glycerol APR can therefore serve as an excellent example to illustrate
14
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some of the challenges encountered in the process. The salient features of the
APR process have been discussed in detail by Dumesic et al. and those aspects
most relevant for the work described in this PhD thesis will be highlighted here
[23]. Despite the many advantages of APR over conventional steam reforming,
including the favorable position of the water-gas shift equilibrium, significant
selectivity issues are involved in selective hydrogen production, as the H2 and
CO/CO2 product mixture is thermodynamically unstable at the typical APR
conditions with respect to methane [23], or more generally to alkanes formation
by methanation and Fischer-Tropsch reactions [23]. Other competing pathways
include alkane formation by hydrogenolysis or dehydration/hydrogenation
reactions. The latter reactions are typically catalyzed by acid sites, highlighting
the importance of the properties of the support used for the metal particles that
catalyze the reforming and WGS reactions. In summary, thermodynamic and
kinetic considerations show that this process is therefore best run at temperatures
near 225 °C where the water-gas shift and oxygenate reforming reactions are
favorable [29]. A reaction mechanism proposed by Dumesic et al., including
the possible side reactions that might occur during the APR of biomass-derived
oxygenates, is depicted in Figure 1.3.
Efficient conversion of glycerol to hydrogen thus requires catalysts that
promote the cleavage of C-C bonds (reforming), yet inhibit the cleavage of C-O
bonds (which would lead to alkane formation) and furthermore promote the
WGS reaction over metal particles supported on non-acidic support materials.
Ideally, glycerol is thus first converted over a (supported) metal catalyst to H2
and CO (Figure 1.2, reforming reaction) by selective C-C bond cleavage and
dehydrogenation. The CO adsorbed on the metal surface is then further converted
in the presence of water to CO2 and H2 by water-gas shift reaction. Selective
hydrogen production can be achieved by a careful choice of and control over the
nature of the active metal or metal alloys and by a proper choice of the catalyst
support. In addition to the choice of catalyst, the pH of the solution, substrate
concentration, process conditions and reactor design are also crucial factors for
the outcome of the reaction.
As far as the metal phase is concerned, a comparison of various metals
in the APR of ethylene glycol showed that activity decreases in the order
Pt ~ Ni > Ru > Rh ~ Pd > Ir (as determined by CO2 production rate), while
hydrogen selectivity is the highest for Pt and Pd (with Ni, Rh and Ru showing
a higher activity for alkane formation). These trends reflect the balance that
15
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Figure 1.3. Pathways for the production of H2 by reactions of oxygenated hydrocarbons with water, *
represents a surface metal site; reproduced from ref. [22].

needs to be struck between the (lack of) catalytic activity in C-C vs C-O bond
cleavage, WGS and methanation/Fischer-Tropsch reactions of the various metals
[29]. Indeed, Pt-based catalysts such as Pt/Al2O3 were considered to hold the
most promise for selective APR, and have since become the benchmark for this
type of conversion.
Many studies have since shown that the performance of APR catalysts can
be further tuned by the addition of another metal with bimetallic catalysts of
various composition showing improved APR activity and selectivity to hydrogen.
Huber et al., for instance, reported on an extensive study of the performance
of some alumina-supported monometallic and bimetallic Pt and Pd catalysts in
the APR reaction of ethylene glycol. The addition of Ni or Co, for instance, to
Pt increased the activity of the catalysts 2.1 and 3.5 times, respectively. It was
speculated that the alloys formed have a lower heat of H2 and CO adsorption,
thus decreasing the surface coverage of these products and ultimately providing
a better surface accessibility for the substrate. Similarly, adding Fe to Pd,
resulted in a significant increase in the activity and H2 selectivity compared to
16
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the monometallic Pd catalyst, but for a different reason. In this case the WGS
reaction is thought to be the rate-determining step over the Pd catalysts and
addition of a WGS promoter such as iron indeed improved catalytic activity
greatly. Other examples later confirmed that alloying or promoting APR catalyst
with various metals can have an often subtle, yet distinct effect on catalyst
activity, selectivity and stability.
The catalyst support used also exerts a strong influence on the selectivity
of the APR process. As illustrated above, acid-catalyzed side reactions should be
avoided and neutral or more basic supports (e.g., carbon, alumina) are required
for a high hydrogen selectivity, whereas more acidic supports such as SiO2-Al2O3
shift the selectivity to alkane formation. In addition to the support’s influence on
selectivity, it should also be kept in mind that the catalyst is being subjected to
hydrothermal conditions, being exposed to hot water at elevated temperatures.
Support stability is therefore a key factor to be taken into account when longterm stability is being targeted. It is well-known for instance, that γ-alumina is
quite readily converted to boehmite under typical APR conditions. Recent work
has, however, shown that oxygenates present in the aqueous solution can have
a pronounced effect on this phase transformation [31,32]. It should be noted in
this respect that catalyst stability, including possible changes to the metal phase
as well as to the support, and the influence of the substrate, organics derived
from the substrate or impurities present in the feed (e.g., when crude glycerol is
used) has been only limitedly studied.
Several examples of catalysts consisting of precious and non-precious
metals in combination with different supports have been reported for the APR
of glycerol since the original publication by Dumesic and co-workers [20,2939]. A description of the catalysts used, the process conditions applied and the
catalytic results obtained are summarized in Table 1.4. The results clearly show
the impact of the nature of the metal, as well as the nature of the support on
activity and selectivity. Pt/Al2O3 has been extensively studied and shown to
be highly active and selective towards H2 [20,21]; this catalyst was therefore
chosen as the catalyst system to which new results are benchmarked in this
PhD Thesis. Non-noble metals such as Co and mostly Ni have also been explored
as alternatives to the precious metal catalysts, but these catalysts generally
cannot yet compete with the Pt-based ones. An interesting exception is provided
by Raney Ni-Sn, which was proven to be highly active and selective for the
production of hydrogen (Table 1.4, entry 3) [33]. The addition of tin is crucial, as
17
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it decreases the rate of methane formation by C-O cleavage, while maintaining the
rate of C-C bond cleavage high, which is essential for high hydrogen formation
activity. The influence of alloying is not always that straightforward, however.
A glycerol APR study showed, for instance, an increased activity for a Pt-Re
bimetallic catalyst compared to the monometallic Pt catalyst (entry 25 vs. 27
and entry 28 vs. 30), but at the expense of an increase in CH4 formation [37].
On the other hand, the addition of Pd to Ni/Al2O3 displayed a dramatic increase
in H2 selectivity (71.0% vs. 91.5%) and a decrease in CH4 formation of 9.9%
vs. 3.8%) [40]. These results, as well as the results obtained with the bimetals
described above, again point at the possibility of tuning the selectivity of the
catalyst, in particular suppressing undesired alkane formation, by the addition of
a carefully selected second metal.
The nature of the support also indeed greatly influenced the efficiency of
glycerol APR. Wen et al., for instance, studied APR of glycerol with Pt, Ni, Co,
or Cu on various supports of different acidity/basicity, including SAPO-11, active
carbon, HUSY, SiO2, Al2O3 and MgO (Table 1.4, entry 7-15) [34]. The highest
rate of H2 formation and the lowest amount of CH4 were observed with the MgOsupported Pt catalyst (Table 1.4 entry 13). Similarly, Menezes et al. recently
reported on the influence of the support on Pt-catalyzed APR of glycerol on the
oxides Al2O3, ZrO2, MgO and CeO2. MgO again emerged as promising support
as it showed high hydrogen production in combination with low CH4 formation
(entry 24). In addition to the use of basic supports, the use of a basic reaction
medium is also generally favorable and leads to high hydrogen selectivities [3436]. Indeed, King et al. reported on the benefit of using a homogeneous base
(KOH), as the addition of KOH to a Pt-Re/C catalyst improved hydrogen selectivity
and glycerol conversion by suppressing the acid-catalyzed dehydration pathways
to form alcohols and alkanes (Table 1.4 entry 25-29). Interestingly, Liu et al.
studied the effect of co-feeding KOH with ethylene glycol on APR activity over
a Ni-Al alloy with the aim of producing CO2-free hydrogen. The role of KOH is
thought to be threefold in this case, as it removes CO2 by carbonation, promotes
the WGS reaction and suppresses methanation.
In addition to the challenges faced regarding selectivity and the influence
of the choice of support and (bi-)metal thereon, the APR process also poses
considerable challenges with regards to catalyst stability. Indeed, a supported
metal catalyst is subjected to the typical hydrothermal conditions of APR in
the presence of variously functionalized oxygenates, conditions which are
18
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rather demanding. The support should be stable against (undesirable) phase
transformations or dissolution, while the supported metals should be stable
against sintering, leaching and oxidation. More extensive studies of catalyst
stability are therefore highly desired. This is particularly true for APR reactions of
crude glycerol, as the use of such a real feed comes with additional challenges
regarding catalyst deactivation and poisoning. So far, most studies on glycerol
APR have focused on the use of pure glycerol; however, glycerol obtained
during the production of biodiesel, is a crude fraction, which contains several
impurities depending on the process applied. These impurities are expected to
affect the overall selectivity towards H2, as well as the activity and stability of
the catalyst used. The use of crude glycerol has been hardly studied in APR,
however. Douette et al. did study the use of crude glycerol in steam reforming
and observed significant catalyst deactivation and related coking [21]. To the
best of our knowledge, Lehnert et al. reported on the only example of crude
glycerol APR and found that H2 production was significantly lower (TOF (H2)
= 12 min-1) compared to pure (pharma grade) glycerol, TOF (H2) = 116 min-1
at steady state. Furthermore, the Pt/Al2O3 catalyst used showed considerable
deactivation after 4 h time-on-stream [44]. Catalyst deactivation was attributed
to the presence of the inorganic salts in the crude fraction. Adhikari et al. have
summarized the recent findings on the catalytic production of hydrogen from
glycerol and noted the necessity of using crude glycerol as feed and the general
lack of studies on the effect of impurities on APR catalyst deactivation [45].
Xylitol. Whereas much is already reported on the APR of glycerol, xylitol has
hardly been studied in APR reactions as summarized in Table 1.5. Although it is
readily available and can also be considered an advantaged substrate for APR,
only one study so far has studied the APR of xylitol with the aim of producing
hydrogen. Kirilin et al. used the benchmark Pt/Al2O3 catalyst for xylitol APR and
obtained 75% H2 selectivity with 7.5% alkane selectivity after 120 h time-onstream [46]. The lack of reported examples of the APR of higher sugar alcohols
such as xylitol (or sorbitol) might be related to the fact that their use leads to
much more complex reaction pathways, introducing more possibilities for side
product formation and complicating product analysis. In a process similar to
APR, yet distinct in the fact that the reactions are run under an H2 atmosphere,
so-called Aqueous-Phase Processing (APP) of xylitol has been studied as well to
some extent. The goal in these reactions is to actually produce alkanes rather
19
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than hydrogen, by facilitating C-O cleavage by a dehydration/hydrogenation
sequence. When alkanes are targeted, solid acids are understandably often used
as the support material. For example, Jianga et al. reported on the production of
pentane via APP using a Pt/HZSM-5 under H2 pressure, which resulted in 40%
pentane selectivity at 80% xylitol conversion. Using Ni instead of Pt, further
increased the activity of the catalyst and its selectivity towards pentane [47,48].
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27.1

25.8

5.5

53.5

22.8

24.4

31

30

32

30

32

29.7

CO2 (%)

Catalytic results

6.8

1.9

3.1

2.3

0

5.6

18.2

5.8

7

5.8

4.5

4.5

8.3

4.2

CH4
(%)

n.r.

21

17

13

13

31

19

Alkane
selectivity
(%)

34

33

22

Ref.

[a] flow rate is given as WHSV, [b] flow rate is given as VHSV, [c] the reaction is performed in batch reactor, [d] conversions are reported as C amount converted
to gas phase, %, [e] reported as glycerol conversion, %, [f] KOH is added, [g] reported as glycerol amount converted to gas phase, %, [h] reported as H2/CO2 ratio,
[i] the values were extracted from the graph, n.r: not reported.

HUSY

MgO

Active C

SiO2

γ-Al2O3
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2

γ-Al2O3

T (○C)

3%Pt
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1
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Table 1.4. Summary of catalyst systems used in the APR of glycerol.
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16%Ni

17%Ni

16%Ni

16%Ni

17%Ni

1%Pt

1%Pt

1%Pt

1%Pt

Pt

3%Pt-1%Re

3%Pt-3%Re

3%Pt

16

17

18

19

20

21

22

23

24

25

26

27

28

Carbon

Carbon

Carbon

Carbon

MgO

ZrO2

CeO2

γ-Al2O3

γ-Al2O3/La2O3

γ-Al2O3/MgO

γ-Al2O3/CeO2

γ-Al2O3/ZrO2

Al2O3

SAPO-11

support

225

225

225

225

225

225

225

225[c]

225

225

225

225

225

230

T (○C)

29

29

29

29

-

-

-

-

30

30

30

30

30

32

P
(bar)

5 h-1

5 h-1

5 h-1

5 h-1 [a]

-

-

-

-

1.25h-1

1.25 h-1

1.25 h-1

1.25 h-1

1.25 h-1 [b]

8.4h-1

Feed rate
(mL h-1/h-1)

Reaction conditions

10[f]

10

10

10

3

3

3

3

2.5

2.5

2.5

2.5

2.5

4

t
(h)

10

10

10

10

1

1

1

1

1

1

1

1

1

10

Glycerol
Conc.
(wt.%)

41.5

88.7

52.4

53

20

26

13

23

37

15

36

30

25 [e]

13.3

Conversion
(%)

n.r.

H2
selectivity
(%)

1.9

1.4

1.3

2.1[h]

71.9

62.7

64.3

63.3

32

48

32

32

n.r

72.8

H2 [e]
(%)

n.r

n.r

n.r

n.r

25.9

32.4

30.5

32.5

40

40

42

31

n.r.

24.4

CO2 (%)

Catalytic results

n.r

n.r

n.r

n.r

1.9

5.7

3.9

3.7

28

12

26

37

n.r.

2.6

CH4
(%)

n.r.

n.r.

n.r.

Alkane
selectivity
(%)

37

36

35

34

Ref.

[a] flow rate is given as WHSV, [b] flow rate is given as VHSV, [c] the reaction is performed in batch reactor, [d] conversions are reported as C amount converted
to gas phase, %, [e] reported as glycerol conversion, %, [f] KOH is added, [g] reported as glycerol amount converted to gas phase, %, [h] reported as H2/CO2 ratio,
[i] the values were extracted from the graph, n.r: not reported.
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3%Pt-3%Re

3%Pt

3%Pt

3%Pt

3%Pt

3%Pt

0.6%Pt

0.6%Pt

Pt

Pt

Pt

Pt

Pt

30

31

32

33

34

35

36

37

38

39

40

41

42

SiO2

TiO2

CeO2

γ-Al2O3

MgO

γ-Al2O3

γ-Al2O3

9%CeO2/γ-Al2O3

9%CeO2/γ-Al2O3

6%CeO2/γ-Al2O3

3%CeO2/γ-Al2O3

γ-Al2O3

Carbon

Carbon

support

225

225

225

225

225

220

220

220

220

220

220

220

225

225

T (○C)

27.6

27.6

27.6

27.6

27.6

25

25

30

30

30

30

30

29

29

P
(bar)

3.6 mL h-1

3.6 mL h-1

3.6 mL h-1

3.6 mL h-1

3.6 mL h-1

3.12 h-1

1.56 h-1 [b]

3 mL h-1

3 mL h-1

3 mL h-1

3 mL h-1

3 mL h-1

5 h-1

5 h-1

Feed rate
(mL h-1/h-1)

Reaction conditions

14

14

14

14

14

14

14

20

20

20

20

20

10 [f]

10 [f]

t
(h)

5

5

5

5

5

5

5

1

1

1

1

1

10

10

Glycerol
Conc.
(wt.%)

20

27

35

38

48 [d]

52

79 [d][i]

48 [f]

41

58 [i]

61

45[d]

89.4

77.2

Conversion
(%)

70

56

61

66

60

70

83 [i]

91

85

90 [i]

89

91

H2
selectivity
(%)

62.0

56.7

58.9

60.7

58.1

n.r

59

58

58 [i]

67

68

2.0

2.1

H2 [e]
(%)

34.3

37.6

35.6

35.8

35.5

n.r

40

38

30 [i]

28

33

n.r

n.r

CO2 (%)

Catalytic results

2.6

5.5

5.4

3.3

6.3

n.r

2

5

4[i]

5

4

n.r

n.r

CH4
(%)

13

13

13

8

15

10

12 [i]

n.r.

Alkane
selectivity
(%)

40

39

38

37

Ref.

[a] flow rate is given as WHSV, [b] flow rate is given as VHSV, [c] the reaction is performed in batch reactor, [d] conversions are reported as C amount converted
to gas phase, %, [e] reported as glycerol conversion, %, [f] KOH is added, [g] reported as glycerol amount converted to gas phase, %, [h] reported as H2/CO2 ratio,
[i] the values were extracted from the graph, n.r: not reported.
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24

15%Ni

0.5%Pd-15%Ni

1%Pd-15%Ni

1.5%Pd-15%Ni

1%Pt

1%Pt

1%Pt

3%Pt-8%Ni

3%Pt-7%Co

3%Pt-7%Fe

3%Pt

44

45

46

47

48

49

50

51

52

53

54

γ-Al2O3

γ-Al2O3

γ-Al2O3

γ-Al2O3

250

250

250

250

225

225

α-Al2O3
%ZrO2/
4%CeO2/
α-Al2O3

225

250

250

250

250

250

T (○C)

SiO2 [c]

γ-Al2O3

γ-Al2O3

γ-Al2O3

γ-Al2O3

γ-Al2O3

support

50

50

50

50

24

24

24 [c]

20

20

20

20

20

P
(bar)

2.6 h-1

2.6 h-1

2.6 h-1

2.6 h-1 [a]

-

-

-

10mL h-1

10mL h-1

10mL h-1

10mL h-1

10mL h-1

Feed rate
(mL h-1/h-1)

Reaction conditions

32

32

32

32

2

2

2

1

1

1

1

1

t
(h)

10

10

10

10

10

10

10

15

15

15

15

15

Glycerol
Conc.
(wt.%)

23.4

39

34

74 [e]

60

43

29 [e]

72

75

72

62

68 [g]

Conversion
(%)

87

40

81

71

78

78.5

91.5

84.7

71.0

73.4

H2
selectivity
(%)

n.r

68.6

72.1

67.4

60.7

64.3

H2 [e]
(%)

n.r.

26.1

23.4

28.2

29.3

30.7

CO2 (%)

Catalytic results

n.r.

5.27

3.78

4.37

9.93

4.95

CH4
(%)

Alkane
selectivity
(%)

43

42

41

Ref.

[a] flow rate is given as WHSV, [b] flow rate is given as VHSV, [c] the reaction is performed in batch reactor, [d] conversions are reported as C amount converted
to gas phase, %, [e] reported as glycerol conversion, %, [f] KOH is added, [g] reported as glycerol amount converted to gas phase, %, [h] reported as H2/CO2 ratio,
[i] the values were extracted from the graph, n.r: not reported.
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8%Ni

3%Pt-8%Ni

57

58

γ-A2O3

γ-Al2O3

γ-Al2O3

support

230

230

230

T (○C)

30

30

30

P
(bar)

2.6 h-1

2.6 h-1

2.6 h-1

Feed rate
(mL h-1/h-1)

Reaction conditions

32

32

32

t
(h)

10

10

10

Glycerol
Conc.
(wt.%)

55

27

9.3

Conversion
(%)

20

12

97

H2
selectivity
(%)
H2
(%)
CO2 (%)

Catalytic results
[e]

CH4
(%)

Alkane
selectivity
(%)

43

Ref.

5%Pt

5%Pt

4%Ni

4%Ni

4%Pt

1

2

3

4

5

metal

Catalyst

HZSM-5

HZSM-5

MCM22

γ-Al2O3

γ-Al2O3

support

240

240

240

225

225

T (○C)

40

40

40

29

29

P
(bar)

-

-

-

1.8

1.8

WHSV
(h-1)

Reaction conditions

Table 1.5. Summary of catalyst systems used in the APR of xyitol.

[a]

4

4

4

120

9

t
(h)

5.7

5.7

5.7

10

10

Xylitol
Conc.
(wt.%)

80

95

75

66

66

Conversion
(%)

75

>83

H2
selectivity
(%)

40

60

83

Pentane
selectivity
(%)

21

2

0

C6
selectivity
(%)

Catalytic results

39

35

15

Alkane
(C1-C4)
selectivity
(%)

7.5

6.5

Alkane
(C3-C5)
selectivity
(%)

47,
48

47

47

46

46

Ref.

flow rate is given as WHSV, [b] flow rate is given as VHSV, [c] the reaction is performed in batch reactor, [d] conversions are reported as C amount converted to gas
phase, %, [e] reported as glycerol conversion, %, [f] KOH is added, [g] reported as glycerol amount converted to gas phase, %, [h] reported as H2/CO2 ratio, [i] the values
were extracted from the graph, n.r: not reported.

3%Pt

56

metal

Catalyst
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1.4 Aim and Outline of the PhD Thesis
The work presented in this PhD Thesis can be subdivided in two parts. The
first aim is to study the aqueous-phase reforming of biomass-derived polyols,
glycerol and xylitol in particular. More specifically, we wish to obtain fundamental
insight in the effect of metal alloying and the influence of basicity of the support
material on catalyst efficiency as well as to gain improved understanding of the
stability of the catalyst material under realistic reaction conditions. This research
approach has led to the development of novel, more efficient, stable and active
catalysts for the APR process of glycerol and xylitol. The second aim of the
work described in this PhD thesis is to study the influence of crude glycerol as
obtained from an industrial plant on the performance and deactivation of APR
catalysts.
Chapter 2 introduces a new bimetallic catalyst system for the APR of
glycerol. The catalyst materials consist of either monometallic Pt or bimetallic
Pt-Cu nanoparticles supported on Mg(Al)O mixed oxides, obtained by calcination
of the corresponding Layered Double Hydroxides (LDHs). A detailed comparison
of the influence of metal alloying, Pt loading and the type and treatment of the
support material is presented.
In Chapter 3, the effect of the support material on the production of H2 via
APR of glycerol is investigated in more detail. This has been done by making use
of mixed oxides, which have been prepared from LDHs containing Mg, Al, Cu
and Co. These mixed oxides were then further used to prepare and test a series
of Pt-based catalyst materials.
Chapter 4 focuses on APR reaction of crude glycerol. To assess the extent of
deactivation of the catalyst materials, the benchmark Pt/Al2O3 catalyst was used
and the effect of impurities in the crude glycerol fraction, namely fatty acids,
methanol and inorganic salts, has been systematically investigated.
In Chapter 5, the potential of xylitol for the catalytic production of renewable
H2 is investigated. Different reaction conditions were applied to examine the APR
process in more detail.
Finally, a summary of the findings of this PhD Thesis is given in Chapter 6,
including a future perspective on the field of APR.
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Chapter 2

Highly Selective Bimetallic Pt-Cu/Mg(Al)O
Catalysts for the Aqueous-Phase Reforming of
Glycerol
Abstract
Monometallic Pt and bimetallic Pt-Cu catalysts supported on Mg(Al)O mixed
oxides, obtained by calcination of the corresponding Layered Double Hydroxides
(LDHs), were prepared and tested in the Aqueous-Phase Reforming (APR)
of glycerol. The effect of the Mg/Al ratio and calcination temperature of the
LDH support, as well as the effect of varying Pt and Cu amounts on glycerol
reforming was investigated. The use of a basic support increases the selectivity
to hydrogen and the use of a Pt-Cu bimetallic catalyst results in a decrease
in alkane formation. The 0.9 wt% Pt - 0.4 wt% Cu/Mg(Al)O_2.95 catalyst
system with an Mg(Al)O mixed oxide support obtained by the calcination of
the corresponding LDH material with a Mg/Al ratio of 2.95 at 400 °C, showed
higher hydrogen selectivity (55.2%) and lowered methane production (1.9%)
after 5 h of reaction when compared to the benchmark Pt/Al2O3 catalyst (49.4%
and 5.6%, respectively). Catalyst characterization by Extended X-ray Absorption
Fine Structure spectroscopy (EXAFS) showed a bimetallic interaction between
Pt and Cu. The bimetallic interaction is thought to be responsible for the lowered
methane formation and, ultimately, the high hydrogen selectivity observed.
Based on the manuscript: D.A. Boga, R. Oord, A.M. Beale, Y.M. Chung, P.C.A. Bruijnincx, B.M.
Weckhuysen, “Highly Selective Bimetallic Pt-Cu/Mg(Al)O Catalysts for the Aqueous-Phase Reforming
of Glycerol” ChemCatChem 2013, 5, 529 and Korea Patent Application 10-2010-0056026, PCT
International Patent Application WO 2011/158988 A1 and US Patent Application US 2013/0143733.

Chapter 2

2.1 Introduction
Recently, the imbalance between a continuously increasing energy demand
and decreasing fossil fuel reserves has turned the attention of scientists to
alternative energy sources. In this light, sustainable fuels generated from renewable
sources, such as biomass, have become the center of attention. Hydrogen has
emerged as an attractive alternative energy carrier, for instance in hydrogen fuel
cells, in addition to its current use in large amounts in the chemical industry.
Currently, hydrogen is mainly produced by high-temperature steam reforming
of non-renewable hydrocarbons. Hydrogen could be more sustainably produced
from biomass-derived oxygenates via new catalytic processes such as AqueousPhase Reforming (APR). The APR process, pioneered by the Dumesic group,
uses supported metal catalysts under mild reaction conditions for the production
of hydrogen from oxygenated hydrocarbons in a single step [1-3]. APR has
several advantages over conventional steam reforming [4], including a diminished
energy requirement (by eliminating the need for vaporization of the water and
oxygenate components), elimination of undesirable decomposition reactions,
which are typically encountered at elevated temperatures (by operating at low
temperatures) and the less complex processing requirements associated with the
single reactor APR reaction when compared to the multi-reactor steam reforming
system. Additionally, the low operating temperature favors the exothermic watergas shift reaction, resulting in low levels of CO, a contaminant that poses wellknown problems to the use of hydrogen in fuel cell applications, for instance.
Various renewable oxygenates have been used for hydrogen production by APR,
including ethanol, ethylene glycol, glycerol, sorbitol, and glucose.
Of these, glycerol is a particularly attractive biomass-derived substrate,
given its ready availability and strong potential to become a primary building
block in future biorefinery schemes [5]. Glycerol was commonly produced by
the oleochemical industry, but this source has been surpassed in importance by
the quick development of the biodiesel industry. It is produced in large volumes
as a by-product of the transesterification process yielding biodiesel. Efficient
catalytic processes that convert glycerol into value-added products are therefore
highly desired. Glycerol is ideally suited for the APR process, as substrates with
a carbon-to-oxygen ratio of one are preferred. Glycerol can be converted into
hydrogen by APR according to the following overall reaction:
→
7 H2 + 3 CO2		
(1)
		
C3H8O3 + 3 H2O
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as a result of both reforming (2) and water-gas shift (3) reactions, which take
place under the typical APR reaction conditions:
→
4 H2 + 3 CO 			
(2)
		
C3H8O3
CO + H2O
→
CO2 + H2 			
(3)
The production of hydrogen by APR over supported metal catalysts
comes with significant challenges with regards to selectivity, however. Indeed,
the products CO2 and H2 are thermodynamically unstable at APR reaction
temperatures and could give alkanes and water via Fischer-Tropsch and
methanation reactions. In addition to avoiding the consecutive reactions of CO2
and H2 that decrease H2 selectivity, good APR catalysts should be highly active
in C-C and C-H bond cleavage reactions, but not at C-O cleavage as this leads
to side product formation. Indeed, acid-catalyzed C-O bond cleavage ultimately
leads to the formation of alkanes, causing a parallel selectivity challenge [4].
Therefore, catalyst development aimed at lowering the formation of alkanes is
of utmost importance in increasing the selectivity of hydrogen during APR of
oxygenated hydrocarbons.
Recently, several precious and non-precious metals in combination with
different supports have been reported for the APR of glycerol [1,6-11]. The effect
of the nature of the metal as well as the nature of the support on activity has
been studied. Group VIII metals show high activity for hydrogen production, with
Pt-based catalysts, in particular, performing best [1]. Nickel-based catalysts also
show good activity in APR, but lead to increased formation of alkanes and as a
result, lower hydrogen selectivity. The group of Dumesic, however, found Raney
Ni-Sn to be highly active and selective for the production of hydrogen, providing
an inexpensive alternative to Pt-based catalysts [7]. Support properties also play
a crucial role in the reforming of biomass-derived oxygenates [8-11]. Wen et al.,
for instance, studied APR of glycerol with Pt, Ni, Co, or Cu on various supports,
including SAPO-11, active carbon, HUSY, SiO2, Al2O3 and MgO [8]. Iriondo et
al. reported the steam reforming of glycerol over nickel catalysts supported on
Al2O3 modified by Mg, Zr, Ce or La [9]. Menezes et al. recently reported on the
influence of the support on Pt-catalyzed APR of glycerol on the oxides Al2O3,
ZrO2, MgO and CeO2. MgO and ZrO2 stood out as these supports combined high
hydrogen production with low hydrocarbon formation [11], which was attributed
to their strong electron donating character, i.e. basicity. Indeed, it has been noted
that basic supports generally give high activity and high selectivity towards
hydrogen production, whereas acidic supports cause faster deactivation as well
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as increased alkane formation, due to support-catalyzed C-O cleavage reactions
such as dehydration. To suppress such acid-catalyzed side-reactions during APR
of oxygenates, the addition of a homogeneous base has also been reported. For
instance, addition of KOH to a Pt-Re/C catalyst improves hydrogen selectivity
and glycerol conversion [12]. Xu et al. and Liu et al. have also reported that
adding alkali to the medium enhances the H2 production during APR of biomassderived polyols [13,14].
The activity of monometallic supported catalysts can be further improved by
the addition of a second metal. Huber et al. studied Pt and Pd bimetallic systems
in APR using ethylene glycol as a representative biomass-derived oxygenate.
Addition of Co, Ni, and Fe resulted in increased conversion and high hydrogen
selectivity [15]. Kunkes et al. reported the conversion of glycerol by APR over
carbon-supported Pt and Pt-Re catalysts. The addition of Re led to an increase in
the production of H2, CO, CO2, and light alkanes (primarily methane) ultimately
leading to a better hydrogen selectivity [16]. Wang et al. showed that addition of
Co to a Pt catalyst significantly increased the activity, whereas the H2 selectivity
remained the same [17].
Based on these previous observations, we here focus on the use of a basic
support material to prevent acid-catalyzed C-O cleavage reactions and improve
hydrogen selectivity. Layered Double Hydroxides (LDHs) or Hydrotalcites (HTs),
widely employed in base-catalyzed reactions, are anionic clay materials which
basic properties can be tuned by variation of the ratio and nature of the cations.
Mixed oxides, obtained by calcination of LDHs, also exhibit basicity, have a
high surface area and thermal stability and are widely used both as catalyst
and catalyst supports [18-20]. Cruz et al. reported low methane selectivity in
the APR of ethanol over mixed oxide-supported Ni catalysts obtained from HT
precursors [21]. Here, we report on the use of magnesium-aluminium mixed
oxides, prepared by heat treatment of the corresponding LDHs, as support
materials and a study of the influence of support composition and pretreatment
on APR of glycerol. The influence of different magnesium to aluminium ratios of
the Pt/Mg(Al)O catalysts and the effect of the calcination temperature employed
for Mg(Al)O preparation have been investigated. Finally, the influence of addition
of a second metal to the Pt/Mg(Al)O catalyst was studied. The influence of Cu
as promoter element was assessed with the goal of tuning the properties of our
mixed-oxide supported catalyst system to increase hydrogen selectivity. Cu is
known for its high activity in the water-gas shift reaction [22], a requirement for
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selective hydrogen production. The removal of CO from the medium by favoring
the water-gas shift reaction would eventually result in suppression of the CO
methanation reaction.

2.2 Experimental Section
2.2.1 Materials
Glycerol (≥ 99.5%) was purchased from Sigma-Aldrich and used without
further purification. LDHs with Mg/Al ratios of 0.54, 2.0 and 2.95 were obtained
from Sasol, PURAL. Pt(NH3)4(NO3)2 (≥ 50.0% Pt basis) was purchased from
Aldrich, and Cu(NO3)2.3H2O (99%) was purchased from Acros Organics.
2.2.2 Catalyst Preparation
Preparation of Pt-catalysts supported on alumina or Mg/Al mixed oxides.
A 1 wt% Pt/Al2O3 catalyst was prepared for benchmarking purposes by incipient
wetness impregnation. Commercial γ-alumina extrudates (BASF), with 195 m2/g
surface area and 0.65 mL/g pore volume, were crushed and sieved to a 0.2120.425 mm size fraction. An aqueous solution of Pt(NH3)4(NO3)2 was added to the
support drop-wise. After impregnation, the sample was dried in an oven at 80 °C
under N2 flow for 17 h followed by calcination at 300 °C under 20% O2/N2 flow.
Mixed oxide supports with Mg/Al ratios of 0.54, 2.0 and 2.95 were prepared from
commercially available LDHs. A mixed oxide support with a Mg/Al ratio of 4.36
was prepared by calcination of a parent LDH material prepared in our laboratory.
The parent LDH was synthesized by co-precipitation of Mg(NO3)2.6H2O and
Al(NO3)3.9H2O at a constant pH of 10 by using a mixture of (NH4)2CO3 and NH3.
The mixed oxide supports were prepared by calcination of the parent LDHs. The
LDH powders were pelletized, crushed and sieved to obtain the 0.212-0.425 mm
size fraction and calcined overnight at 400 °C under N2 flow. 1 wt% Pt/Mg(O)
Al catalysts were synthesized by incipient wetness impregnation of the obtained
Mg(Al)O mixed oxides. After impregnation, the samples were dried in the oven at
80 °C for 17 h followed by calcination at 300 °C under 20% O2/N2 flow. Prior to
the catalytic activity experiments all catalysts including the benchmark Pt/Al2O3
catalyst were reduced in flowing H2 at 400 °C for 2 h.
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Preparation of Pt-Cu/Mg(Al)O catalysts with varying Pt-Cu ratios. The mixed
oxide support was prepared by calcination of the parent LDH with a Mg/Al
ratio of 2.95. The parent LDH was calcined overnight at 400 °C under flowing
N2. Pt-Cu/Mg(Al)O catalysts were prepared by co-impregnation of a Mg(Al)O
mixed oxide with aqueous solutions of Pt(NH3)4(NO3)2 and Cu(NO3)2.3H2O. After
impregnation, the samples were dried in the oven at 90 °C for 17 h followed
by calcination at 300 °C under 20% O2/N2 flow. Prior to the catalytic activity
experiments all catalysts were reduced in flowing H2 at 400 °C for 2 h.
2.2.3 Catalyst Characterization
ICP-AES measurements. Metal loadings of the catalysts and Mg and Al contents
of the synthesized LDHs were measured by Inductively Coupled Plasma-Atomic
Emission Spectroscopy (ICP-AES). These measurements were performed by
Mikroanalytisches Laboratorium KOLBE.
N2-physisorption. N2-physisorption measurements were carried out on a
Micromeritics Tristar 3000 analyzer. The LDH samples were degassed overnight
at 100 °C, whereas the mixed oxides and metal supported mixed oxides were
degassed at 300 °C, prior to the measurements. Surface areas and pore volumes
were calculated according to the BET and BJH models.
TEM-EDX measurements. Transmission Electron Microscopy (TEM) and Energy
Dispersive X-ray (EDX) analyses were performed on a FEI Tecnai 20F transmission
electron microscope operated at 200 kV, which is equipped with a Schotkky Field
Emmision Gun and a Twin Objective lens (magnification range of 25x–700kx).
The microscope is provided with an EDAX micro analysis system.
EXAFS measurements. Extended X-ray Absorption Fine Structure (EXAFS)
spectroscopy has been used to characterize selected Pt/Mg(Al)O and
Pt-Cu/Mg(Al)O catalysts and the benchmark Pt/Al2O3 catalyst. EXAFS
measurements were carried out at Hasylab, DESY, in Hamburg, Germany and at
ESRF, in Grenoble, France, respectively. The measurements were performed in
transmission mode using a Si(111) monochromator, under pure H2 atmosphere at
liquid N2 temperature. EXAFS spectra of the Pt/Mg(Al)O and Pt/Al2O3 catalysts
were performed at the Pt L3-edge. For Pt-Cu catalyst the measurements were
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performed at both the Pt L3-edge and Cu K-edge. Platinum and copper foils were
used as reference. The collected EXAFS data were background corrected using
Athena (IFEFFIT software package). Fitting analyses were performed using the
DL-EXCURV program. For analysis of the benchmark Pt/Al2O3 catalyst the XAS
Data Analysis Program (XDAP) was used.
XRD measurements. X-ray powder diffraction (XRD) measurements were
performed on a Bruker AXS Advance D8 apparatus using Co Kα radiation
(λ = 1.78897 Å) operating at 45 kV and 30 mV.

2.2.4 APR Catalytic Tests
Catalytic experiments were carried out under semi-batch conditions in a
40 mL stainless steel bench top Parr reactor equipped with a back-pressure
regulator. In a typical experiment, the reactor was charged with 10 mL of a 10
wt% aqueous solution of glycerol, prepared with degassed milli-Q water, and 0.3
g of catalyst. The reactor was pressurized with He to 29 bar and the pressure
was held constant by a back pressure regulator. The reactions were carried out
at 225 °C for 5 h. The gas phase reaction products were analyzed by an online
dual channel micro-GC (Varian CP4900) equipped with Thermal Conductivity
Detector (TCD). For analysis of H2, CO2, CO and CH4, a COX column was used.
The liquid phase was analyzed by a Shimadzu 2010A GC with Flame Ionization
Detector (FID). Hydrogen selectivities were calculated by using the ratio of
percent H2 present in the gas phase to the other gas phase products present in
the flow (CO2, CO, CH4 and trace amounts of other alkanes) according to the
equation below. The reforming ratio of glycerol (RR) is 7/3.

Hydrogen selectivity

=

H2 %
100-H2 %

x

1
RR

x 100

(2.1)
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2.3 Results and Discussion
2.3.1 Catalyst Synthesis and Characterization
A series of catalysts with different loadings of platinum and/or copper
supported on mixed magnesium-aluminium oxides was synthesized. The
magnesium to aluminium ratio of the mixed oxide and synthesis parameters,
such as calcination temperature, were varied in order to assess their influence on
catalyst stability and activity. For comparison, mixed oxides with only platinum
(Pt/Mg(Al)O) or copper (Cu/Mg(Al)O) and a platinum catalyst supported on an
uncalcined layered double hydroxide Pt/LDH) were synthesized. The support
materials and catalysts were characterized by N2-physisorption and XRD.
Table 2.1 shows the N2-physisorption results of the parent LDHs and mixed
oxides with Mg/Al ratios varying from 0.54 to 4.36 and the composition of the
supports and synthesized catalysts.
Table 2.1. Composition and some physical properties of the support materials and the
catalysts studied.
Sample name[a]

Mg/Al ratio

LDH_0.54

0.54

Metal loading

MO_0.54
Pt/MO_0.54

1 wt% Pt

LDH_2.0

2.0

MO_2.0
Pt/MO_2.0

1 wt %Pt

LDH_2.95

2.95

PtCu/MO_2.95
LDH_4.36

[b]

4.36

Pore volume
Vpore (cm3/g)

163

0.38

279

0.40

327

0.44

11

0.04

114

0.21

110

0.27

19

0.11

194

0.27

1 wt% Pt

232

0.18

0.9 wt% Pt-0.4 wt% Cu

233

0.18

MO_2.95
Pt/MO_2.95

BET surface area,
SBET (m2/g)

59

0.43

MO_4.36

256

0.22

Pt/MO_4.36

198

0.22

[a] LDH: Layered Double Hydroxide, MO: Mg(Al)O mixed oxide obtained by calcination of the parent
LDH at 400 °C, [b] Other catalysts with varying amounts of Pt and Cu have been prepared, listed in
Table 5 with their corresponding catalytic performance data.
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Figure 2.1. Powder XRD patterns of the a) parent LDH (Mg/Al ratio = 2.95), b) mixed oxide obtained
by heat treatment of parent LDH at 400°C under N2 (Mg(Al)O_2.95) and c) 0.9 wt% Pt - 0.4 wt% Cu/
mixed oxide (PtCu/Mg(Al)O_2.95); (003), (006), (102), (105), (108), (110), (103) diffractions of HT
phase; (200),
(220)
diffractions of periclase phase.
2 theta
degrees

As expected, a large change was observed in the total pore volume and
BET surface area of the parent LDHs after heat treatment at 400 °C, indicating
the formation of the MgAl mixed oxide via water and carbon dioxide removal
[19,25].
The supported metal catalysts were prepared by incipient wetness
impregnation of the calcined support materials with an aqueous solution of the
desired metal. Figure 2.1 shows the diffraction patterns of the (a) uncalcined
parent LDH (Mg/Al ratio of 2.95), (b) calcined LDH and (c) PtCu catalyst supported
on calcined LDH. The X-ray diffraction pattern of the uncalcined support displays
the characteristic reflections of an LDH in the carbonate form. Calcination of the
support at 400 °C resulted in a complete loss of the typical XRD pattern for the
layered double hydroxide and formation of the mixed oxide phase [23]. The broad
reflections at 2θ = 50° and 75° illustrate a poorly crystallized MgO periclase
phase where Al is associated with MgO.
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Figure 2.2. EXAFS k3 χ(k) functions and FT of experimental spectrum (solid line) and theoretical fit
(dashed line) for re-reduced Pt/Mg(Al)O_2.95 at the Pt L3-edge (a,b) and for Pt-Cu/Mg(Al)O_2.95 at
the Pt L3-edge (c,d) and Cu K-edge (e,f).
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2.3.2 EXAFS Measurements on the State of Platinum and Copper
Selected monometallic Pt/Mg(Al)O and bimetallic Pt-Cu/Mg(Al)O catalysts
have been characterized by EXAFS. The metal loadings for the catalysts were 1.1
wt% Pt for the monometallic and 0.9 wt% Pt and 0.4 wt% Cu for the bimetallic
system. The benchmark 1 wt% Pt/Al2O3 catalyst was also characterized by
EXAFS (data not shown). Prior to the measurements, the catalysts were reduced
at 400 °C for 2 h under H2 flow. After cooling down, the EXAFS spectra were
recorded under static H2 atmosphere. Figure 2.2 shows phase corrected EXAFS
k3 χ(k) functions and Fourier Transforms (FTs) of experimental spectrum (solid
line) and theoretical fit (dashed line) for re-reduced Pt/Mg(Al)O_2.95 at the Pt
L3-edge (a,b) and for Pt-Cu/Mg(Al)O_2.95 at the Pt L3-edge (c,d) and Cu K-edge
(e,f).
Figures 2.2a and 2.2b show the fitted Pt L3-edge EXAFS and associated FT
data for the Pt/Mg(Al)O_2.95 system, the structural parameters obtained from
EXAFS data are summarized in Table 2.2.
Table 2.2. Structural parameters for Pt/Mg(Al)O_2.95 and Pt-Cu/ Mg(Al)O_2.95 catalysts derived from
Pt L3-edge and Cu K-edge EXAFS data analysis.[a]

Pt/Mg(Al)O

shell

N

R

2σ2

Ef

R'

Pt-Pt

4.0

2.739

0.025

33.00

42.09

Cu-Cu

5.7

2.533

0.019

-10.18

29.69

Cu-Pt

1.4

2.708

0.019

Cu-Cu

3.4

3.605

0.030

Pt-Pt

3.6

2.720

0.012

-26.44

32.01

Pt-Cu

2.1

2.551

0.025

Pt L3-edge
Pt-Cu/Mg(Al)O
Cu K-edge

Pt L3-edge

[a] N: coordination number, R: bond distance, 2σ2: Debye-Waller factor, Ef: Fermi energy, R': goodness of the fit.
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The main peak in the FT corresponds to a Pt-Pt contribution at 2.74 Å
consistent with the presence of metallic Pt particles. The low coordination
number (4.0) and large Debye-Waller factor suggest that the Pt particles are
very small (< 1 nm). The Pt L3-edge and Cu K-edge EXAFS and associated
FT data of Pt-Cu/Mg(Al)O_2.95 are presented in Figures 2.2c-2.2f. As with
the monometallic sample, the Pt L3-edge data are also dominated by a Pt-Pt
contribution at 2.72 Å although in order to fully fit this contribution it was also
necessary to include a Cu contribution at 2.55 Å, consistent with the formation
of bimetallic species. The total coordination number (NPt + NCu = 5.7) again
suggests small metallic particles [26]. The formation of bimetallic species is not
at first clearly evident from the data although a closer visual inspection of the FT
data, shown in Figure 2d, reveals crucial differences between Pt/Mg(Al)O_2.95
and Pt-Cu/Mg(Al)O_2.95. For example, the dominant Pt-Pt contribution in the FT
data of the former is narrower than the Pt-Pt contribution in the Pt/Mg(Al)O_2.95
sample (Figure 2b). Furthermore, the low R contribution at ca. 2.0 Å (including a
Pt-O contribution did not improve the fitting statistics) is more intense in Figure
2d than Figure 2b. The cause of these differences in the FT data between the
Pt and Pt-Cu samples is a 'π phase flip' in the backscattering amplitude from
6 Å for Pt (or indeed for all elements where Z > 78); a phenomenon described
as the Generalized Ramsauer-Townsend (GRT) effect. This results in a splitting
of the major contribution in the FT into a high and low R component when two
elements are intimately mixed (chemically bonded) as in a bimetallic system: The
splitting and intensity of the low R contribution becomes more intense with an
increasing number of bimetallic bonds [27]. Confirmation for the formation of
bimetallic bonds in the Pt-Cu/Mg(Al)O_2.95 sample is found in the Cu K-edge
data.
Using the EXAFS data recorded at both edges it is also possible to determine
the distribution of the bimetallic species in the Pt-Cu sample. Considering
the coordination numbers of Pt and Cu and their mole fractions (XPt = 0.42,
XCu = 0.58), we can calculate the degree of segregation (α) of the bimetallic
components to reveal insight into the extent of bimetallic clustering [28]. Beale
and Weckhuysen described seven plausible spherical bimetallic structures
regarding α values [26]. For our system, values of -0.36 for αPt and -0.53 for αCu
were obtained. Since these values fall somewhere in between those determined
for the model systems, it seems likely that the Pt and Cu environments in the
Pt-Cu samples comprise a mixture of environments. For example, a combination
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of bimetallic clusters, such as 'single-half' species, shown in reference 26 in
addition to homologous single component Pt or Cu particles. A plausible model
of the Pt and Cu species distribution based on these data is presented in Figure
2.3. Although these models represent only an approximation for the distribution
of bimetallic species, it is worth noting that the bond distances for the Pt-Cu and
Cu-Pt, being similar to those for monometallic particles, are consistent with a
low dispersion of the two metals within the sample, which is consistent with the
depiction given in Figure 2.3.
The mono- and bimetallic catalysts were also characterized by TEM-EDX,
which results are in agreement with the results obtained by EXAFS. Figure 2.4
shows the TEM images of the Pt(Cu)/Mg(Al)O catalysts. The only metal particles
discernible in the TEM images are some larger Pt particles of > 3 nm, with
the majority of the Pt and Cu particles being too small to be detected by TEM
(i.e. they are of subnanometer size average as determined by EXAFS analysis).
The presence of the very small Pt particles, as well as Cu particles (< 1 nm) in
the case of the bimetallic catalyst, was confirmed by TEM-EDX measurements.
The EDX results further illustrated the coexistence of Pt and Cu in the case of
bimetallic catalyst system, again in corroboration with the EXAFS data, which
shows that the majority of nanoparticles formed are < 1 nm and that the sample
is inhomogeneous.

Figure 2.3. Proposed bimetallic cluster model for the Pt-Cu/Mg(Al)O_2.95 system (Pt = red, Cu = blue)
based upon analysis of the Pt L3- and Cu K-edge EXAFS data. Analysis of the data revealed the sample
to contain a mixture of monometallic Pt, monometallic Cu as well as some bimetallic nanoparticles.
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Figure 2.4. TEM images of the (a) PtCu/Mg(Al)O_2.95 and (b) Pt/Mg(Al)O_2.95 catalysts.

2.3.3 APR Catalytic Tests
Effect of support Material on the Performance of the Monometallic Pt Catalysts
Glycerol APR reactions were run in a semi-batch reactor system which
is a typical batch reactor equipped with back pressure regulator to keep the
system pressure constant at just above the vapor pressure of water at reaction
temperature. Huber et al. previously showed that a (high-throughput) batch
reactor system is a convenient and reliable tool for initial screening studies of
catalyst selectivity in the APR reaction of renewable oxygenates [15], such as
those reported here. Valenzuela et al. later also reported the use of a conventional
batch reaction system for the APR reaction of whole biomass [29]. The product
selectivities of the monometallic platinum catalysts supported on the parent
and calcined LDH (Mg/Al 2.95) and on γ-alumina in the APR of 10 wt% glycerol
solutions are compared in Table 2.3. Alkanes other than methane (i.e. ethane)
were only detected in trace amounts and were not further quantified. Carbon
monoxide levels were also only present in trace amounts (the detection limit of the
micro-GC for CO was 500 ppm) in all reactions. In all catalytic runs the glycerol
conversion ranges from 95% to full conversion, with ethanol, ethylene glycol,
acetic acid, and 1,2-propanediol detected as the main organic intermediates in
the liquid phase.
Initial hydrogen selectivities are high for the Pt/LDH_2.95 and
Pt/Mg(Al)O_2.95 catalysts, but decrease over time in both cases, albeit to a
different extent. The initial and final product distributions are therefore given
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after 30 min and 300 min of reaction, respectively. The results point at the
importance of catalyst preparation, as the mixed oxide shows a higher hydrogen
selectivity (52.1%) and lowered methane production (3.9%) after 5 h of
reaction. Clearly, thermal treatment of the support is beneficial, even though the
support eventually returns to the LDH structure under reaction conditions (vide
infra). This selectivity difference can be associated with increased surface area
and basicity of the resulting LDH structure compared to untreated LDH, making
external OH- groups readily accessible [30]. Indeed, the so-called activation of
LDHs by conversion to the mixed oxide and rehydration is a well-known procedure
used to optimize the basic properties of such materials [31]. The results obtained
with Pt/Mg(Al)O_2.95 positively compare to the benchmark catalyst, a selfprepared 1 wt% Pt/Al2O3 with average particle size around 1 nm, both in terms
of hydrogen selectivity and extent of formation of the undesired methane.
Table 2.3. Effect of the catalyst support on the catalytic performance of the monometallic Pt catalysts.[a]
Catalyst

Time
(min)

H2
(%)

CO2
(%)

CH4
(%)

H2 selectivity
(%)

Pt/Al2O3

30

57.7

33.5

4.8

58.4

300

53.5

32.7

5.6

49.4

30

57.5

32.0

4.9

57.9

300

51.6

30.4

5.8

45.8

30

57.8

29.6

4.4

58.7

300

54.9

30.9

3.9

52.1

Pt/LDH_2.95

Pt/Mg(Al)O_2.95

[a] T = 225 °C, total pressure 29 bar, Pt loading 1 wt%, reaction time 5 h.
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Effect of Calcination Temperature on the Performance and Stability of the
Pt/Mg(Al)O Catalysts under Reaction Conditions
Calcination in air of LDHs leads to the formation of well-dispersed
Mg(Al)O mixed oxides, with excessive calcination temperatures eventually
leading to spinel phases. The original layered structure can be reconstructed if
the mixed oxides are exposed to water and appropriate anions, e.g. carbonates,
a property called retro-topotactical transformation (memory effect). The
reconstructed LDHs show an increase in Brønsted base character by absorbing
OH- ions which increases the number of basic sites and their accessibility. Such
activated LDHs consequently display increased activity in many different basecatalyzed reactions, such as various condensation reactions [30,32,33]. Under
APR conditions, the mixed oxide support is expected to eventually revert back
into the LDH structure. Reconstruction in water can lead to the formation of
meixnerite, i.e. an LDH with hydroxide anions as charge compensating anions in
the interlayer or back to the hydrotalcite with the naturally preferred carbonate
anions occupying the interlayer space. Both options are expected to be beneficial
to the selectivity of the APR process. Indeed, the reconstructed LDHs show
an increase in Brønsted base character and (homogeneous) bases have been
previously shown to increase selectivity [12-14], as reactions run at higher pH
favor hydrogen over alkane production [4]. In addition, incorporation of the CO2
formed during the reaction as charge-balancing carbonates in the LDH would
shift the equilibrium of the reaction to the product side under the semi-batch
conditions used. Reconstruction of the LDH after calcination is often employed
to enhance the catalytic activity in base-catalyzed reactions, which might
explain the improved performance of Pt/Mg(Al)O_2.95 over Pt/LDH_2.95. XRD
measurements of the spent Pt/Mg(Al)O_2.95 (Mg/Al ratio of 2.95, calcination
temperature of 400 °C) do indeed show that reconstruction of the LDH phase
has occurred under the applied reaction conditions (Figure 2.5). Importantly,
the memory effect is known to strongly depend on the calcination temperature,
with higher temperatures leading to a reduced memory effect. Note that if the
calcination temperature is well above 800 °C, the LDHs decompose to pure MgO
and spinel (MgAl2O4), after which the reversible behavior is lost [35,36].
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Table 2.4. Effect of calcination temperature on the catalytic performance of Pt/Mg(Al)O_ 2.95.[a]
Calcination temperature
(°C)

Time
(min)

H2
(%)

CO2
(%)

CH4
(%)

H2 selectivity
(%)

400

30

57.8

29.6

4.4

58.7

300

54.9

30.9

3.9

52.1

30

57.1

33.9

3.7

57.0

300

52.4

31.9

5.5

47.1

30

58.3

32.6

4.7

59.4

300

51.1

32.5

6.5

44.7

600

900

[a] T = 225 °C, total pressure 29 bar, Pt loading 1 wt%, Mg/Al ratio of 2.95, reaction time 5 h.

To assess the effect of calcination temperature on stability and selectivity
of the catalyst under the studied reaction conditions, Pt/Mg(Al)O catalysts were
prepared after calcination of the parent LDH material with a Mg/Al ratio of
2.95 at two additional temperatures of 600 °C and 900 °C and tested under
standard APR reaction conditions. Table 2.4 shows the effect of calcination
temperature on the catalytic activity of Pt/Mg(Al)O_2.95 in the APR of glycerol.
Powder XRD patterns of the fresh and spent catalysts are shown in Figure 2.5.
While the initial hydrogen selectivities were similar for the three catalysts, a
more pronounced drop in hydrogen selectivity was observed for the samples
calcined at higher temperatures, with the 900 °C sample also showing a large
increase in selectivity for methane formation. The XRD patterns show that under
the applied conditions in all three cases the support reverts back to the LDH
structure. The intensity of the reconstructed LDH peaks in the XRD patterns of
the spent catalyst is lower for the 600 and 900 °C samples, however, indicating
smaller crystallite sizes and a lesser degree of reconstruction. Calcination at
400 °C proved to give the best results and was subsequently taken as the
standard calcination temperature for all subsequent studies. The activity of the
support itself in glycerol APR Mg(Al)O with Mg/Al ratio of 2.95) was tested as
well, and found to be negligible.
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Calcination T(°C)
a)

400 (Spent)

b)

400 (Fresh)

c)

600 (Spent)

d)

600 (Fresh)

e)

900 (Spent)

*

* f)

900 (Fresh)

70

80

∆

∆

∆

∆

∆

*
10

20

30

40

∆

*
50

60

2θ ( )
o

Figure 2.5. Powder XRD patterns of fresh and spent Pt/Mg(Al)O_2.95 (Mg/Al=2.95, 1 wt% Pt loading)
catalysts prepared by calcination of parent LDHs. a) 400 °C, fresh catalyst, b) 400 °C, spent catalyst,
c) 600 °C, fresh catalyst, d) 600 °C, spent catalyst, e) 900 °C, fresh mixed oxide support, f) 900 °C,
spent catalyst (Pt/Mg(Al)O_2.95); ∆ MgO, periclase phase, ● HT phase, * Mg2AlO4, spinel phase.

Effect of Magnesium to Aluminium Ratio on Catalyst Performance
The ability to tune and exploit the basicity of LDHs and mixed oxides is
discussed in detail by Debecker et al. [34]. The nature and strength of the basic
sites in the mixed oxide as well as the reconstituted LDH is mainly found to
be related to the magnesium to aluminium ratio. Di Cosimo et al., for instance,
reported that mixed oxides obtained by calcination of LDHs contain surface basic
sites of low (OH-), medium (Mg-O pairs) and strong (O2-) basicity [20]. The
relation between basic site density with Mg/Al ratio was found to be complex,
but basic site density increased with increasing Al content for samples in the
range 1 < Mg/Al < 5. Xie et al. observed the same trend in basicity of calcined
LDHs with Mg/Al ratios of 2 to 4 [37]. The basicity of LDHs of Mg/Al molar
ratio of 3 calcined at different temperatures showed a maximum basicity at a
calcination temperature of 464 oC and a low level basicity if calcined below
400 °C or over 600 °C. The influence of LDH composition on APR of glycerol
was therefore also investigated. Pt/Mg(Al)O catalysts with varying Mg/Al ratios
were prepared and the catalytic activities are listed in Table 2.5. With some
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exceptions, the data show that increasing the Mg/Al ratio generally results in
an increased initial hydrogen selectivity, as exemplified by the high hydrogen
selectivity obtained with the highest Mg/Al ratio tested (4.36) of 64.0% after
30 min. This catalyst also gave the highest hydrogen selectivity, although as in
all cases a decrease in H2 selectivity was observed.
Effect of Copper on the APR Activity
Several bimetallic catalysts have been studied for glycerol APR up to date,
in addition to the single metal catalyst systems tested. We chose to study the
influence of copper as the promoter element on catalyst performance. The effect
of the copper loading in the catalyst on the gas phase composition is presented
in Table 2.6. The combination of platinum and copper increased the hydrogen
selectivity and concurrently reduced the formation of the undesired methane, a
product formed in a process that consumes hydrogen. Increasing the copper loading
led to a gradual decrease in methane formation, with only 1.0% selectivity for
methane observed for a Pt/Cu ratio of 1. Increasing the Pt amount in the catalyst
system did not further improve the selectivity. A monometallic 1 wt% Cu/Mg(Al)O
catalyst was prepared and tested, as well, but no noticeable activity was observed.
The PtCu/Mg(Al)O catalyst with a 0.9 wt% Pt - 0.4 wt% Cu loading showed
Table 2.5. Effect of Mg/Al ratio on the catalytic performance of the monometallic Pt catalysts.[a]
Mg/Al ratio

Time
(min)

H2
(%)

CO2
(%)

CH4
(%)

H2 selectivity
(%)

0.54

30

56.4

33.0

6.0

55.4

300

51.7

32.5

6.4

45.8

30

57.0

27.8

3.1

56.9

300

52.8

33.3

3.0

47.8

30

57.8

29.6

4.4

58.7

300

54.9

30.9

3.9

52.1

30

59.9

30.2

4.8

64.0

300

55.2

31.0

5.5

52.7

2.0

2.95

4.36

[a] 225 °C, total pressure 29 bar, Pt loading 1 wt%, reaction time 5 h.
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higher hydrogen selectivity (55.3%) and lowered methane production (1.9%)
after 300 min reaction, in comparison with the benchmark Pt/Al2O3 catalyst.
Table 2.7 shows the conversions of glycerol of a selected PtCu catalyst and
Pt/Al2O3. Liquid phase analysis for this particular PtCu combination revealed that
glycerol conversion was 17% and 98% after 30 min and 300 min, respectively,
whereas glycerol conversion was 35% and 99% in the case of Pt/Al2O3 catalyst.
Total Organic Carbon (TOC) analyses showed that after 300 min, 62% of the
original carbon still remained in the liquid phase for the PtCu catalyst, with
1,2-propanediol being the main component in solution, in addition to compounds
such as acetic acid, ethanol, ethylene glycol, etc.
While less selective to H2, the Pt/Al2O3 was found to be somewhat more
active under these semi-batch conditions, as 32% of the carbon remained in
solution after 300 min, as determined by TOC. The main liquid phase product
Table 2.6. Effect of Cu as promoter on H2 selectivity.[a]
Metal loading
(wt%)

Time
(min)

H2
(%)

CO2
(%)

CH4
(%)

H2 selectivity
(%)

1 Pt - 0 Cu

30

57.8

29.6

4.4

58.7

300

54.9

30.9

3.9

52.1

30

59.2

30.6

3.8

62.1

300

54.5

32.1

3.4

51.2

30

59.0

26.2

2.9

61.7

300

56.3

31.0

1.9

55.3

30

59.3

26.9

3.9

62.5

240

55.1

32.1

3.4

52.6

30

58.9

26.0

1.3

61.5

300

52.7

30.3

1.0

47.7

30

57.7

33.5

4.8

58.4

300

53.5

32.7

5.6

49.4

1.1 Pt - 0.2 Cu

0.9 Pt - 0.4 Cu

1.7 Pt - 0.5 Cu[b]

1 Pt - 1 Cu

1 Pt[c]

[a] 225 °C, total pressure 29 bar, Mg/Al ratio of 2.95, reaction time 5 h. [b] reaction time 4 h. [c] 1 wt% Pt/Al2O3
benchmark catalyst.
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was ethanol for this catalyst with only a very small of 1,2-propanediol detected
in comparison to the PtCu catalyst.
The EXAFS measurements (vide supra) on the bimetallic Pt-Cu system,
showed three different types of metal clusters; i) Pt, ii) Cu and iii) Pt-Cu bimetallic
clusters, as illustrated in Figure 2.3. Considering the low activity of monometallic
Cu catalyst, it might be concluded that Pt and Pt-Cu bimetallic clusters are the
main active phases in the Pt-Cu catalyst system, however, increased hydrogen
selectivity and reduced formation of methane compared to the monometallic Pt
catalyst suggest the Pt-Cu bimetal clusters more likely to be responsible from the
lowered methane production.
Table 2.7. Conversion and total organic carbon analysis.
Catalyst

Time (min)

Conversion (%)

TOC[a] (g/L)

1 Pt/Al2O3

30

45

36.0

300

>99

12.6

30

17

37.9

300

98

24.2

1 Pt - 0.5 Cu/Mg(Al)O_2.95
[a] Total organic carbon in liquid phase.

2.4 Conclusions
A series of Mg(Al)O-supported Pt and Pt-Cu catalysts have been prepared
and tested in the APR reaction of glycerol. The Mg(Al)O supports were prepared
by calcination of parent LDH materials at 400 °C. APR of glycerol with the
Pt/Mg(Al)O_2.95 resulted in higher hydrogen selectivity (52.1%) after 5 h
reaction, compared to a Pt/LDH_2.95 catalyst with an uncalcined LDH_2.95
support (45.8%). Three different calcination temperatures (400, 600 and 900
°C) were employed to investigate the performance and stability of the catalysts.
The hydrogen selectivity decreased significantly with increasing calcination
temperature with lowest hydrogen selectivity and increased methane production
observed in the case of calcination at 900 °C. XRD patterns showed that
Mg(Al)O_2.95 supports obtained by calcination of LDH at 400 and 600 °C
consisted of a periclase phase, whereas Mg(Al)O_2.95 obtained by calcination
49

Chapter 2

at 900 °C consisted of a mixture of periclase and spinel. Under APR conditions
all the catalysts reverted back to a less crystalline parent LDH phase. The low
hydrogen selectivity for the sample calcined at 900 °C is attributed to a more
incomplete reconstruction in comparison to the sample calcined at 400 °C. The
Mg/Al ratio also influenced catalytic activity, as hydrogen selectivity increased
with increasing Mg/Al ratios. The addition of Cu as promoter at varying Cu
loading (0.2%-1%) increased the hydrogen selectivity, while significantly
suppressing methane formation. EXAFS characterization results of this catalyst
showed a bimetallic interaction between Pt and Cu, which potentially causes
lowered methane formation.
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Chapter 3
Aqueous-Phase Reforming of Glycerol with Mixed
Oxide-Supported Pt Catalysts: Effect of Support
Composition on Catalyst Performance
Abstract
Copper and cobalt-containing Layered Double Hydroxides (LDH) were
used as precursor to mixed oxide support materials (i.e., MgCu(Al)O,
MgCo(Al)O, Cu(Al)O and Co(Al)O for the preparation of a series of 1 wt% Ptbased Aqueous-Phase Reforming (APR) catalysts. The catalytic performance of
these copper- and cobalt-containing catalysts was tested in glycerol APR at 225
°C and compared to a 1 wt% Pt/Mg(Al)O catalyst to assess the effect of support
composition on hydrogen production and liquid phase product distribution. The
catalysts were characterized by N2-physisorption, XRD, TEM-EDX, and CO2-TPD.
The support was found to play an important role in determining the product
selectivity. Of the tested catalysts, Pt/Mg(Al)O was the most active towards gasphase products, showing the highest H2 selectivity (73.8%) after 3 h at close
to full conversion of glycerol. (Partial) substitution of magnesium for copper or
cobalt resulted in a drop in APR activity with lower hydrogen selectivities being
observed; close to full conversion of glycerol was still observed for, for instance,
the MgCo(Al)O-based catalyst, but selectivity shifted to hydrogenolysis-type
products, with 1,2-propanediol being formed with 46.8% selectivity.
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3.1 Introduction
The production of H2 by Aqueous-Phase Reforming (APR) of biomassderived oxygenates such as glycerol, over supported metal catalysts is strongly
influenced by the properties of the support as well as by the nature of the
active metal phase. The impact of several support materials on H2 production
has already been reported in several studies [1-6]. It has been noted that basic
supports generally give high activity and high selectivity to the production of
hydrogen, whereas acidic supports lead to faster catalyst deactivation as well
as an increased formation of alkanes. This can be attributed to the promotion
of support-catalyzed C-O cleavage reactions, such as dehydration reactions,
followed by hydrogenation of the olefin formed. Huber et al. studied the onpurpose production of alkanes by APR of biomass-derived oxygenates. They
found that selective alkane production requires careful balancing of the required
reforming and dehydration/hydrogenation reactions. By adding acidic sites to a
Pt/Al2O3 catalyst material either by promoting the support with SiO2 or by mixing
it physically with SiO2, selective formation of C1 to C6 alkanes could be achieved
[5].
The advantageous effect of basic supports on hydrogen production has been
reported in a number of studies. Wen et al., for instance, studied glycerol APR
with Pt, Ni, Co, or Cu on various acidic and basic supports, including SAPO-11,
active carbon, H-USY (with a SiO2/Al2O3 ratio of 4.8), SiO2, Al2O3 and MgO in a
fixed-bed reactor. The highest rate of formation of H2 and the lowest amounts of
CH4 were obtained with the basic MgO support; the MgO supported catalyst was
found to deactivate after 20 h on stream, though [1]. Similarly, Menezes et al.
reported on the influence of the support material on the APR of glycerol making
use of Al2O3, ZrO2, MgO and CeO2 as supports. They found that the MgO and
ZrO2-supported Pt catalysts displayed the highest rate of hydrogen formation and
lowest rate of hydrocarbon formation, attributing these observations directly to
the basicity of both supports [4]. In another example of how the support can be
tuned to improve catalyst performance, Rahman et al. reported on the addition
of CeO2 to Al2O3 to give enhanced activity and H2 selectivity with lowered CH4
formation. The improved Pt dispersion upon promotion with CeO2 was suggested
as the primary reason for this improved activity in this particular case [6].
As illustrated by the examples above and those listed in Chapter 1, (mixed)
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metal oxide materials are commonly used as catalyst supports for the APR of
biomass-derived oxygenates (in addition to the also commonly studied carbonsupported catalysts). The acid/base properties of certain metal oxides can be
tuned, for instance by the addition of promoters. Some supports also allow tuning
of their basicity by a systematic variation of elemental composition or preparation
method. The basicity of Mg(Al)O oxides that are obtained from Layered Double
Hydroxide (LDH) precursors is known to depend, for instance, on the Mg/Al ratio
and the calcination temperature used for their preparation (see Chapter 2).
Another way to vary the properties of such LDH-derived mixed oxides is
by not only changing the ratio but also the nature of the metal ions that are
incorporated into the structure. LDHs are anionic clay materials with the general
formula [M2+1-xM3+x(OH)2]x+ (An-x/n).mH2O (where M = metal, A = anion, typically
carbonate) and contain divalent and trivalent cations in the positively charged
brucite-like layers and exchangeable anions such as CO32- in the interlayer space.
'Hydrotalcites' (HT), solids that are structurally closely related to the mineral
hydrotalcite, are typical examples of LDHs and contain Mg2+ as the divalent and
Al3+ as the trivalent cation to give solid, such as Mg6Al2(OH)16CO3.4H2O. The
identity of the cations (and the anions) in these solids can be systematically
varied.
Replacing the divalent and trivalent cations (partially) with e.g. M2+ = Ni,
Zn, Cu, Co, or Fe and M3+ = Ga, Cr, Mn, or Fe will alter the properties of the
support, for instance, by introducing metal ions with redox character in the LDH
structure or by tuning the basic properties of the LDHs.
Treatment at elevated temperatures of the LDHs of various composition
results in the formation of often well-dispersed mixed oxides of high surface
area and thermal stability. These mixed oxides can display an increased basicity
compared to the parent LDHs and are used as catalyst and catalyst supports
for various base-catalyzed reactions [7-9]. It should furthermore be noted that
the LDH structure can be reconstructed under the proper conditions, a property
known as the memory-effect. Indeed, in the presence of water and appropriate
anions, the mixed oxides can be rehydrated and the original LDH structure is
restored to a large extent while Brønsted base sites (OH-) are incorporated in the
LDH interlayers [10,11]. Reconstruction leads to a reduced surface area, but also
typically to an enhancement of the basic properties and catalytic activity of the
solid (i.e., compared to the activity of the original, non-heat treated LDH).
Although LDH-based or LDH-derived catalysts have been widely studied in
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the steam reforming of alcohols, a more limited number of reports is available
on the use of LDH-derived mixed oxides as catalysts or as catalyst support
for the APR of renewable alcohols. Manfro et al. studied Ni-Cu mixed oxide
catalysts derived from hydrotalcite-like materials for the APR of glycerol. Low H2
selectivity was reported, with large yields of liquid by-products such as acetol
and lactic acid being formed instead [12]. Pendem et al. used a hydrotalcite
material to prepare HT-supported Pt catalysts and tested them in the APR of
glycerol. A high selectivity to 1,2-propanediol of 74% was observed at close
to full conversion over a 3 wt% Pt catalyst [13]. We presented a series of
monometallic Pt and bimetallic Pt-Cu catalysts supported on LDH-derived mixed
oxides for glycerol APR in Chapter 2. The observed reconstruction of the mixed
oxide support back to the parent LDH structure that occurred under reaction
conditions was found to be beneficial for the H2 selectivity of the catalyst. The
properties of the support and, as a result, the performance of the catalyst was
shown to depend on the Mg/Al ratio of the LDH as well as on the calcination
temperature. The addition of Cu also improved the selectivity towards H2 by
suppressing methane production [14]. In this Chapter, we further explore the
influence of LDH-derived supports on the APR of glycerol, now by variation of
the elemental composition of the LDH. For this purpose, Pt-containing catalysts
based on Mg(Al)O, MgCu(Al)O, MgCo(Al)O, Cu(Al)O and Co(Al)O mixed oxides
have been prepared, characterized and tested. The efficiency of H2 formation as
well as a detailed study of the liquid phase is presented.

3.2 Experimental Section
3.2.1 Materials
Glycerol (≥ 99.5%) was purchased from Sigma-Aldrich and used without
further purification. A batch of Layered Double Hydroxide (LDH) material with a
Mg/Al ratio of 2.95 (PURAL) was purchased from Sasol. Pt(NH3)4(NO3)2 (≥ 50.0%
Pt basis) and H2PtCl6 were purchased from Aldrich. Mixed oxides containing Mg,
Co and Cu were obtained from the University of Aristotle, Thessaloniki (Greece)
and obtained by calcination of the corresponding LDH materials at 450 ºC. Prior
to use the mixed oxide samples were heated at 450 ºC for 1 h.
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3.2.2 Catalyst Preparation
The supported Pt catalysts were prepared by Incipient Wetness Impregnation
(IWI) of the mixed oxides to obtain a 1 wt% Pt loading. Pt/mixed oxide samples
were prepared by IWI with an aqueous solution of H2PtCl6. Following the
impregnation, the samples were dried at 80 ºC under N2 flow and calcined right
after at 450 ºC with a 2 ºC/min ramp under flow of air. Prior to the catalytic
activity experiments the samples were reduced at 300 ºC for 1 h by flowing H2.
3.2.3 Catalyst Characterization
XRD measurements. X-ray powder diffraction (XRD) measurements were
performed on a Bruker AXS Advance D8 apparatus using Co Kα radiation
(λ = 1.78897 Å) operating at 45 kV and 30 mV. The data were collected
between 2θ = 20º-100º. The XRD patterns of the parent LDH materials and the
mixed oxides were recorded in Thessaloniki.
TEM measurements. Transmission Electron Microscopy (TEM) analyses were
performed on a FEI Tecnai 20F transmission electron microscope operated at
200 kV which is equipped with a Schottky Field Emission Gun and a Twin
Objective lens (magnification range of 25x–700x).
TPD measurements. The strength of the basic of the catalysts was studied with
CO2 Temperature Programmed Desorption (CO2 –TPD). First, the samples were
treated at 200 °C in He for 1 h and then cooled down to 100 °C. CO2 was
pulsed to the sample until saturation. The TPD experiments were carried out
from 100 °C to 550 °C with a heating ramp of 5 °C/min.
N2-physisorption. N2-physisorption measurements were carried out on a
Micromeritics Tristar 3000 analyzer. The mixed oxides samples were degassed
at 300 °C, prior to the measurements. Surface areas and pore volumes were
calculated according to the BET and BJH models.
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3.2.4 APR Catalytic Tests
Catalytic experiments were carried out under semi-batch conditions in a
40 mL stainless steel bench top Parr reactor equipped with a back-pressure
regulator. In a typical experiment, the reactor was charged with 10.7 g of a 10
wt% aqueous solution of glycerol, prepared with degassed milli-Q water, and 0.3
g of catalyst. The reactor was pressurized with He to 29 bar and the pressure
was held constant by a back pressure regulator. The reactions were carried out
at 225 °C for 3 h. The gas phase reaction products were analyzed by an online
dual channel micro-GC (Varian CP4900) equipped with Thermal Conductivity
Detector (TCD). For analysis of H2, CO2, CO and CH4, a COX column was used.
The liquid phase was analyzed by Shimadzu HPLC equipped with an Aminex
HPX-87H column. The Total Organic Carbon (TOC) content of the liquid phase
was analyzed on a Shimadzu TOC 5050A. TOC analysis was performed by the
GeoLab at the Faculty of Geosciences at Utrecht University. The selectivity of
the products in the liquid phase was calculated according to the equations 3.1
Yield of A (%)

moles of product A

=

(3.1)

x

moles of glycerol feed

100

and 3.2, respectively.
Selectivity of A (%)

=

moles of product A
moles of glycerol converted

x 100

(3.2)

3.3 Results and Discussion
3.3.1 Catalyst Synthesis and Characterization
Chemical composition and textural characteristics of the mixed oxide
supports are given in Table 3.1. The samples studied include a benchmark
Mg(Al)O support with a Mg/Al ratio of 3, two samples in which magnesium is
partly replaced by copper or cobalt and two samples in which magnesium is
fully replaced by copper destruction of the layered structure of the parent LDH
materials, as a result of loss of water and CO2 [8]. Indeed, For Mg(Al)_LDH the
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initial surface area was found to be 80 m2/g, whereas calcination at 450 °C led
to an increase in the surface area of Mg(Al)O mixed oxide support to 163 m2/g.
A surface area of > 100 m2/g was found for all mixed oxides except for Cu(Al)O
(~ 58 m2/g). Alejandre et al. previously showed that the surface area of Cu(Al)
O materials is highly influenced by the concentration of Cu and the calcination
temperature, with both an increase in Cu/Al ratio as well as higher calcination
temperatures leading to a decrease in surface area. For a mixed oxide with a
Cu/Al ratio of 2 calcined at a temperature of 400 °C, a surface area of 70 m2/g
Table 3.1. Chemical composition and some physical properties of the support materials.
Support material

(Mg+M)/Al ratio[a]

Mg/Cu

Mg/Co

BET surface area,

Pore volume,

SBET (m /g)

Vpore (cm3/g)

2

Mg(Al)O

3.1

-

-

163

0.38

MgCu(Al)O

2.2

1.5

-

129

0.72

MgCo(Al)O

3.0

-

2.3

196

0.79

Cu(Al)O

2.4

-

-

58

0.24

Co(Al)O

2.4

-

-

103

0.78

[a] M represents Co or Cu.
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Figure 3.1 shows the XRD patterns of the parent LDH materials and the
mixed oxides obtained by calcination of the LDHs at 450 °C in air for 5 h.
The uncalcined supports display the characteristic reflections of an LDH with
intercalated CO32- anions [16]. No additional phases were observed in case of
MgCu(Al)_LDH, MgCo(Al)_LDH and Co(Al)_LDH, suggesting that Cu2+ and Co2+
ions were successfully incorporated into the HT structure and well dispersed.
Cu(Al)_LDH showed additional diffractions between 2θ = 30 and 40°, and
47° indicative of a malachite Cu(OH)2 phase, which can be formed in Cu(Al)
hydrotalcite-like materials [17,18]. Calcination of the LDH material at 450 °C
destroyed the layered structure and resulted in the formation of the corresponding
mixed oxides. The XRD diffraction patterns of the calcined LDHs show that
the LDH structure has completely disappeared. The Mg(Al)O sample showed
broad reflections at 2θ = 36, 50 and 75° which belong to a poorly crystallized
MgO periclase phase where Al3+ is associated with MgO. Additionally, for the
MgCu(Al)O and MgCo(Al)O mixed oxides the reflection at around 2θ = 36°
became more prominent which could not only belong to the MgO phase but
also be from a CuO or CoO phase. The broadness of the peak doesn’t allow a
distinction to be made.
Cu(Al)O obtained by calcination of Cu(Al)_LDH shows a crystalline CuO
phase, in agreement with the literature on preparation of Cu-Al mixed oxides via
hydrotalcite-like precursors [15], whereas Co(Al)O was found to form a spinellike structure. Heat treatment of Co-containing LDH materials in air can cause
spinel-like structures already at relatively low temperatures, since the divalent Co
ions are easily oxidized in the presence of oxygen [19].
The 1 wt% Pt catalysts were prepared by IWI of the mixed oxide supports
with an aqueous H2PtCl6 solution. As aqueous solutions are used for the IWI
procedure, the mixed oxide is expected to revert back to LDH form as a result
memory effect at least to a certain extent and having Pt available in an anionic form
(i.e., PtCl62-) is beneficial for the introduction of Pt, as anions are incorporated in
the inter-layers during the reconstruction [20]. Note that this synthesis method
differs from the method used in Chapter 2 as those Pt/Mg(Al)O samples were
prepared with Pt(NH3)4(NO3)2 as the metal precursor, with the majority of Pt
nanoparticles formed with this precursor being < 1 nm as determined by TEMEDX and confirmed by EXAFS spectroscopy.

was reported [15]. The surface areas obtained for the mixed oxides studied here
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j) Cu(Al)O
i) Co(Al)O

■♦

h) MgCo(Al)O

•♦
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∗
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f) Mg(Al)O
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e) Cu(Al)_LDH
d) Co(Al)_LDH
c) MgCo(Al)_LDH
b) MgCu(Al)_LDH
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a) Mg(Al)_LDH
10

20

30

40

50

60

70
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Figure 3.1. XRD patterns of support materials before and after calcination: a) Mg(Al)_LDH,
b) MgCu(Al)_LDH, c) MgCo(Al)_LDH, d) Co(Al)_LDH, e) Cu(Al)_LDH, f) Mg(Al)O, g) MgCu(Al)O,
h) MgCo(Al)O, i) Co(Al)O, j) Cu(Al)O; ∗ Cu(OH)2 phase, ♦/● MgO and/or CuO phase and ♦/■ MgO
and/or CoO phase; (003), (006), (102), (105), (108), (110), (103) diffractions of HT phase; (200), (220)
diffractions of MgO periclase phase. The XRD measurements were performed on an instrument using

The mixed oxide supported Pt catalysts prepared with H2PtCl6 were
characterized by TEM (Figure 3.2). Although a few particles of 2-3 nm in size
could be observed from the images in the case of Pt/Mg(Al)O, in general it was
hard to detect many Pt particles in the bright field images. The presence of
very small (<1 nm) Pt nanoparticles was confirmed, however, by high-angle
annular dark field scanning TEM (HAADF-STEM) measurements. In this way,
the electrons that are scattered to high angles by the heavier element present
in the sample (e.g. Pt) can be detected, which enhances the contrast between
the Pt nanoparticles and the less scattering support. The HAADF-STEM images
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of the Pt/Mg(Al)O and Pt/MgCo(Al)O (Figure 3.3a and b) show that small,
subnanometer Pt particles are indeed present. The structure and thickness of
the other mixed oxide supports unfortunately hampered visualization of the Pt
particles and their presence could only be confirmed by Energy Dispersive X-ray
(EDX) analysis (EDX), which is based on detecting the element-specific X-rays
that are emitted upon electron beam-sample interaction. The EDX spectrum
collected of Pt/Cu(Al)O is shown as an example in Figure 3.3c. In addition to the
elements expected for the support material (Cu, Al and O), small peaks for Pt
and Cl were observed. This shows that not all chloride anions were fully removed
by the thermal and reductive treatment procedures applied after impregnation of
the support with H2PtCl6. An EDX “line scan” across the Pt/MgCu(Al)O sample is
furthermore shownn Figure 3.3d, to illustrate how homogeneously the elements
are distributed over the sample. The intensity of the signal associated with Pt
followed the changes in the count rate of other detected elements of the supports

a)

b)

50 nm

c)

50 nm

20 nm

d)

e)

20 nm

20 nm

Figure 3.2. TEM images of: a) Pt/Mg(Al)O, b) Pt/MgCo(Al)O, c) Pt/MgCu(Al)O, d) Pt/Co(Al)O and
e) Pt/Cu(Al)O.
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a)

b)

c)

d)

Figure 3.3. HAADF-STEM images of a) Pt/MgCo(Al)O, b) Pt/Mg(Al)O; c) EDX spectrum of Pt/Cu(Al)O
and d) EDX line-scan of Pt/MgCu(Al)O.

(e.g. Cu, Mg, Al), indicating that the platinum is indeed rather homogeneously
distributed across the scanned line. To summarize, EDX measurements provide
evidence for the presence of homogeneously-distributed Pt particles, regardless
of the support material used; however, for the MgCu(Al)O, Cu(Al)O and Co(Al)O
supported catalysts it was not possible to estimate the size of the particles due
to the thickness of the support.
The strength and relative density of the basic sites of the Pt-containing mixed
oxides was probed by TPD of CO2. Figure 3.4a shows the desorption profiles of
CO2 as a function of temperature. Deconvolution of the CO2 desorption profile
of the most basic catalyst, Pt/Mg(Al)O, shows that three different types of basic
sites, classified as weak (I), medium (II) and strong (III), can be distinguished
based on the temperature at which the CO2 desorbs and their relative amounts
are 36.3%, 58.7% and 4.9%, respectively (Figure 3.4b). It can be observed
that Pt/Mg(Al)O contains a substantial amount of medium basic sites (desorption
between 350 and 450 ºC) and to some extent also strong basic sites albeit in
63

Chapter 3

lower amounts (desorption in 450 and 550 ºC range). Pt/MgCuAlO contained
the second most basic sites, but the highest temperature at which the CO2
desorbed was between 350 and 450 ºC (i.e. no strong, type III basic sites were
detected). The Pt/MgCo(Al)O, Pt/Co(Al)O and Pt/Cu(Al)O catalysts proved to be
significantly less basic than Pt/Mg(Al)O and Pt/MgCu(Al)O, with very little CO2
being desorbed upon increasing the temperature.
therefore correspond well to previously reported values.
3.3.2 APR Catalytic Tests
The performance of the mixed oxide-supported Pt catalysts in the APR
of a 10 wt% solution of glycerol is summarized in Table 3.2. The gas phase
compositions, as well as the glycerol conversions are given. Reactions were run
at 225 ºC at 29 bar in a semi-batch reactor setup equipped with a back-pressure
regulator and evolution of gases formed is monitored in time. As discussed in
Chapter 2, such a setup is a convenient and reliable tool for initial screening
studies of catalyst selectivity in the APR reaction of renewable oxygenates.
Samples were taken from the liquid phase at the conclusion of the reaction
to determine the glycerol conversion, total organic carbon content and to
identify the liquid phase products formed. H2, CO2, and CH4 were identified in
the gas phase analysis by on-line GC analysis. All catalyst materials except for
Pt/Cu(Al)O showed activity in H2 production, but activity and selectivity differed
widely for the various samples. The Pt/Cu(Al)O sample did show little to no H2
production and H2 selectivity was the highest for the Pt/Mg(Al)O catalyst after 3
h of reaction time (73.8%, Table 3.2). The Pt/Mg(Al)O catalyst also showed the
largest amount of methane formed, whereas the Co- and Cu-containing catalysts
showed a significantly lower extent of methane formation. The fact that the Pt/
Mg(Al)O catalyst showed the highest selectivity to H2 formation corresponds
with the CO2-TPD data, which clearly shows it to have the highest concentration
and strength of basic sites.
Figure 3.5 shows the evolution of the H2(%) in the gas phase and the
changes in H2/CO2 ratio over time. The hydrogen build-up in the gas phase
plateaus rather early for the Pt/MgCo(Al)O, Pt/MgCu(Al)O and Pt/Co(Al)O
catalysts, suggesting either that further hydrogen formation has ceased or that
production and consumption (e.g., by hydrogenolysis reactions, see below) are
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in balance. The high H2/CO2 ratios observed for MgCu(Al)O (the theoretical value
for the H2/CO2 ratio is 2.3 for glycerol) could be due to the fact that glycerol is
only partly reformed, i.e. intermediates or side-product are formed which release
hydrogen while the carbon atom still stays on the carbon skeleton of the formed
intermediate [21].
b)

a)
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III

250

350

450

550
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PtMgAlO
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PtMgCuAlO
PtCoAlO
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PtMgCoAlO
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150
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Figure 3.4. a) TPD-CO2 profiles of the Pt-loaded supports Mg(Al)O (blue), MgCu(Al)O (green), Co(Al)
O (red), Cu(Al)O (pink) and MgCo(Al)O (black); b) comparison of Pt/Mg(Al)O and Pt/MgCu(Al)O,
rescaled; c) comparison of Pt/Co(Al)O, Pt/Cu(Al)O and Pt/MgCo(Al)O, rescaled.
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Figure 3.5. a) Formation of H2 over time; b) evolution of the H2/CO2 ratio over time; reaction conditions:
10 wt% glycerol, 225 °C, 29 bar.
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Table 3.2. The gas phase composition after APR of 10 wt% glycerol over different supported Pt catalysts
at 225 ºC, 29 bar after 3 h.
Catalyst material

Glycerol conversion

H2

CO2

CH4

H2 Selectivity

(%)

(%)

(%)

(%)

(%)

Pt/Mg(Al)O

95

63.3

31.9

4.0

73.8

Pt/MgCo(Al)O

95

48.3

28.9

0.9

52.1

Pt/Co(Al)O

93

41.8

26.8

0.6

30.7

Pt/MgCu(Al)O

78

49.9

15.5

0.1

42.7

Table 3.3. Total Organic Carbon (TOC) analysis of the liquid phase.
Catalyst material

C% converted to gas phase

C% in the liquid phase

Pt/Mg(Al)O

27

73

Pt/MgCo(Al)O

18

92

Pt/Co(Al)O

13

87

The product distributions of the liquid phase differed widely for the
various catalysts after 3 h reaction and are summarized in Tables 3.4 and
3.5. Note that the activity expressed as the amount of glycerol converted,
does not necessarily reflect the reforming activity very well. The latter is
better assessed by looking at the amount of CO2 produced, which can be
estimated by determining the total organic carbon content of the liquid after
reaction (as alkane formation is low). Overall activity, indicated by the glycerol
conversion level, is the same for Pt supported on Mg(Al)O, MgCo(Al)O and
Co(Al)O catalysts (93-95%), which allows for a direct comparison of the
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selectivities obtained with these three catalyst materials. However, TOC results
revealed that the actual reforming activity changes in the order Pt/Mg(Al)O >
Pt/Co(Al)O > Pt/MgCo(Al)O (Table 3.3).
The APR of biomass-derived alcohols is thought to occur via the reactions
shown in Figure 3.6. Depending on the nature of the catalyst many side-reactions
may occur.
The main products in the liquid phase after the APR process were identified
as 1,2-propanediol, ethanol, lactic acid, hydroxyacetone, ethylene glycol and
methanol. Although the same products were formed over all catalysts, major
differences in product distribution were observed (Tables 3.4 and 3.5). Most
notably, Cu and Co-containing systems showed an increase in yield and selectivity
of 1,2-propanediol (1,2-PD), which is a hydrogenolysis product of glycerol. The
hydrogen required for this hydrogenolysis reaction is generated in-situ during
the APR of glycerol; during the reaction part of the glycerol is reformed and the
generated hydrogen creates an autogeneous reducing environment, allowing the
formation of 1,2-PD. This approach holds the obvious advantage of alleviating
the need of using an expensive external supply of hydrogen and it has been
noted that this approach provides an interesting alternative route to 1,2-PD, a
compound of industrial interest [13].
Three mechanisms have been proposed for the hydrogenolysis of glycerol to
form 1,2-PD consisting of either 1) dehydrogenation-dehydration-hydrogenation,
2) dehydration-hydrogenation and 3) direct glycerol hydrogenolysis steps
[22,23]. Hydroxyacetone (acetol) is observed in the liquid phase, which could be
formed as an intermediate as part of the dehydration-hydrogenation mechanism
2 [24]. Acetol formation requires some acidity in the system, however, as the
hydration step is thought to be acid-catalyzed. Note that a gentle balance
needs to be struck in terms acidity/basicity as the addition of strongly acidic
supports typically leads to alkane formation. Acetol formation has previously
been observed over catalysts that would not be considered too acidic and the
dissolution of CO2 in water has been proposed as source of acidity in the 1,2-PD
production from glycerol over a Pt/NaY catalyst under APR conditions (in which
the Na-exchanged Y zeolite has no residual acidity) [25]. Most 1,2-PD is formed
in our case over the least-basic catalyst, Pt/MgCo(Al)O. Lactic acid, on the other
hand, is also observed as one of the major products in the liquid phase and its
formation is thought to involve pyruvaldehyde as an intermediate, a conversion
that is in turn base-catalyzed [26,27]. Pyruvaldehyde can be obtained by glycerol
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dehydrogenation to glyceraldehyde, followed by dehydration and tautomerization
(i.e., the steps involved in mechanism 1), or alternatively by dehydrogenation of
acetol. The fact that lactic acid yield does not seem to correlate with basicity,
suggests that both routes to pyruvaldehyde must be open. Further studies are
needed, however, to elucidate the mechanistic details and catalyst properties that
determine the observed product selectivity. It is interesting to note, nonetheless,
that it has been previously observed that with hydrotalcite-supported Pt catalysts
selectivity was shifted from hydrogen to 1,2-PD production upon introduction of
nickel to the system, similar to the observed shift in selectivity upon introduction
of cobalt (and to a more limited extent copper) to our systems [21].

Figure 3.6. Reaction pathways during APR of glycerol.
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Table 3.4. Yields of liquid-phase products over mixed oxide catalyst systems.
Catalyst

Glycerol

material

conversion (%)

Pt/Mg(Al)O

Yield (%)
1,2-PD

Ethanol

LA[a]

HD[b]

EG[c]

Methanol

95

18.8

28.0

10.6

-

0.1

5.2

Pt/MgCu(Al)O

77

20.7

15.3

12.8

1.4

-

-

Pt/MgCo(Al)O

95

44.1

23.0

12.1

-

0.2

8.6

Pt/Cu(Al)O

52

-

1.1

0.8

1.3

-

-

Pt/Co(Al)O

93

34.2

14.2

5.0

4.7

0.2

7.6

[a] LA: Lactic acid [b] HA: Hydroxyacetone [c] EG: Ethylene glycol.

Table 3.5. Glycerol conversion and liquid-phase product selectivities over mixed oxide-supported Pt
catalyst materials after 3 h reaction.
Catalyst

Glycerol

material

conversion (%)

Product selectivity (%)
1,2-PD

Ethanol

LA[a]

HA[b]

EG[c]

Methanol

Pt/Mg(Al)O

95

20.1

29.8

11.3

-

0.1

5.6

Pt/MgCu(Al)O

77

26.5

19.6

16.5

1.8

-

-

Pt/MgCo(Al)O

95

46.8

24.4

12.8

-

0.2

9.2

Pt/Cu(Al)O

52

-

2.1

1.6

2.6

-

-

Pt/Co(Al)O

93

37.1

15.3

5.4

5.1

0.2

8.3

[a] LA: Lactic acid [b] HA: Hydroxyacetone [c] EG: Ethylene glycol.
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3.3.3. Characterization of the Spent Catalysts
The spent Pt/MgAlO catalyst obtained after APR of glycerol was imaged by
TEM (Figure 3.7). The morphology of the support had changed and an irregular
layer-type structure was observed, pointing at a phase transformation of the
mixed oxide. The TEM images furthermore revealed that the Pt particles had
sintered to certain extent, with an average size of 4.5 nm after reaction. An
EDX analysis of the spent catalyst showed that chloride was no longer present,
suggesting leaching of Cl from the catalyst to solution during the reaction.
Ravenelle et al. reported on the use of H2PtCl6 as precursor to prepare Pt/Al2O3
catalysts for the conversion of cellulose to sugar alcohols and observed that the
use of H2PtCl6 led to dissolution of aluminium species under reaction conditions
and a decrease in the Point of Zero Charge (PZC) of the support, both of which
shift the dissociation equilibrium of water and increase the acidity of the aqueous
medium [34]. As noted above, a fine balance needs to be struck in terms of
acidity/basicity for the APR or hydrogenolysis reactions and the effect of the
remaining chloride in the catalyst on the outcome of the APR should be further
investigated. All spent catalysts were furthermore analyzed by XRD. Figure 3.8
shows the XRD of freshly reduced Pt catalysts and their structure after 3 h of
reaction under hydrothermal conditions. Indeed, as already pointed at by the
TEM pictures of Pt/Mg(Al)O, the mixed oxide support has (partially) reverted
back to the parent LDH structure after reaction. The phase transformation is less
pronounced than the one previously observed in Chapter 2, where a different,
commercial Mg(Al)_LDH was used for the preparation of the mixed MgAlO
support, which cleanly reverted back to an LDH phase (i.e. meixnerite, an LDH
with hydroxide anions as charge compensating anions in the interlayer). These
results point at the importance of the synthesis and thermal history of such
mixed oxide supports. Similarly, Pt/MgCo(Al)O and Pt/Co(Al)O systems reverted
back to an LDH structure to some extent, whereas Pt/Cu(Al)O and Pt/MgCu(Al)
O showed diffraction peaks that could be attributed to CuO and Cu(0) phases
after the reaction.
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3.4 Conclusions
Pt nanoparticles-supported on Layered Double Hydroxides (LDHs) containing
either Cu or Co, has been evaluated for the Aqueous-Phase Reforming (APR)
reaction of glycerol. The benchmark catalyst material, Pt/Mg(Al)O, was found
to be most the active and selective catalyst material towards the production of
H2, whereas the transition metal ion-loaded Pt/mixed oxide catalysts, namely

)

)

Figure 3.7. TEM images of the a) fresh and b) spent Pt/Mg(Al)O catalyst after glycerol APR.
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Figure 3.8. XRD patterns of a) reduced Pt/mixed oxide catalysts prior to reaction and b) spent
catalysts after reaction: • Cu(0) phase, ○ CuO phase, ♦ CoO phase.
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Pt/MgCu(Al)O, Pt/MgCo(Al)O, Pt/Co(Al)O and Pt/Cu(Al)O showed a higher
selectivity to liquid-phase products, such as 1,2-propanediol. Indeed, the main
reaction in the liquid phase appeared to be the hydrogenolysis of glycerol to
1,2-propanediol, which occurs with selectivities of 30%-52% in a process that
makes use of in-situ generated hydrogen. The nature of the support material
played an important role in the performance of the catalyst system and it was
found that the support basicity promotes the formation of H2.
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								 Chapter 4
Aqueous-Phase Reforming of Crude Glycerol:
Effect of Impurities on Hydrogen Production
Abstract
The Aqueous-phase reforming (APR) of crude glycerol obtained from an
industrial process and the effect of the individual components of crude glycerol
on APR activity have been studied over 1 wt% Pt/Mg(Al)O, 1 wt% Pt/Al2O3,
5 wt% Pt/Al2O3 and 5 wt% Pt/C catalysts at 29 bar and 225 °C. The use of a 10
wt% alkaline crude glycerol solution in water, containing 6.85 wt% glycerol, 1.62
wt% soaps, 1.55 wt% methanol, and 0.7 wt% ester, resulted in a dramatic drop
in APR activity compared to the corresponding 6.85 wt% solution of pure glycerol
in water. Catalytic performance in crude glycerol APR increased in the order:
1 wt% Pt/Al2O3 < 5 wt% Pt/Al2O3 < 1 wt% Pt/Mg(Al)O < 5 wt% Pt/C. A H2
selectivity of only 1% was obtained with crude glycerol over a 1 wt% Pt/Al2O3
catalyst, while the same catalyst material under identical reaction conditions
gave a 64% selectivity to H2 with pure glycerol. The cause of deactivation was
investigated with synthetic mixtures that mimicked the composition of the crude
glycerol and contained glycerol, methanol and varying amounts of NaCl and
sodium oleate. The results showed that Na salts of fatty acids have a much
more pronounced negative influence on APR activity than NaCl does and greatly
inhibit H2 formation. Stearic acid and long chain aliphatics were shown to be
formed and to be involved in the deactivation of the catalyst. The relatively high
activity/selectivity of the 1 wt% Pt/Mg(Al)O could be attributed to intercalation
of oleate/stearate in the sheets of the layered double hydroxide that is formed
under reaction conditions.

Chapter 4

4.1 Introduction
The increase in global energy demand combined with the limited fossil
fuel reserves and the adverse environmental effects associated with their
use make the search for alternatives a pressing societal issue. Indeed, finding
alternative routes for energy production from sustainable energy sources, such
as biomass, and improving the efficiency of these methods has become the
center of attention. Hydrogen has emerged as an attractive alternative energy
carrier, for instance for fuel cells, in addition to its current use in large amounts
in the chemical industry. Hydrogen can be sustainably produced from biomassderived oxygenates by steam reforming, partial oxidation, autothermal reforming,
Aqueous-Phase Reforming (APR) and supercritical water reforming [1]. Of these
methods APR is of particular interest, given the low energy costs of the process
and the suppressed formation of CO [2]. Various renewable oxygenates have
been used for hydrogen production by APR, including ethanol, ethylene glycol,
glycerol, sorbitol, and glucose. Of these, glycerol is a particularly attractive
biomass-derived substrate for APR.
Glycerol is produced in large amounts as a major by-product (10% w/w)
of the biodiesel production process. Indeed, every 10 kg of biodiesel produced
results in the formation of approximately 1 kg of glycerol [3]. As a result of the
recent rapid growth of the biodiesel industry, glycerol is now a readily available
and cheap resource for which new and efficient valorization routes need to be
developed [4,5]. The glycerol obtained after biodiesel production is a crude
fraction, however, which contains several impurities depending on the process
applied. The chemical composition of crude glycerol depends on the type of the
catalyst used during biodiesel production, transesterification efficiency, recovery
efficiency of the biodiesel and on impurities in the feedstock. The composition
also depends on whether the methanol and catalysts were recovered. Generally
speaking, crude glycerol will contain methanol, soap, catalyst, salts, non-glycerol
organic matter and water as impurities [6]. Refining crude glycerol to a higher
grade is a costly process that is not really viable especially for small and mediumsized plants [3,7]. As a consequence, the development of processes that can
utilize crude glycerol directly for the production of value-added chemicals or
energy carriers, e.g. hydrogen, would be very advantageous.
Recently, several studies have been reported on hydrogen production via
APR of glycerol using supported metal catalysts. Group VIII metals show high
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activity in this reaction, with Pt-based catalysts, in particular, performing best
[8]. Platinum catalysts on different supports have been investigated in detail,
almost invariably with pure glycerol as substrate. Support properties generally
play a crucial role in the reforming of biomass-derived oxygenates. Menezes
et al., for instance, recently reported on the influence of the support on Ptcatalyzed APR of glycerol with the oxides Al2O3, ZrO2, MgO and CeO2. MgO and
ZrO2 stood out as these supports combined high hydrogen production with low
hydrocarbon formation, which was attributed to their basicity [9]. Previously,
we demonstrated that monometallic Pt and bimetallic Pt-Cu catalysts supported
on Mg(Al)O mixed oxides, obtained by calcination of the corresponding Layered
Double Hydroxides (LDHs), showed an increased selectivity to hydrogen
[10]. Carbon-supported metal catalysts have also been shown to display high
activity and stability under APR conditions [11]. We therefore chose to study
the performance of Pt catalysts supported on the mixed oxide Mg(Al)O and on
carbon in the APR of crude glycerol and to compare them to the benchmark APR
catalyst, Pt/Al2O3.
The studies reported so far provide valuable information on the APR process for
pure glycerol. However, the impurities in crude glycerol are expected to influence
its conversion by APR, and most probably limit the activity of the catalysts
and potentially even result in significant deactivation. Detailed information on
and understanding of the effect of impurities on catalyst performance is crucial
for the design of efficient catalysts for crude glycerol APR. To the best of our
knowledge, only one study is currently available on this topic. Lehnert and Claus
reported on the effect of Pt particle size on γ-alumina-supported catalysts in the
APR of pure and crude glycerol and found that H2 selectivity to be lower in crude
glycerol APR. The cause of deactivation was suggested to be the inorganic salts
present in the solution, i.e. NaCl [12].
No detailed study is available on the exact influence of the various impurities
found in crude glycerol, such as inorganic salts, fatty acids or fatty acid salts,
on the APR activity. Here, a systematic study of the APR of crude glycerol and
the influence of its components on the APR activity is presented using Pt-based
catalysts on different supports.
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4.2 Experimental Section
4.2.1 Materials
Glycerol (≥ 99.5%) was purchased from Sigma-Aldrich and used without
further purification. Crude glycerol containing 68.5% glycerol, 16.2% soaps,
15.5% methanol, 1.5% water and 0.7% ester was obtained from SK Innovations.
The 1 wt% Pt/γ-Al2O3, 5 wt% Pt/γ-Al2O3 and 5 wt% Pt/C catalysts were
purchased from Sigma-Aldrich, while the preparation of the 1 wt% Pt/Mg(Al)O
catalyst is described in Chapter 2 [10]. The purchased catalysts were reduced at
250 ºC for 2 h prior to use.
4.2.2 Catalyst Characterization
XRD measurements. X-ray powder diffraction (XRD) measurements were
performed on a Bruker AXS Advance D8 apparatus using Co Kα radiation
(λ = 1.78897 Å) operating at 45 kV and 30 mV. The data were collected
between 2θ = 20º-100º with an increment 0.04º and scan speed of 2.
TEM measurements. Transmission Electron Microscopy (TEM) analyses were
performed on a FEI Tecnai 20F transmission electron microscope operated at
200 kV, which is equipped with a Schottky Field Emission Gun and a Twin
Objective lens (magnification range of 25x–700x).
ATR-IR Measurements. For the Attenuated Total Reflection Infrared Spectroscopy
(ATR-IR) measurements a Bruker Tensor 27 instrument equipped with Pike miracle
ATR accessory was used. The spectra were recorded with a resolution of 16 cm-1
and a 4000-600 cm-1 scan range on a diamond crystal.
NMR measurements. Nuclear Magnetic Resonance (NMR) measurements were
performed on a Varian 400 NMR spectrometer (400 and 100 MHz for 1H and 13C,
respectively) at 25 ºC.
TGA-MS measurements. Thermal gravimetric analysis (TGA) was performed with
a Perkin–Elmer Pyris 1 apparatus. 15 mg of catalyst sample was dried at 200 ºC
for 2 h and heated with a ramp of 5 ºC min−1 to 950 ºC in a 10 mL min−1 flow
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of air. In parallel, evolved gas was analyzed with a Pfeiffer Omnistar quadrupole
mass spectrometer, which was connected to the outlet of the TGA apparatus.
Ion currents were recorded for m/z values of 18 (H2O) and 44 (CO2).
Chemisorption. Hydrogen chemisorption experiments were performed on a
Micromeritics ASAP 2020C. 200 mg of 1Pt/Al2O3 fresh catalyst was reduced at
250 ºC for 2 h. After reduction the sample degassed for 1 h in at 250 ºC. The
sample was cooled to 40 ºC at which the H2 adsorption isotherm was measured.
The same procedure excluding reduction step was applied for the measurement
of the spent 1Pt/Al2O3 catalyst.
4.2.3 APR Catalytic Tests
Catalyst testing experiments were carried out under semi-batch conditions
in a 40 mL stainless steel bench top Parr reactor equipped with a back-pressure
regulator. In a typical experiment, the reactor was charged with 10 mL of a 10
wt% aqueous solution of crude glycerol, prepared with degassed milli-Q water.
For runs with pure glycerol, the glycerol content was approximately 6.8 wt%,
which corresponds to the glycerol concentration in the crude glycerol solutions.
The reactor was pressurized with He to 29 bar (held constant by a back pressure
regulator) and the reactions were run at 225 ºC for 3 h. The gas phase reaction
products were analyzed by an online dual channel micro-GC (Varian CP4900)
equipped with a Thermal Conductivity Detector (TCD). For analysis of H2, CO2,
CO and CH4, a COX column was used. The liquid phase was analyzed on a
Shimadzu 2010A GC with Flame Ionization Detector (FID) and Shimadzu HPLC
and TOC 5050A. Total Organic Carbon (TOC) content of the liquid phase was
analyzed on a Shimadzu TOC 5050A. The TOC analyses were performed by the
GeoLab at the Faculty of Geosciences at Utrecht University.
The catalytic performance was evaluated in terms of glycerol conversion and
the APR activity is expressed as H2% present in the gas phase. Batches of the
spent catalysts were divided into two parts of which one was washed with water
and the other with ethanol. The filtrates were collected and the white crystalline
solid obtained after evaporation of the ethanol filtrate was analyzed by GC, ATRIR, XRD and NMR.
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4.3 Results and Discussion
4.3.1 APR of Crude Glycerol
The performance of 1 wt% Pt/Mg(Al)O, 1 wt% Pt/Al2O3, 5 wt% Pt/Al2O3,
and 5 wt% Pt/C catalysts on different supports was first compared in the APR
of aqueous solutions of pure glycerol and a crude glycerol obtained from an
industrial biodiesel production process. The crude glycerol used is an alkaline
mixture of 68.5% glycerol, 16.2% soaps, 15.5% methanol, 1.5% water and
0.7% esters. Standard reaction conditions entailed running the reaction for 3
h with a 6.85 wt% glycerol solution (or 10 wt% crude glycerol) at 225 ºC and
under 29 bar of He pressure. The performance of the benchmark Pt/Al2O3 catalyst
(with a metal loading of 1 or 5 wt%) was compared to the Pt/Mg(Al)O and Pt/C
catalysts. The catalytic results obtained for the APR of pure and crude glycerol
are shown in Table 1. Full conversion of glycerol was observed in the APR of
pure glycerol over 1 wt% Pt/Al2O3 (1Pt/Al2O3) with a H2 selectivity of 64%,
expressed as the fraction of the gas phase composition. APR of crude glycerol,
on the other hand, resulted in almost complete inhibition of hydrogen production,
as the hydrogen selectivity dropped to 1%. Analysis of the liquid phase by HPLC
showed that in the case of crude glycerol the conversion was only 46%, with
lactic acid and ethanol identified as the main liquid phase products. Lactic acid
can be formed from glycerol under basic hydrothermal conditions by a multistep
process involving dehydrogenation of glycerol to yield glyceraldehyde and, in
the presence of base, subsequent lactic acid formation via pyruvaldehyde as
intermediate [13]. The composition of the liquid phase thus differed significantly
from the one obtained after pure glycerol APR, as ethanol, acetic acid and
1,2-propanediol were the main products observed in the latter case.
A 5 wt% Pt/Al2O3 (5Pt/Al2O3) catalyst was tested to assess the effect of
platinum loading on the APR of crude glycerol. Compared to pure glycerol APR,
both glycerol conversion and H2 production decreased, as expected. Increasing
the amount of Pt from 1 wt% to 5 wt% did increase the APR activity as evidenced
by an increase in H2 formation from 1% to 16%.
The 5 wt% Pt/C (5Pt/C) catalyst proved much more active than both the
1Pt/Al2O3 and 5Pt/Al2O3 catalyst under standard conditions (Table 4.1). Even
with crude glycerol, almost full glycerol conversion and 60% H2 selectivity was
observed. To get a better insight into the extent of deactivation, the amount of
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catalyst was decreased to compare the catalysts at reduced conversion levels.
Reducing the amount of catalyst used by 55% (136 mg vs. 300 mg) resulted
in a drop in glycerol conversion to 38%, however H2 formation was still higher
(24%) than with the Pt/Al2O3 catalysts (16%). Compared to the benchmark
catalyst, 1Pt/Mg(Al)O also produced more H2 in the APR of crude glycerol (17%
H2 vs. 1% H2), even at less than half the catalyst loading. For all three types
of catalysts (Pt supported on alumina, carbon or mixed oxide), the same liquid
products were formed with a similar product distribution with ethanol and lactic
acid being the main products. For 1Pt/Mg(Al)O, an increase in the amount of
ethylene glycol formed was observed.
The main impurities in a typical crude glycerol solution are methanol, metal
salts of fatty acids (e.g. sodium stearate, sodium oleate) and water [6]. Although
the crude glycerol used here contained no inorganic salts, they can generally be
expected to be present, as a result of, for instance, a neutralization step, and
their influence on activity was therefore included in our studies. In the only study
of crude glycerol APR reported thus far, Lehnert and Claus noted a significantly
lower hydrogen production compared to pure glycerol in a flow reactor over a 3
wt% Pt catalyst supported on Puralox (a mixture of α- β-, and γ-alumina phases).
The H2 production went through a maximum in time, with a considerable loss of
catalytic activity observed after 4 h of time on stream. This loss of activity was
attributed to catalyst poisoning by inorganic salts, i.e. the NaCl present in the
crude glycerol [12], but no hard evidence was provided. To identify the cause of
deactivation in our process, we tested synthetic mixtures of aqueous glycerol
with (combinations of) methanol, sodium oleate and NaCl. These solutions
mimic (part of) the crude glycerol and allow the effect of each impurity to be
investigated separately (Table 4.1).
The addition of methanol did not affect the APR activity in terms of H2%
present in the gas phase products or in glycerol conversion. The addition of
0.35% sodium oleate in combination with 0.33% NaCl, on the other hand,
caused a decrease in H2% from 64% to 49% together with a small drop in
glycerol conversion. The APR of methanol itself over 1Pt/Al2O3 resulted in 27% H2
production (data not shown). We indeed also observed a significant decrease in
H2 production when NaCl was added to the glycerol solution. However, we found
that sodium salts of fatty acids had a much more pronounced and detrimental
effect on APR activity and almost fully inhibited the formation H2 over 1Pt/Al2O3.
Increasing the salt content of the glycerol solution tenfold to 3.5% NaCl led
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to a substantial decrease in both glycerol conversion (19%) and H2 formation
(46%), but the 1Pt/Al2O3 catalyst was still considerably more active compared
to the run with crude glycerol (1% H2). Notably, increasing the Na oleate content
to 1.62%, the actual amount of soap present in our crude glycerol, did indeed
almost fully inhibit H2 production over 1Pt/Al2O3 (1%).
Table 4.1. Results of the catalytic tests after APR of glycerol on 1Pt/Al2O3, 5Pt/Al2O3, 5Pt/C and
1Pt/Mg(Al)O catalysts (at 225 °C and 29 bar).
Reactant composition (wt%)
Glycerol

Catalyst

type

Catalyst

Glycerol

Methanol

Na

Catalytic performance

NaCl

oleate

amount

crude

synthetic
crude

1Pt/Al2O3

Methanol
conversion[a]
(%)

300

6.89

-

-

-

100

64

-

300

6.85

-

-

-

100

65

-

136

6.83

-

-

-

100

66

-

1Pt/Al2O3

300

6.85

1.55

1.62

-

46

1

71

5Pt/Al2O3

300

6.85

1.55

1.62

-

40

16

37

5Pt/C

300

6.85

1.55

1.62

-

99

60

61

5Pt/C

136

6.85

1.55

1.62

-

38

24

51

1Pt/Mg(Al)O

136

6.84

1.55

1.62

-

71

17

19

6.65

1.40

-

-

100

63

66

6.90

1.69

0.35

-

95

49

67

7.65

1.76

-

0.33

19

46

49

6.77

1.56

1.47

3.5

47

1

53

1Pt/Al2O3

[a] Methanol formation is considered negligible.
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NMR and GC analyses of the liquid phase showed that sodium oleate was no
longer present, but stearic acid and saturated and unsaturated C17 compounds
were observed instead. These compounds can be formed by hydrogenation and/
or deoxygenation, respectively. Indeed, regardless if runs were performed with
Na oleate or Na stearate, stearic acid was always observed after reaction.

4.3.2 Deactivation of the Pt/Al2O3 and Pt/C Catalysts: Chemisorption, TEM and
TGA-MS analysis
Fresh and spent catalysts were characterized by H2-chemisorption, TEM and
TGA-MS in order to elucidate the cause of deactivation during the APR of crude
glycerol. The Pt metal surface area of the fresh 1Pt/Al2O3 catalyst was found
to be 9.6 m2/g, whereas the surface area of the spent 1Pt/Al2O3 catalyst after
APR of crude glycerol was only 2.7 m2/g. Note that prior to the chemisorption
experiments the spent 1Pt/Al2O3was rinsed with ethanol to remove the organic
species that are reversibly adsorbed on the catalyst (see TGA section). This large
increase (72%) in surface area points at large reduction of metal sites available
for H2 uptake, either as the result of Pt particle growth or by blockage of part of
the metal particle surface, e.g by irreversible deposition of organics. Figure 4.1
shows the TEM images for the fresh and spent 1Pt/Al2O3, 5Pt/Al2O3 and 5Pt/C
catalysts after reaction with pure and crude glycerol. The changes to the alumina
support can be clearly seen, showing the amorphous alumina phase of the fresh
catalysts and flake-like boehmite patches in the spent catalysts.
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a3 crude

b3 crude

c3 crude

50 nm

50 nm

b2 pure

a2 pure

100 nm
100
nm

a1 fresh

50 nm

b1 fresh

50 nm
nm
50

50 nm

c2 pure

50 nm
nm
50

c1 fresh

50 nm
nm
50

nm
5050nm

Figure 4.1. TEM micrographs of (a) fresh 1Pt/Al2O3 catalyst (a1), spent after pure (a2) and crude
glycerol APR (a3); (b) fresh 5Pt/Al2O3 catalyst (b1), spent after pure (b2) and crude glycerol APR (b3),
and (c) fresh 5Pt/C catalyst (c1), spent after pure (c2), and crude glycerol APR (c3).

Figure 4.2 shows the size distribution of the Pt particles of three different
fresh and spent catalysts after pure and crude glycerol APR. Although some
sintering occurs during APR and the mean particle sizes (Dm) of all three catalysts
were slightly larger after crude glycerol APR than after pure glycerol APR,
however, the differences in Pt particle size are small and do not correlate with
the differences observed in reactivity. Neither the drop in H2 uptake observed in
the chemisorption experiments, nor the dramatic decrease in H2% (from 64% to
1%) can therefore be attributed to sintering of the metal particles. The limited
sintering in the presence of glycerol is in agreement with the work of Ravenelle
et al. [14] who showed that agglomeration of supported metal particles was
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reduced in the presence of polyols by the formation of carbonaceous species on
the surface.

Frequency (%)
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20
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5
0
0 2 4 6 8 10 12 14
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5
0
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a2 pure
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5
0
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c2 pure
Dm = 2.9 ± 1.3 nm
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Diameter (nm)
Figure 4.2. Particle size distribution of the fresh and spent catalysts after pure glycerol APR and after
crude glycerol APR for: (a) 1Pt/Al2O3 (b) 5Pt/Al2O3 and (c) 5Pt/C atalysts. Dm = mean particle size.
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The TGA(-MS) profiles and H2O and CO2 evolution of spent 1Pt/Al2O3
catalysts after pure and crude glycerol APR are shown in Figure 4.3 and 4.4,
respectively. Starting at around 300 °C, H2O and CO2 desorption was observed.
Desorption of water from boehmite occured at around 300 °C and at around
500 °C. At the latter temperature, water is released by the dehydration that
occurs upon the phase transition of the support from boehmite back to γ-Al2O3
dehydrate (Figure 4.4a) [15,16]. The significant weight loss starting by evolution
of H2O and CO2 at around 300 °C that is exhibited by both samples indicates that
also adsorbed organic species are being removed starting from this temperature
(Figure 4.4b). Again, prior to the TGA measurements the spent catalysts were
rinsed with ethanol to remove any organic species reversibly adsorbed on the
catalyst. A gradual decrease in weight by temperature is observed due to removal
of the remaining, irreversibly adsorbed organic species on the catalyst (Figure
4.3). According to the TGA analyses, the amount of CO2 desorbed from 1Pt/
Al2O3 after crude glycerol APR was significantly larger than after pure glycerol
APR (Figure 4.4b). This shows that there are organic species adsorbed on the
catalyst that cannot be removed simply by washing with organic solvent.
a) H2O formation
102

weight percent (%)

100
98
96
94
pure

92
90

crude

88
86

200 300 400 500 600 700 800 900
200

300
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Figure 4.3. Thermogravimetric analysis profiles of a spent
1Pt/Al2O3 catalyst after APR of pure and crude glycerol.

Figure 4.4. a) H2O and b) CO2 formation during the
thermogravimetric analyses of a spent 1Pt/Al2O3catalyst
after the APR of pure (black) and crude (gray) glycerol.
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4.3.3 Deactivation of the Pt/Al2O3 and Pt/C Catalysts: XRD and ATR-IR Analysis
After the APR reaction, the recovered spent catalysts were also characterized
by XRD and ATR-IR. Figure 4.5 shows the XRD patterns of the spent 1Pt/Al2O3,
5Pt/Al2O3 and 5Pt/C catalysts before and after APR of crude and pure glycerol.
The XRD patterns for the Pt/Al2O3 catalysts show the presence of two phases,
γ-alumina and boehmite after APR, regardless of the reactant used. Interestingly,
two additional peaks were observed at 2θ = 25° and 29° for crude glycerol and
a synthetic crude mixture containing glycerol/methanol/Na oleate. In the case of
5Pt/C, no phase transformation was seen but the same additional peaks were
observed.

∗
∗
crude
pure
5Pt/C

∗
∗

crude
pure
5Pt/Al2O3

∗

♦

∗

♦

♦

•

•

♦ ♦

•
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•

♦

synthetic crude

∗ ∗

crude
pure

20

30

40

50

60

70

80

90

1Pt/Al2O3

100

2θ (°)

Figure 4.5. XRD patterns of 1Pt/Al2O3, 5Pt/Al2O3 and 5Pt/C catalysts before and after APR of crude
glycerol, pure glycerol and synthetic crude glycerol mixture (glycerol/methanol/Na oleate); alumina
(●), boehmite (♦) and adsorbed species (*).
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Figure 4.6 shows the ATR-IR spectra of the spent 1Pt/Al2O3
and
5Pt/Al2O3 catalysts after crude glycerol APR. The bands at 3292 and 3093
cm-1 belong to AlOOH boehmite vibrations and the vibration at 1068 cm-1 to the
bending vibration of AlOH in boehmite [17-19]. As distinct from pure glycerol,
the catalyst showed additional bands after the APR of crude glycerol and the
synthetic crude mixture. The two distinctive bands at 2916 cm-1 and 2849 cm-1
are C-H stretch vibrations of methylene groups, the band at 1704 cm-1 can be
assigned to a carbonyl stretch vibration, and the multiple peaks between 13501150 cm-1 are the result of CH2 deformation vibrations. The latter vibrations are
also called progression bands and are typical for fatty acids, as are the other
additional vibrations [20].
To positively identify the species adsorbed on the catalyst, a batch of spent
catalyst obtained after crude glycerol APR was divided into two parts, one
subsequently washed with water and the other with ethanol. After drying, the
two batches of catalysts were again measured with ATR-IR and XRD (Figure 4.7).
The phase associated with the two peaks at 2θ= 25° and 29° observed after the
crude and synthetic glycerol runs could not be removed by washing with water,

2916
2849

crude 5Pt/Al2O3
pure 5Pt/Al2O3

2917
3292
2850
3093

synthetic crude 1Pt/Al2O3
crude 1Pt/Al2O3
pure 1Pt/Al2O3

4000

3500

3000

2500

1500

1000

Wavenumber (cm-1)

Figure 4.6. ATR-IR spectra of spent 1Pt/Al2O3 and 5Pt/Al2O3 catalysts after APR of crude glycerol and
glycerol solution.
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but did disappear after washing the spent catalyst with ethanol (Figure 4.7b).
Figure 4.7a shows the ATR-IR spectra of the 1Pt/Al2O3 catalyst after washing
with ethanol or water. The species associated with the vibrations at 2916 and
2849 cm-1 (and with the extra phase observed in the XRD pattern) could to a
large extent be removed again washing the spent catalyst with ethanol, but not
with water. Two weak bands remained after washing at 2924 cm-1 and 2852
cm-1 and were attributed to asymmetric and symmetric C-H stretching vibrations
showing that some long chain aliphatics remained on the catalyst after ethanol
washing. The multiple peaks at 1350-1150 cm-1 and the carbonyl band at 1704
cm-1 also disappeared after washing with ethanol. These observations suggest
that a fatty acid is reversibly adsorbed on the catalyst and that a small amount
of irreversibly adsorbed aliphatics remain after washing. The deposited aliphatics
could be in part responsible for the deactivation of the catalyst by blocking the
active Pt sites; indeed, as pointed out by H2 chemisorption measurements, a
substantial decrease in Pt surface area is observed after crude glycerol APR.
The fact that inhibition is immediate (see Table 4.2), however, suggests that the
irreversible adsorption of aliphatics is not the sole or main cause of deactivation.
Instead, the reversible interaction with the fatty acid must be also be largely
responsible for deactivation in order to explain the immediacy of deactivation.
A white crystalline solid, not soluble in water, was obtained after the ethanol
filtrate was evaporated to dryness. The solid was analyzed by GC and NMR and
identified as stearic acid. Having identified stearic acid as the adsorbed species,
the position of the carbonyl stretching of stearic acid (1704 cm-1) can now be
more rigorously assigned to stearic acid adsorbed as a dimer on the catalyst
surface [21].

Table 4.2. H2 formation in time over 1Pt/Mg(Al)O and 1Pt/Al2O3 catalysts after APR of crude and synthetic crude glycerol as a function of reaction time.
Catalyst

Amount (mg)

1Pt/Mg(Al)O

136

1Pt/Al2O3

300

Glycerol type
crude
crude
synthetic crude

H2 (%)
30 min

180 min

4.5

17.2

1

1

<1

1
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2916

a)
2849
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3300
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stearic acid
1191

734 not washed
washed with water
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washed with ethanol
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Figure 4.7. ATR-IR spectra (a) and XRD patterns (b) of a spent 1Pt/Al2O3 catalyst after APR of a glycerol/
methanol/Na oleate mixture (synthetic crude), before washing, washed with water and washed with
ethanol and stearic acid for comparison.

For comparison, an APR reaction was performed of a synthetic crude
mixture containing glycerol, methanol, and sodium stearate (rather than sodium
oleate) over the 1Pt/Al2O3 catalyst. Again, H2 formation was found to be strongly
inhibited after 3 h reaction and only 1% H2 was observed. The spent catalysts
were collected and washed in the same way as described above. The XRD and
ATR-IR data proved identical to the data obtained for the spent catalysts after
APR of synthetic crude glycerol prepared with Na oleate (data not shown). Stearic
acid was thus shown to be formed and deposited on the catalyst regardless of
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Figure 4.8. ATR-IR spectra of a spent 1Pt/Al2O3 catalyst after crude glycerol APR after 30 min and after
180 min.

the original fatty acid used in the synthetic crude.
Figure 4.8 shows a comparison of the ATR-IR spectra of spent, unwashed
1Pt/Al2O3 after 30 and 180 min of APR of crude glycerol. In addition to the CH2
stretching vibrations in the region of 2920-2850 cm-1, there are two important
features to be noted, a band at 1550 cm-1 and at 1704 cm-1, which belong to the
carbonyl stretching of a fatty acid salt and the stretching of the carbonyl group
of stearic acid, respectively. The band at 1550 cm-1 decreased in time whereas
the latter increased in intensity in time, suggesting consumption of fatty acid salt
and formation of stearic acid over time.
Stearic acid is known to adsorb on metal oxides as monomers at low surface
coverage, while adsorption of stearic acid dimers has been observed at high
coverage [21]. Adsorption of long chain fatty acids decreases the hydrophilicity
of the support material. In the crude glycerol APR reactions, a similar interaction
of the fatty acids with the support might therefore cause a decrease in the
interaction of the catalyst with the polar reactants (water and glycerol). The
characterization of the spent catalysts described above shows that there indeed
is a strong interaction between the catalyst and the fatty acid impurities, data
which provides clues for improving the catalyst. Control over the hydrophilicity/
hydrophobicity of the support is, for instance, expected to allow significant
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improvements in the APR of crude glycerol by reducing the interaction with the
fatty acid.
An Active Carbon (AC) material (Norit Ultra) was treated in inert atmosphere
at 1000 °C for 3 h to remove the surface oxygen groups (ACht) and 132 mg was
subsequently added to a reaction of crude glycerol over 1Pt/Al2O3 (Table 4.3).
H2 production significantly increased from 1% to 18%. In another experiment
the AC was used as received and again an increase the H2 production was
observed. The spent catalyst was collected and the alumina and ACht phases
were separated. It was observed by XRD and ATR-IR that the stearic acid formed
was only adsorbed on AC whereas a small amount of long chain hydrocarbons
were again formed on alumina phase (data not shown). Stearic acid adsorption
was thus prevented by the simple addition of AC to the mixture and complete
deactivation of 1Pt/Al2O3 was avoided. The stearic acid distribution is determined
after cooling to room temperature, however, and as the equilibrium positions are
not known at reaction temperature this process needs further study.
4.3.4 Deactivation of the Pt/Mg(Al)O catalyst: XRD and ATR-IR Analysis
The spent Pt/Mg(Al)O catalyst was also characterized after recovery from
the reaction and after washing the spent catalyst with ethanol. The fresh catalyst
was prepared by calcination of the parent LDH material with a Mg/Al ratio of
2.95; details about catalyst preparation can be found in a previous work [10].
LDHs can reversibly change to a mixed oxide by calcination (by loss of water
and carbon dioxide) [22]. The original layered structure can be reconstructed if
the mixed oxides are exposed to water or appropriate anions, e.g. carbonates, a
property called retro-topotactical transformation (memory effect). Activation of
LDHs by conversion to the mixed oxide and rehydration is a well-known procedure
used to optimize the basic properties of such materials [23]. It was shown
that during APR of pure glycerol over 1Pt/Mg(Al)O, the mixed oxide support
reverted back to a LDH structure and this in-situ activation resulted in a higher
H2 selectivity compared to a Pt/LDH catalyst [10]. Figure 9 shows the XRD
patterns of the fresh catalyst, the spent catalyst before and after washing, and
the parent LDH for comparison. Changes are again noted in the spent catalyst,
as the mixed oxide did revert back to a structure that is similar to the parent
LDH. Significant disruption of the local periodicity is seen, however, as the
usually well-resolved peaks at 2θ of 40° to 60° now overlap to give one broad
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signal. Additional diffraction peaks appeared between 2θ = 5-10°, which did
not disappear after washing with ethanol or water. Although reconstruction of
the LDH structure from mixed oxide supports under alkaline conditions is usually
the result of rehydroxylation or carbonate incorporation, anions other than OHcan be incorporated as well. The ATR-IR spectra of the spent catalyst before and
after washing showed that in this case, with the fatty acid carboxylates being
incorporated in an irreversible manner during crude glycerol APR. The carbonyl
stretch vibration at 1704 cm-1 which is characteristic for fatty acids was not
observed in spent 1Pt/Mg(Al)O catalyst, whereas a sharp and intense peak at
1558 cm-1 appeared which is pointing at fatty acid carboxylate anions, instead.
The scavenging of the fatty acid impurity by its involvement in the reconstruction
of LDH leads to an improved activity of 1Pt/Mg(Al)O compared to benchmark
1Pt/Al2O3 catalyst, even though less than half amount of catalyst was used (136
mg 1Pt/Mg(Al)O vs. 300 mg 1Pt/Al2O3 catalyst, see Table 4.3). The data in
Table 4.2 shows, in contrast to the immediate that inhibition that is seen with
1Pt/Al2O3 in crude (and synthetic crude) glycerol, H2 selectivity slowly increases
over time for 1Pt/Mg(Al)O. These results show that the gradual trapping of the
oleate/stearate anions in the intralayers of the LDH and consequently irreversible
removal of these components from the reaction is beneficial for H2 formation.

Table 4.3. The comparison of the catalytic performance of 1Pt/Al2O3 without and with active carbon
(AC) addition.
Catalyst

Amount (mg)

Glycerol type

H2 (%)

1Pt/Al2O3

300

crude

1

1Pt/Al2O3 + AC (ht)

300 + 132

crude

18

1Pt/Al2O3 + AC

300 + 100

crude

17
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parent LDH
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Figure 4.9. X-ray diffraction patterns of a 1Pt/Mg(Al)O catalyst after crude glycerol APR, before
washing, after washing with ethanol/water mixture, parent LDH material (Mg/Al = 2.95).

4.4 Conclusions
The use of crude glycerol resulted in a lower activity and H2 production
compared to pure glycerol APR over 1Pt/Al2O3, 5Pt/Al2O3, 5Pt/C and 1Pt/Mg(Al)
O catalysts. The use of crude glycerol proved detrimental for the APR process
over 1Pt/Al2O3 as almost complete inhibition of H2 production was observed,
while an increase in Pt loading resulted in a limited restoration of APR activity
(5Pt/Al2O3 vs. 1Pt/Al2O3), the 5Pt/C catalyst was found to suffer less from the
use of crude glycerol and proved to be the most active and stable catalyst.
Among the impurities present in the crude glycerol, Na salts of fatty acids (Na
oleate, Na stearate) were shown to inhibit the APR activity over the 1Pt/Al2O3
catalyst. Regardless of the fatty acid salt present, stearic acid and long chain
aliphatics were formed in all cases and adsorbed on the catalyst. Both species
seem to be implicated in the deactivation of Pt/Al2O3. The deposition of long
chain aliphatics blocks the active Pt sites, whereas the presence of oleate/
stearate and stearic acid participated in the deactivation by reversible adsorption
on the Pt/Al2O3. The deleterious effect of stearic acid could be partly prevented
by addition of an active carbon free from surface oxygen groups as a result of
which a significant increase in H2 production (1% vs. 17%) was observed. The
hydrophobic AC is thought to scavenge the stearic acid formed as the results
showed that after reaction stearic acid is adsorbed on active carbon support
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only. A 1Pt/Mg(Al)O catalyst prepared by calcination of parent LDH material
was also tested. The Mg(Al)O mixed oxide reverted back to LDH structure in
aqueous medium, by intercalation of oleate/stearate ions. The APR activity
was substantially increased, compared to 1Pt/Al2O3. As a result, blocking the
interaction of fatty acid with the catalyst by adding a good adsorbent is thus
shown to improve H2 production from crude glycerol.
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Chapter 5

Aqueous-Phase Reforming of Xylitol for
Hydrogen Production: Influence of Support and
Process Conditions on Catalyst Activity and
Selectivity
Abstract
The Aqueous-Phase Reforming (APR) of a 10 wt% solution of xylitol
over Mg(Al)O-supported 1 wt% Pt and 1 wt% Pt - 0.5 wt% Cu catalysts
has been studied in semi-batch and continuous flow reactors. The catalytic
performance of these catalyst materials was benchmarked against a commercial
1wt% Pt/Al2O3 catalyst. Under semi-batch conditions, the Pt/Mg(Al)O
catalyst showed the highest H2 selectivity (37%) after 300 min reaction at
225 °C, whereas Pt/Al2O3 showed a higher xylitol conversion (88%) than
the Pt/Mg(Al)O and Pt-Cu/Mg(Al)O catalysts (78 and 39%, respectively). The
influence of operating conditions on APR activity, i.e. xylitol feed rate (given as
WHSV) and reaction temperature, were studied in a continuous flow system.
At the lowest space velocity (WHSV = 0.6 h-1) and a temperature of 225 °C,
Pt/Al2O3 gave rise to the highest xylitol conversion (77%). At higher WHSV
(> 0.6 h-1), the three catalysts under investigation demonstrated comparable
performance. At similar conversion levels (WHSV between 1.2 and 1.8 h-1),
Pt/Mg(Al)O displayed the highest H2/CO2 ratio. As the reaction temperature
decreased from 225 °C to 200 °C, both xylitol conversion and H2 formation
decreased. These trends are in line with the results reported for sorbitol and
glycerol.

Chapter 5

5.1 Introduction
As a result of the combination of a constant increase in energy demand and
a decrease in fossil fuel reserves, there is an urgent need for the production of
fuels from alternative energy sources. Indeed, more sustainable fuels generated
from renewable sources, such as biomass, have become the center of attention
of many research efforts. Hydrogen has emerged as an attractive alternative
energy carrier, for instance for use in hydrogen fuel cells. In addition to its future
use as energy vector, hydrogen is used in large amounts in the chemical industry
and sustainable sources are also here desirable. Currently, hydrogen is mainly
produced by high-temperature steam reforming of non-renewable hydrocarbons.
Hydrogen could be more sustainably produced from biomass-derived oxygenates
via more energy-efficient catalytic processes, such as Aqueous-Phase Reforming
(APR). The Dumesic group has pioneered the APR process using supported
metal catalysts and mild reaction conditions for the production of hydrogen from
oxygenated hydrocarbons in a single step [1-4]. Typically, alcohols, polyols and
sugars, such as methanol, ethanol, ethylene glycol, glycerol, sorbitol and glucose
are converted to hydrogen via the APR process. Of these substrates, ethylene
glycol, which is readily available, has been studied most [5-11]. This is in part
motivated by the fact that ethylene glycol undergoes the same type of reactions
under APR conditions as higher polyols, such as xylitol and sorbitol and can
thus serve as a model compound for these more complex polyols and sugars,
significantly reducing the analytical burden.
Shabaker et al. used Al2O3-supported Pt and Sn-modified Ni catalysts for the
APR of sorbitol and reported on the performance and stability of these catalysts
[12]. They observed that Pt/Al2O3 and Raney Ni-Sn catalysts showed stable
performance under reaction conditions and a selectivity to H2 of more than 60%
was obtained at 225 °C. At higher temperatures a decrease in selectivity was
reported. A study of the reaction network, the many intermediates involved
and effect of reaction conditions on sorbitol APR was reported by Kirilin et al.
[13]. Their extensive analysis of the complex reaction mixture showed that a
multitude of organic products were formed over a 5 wt% Pt/Al2O3 catalyst.
Identification of fifty of the major compounds formed allowed the authors to
propose a reaction network for sorbitol APR.
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The second most abundant polyol xylitol, readily available by hydrogenation
of the hemicellulose fraction of lignocellulose, is also a promising substrate
for hydrogen production via APR process, but has so far been little studied.
Previously, Kirilin et al. showed that H2 can be produced selectively via APR of
xylitol under flow conditions over commercially available 5 wt% Pt/Al2O3 [14].
Different feed rates were studied, resulting in a maximum H2 selectivity of 83%.
A comparison of the results obtained with xylitol and sorbitol showed that the
two substrates behaved similarly, but that the yield of hydrogen was higher with
xylitol. Jianga et al. also studied the conversion of xylitol under hydrothermal
conditions, but used a zeolite-supported Pt or Ni catalyst to obtained pentane
rather than hydrogen [15]. The examples of catalysts studied for hydrogen
production from xylitol are therefore limited to one, the commercial 5 wt% Pt/
Al2O3 catalyst. This prompted us to study the catalysts developed in Chapter
2 for this particular conversion [16]. Here, the aqueous-phase reforming of
xylitol over 1 wt% Pt/Mg(Al)O and 1 wt% Pt - 0.5 wt% Cu/Mg(Al)O catalysts
is reported. The monometallic and bimetallic catalysts supported on the mixed
oxide were studied in the APR of glycerol in a semi-batch reactor system with
a focus on the effect of support properties and Cu addition on APR activity
and selectivity [16]. Hydrogen selectivity was found to increase with increasing
Mg/Al ratios and the addition of Cu as promoter increased the hydrogen selectivity
as well, by significantly suppressing methane formation. In this study, the xylitol
APR reactions were performed in both a semi-batch and a continuous flow
reactor system. While the semi-batch study allows for rapid screening of catalyst
activity, the effect of reaction conditions on activity and selectivity and stability
of the catalyst with time on stream could be studied in the continuous flow
reactor. The catalytic performance of the catalysts was benchmarked against a
commercial 1 wt% Pt/γ-Al2O3 catalyst. The effect of the catalyst composition on
hydrogen production as well as differences between reactor systems has been
investigated. For the continuous flow set-up, the influence of process conditions,
such as xylitol flow rate and reaction temperature, on the catalytic performance
was studied.
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5.2. Experimental Section
5.2.1 Materials
An LDH powder with a Mg/Al ratio of 2.95 (PURAL) was purchased from
Sasol. Xylitol (≥ 99%) was purchased from SAFc, Sigma-Aldrich. Pt(NH3)4(NO3)2
(≥ 50.0% Pt basis) was obtained from Aldrich, while Cu(NO3)2.3H2O (99%) was
purchased from Acros Organics. The 1 wt% Pt/Al2O3 catalyst was obtained from
Aldrich.
5.2.2 Catalyst Preparation
The mixed oxide support was prepared by calcination of the parent LDH
(Mg/Al ratio of 2.95). The LDH was calcined overnight at 400 °C under N2
flow. A 1wt% Pt/Mg(Al)O (Pt/Mg(Al)O) catalyst was synthesized by incipient
wetness impregnation of the obtained Mg(Al)O mixed oxide. After impregnation,
the sample was dried in the oven at 80 °C under N2 flow overnight followed
by calcination at 300 °C under 20% O2/N2 flow. A 1wt% Pt - 0.5 wt% Cu/
Mg(Al)O (PtCu/Mg(Al)O) catalyst was prepared by co-impregnation of a
a Mg(Al)O mixed oxide with an aqueous solution of Pt(NH3)4(NO3)2 and
Cu(NO3)2.3H2O of the desired concentration. After impregnation, the catalyst
was treated as described above for Pt/Mg(Al)O. For comparison, a commercially
available Pt/γ-Al2O3 catalyst with 1wt% Pt content was tested as well (Pt/Al2O3).
Prior to catalytic testing, the catalyst materials were reduced under flowing H2
at 400 °C for 2 h.
5.2.3 Catalyst Characterization
CO chemisorption. Metal dispersions of the supported Pt catalyst materials under
investigation were determined by CO pulse chemisorption on a Micromeritics
Autochem 2900 apparatus. The catalyst was reduced prior to measurement with
the following program: 25–250 °C at 10 °C/min in He, dwell for 30 min, gasswitch to H2, 5°C/min to 400 °C, dwell for 2 h, followed by flushing for 60 min
in He at 400 °C. Thereafter the catalyst was cooled to ambient temperature and
O pulses were introduced utilizing 10 vol.% CO in He. A Pt/CO stoichiometry of
1:1 was assumed.
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TEM-EDX measurements. Transmission Electron Microscopy (TEM) and Energy
Dispersive X-ray (EDX) analyses were performed on a FEI Tecnai 20F transmission
electron microscope operated at 200 kV which is equipped with a Schotkky Field
Emmision Gun and a Twin Objective lens (magnification range of 25x–700kx).
The microscope is provided with an EDAX micro analysis system.
XRD measurements. X-ray powder diffraction (XRD) measurements were
performed on a Bruker AXS Advance D8 apparatus using Co Kα radiation (λ=
1.78897 Å) operating at 45 kV and 30 mV.
5.2.4 APR Catalytic Tests
Semi-batch reactor system. Runs were carried out under semi-batch conditions
in a 40 mL stainless steel bench top Parr reactor equipped with a back-pressure
regulator. In a typical experiment, the reactor was charged with 10 mL of a
10 wt% aqueous solution of glycerol, prepared with degassed milli-Q water,
and 0.3 g of catalyst. The reactor was pressurized with He to 29 bar and the
pressure was held constant by the back-pressure regulator. The reactions were
carried out at 225 °C for 3 h. The gas phase reaction products were analyzed
by an online dual channel micro-GC (Varian CP4900) equipped with Thermal
Conductivity Detector (TCD). A COX column was used for the analysis of H2,
CO2, CO and CH4. The liquid phase was analyzed on a Shimadzu 2010A GC with
Flame Ionization Detector (FID), a Shimadzu HPLC and Shimadzu TOC-5050A.
Catalytic performance results for the semi-batch reactions were evaluated in
terms of xylitol conversion and APR activity (expressed as H2% present in the
gas phase).
Continuous-flow reactor system. The continuous-flow reactor consisted of a
stainless steel tubular reactor with an internal diameter of 4.2 mm, which was
loaded with a catalyst-quartz mixture. The catalyst-quartz mixture was prepared
by mixing 0.5 g catalyst (0.212-0.425 mm particle size, unless specified
differently) with 0.5 g quartz. Prior to measurement, the reactor was heated
to 400 °C under H2 flow with 5 °C/min ramp and kept at that temperature
for 2 h in order to reduce the catalyst. After reduction, the reactor was cooled
to room temperature under hydrogen flow and then flushed with nitrogen to
completely remove any remaining traces of hydrogen. The reactor was finally
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pressurized with nitrogen, with the applied pressure kept approximately 4 bar
above the critical water vapor pressure in all experiments to keep the water in the
liquid phase at the reaction temperature. The reactor was subsequently heated
to the reaction temperature and water was fed to the reactor simultaneously
with heating. At the reaction temperature the liquid feed was switched from
water to an aqueous 10 wt% xylitol solution whereupon different flow rates
were investigated (0.1-0.4 mL min-1). APR of xylitol was studied at 200, 210,
225 and 250 °C, respectively. The conditions of a standard run were defined as
225 °C, 29.3 bar and a feed rate of 0.1 mL min-1. These standard conditions
were regularly employed to check the stability of the catalyst.
For gas phase product analysis, an online four-channel (Plot U, OV-1,
alumina, and molsieve) Agilent Micro GC 3000 A equipped with TCD detector
was used. Liquid products were analysed by withdrawing samples periodically
from the reactor and injecting in an Agilent 1100 HPLC equipped with an Aminex
HPX-87H column and a refractive index (RI) detector. The total organic carbon
(TOC) content of the liquid phase was analyzed on a TOC 5050 A Shimadzu
instrument. The TOC analyses were performed at GeoLab, Faculty of Geosciences,
Utrecht University and at Åbo Akademi University. Catalytic performances were
evaluated according to the following equations:

conversion (%) = ( 1- peak area (xylitol)
) x 100
initial peak area (xylitol)

(5.1)

rate of H2 formation

(5.2)

TOF (min-1) =
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5.3 Results and Discussion
5.3.1 Catalyst Characterization
The metal dispersions of the Pt/Al2O3 and Pt/Mg(Al)O catalyst materials
were studied by pulse CO chemisorption, assuming a Pt/CO stoichiometry of
1/1. A metal dispersion of 40% was found for the commercial Pt/Al2O3 catalyst,
corresponding to a particle size of 2.9 nm. The metal dispersion obtained for
Pt/Mg(Al)O was 32%, giving a particle size of 3.6 nm. Although it was hard to
observe the Pt particles due to the thickness of the support and lack of contrast
with the small Pt particles, Pt particles were observed in the range of 1-4 nm
range for Pt/Mg(Al)O. For Pt/Al2O3, the size of the Pt particle size distribution
ranged from 1-6 nm with an average particle size of 2.7 nm.

Figure 5.1. TEM images obtained from: a) Pt/Mg(Al)O; b) commercial Pt/Al2O3 catalyst.
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5.3.2 Semi-Batch APR Reactions
APR reactions of xylitol were performed in a semi-batch reactor equipped
with a back-pressure regulator over the Pt/Mg(Al)O and PtCu/Mg(Al)O catalysts
materials and compared to a commercial Pt/Al2O3 catalyst. The APR experiments
were performed with a 10 wt% solution of xylitol at 225 °C and 29 bar.
Table 5.1 shows the performance of the three catalysts in xylitol APR after a
180 min run.
Table 5.1. Performance of the three different catalysts in xylitol APR; reaction conditions: 225 0C, 29
bar He, 10 wt% xylitol, 300 mg catalyst, 180 min.
Catalyst

Xylitol conversion (%)

C % in the liquid

H2 (%)

CO2 (%)

H2/CO2
ratio

Pt/Al2O3

88

93

28

16

1.8

Pt/Mg(Al)O

78

75

37

16

2.3

PtCu/Mg(Al)O

39

98

11

4

2.8

While xylitol conversion was higher over the Pt/Al2O3 (88%) catalyst than
over the Pt/Mg(Al)O and PtCu/Mg(Al)O catalysts (78 and 39%, respectively), Pt/
Mg(Al)O yielded the highest H2 amount (37%) in the gas phase after 180 min of
reaction. These results are supported by the TOC measurements. At the end of
the reaction, 93% of the carbon was found in the liquid phase over the Pt/Al2O3
catalyst, whereas for Pt/Mg(Al)O this was 75%. These results suggest that
although Pt/Al2O3 showed the highest xylitol conversion, most of the xylitol was
converted to liquid products. The main liquid products formed were identified as
propylene glycol, 1,2-butanediol and 1,2-pentanediol.
Figure 5.2 shows the evolution of the main gas phase products H2 and CO2
in time. Gaseous product formation increased in time for all three catalysts.
Although Pt/Al2O3 catalyst produced more H2 initially (30 min), it levelled off
faster compared to Pt/Mg(Al)O. After 180 min reaction, a higher H2/CO2 ratio
(2.3) was obtained with Pt/Mg(Al)O, indicating a higher selectivity towards H2,
compared to the Pt/Al2O3 catalyst (1.8).
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Figure 5.2. a) Hydrogen and b) CO2 production via APR of xylitol over Pt/Al2O3 (■), Pt/Mg(Al)O (●), and
PtCu/Mg(Al)O (▲) catalysts versus time; reaction conditions: 225 °C, 29 bar, 10 wt% xylitol.

Table 5.2. Formation of methane in xylitol APR; reaction conditions: 225 ˚C, 29 bar He, 10 wt% xylitol,
300 mg catalyst, 180 min.
Catalyst
Pt/Al2O3
Pt/Mg(Al)O

Time
(min)

Methane
(%)

30

0.2

180

1.5

30

0.1

180

1.0

The formation of light alkanes (i.e., methane) is shown in Table 5.2.
Pt/Mg(Al)O showed less methane formation initially (0.1%) and at the end of
a 180 min reaction (1.1%) than with Pt/Al2O3. These observations correspond
to the results obtained in Chapter 2 in APR of glycerol, as the use of a basic
Mg(Al)O support also reduced the alkane (methane) formation during glycerol
APR [16]. Alkanes can be formed by Fischer-Tropsch and methanation reactions
or by dehydration/hydrogenation reactions. The latter route is acid-catalyzed and
the use of a basic support therefore effectively limits this pathway [1].
Powder XRD patterns of the fresh and spent catalysts are shown in
Figure 5.3. The XRD patterns of the fresh Pt/Mg(Al)O and PtCu/Mg(Al)O
catalysts show broad reflections at 2θ = 50° and 75°, illustrating a poorly
crystallized MgO periclase phase where Al is associated with MgO [17]. During
reaction, the mixed oxide is found to revert back to the parent LDH structure
(Figure 5.3c-f). This phase change was also observed in the glycerol APR studies
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and the consequence of reconstruction of the support in water by absorbing
hydroxide or carbonate anions.

Figure 5.3. XRD patterns of fresh and spent catalyst after xylitol APR: a) fresh Pt/Al2O3; b) spent
Pt/Al2O3; c) fresh Pt/Mg(Al)O; d) Pt/Mg(Al)O; e) fresh PtCu/Mg(Al)O; f) spent PtCu/Mg(Al)O; g) parent
LDH used for preparation of Mg(Al)O; (006), (102), (105), (108), (110), (103) diffractions of LDH phase;
(200), (220) diffractions of periclase phase.

The γ-Al2O3 phase was found to be retained in the Pt/Al2O3 catalyst (Figure
5.2a-b). It is well known that γ-alumina can undergo hydration in hot water, with
the formation of boehmite by alumina hydration being thermodynamically favored
above 150 °C [18]. It is therefore remarkable that the γ-Al2O3 phase did not
change under the present reaction conditions (225°C, 10 wt% xylitol solution
in water). While it was shown before that γ-Al2O3 converted into boehmite in the
APR of glycerol, it apparently remained unchanged in the presence of xylitol. The
stability of the γ-alumina phase during xylitol APR is in agreement with the work
of Ravenelle et al., which shows that the presence of oxygenates suppresses
the hydration of γ-Al2O3 to form boehmite as compared to treatment in pure
water, and the stability of alumina against hydration increases with increasing
carbon chain length [19]. They reported that after 10 h at 225 °C, γ-Al2O3 was
converted into boehmite in 5 wt% glycerol in water, whereas the γ-Al2O3 support
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remained unchanged when sorbitol was used.
5.3.3. Continuous-Flow APR Reactions
Influence of flow rate on catalytic performance
A continuous-flow set up has been used to assess catalyst performance
and stability under different reaction conditions. Seven different flow rates in the
range of 0.1-0.4 mL min-1 were employed and are expressed as Weight Hourly
Space Velocities (WHSV, mass of substrate per mass of the catalyst per hour).
Figure 5.4 shows xylitol conversion as a function of WHSV over the Pt/Al2O3,
Pt/Mg(Al)O, and PtCu/Mg(Al)O catalysts. For all three catalysts, a decrease in
xylitol conversion was observed as WHSV increased as a result of the shortened
contact time. At the lowest space velocity, i.e. a WHSV of 0.6 h-1, Pt/Al2O3
showed a xylitol conversion (77%) that was almost twice as high as with the
Pt/Mg(Al)O. At higher space velocities, this difference in activity became
much less pronounced as activity dropped much faster for the aluminasupported catalysts, with xylitol conversions being almost equal in the range of
0.9-1.8 h-1 (Figure 5.4a). Xylitol conversion is slightly lower at all tested WHSV
for the bimetallic mixed oxide-supported catalyst compared to the monometallic
one (Figure 5.4b).
At the lowest WHSV of 0.6 h-1, the rate of H2 formation is 1.1 x 10-4
mol/min for Pt/Al2O3 and 1.3 x 10-4 mol/min for Pt/Mg(Al)O (WHSV < 1.2 h-1
data for Pt/Mg(Al)O not shown). The lower rate of H2 formation on Pt/Al2O3 at
high conversion (77%) can be attributed to the consumption of the hydrogen
formed in the side-reactions [14].
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The TOC analyses of the liquid phase shown in Figure 5.5 confirm
this. The amount of carbon left in the liquid phase at a WHSV of 0.6 h-1 for
Pt/Al2O3 is higher compared to the other catalysts, despite conversion being the
highest (77%) for this catalyst. This again indicates that the xylitol is mainly
converted to liquid products as was also observed in the semi-batch reactor.
The TOC data furthermore shows that the carbon content of the liquid phase,
as expected, increased with increasing WHSV, as less xylitol is converted due
to the shortened contact time. The hydrogen turnover frequencies as function
of feed flow are given in Table 5.3. Pt/Mg(Al)O clearly showed higher activity in
comparison with Pt/Al2O3.

Figure 5.4. Comparison of xylitol conversion as a function of WHSV over: a) Pt/Al2O3 (■) and
Pt/Mg(Al)O (●); b) Pt/Mg(Al)O (●) and PtCu/Mg(Al)O (▲).

Table 5.3. Turnover frequencies of in terms of H2 as a function of xylitol feed.
WHSV (h-1)

H2 formation (x10-4 mol/min)
Pt/Al2O3

108

Pt/Mg(Al)O

TOF (min-1)
Pt/Al2O3

Pt/Mg(Al)O

0.6

1.1

1.3

10.6

15.9

0.9

1.6

1.7

15.6

20.1

1.2

1.6

1.8

15.2

21.6

1.5

--

1.7

--

21.0

1.8

1.5

1.5

15.0

17.9

2.1

2.0

1.3

19.1

15.9

2.4

1.8

0.6

17.1

7.8
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Figure 5.5. Effect of WHSV on xylitol conversion (■), and carbon content in the liquid phase (●) for a)
Pt/Al2O3; b) Pt/Mg(Al)O; c) PtCu/Mg(Al)O.

Increasing the WHSV implies increasing the xylitol fed per time but also
shortening the contact time of xylitol with the catalyst. Kirilin et al. reported
an increase in H2 production as WHSV increased. They observed maxima in
H2 and CO2 production rates at 2.0 h-1 over 5 wt% Pt/Al2O3 [13]. In case of
Pt/Mg(Al)O, the maximum value was observed at WHSV of 1.2 h-1. At this WHSV,
Pt/Mg(Al)O showed a higher H2 formation (1.8 x 10-4 mol/min) compared to Pt/
Al2O3 at the same conversion of xylitol (25%).
Increasing the feed concentration per time, didn’t contribute to H2 production
between 1.2 and 2.4 h-1 WHSV, since PtCu/Mg(Al)O was less active and showed
lowered xylitol conversion to final products.
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As a function of WHSV, H2/CO2 ratios of the catalysts are given in Figure
5.6. The H2/CO2 or reforming ratio is a reactant-dependent value and was first
described by Huber et al. as a selectivity indicator [20]. The theoretical value for
xylitol is 11/5. In order to compare the selectivities of Pt/Al2O3 and Pt/Mg(Al)O,
the H2/CO2 ratios in the WHSV range of 1.2-1.8 h-1, where conversion levels are
similar, should be considered. In the selected WHSV range, Pt/Mg(Al)O showed
the highest H2/CO2 ratio. Figure 5.7 show the rate of formation of the main
gaseous products (H2, CO2 and CH4) over these three different catalyst systems.
Both H2 and CO2 follows similar trends at increasing WHSVs. Over Pt/Mg(Al)O
catalyst, gas phase formation drops, while gaseous products formation follows
a more stable trend with increasing WHSV.
The stability of Pt/Al2O3 and Pt/Mg(Al)O were tested at a WHSV of 0.6 h-1.
The xylitol conversions versus Time-On-Stream (TOS) are given in Table 5.4.
Pt/Al2O3 was observed to be more stable than the Pt/Mg(Al)O catalyst. After
70 h of TOS, Pt/Al2O3 showed 95% of its initial activity whereas, in case of
Pt/Mg(Al)O, 77% of the initial activity was retained after 80 h on TOS. However,
the rate of H2 formation did not change for both catalysts and the APR activity
was preserved.

Figure 5.6. H2/CO2 ratios as a function of WHSV over (■) Pt/Al2O3, (●) Pt/Mg(Al)O, and
(▲) PtCu/Mg(Al)O.
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Figure 5.7. Formation of the main gaseous APR products, H2, CO2 and CH4 as a function of WHSV over
a) Pt/Al2O3; b) Pt/Mg(Al)O; c) PtCu/Mg(Al)O.

Table 5.4. Xylitol conversion over Pt/Al2O3 and Pt/Mg(Al)O as a function of time on stream (TOS).
Catalyst

TOS
(h)

H2 formation
(x10-4 mol/min)

Conversion of xylitol (%)

Pt/Al2O3

12.5

1.1

77

70

1.0

73

4.5

1.3

39

80

1.3

30

Pt/Mg(Al)O
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Influence of reaction temperature on catalytic performance
Xylitol APR was studied at three additional temperatures (200 °C, 210 °C
and 250 °C) for the catalysts. For the temperature tests, 0.1 mL/min of xylitol
corresponding to 0.6 h-1 of WHSV flow rate was used. After testing APR at 225
°C and decreasing the temperature to 200 °C, another standard experiment at
225 °C followed by the reaction at 250 °C was performed. Table 5.5 summarizes
the results obtained. As the reaction temperature decreased, xylitol conversion
and H2 formation decreased. A tremendous increase in xylitol conversion to 72%
over PtCu/Mg(Al)O catalyst at 250 °C was observed. H2 formation and H2 to
CO2 ratio also increased when compared to the values at 225 °C. The more
pronounced increase in feed conversion might evidence that, at 250 °C, xylitol
is mostly converted into liquid side products or intermediates.
The effect of the temperature on the rate of reforming was studied for xylitol
over Pt/Al2O3, Pt/Mg(Al)O and PtCu/Mg(Al)O catalysts. Unlike hydrogen, carbon
dioxide is not consumed in the side reactions, thus the determination of the
activation energy was performed on the basis of apparent CO2 evolution rates
measured (the rate of xylitol consumptions is thus estimated as r(CO2)/5 since
according to the reaction stoichiometry one mole of xylitol can produce five
mole of carbon dioxide). Table 5.6 presents the CO2 evolution rates measured at
different temperatures.
The activation energies for xylitol APR over the Pt/Al2O3, Pt/Mg(Al)O and PtCu/
Mg(Al)O catalysts calculated from Arrhenius plot are shown are given in Figure
5.8. The apparent activation energy barriers measured between temperatures
200 and 250 (°C) are 55 kJ/mol, 93 kJ/mol and 39 kJ/mol for reforming of
xylitol over Pt/Al2O3, Pt/Mg(Al)O and PtCu/Mg(Al)O, respectively. The difference
in activation energy barriers for reforming reaction in the presence of different
catalysts is caused by different activity and selectivity. The activation barriers
determined for xylitol are between 39-93 kj/mol which is in accordance with the
literature. Shabaker et. al. reported [6] activation energy barriers for reforming
of methanol and ethylene glycol equal to 140 and 100 kJ/mol respectively. The
rate of aqueous-phase reforming was found to be more temperature dependent
for methanol than ethylene glycol. In fact, Byrd et al. reported the apparent
activation energy for reforming of glycerol over Ru/Al2O3 catalysts to be 56 kJ/
mol [21].
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Table 5.5. Effect of reaction temperature on APR of xylitol over Pt/Al2O3 and PtCu/Mg(Al)O catalysts.
H2 formation ( x10-5 mol/min)

Conversion (%)

T (°C)

Pt/Al2O3

Pt/Mg(Al)O

PtCu/Mg(Al)O

Pt/Al2O3

PtCu/Mg(Al)O

200

3.7

4.0

210

6.4

6.7

1.7

-

4

3.2

16

-

225

10

250

18

1.3

6.4

73

28

-

5.8

-

72

Table 5.6. Effect of reaction temperature on CO2 formation.
CO2 formation ( x10-5 mol/min)
T (°C)

Pt/Al2O3

Pt/Mg(Al)O

PtCu/Mg(Al)O

225

7.3

6.4

-

210

4.2

3.3

-

200

2.9

1.9

1.8

225

6.3

5.0

3.0

250

11.4

-

4.6

-14.2
-14.4

Ea=55 kJ/mol

-14.6
-14.8

ln(k)

-15.0
-15.2

Ea=39 kJ/mol

-15.4
-15.6
-15.8

Ea=93 kJ/mol

-16.0
-16.2
1.90

1.95

2.00

2.05

2.10

2.15

1000/T

Figure 5.8. Arrhenius plot for the aqueous-phase reforming of 10 wt % xylitol solution at temperatures between
200 and 250 (°C) over (■) 1 wt% Pt/Al2O3, (▲)1 wt% Pt/Mg(Al)O and (●) PtCu/Mg(Al)O catalyst materials.
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5.4 Conclusions
Pt/Mg(Al)O and PtCu/Mg(Al)O catalysts were shown to be active in H2
production by xylitol APR under semi-batch and flow conditions. Under semibatch conditions, Pt/Mg(Al)O was proven to be the most active in APR of xylitol
in terms of H2 production and it also displayed a higher H2 selectivity and lowered
alkane formation. This trend was previously observed in glycerol APR, as well. The
use of the basic support Mg(Al)O suppressed methane formation, a side reaction
which typically causes a decrease in H2 selectivity. Under flow conditions, at
lower feed flows, xylitol conversion was higher for Pt/Al2O3 while H2 production
was higher for Pt/Mg(Al)O at lower feed flows. Increasing the WHSV affected
both catalysts in a similar way. Increasing the xylitol feed favored H2 production
until a certain value for Pt/Mg(Al)O catalyst. Further increase showed lowered H2
production due low xylitol conversions because of shortened contact time. Higher
selectivity of Pt/Mg(Al)O was in accordance with the results obtained under
semi-batch conditions. Addition of Cu to the Pt/Mg(Al)O system also showed
activity in xylitol APR but with less H2 formation. Increasing the temperature
improved H2 formation together with a tremendous increase in xylitol activity
over PtCu/Mg(Al)O catalyst, which can be attributed to xylitol fragmentation
mainly towards liquid phase side-products.
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				Summary
Awareness of the discontinuity of fossil fuel supplies in combination with
increasing global energy demand has fostered research aimed at developing
alternative and preferably renewable energy sources. Recently, hydrogen has
attracted much attention in this respect, as an alternative energy carrier with
the clear potential to fuel the energy needs of a more sustainable society. As
hydrogen is not found in Nature in any appreciable quantities, this energy carrier
needs to be produced from a primary energy source. Biomass can serve as a
source for sustainable hydrogen production. In principle, it is possible to produce
hydrogen via gasification of whole biomass, but the imbalance between the cost
of the process and associated energy losses have spurred the development of
new techniques for hydrogen production from biomass or its components. Of
the alternatives technologies, Aqueous-Phase Reforming (APR), the topic of the
work described in this PhD thesis, has gained prominence over the recent years.
APR was developed by
Dumesic and coworkers and entails the conversion of biomass-derived
oxygenates in water to H2 and CO2 over an appropriate heterogeneous catalyst
material.
The biomass-derived oxygenates (i.e. alcohols) can be converted into
hydrogen by APR according to the following overall reaction (1) which is the net
result of a reforming step (2) and the water-gas shift reaction (3):
CnH2n+2On + n H2O
CnH2n+2On 		
CO + H2O		

→
→
→

(2n+1) H2 + n CO2
(n+1) H2 + n CO
CO2 + H2

(1)
(2)
(3)

The APR process holds several advantages over conventional steam
reforming. Since the APR process is conducted in water and at relatively low
temperatures, vaporization of the oxygenate is avoided and hence, the energy
need is reduced. Operating at low temperature also eliminates undesired
substrate decomposition reactions, which might occur at elevated temperatures.
Additionally, the CO produced is removed by the water-gas shift reaction, which
is thermodynamically favored at the temperatures and pressures at which APR
reactions are run. Various renewable oxygenates have been used for H2 production
by APR, including methanol, ethanol, ethylene glycol, glycerol, sorbitol, and
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glucose.
Among these, glycerol stands out as a readily available, practical source
for hydrogen production as it is obtained in large volumes as the major byproduct of biodiesel production. Furthermore, it can be obtained from other
sustainable resources, including cellulose and hemicellulose. Indeed, new ways
for the valorization of the large glycerol streams are urgently needed. It has
been shown that glycerol can be converted into H2 and CO2 via APR, but its
conversion also comes with significant scientific and technological challenges.
Some of the challenges faced include the selectivity issues associated with
H2 formation, the ability of catalyst systems to deal with real, crude glycerol
feeds carrying various impurities, stability issues concerning the heterogeneous
catalysts under the demanding hydrothermal APR conditions. With regards to
the selectivity of the process, the mixture of CO2 and H2 that is produced from
all oxygenates is thermodynamically unstable at low temperatures and could
react further to produce alkanes by methanation and Fischer-Tropsch reactions,
pathways which eventually decrease the selectivity of the catalytic process to
H2. Typical APR catalysts are heterogeneous supported metal catalysts and it
has been shown that both the choice of the (bi-) metal as well as the support
has a pronounced influence on activity and selectivity (see Chapter 1). Indeed,
if H2 production is targeted, acidic supports should best be avoided as these
will catalyze undesired C-O cleavage reactions. Alloying of the active metal
phase, with Pt often standing out in terms of activity and selectivity, can further
improve selectivity, for instance, by suppressing alkane formation or by improving
the water-gas shift activity.
The development of new and improved catalyst materials requires the
system to be active in reforming and water-gas shift reactions, promotion of
the acid-catalyzed formation of undesired alkanes should be avoided. Chapter 2
is concerned with the development of such a catalyst system for the selective
production of H2. The use of a basic support material was anticipated to prevent
the side-reactions that lead to alkane formation and thus improve H2 selectivity.
Mg(Al)O mixed oxides, a class of solids of tuneable basicity and high surface
area, were chosen as as support materials for the preparation of Pt-based APR
catalysts. The mixed oxides were obtained by calcination of parent Layered Double
Hydroxides (LDHs). Both the Mg/Al ratio and the calcination temperature of the
LDH materials were found to influence catalytic performance. APR reactions were
run under semi-batch conditions, which is convenient and reliable way for initial
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screening of catalyst selectivity in the APR reaction. H2 selectivity decreased
with increasing calcination temperature and initial hydrogen selectivity improved
with an increase in the Mg/Al ratio of the LDH materials. Notably, the supports
were found to revert back to the original LDH structure, a process known as retrotopotactic transformation. The Pt/Mg(Al)O catalysts performed better than the
Pt/LDH analogues, showing that the calcination step in the catalyst preparation
is advantageous and improves the basic properties of the LDH materials that are
obtained under reaction conditions. Next to the influence of the support oxide on
APR activity, the influence of alloying was also studied. The addition of Cu as a
second metal to the Pt/Mg(Al)O was shown to improve the selectivity towards
H2 by suppressing the methane production. Extended X-ray Absorption Fine
Structure spectroscopy (EXAFS) provided further insight into the interaction of
Pt and Cu on the support. The EXAFS data showed that a bimetal interaction was
present between Pt and Cu, but also pointed at the presence of monometallic
Pt and monometallic Cu mixture. The bimetallic interaction was thought to be
responsible for the lowered methane formation.

OH
OH

HO
+
H2O

Pt

H2 + CO2

Pt Pt Pt Cu
Pt Pt Pt Cu Cu
Pt Pt Cu Cu Pt Pt

Cu

mixed oxide support
Figure 6.1. H2 production over a bimetallic PtCu catalyst.

Following up on the promising catalytic performance of the new Pt/Mg(Al)
O catalyst materials in glycerol APR, in Chapter 3 the influence of support
composition of the catalyst, in particular a study of the variation of the nature
of divalent metal ion in the mixed oxide, on the APR of glycerol is presented.
Catalysts consisting of Pt supported on LDH-derived mixed oxides, in which
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the magnesium ions had been (partly) substituted for cobalt or copper have
been tested. The acidity/basicity of the support material as well as the redox
properties of the metals introduced were shown to play an important role in
determining the product selectivity. The parent Pt/Mg(Al)O catalyst, which is the
most basic one, gave the highest H2 formation. The presence of Co and Cu in the
support led to a strong decrease in H2 formation, but resulted in the formation
of 1,2-propanediol via hydrogenolysis of glycerol, with the highest yield of
44.1% being observed for Pt/(Mg3Co)3AlO. The hydrogenolysis process, which
occurs in a reaction that starts with a hydrogen-free atmosphere, is thought to
be the results of a combination of APR (generation of the required hydrogen) and
hydrogenolysis reactions.
The glycerol obtained as a by-product of biodiesel production is a crude
fraction, which contains several impurities, including salts, soaps, methanol and
base, depending on the process and purification conditions. These impurities are
expected to influence the APR process, most probably by limiting the activity of
the catalysts, as a result of deactivation or poisoning. Chapter 4 is focused on
the APR of crude glycerol obtained from an industrial plant and the effect of its
components on APR activity. The APR reaction of a number of carbon-, aluminaand mixed oxide-supported Pt catalysts with crude glycerol showed a marked
decrease in activity, with the activity of the benchmark Pt/Al2O3 catalyst material
being almost completely supressed. The use of synthetic mixtures, mimicking
(part of) the composition of crude glycerol, allowed us for the elucidation of the
cause of deactivation. Na salts of fatty acids (i.e., Na oleate and Na stearate)
were shown to adsorb on the catalyst and inhibit its activity. This dramatic
drop in activity could be partly avoided by addition of an active carbon (AC)
free from surface oxygen groups, upon introduction of which much of the H2
production was restored. AC prevented the adsorption of stearic acid, formed
by hydrogenation under APR reaction conditions from the oleate salt impurities,
on the catalyst as analysis of the solids after reaction showed that stearic acid
was only adsorbed on the AC component. Finally, hydrogen production from
crude glycerol over the Pt/Mg(Al)O catalyst system was found to be considerably
higher than with Pt/Al2O3 catalyst (i.e., 17% vs. 1%). This difference could be
ascribed to the hydrothermal instability of the Mg(Al)O support, i.e. its tendency
to revert to an LDH structure. Indeed, the phase transformation of Mg(Al)O back
to an LDH-like structure was accompanied by intercalation of the oleate/stearate
ions, thus removing these impurities from solution and causing a significant
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increase in H2 production.
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Figure 6.2. Schematic representation on effect of impurities on H2 production via APR of glycerol.

Finally, APR of the second most abundant polyol, xylitol, was studied in
detail in Chapter 5. Xylitol is a promising substrate for the production of H2 via
the APR process and is readily available by hydrogenation of the hemicellulose
fraction of lignocellulose. The Pt and Pt-Cu catalysts supported on a Mg(Al)O
support developed in Chapter 2 were tested in the APR of xylitol, as well as the
benchmark Pt/Al2O3 catalyst. Xylitol APR was studied both using a semi-batch
setup to initially assess the selectivity as well as in a continuous flow reactor
system to study the activity of the catalyst materials in more detail. Of the
catalysts tested, Pt/Mg(Al)O was found to be the most selective to gaseous
products. Catalyst stability studies showed that for the Pt/γ-Al2O3 catalysts
boehmite formation, known to occur under hydrothermal conditons by hydration
of the alumina and previously observed in glycerol APR, was supressed in case
of xylitol; the Mg(Al)O support was found to revert back to the parent LDH
structure. The experiments in the continuous flow reactor showed that the feed
flow and temperature affected catalyst performance. Increasing the xylitol feed
rate from WHSVs of 1.2 to 1.8 h-1 clearly favored H2 production for Pt/MgAlO. A
further increase lowered H2 production and xylitol conversion because of short
contact times.
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The work described in this PhD thesis provides new insights in the APR of
biomass-derived oxygenates, more particularly glycerol and xylitol. The studies of
the effect of chemical composition and pre-treatment of the catalyst material on
the activity and selectivity to H2 formation resulted in a better understanding of
the properties required of a suitable APR catalyst. In addition, the first, systematic
study aimed at elucidating the influence of the impurities of crude glycerol on
catalyst performance is presented. It is expected that the work presented here
will contribute to the understanding of the nature of the support material and
also the effect of bimetallic systems in APR of glycerol.

				

Outlook

As common to many catalytic processes, numerous factors affect the APR of
alcohols over supported metal catalysts. Optimization of the reaction conditions
applied and the design of efficient catalyst systems with high activity, selectivity
and stability is of utmost importance. Besides the nature of the support and
active metal, addition of a second metal can promote the properties of the
catalyst. Bimetallic interactions not only can tune the selectivity towards the
desired products, but also can increase the stability against deactivation which
determines the lifetime of the catalyst and hence, the process.
Further advances in APR catalyst synthesis need to be accompanied,
however, by a better description of the catalyst structure under actual APR
reaction conditions to allow for the development of proper structure-activity
relationships. In addition, catalyst design would also be much helped by a more
detailed understanding of the APR reaction mechanism, which indeed has still
only been limitedly explored. Kinetic experiments have provided great insight into
the various reaction pathways, but more information on the complex reaction
networks of the process is clearly needed. The application of (combinations
of) in-situ spectroscopic techniques that allow 1) monitoring of (changes in)
the structure of the catalyst, both the support and metal phase, under the high
temperature and pressure conditions of a typical APR reaction and 2) the study
of the intermediates formed during reaction both in solution as well as on the
catalyst surface, can therefore be expected to provide invaluable information.
Recent developments indeed show that studies using, for instance, Attenuated
Total Reflection-Infrared Spectroscopy (ATR-IR) or X-ray absorption spectroscopy
can be used to probe the catalysts in aqueous solutions. ATR-IR is particularly
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well suited to monitor, e.g., species adsorbed on the catalyst surface as the
common challenges with in-situ vibrational spectroscopy of aqueous solutions
(water being a dense medium with a strong absorbance in the (mid)-IR range)
can be avoided with this technique. Recent efforts in this direction show the
potential of ATR-IR for mechanistic studies of the APR process [1-4]. In-situ
XAS data has furthermore provided insight into changes in the electronic state
of supported Pt APR catalysts and the (surface) composition of bimetallic PtMo
catalysts under APR conditions [5,6].
Further studies could focus on the application of a combination of these
techniques, in order to monitor both the metal as well as the organics at the same
time. Designing a cell capable of combined ATR-IR/EXAFS experiments is a longterm and highly challenging study. During this PhD research some preliminary
studies on in-situ EXAFS and in-situ ATR-IR, as well as combined ATR-IR/EXAFS
experiments have been performed. Figure 6.3 shows the schematic representation
of the set-up which has been used for in-situ EXAFS measurements. A glass
capillary with internal diameter of 1 mm was used as the reactor and the alcohol
solution was introduced with an HPLC pump. The capillary, which was filled
with Pt/Al2O3 catalyst and glued to the cell holder, could successfully hold up to
typical APR conditions, 225 °C, 29 bar (Figure 6.4). A micro-GC has been used
to analyze the gas-phase products.

Figure 6.3. Schematic presentation of in-situ EXAFS set-up for APR of alcohols.

124

Summary and Outlook

Figure 6.4. The glass capillary used for in-situ EXAFS measurements during APR of alcohols.

Figure 6.5 shows an example of some preliminary results obtained during
this PhD research on in-situ ATR-IR studies monitoring the changes of the
Pt/Al2O3 catalyst in water under typical APR conditions (225 °C, 29 bar).
For this purpose, the Si crystal of a bottom-mounted Mettler-Toledo ReactIR
sentinel probe is coated with a thin layer of Pt/Al2O3. The phase transformation
of Al2O3 into boehmite can be nicely followed, for instance, by the characteristic
OH stretching vibrations of boehmite at 3295 and 3135 cm-1 and OH bending
vibrations at 1058 cm-1 (Figure 6.5a). Similarly, the adsorped CO on the surface
CO (225 °C, 29 bar, 10wt% glycerol) can also be monitored.
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Figure 6.5. ATR-IR spectrum of 5 wt% Pt/Al2O3 a) in water and b) in 10 wt% glycerol (reaction conditions:
225 °C, 29 bar, Si probe).
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Figure 6.6. Two different views of the the reaction set-up for in-situ EXAFS/ATR-IR experiments.

Based on the initial studies, a 1 mm diameter quartz capillary which can
be mounted on the ATR-IR crystal has been designed (Figure 6.6). Mounting
the capillary on top of the ATR crystal and the stress applied to the capillary to
prevent the leak during the experiment constituted the biggest challenge.
While the high temperature and pressure required for APR process constitutes
a challenge in terms of cell design, such in-situ studies, when combined with
kinetic, computational and stability studies, are expected to result in additional
insights that ultimately allow for the design of improved APR catalysts.
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Samenvatting
De combinatie van een geleidelijke uitputting van de beperkte voorraad aan
fossiele brandstoffen met een toenemende wereldwijde vraag naar energie leidt
er toe dat meer en meer onderzoek gericht is op het ontwikkelen van nieuwe
technologieën die gebruik maken van alternatieve, liefst duurzame energiebronnen.
In dit opzicht heeft het gebruik van waterstof als energiedrager vanwege zijn
grote mogelijkheden recentelijk veel aandacht gekregen. Omdat waterstof niet
van nature in grote hoeveelheden voorkomt, zal het moeten worden geproduceerd
uit andere, primaire energiebronnen. Hiervoor zijn verschillende mogelijkheden
voorhanden, zo zou waterstof gemaakt kunnen worden uit water met behulp van
zonlicht. Een andere, mogelijke bron voor het duurzaam produceren van waterstof
is biomassa. In principe is het mogelijk om waterstof te verkrijgen door ruwe
biomassastromen te vergassen, maar de grote hoeveelheid energie die verloren
gaat bij zo’n proces heeft geleid tot de ontwikkeling van nieuwe technieken voor
de productie van waterstof uit biomassa of hieruit verkregen componenten.
Het reformeren in waterige oplossingen (beter bekend als “Aqueous-Phase
Reforming” en verder afgekort als APR), het onderwerp van het onderzoek
beschreven in dit proefschrift, heeft zich in toenemende mate ontwikkeld als een
belangrijke alternatieve methode voor de productie van waterstof uit biomassa.
De APR techniek is in eerste instantie ontwikkeld in de onderzoeksgroep van
Dumesic voor het omzetten van oplossingen van hernieuwbare zuurstofhoudende
moleculen in water naar H2 en CO2 met behulp van een geschikte heterogene
katalysator.
Deze uit biomassa verkregen zuurstofrijke moleculen, zoals bijvoorbeeld
alcoholen of meer algemeen polyolen, kunnen via de APR-reactie worden
omgezet naar waterstof volgens reactie (1), de som van een reforming stap (2)
en de water-gas-shift-reactie (3):
CnH2n+2On + n H2O
→
(2n+1) H2 + n CO2
(1)
CnH2n+2On
		
→
(n+1) H2 + n CO
(2)
CO + H2O 		
→
CO2 + H2 		
(3)
Het APR proces heeft een aantal grote voordelen ten opzichte van het meer
gangbare stoomreforming. Omdat de APR reactie plaatsvindt in water bij relatief
lage temperaturen, hoeven de substraten niet in de gasfase gebracht te worden
via verdamping en is er minder energie nodig. Typische ontledingsreacties van de
substraten die plaats vinden bij hoge temperaturen, gebeuren niet bij de mildere
130

Nederlandse Samenvatting

temperaturen die aangehouden worden voor het APR proces. Daar komt nog bij
dat het koolmonoxide dat in eerste instantie wordt gevormd verder kan worden
omgezet via de water-gas-shift reactie tot koolstofdioxide. De temperatuur en
druk van een typische APR reactie zijn vanuit een thermodynamisch oogpunt
gunstig voor deze water-gas-shift reactie.
Een breed scala aan hernieuwbare zuurstofhoudende moleculen, waaronder
methanol, ethanol, 1,2-ethaandiol, glycerol, sorbitol en glucose zijn al gebruikt
voor het produceren van waterstof via het APR proces. Omdat glycerol beschikbaar
is in grote hoeveelheden als bijproduct van de productie van biodiesel, is het
een erg geschikte bron voor de duurzame productie van waterstof. Glycerol kan
bovendien ook worden verkregen uit andere biomassabronnen zoals cellulose
en hemicellulose. Door de grote volumes glycerol die door de ontwikkelingen
in de biodieselindustrie en elders beschikbaar zijn gekomen, zijn nieuwe
manieren om deze grote hoeveelheden glycerol om te zetten in waardevolle
producten hard nodig. Hoewel het bekend is dat glycerol omgezet kan worden
in H2 en CO2 via een APR reactie, zijn er nog aanzienlijke wetenschappelijke en
technologische uitdagingen rond dit proces. Daaronder vallen onder meer het
probleem van selectieve waterstofvorming, het vermogen van de katalysator om
te werken met ongezuiverde, ruwe glycerol en de stabiliteit van de heterogene
katalysatoren onder de veeleisende hydrothermale condities van een APR reactie.
Met betrekking tot het selectiviteitsprobleem kan worden opgemerkt dat het
mengsel van H2 en CO2 dat wordt gevormd niet thermodynamisch stabiel is
bij lage temperaturen. Methaanvorming en Fisher-Tropsch-achtige reacties zijn
dan ook mogelijk die uiteindelijk leiden tot een lagere H2-selectiviteit van het
proces. APR reacties worden over het algemeen gekatalyseerd door heterogene,
gedragen metaalkatalysatoren, waarvan bekend is dat zowel de keuze voor het
(bi)metaal als de keuze voor het dragermateriaal grote invloed kan hebben op de
activiteit en selectiviteit van het proces (zie Hoofdstuk 1). Zure dragermaterialen
katalyseren bijvoorbeeld ongewenste C-O splitsingsreacties en kunnen daarom
het beste worden vermeden wanneer productie van waterstof wordt nagestreefd.
Wat betreft de keuze van het metaal, levert het gebruik van platinadeeltjes van
nanometerafmetingen vaak de beste resultaten op. De selectiviteit en activiteit
van een Pt katalysator kan verder nog worden verbeterd door gebruik te maken
van Pt-legeringen, die bijvoorbeeld de vorming van alkanen onderdrukken of de
water-gas-shift reactie beter katalyseren.
Het ontwikkelen van nieuwe en verbeterde katalysatormaterialen vraagt om
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systemen die actief zijn in zowel de reforming- als de water-gas-shift reactie, terwijl
tegelijkertijd de zuur-gekatalyseerde vorming van alkanen onderdrukt zal moeten
worden. Hoofdstuk 2 beschrijft de ontwikkeling van zo’n katalysatorsysteem
voor de selectieve productie van H2. Een basisch dragermateriaal is gebruikt om
de vorming van alkanen en hierdoor het verlies van H2-selectiviteit te voorkomen.
Gemengde oxides van het type Mg(Al)O - een klasse vaste materialen met
variabele basiciteit - zijn gebruikt als dragermaterialen voor de synthese van
Pt-bevattende APR katalysatoren. De gemengde oxides zijn verkregen door
zogenaamde gelaagde dubbele hydroxiden (Layered Double Hydroxides, afgekort
als LDHs) te calcineren. De APR reacties werden uitgevoerd onder 'semi-batch'
omstandigheden, een betrouwbare methode voor de initiële screening van
katalysatorselectiviteit voor dit type reacties. Het bleek dat zowel de Mg/Al ratio
als de calcinatietemperatuur van invloed zijn op de uiteindelijke katalytische
activiteit. Hogere calcinatietemperaturen resulteerden in een afname van de
waterstofselectiviteit en wanneer LDH-materialen met een hogere Mg/Al ratio
werden gebruikt nam de initiële waterstofselectiviteit toe. Bovendien bleek dat
de gemengde oxides die gebruikt waren als dragermateriaal tijdens de reactie
terug reageerden naar de originele LDH structuur, een proces ook wel een retrotopotactische omzetting wordt genoemd. De Pt/Mg(Al)O katalysatoren gaven
echter betere resultaten dan een Pt/LDH katalysator, een materiaal waarbij
de drager tijdens de katalysatorbereiding geen calcinatiestap had ondergaan.
Dat de calcinatiestap een betere katalysator oplevert, komt omdat de LDH
materialen die tijdens de reactie via de retro-topotactische omzetting worden
gevormd meer basisch zijn dan de originele LDHs. Naast de invloed van het
oxidische dragermateriaal werd ook de invloed van het legeren van Pt met een
ander metaal op de APR activiteit bestudeerd. Het gebruik van Cu als tweede
metaal naast Pt laat zien dat een grotere selectiviteit naar H2 bereikt kan worden
door de vorming van methaan te onderdrukken. “Extended X-ray Absorption
Fine Structure Spectroscopy” (EXAFS) metingen zijn uitgevoerd om een beter
beeld te krijgen van de interactie tussen Pt en Cu. De EXAFS data liet zien dat
er naast monometallisch Pt en Cu ook een bimetallische fase gevormd was.
Deze bimetallische fase wordt gedacht de oorzaak te zijn van de verminderde
methaanvorming.
De veelbelovende resultaten die zijn behaald met de nieuwe Pt/Mg(Al)O
katalysatoren in de APR van glycerol zijn verder uitgewerkt in Hoofdstuk 3. Hier
word de invloed van de samenstelling van het dragermateriaal op de APR van
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glycerol bestudeerd. In het bijzonder is gekeken naar de invloed van variatie van
het specifieke bivalente metaal in de oxides. Zo zijn katalysatoren gesynthetiseerd
bestaande uit platinadeeltjes op gemengde oxides, verkregen door calcinatie van
LDHs waarin de magnesiumkationen (gedeeltelijk) zijn vervangen door kobalt
en koper. Het bleek dat zowel de zuurgraad van het dragermateriaal als de
redox-eigenschappen van de metalen veel invloed hebben op de uiteindelijke
productselectiviteit. De hoogste H2 selectiviteit werd bereikt met de originele Pt/
Mg(Al)O katalysator, die ook het meest basisch was. De aanwezigheid van Co en Cu
in het dragermateriaal leidde tot een sterke afname van de hoeveelheid gevormde
H2 en resulteerde in de vorming van 1,2-propaandiol via de hydrogenolyse van
glycerol (met een opbrengst van 44.1%). Dat deze hydrogenolysereactie ook
optreedt in een waterstofvrije atmosfeer komt omdat het benodigde waterstof
wordt gevormd via de APR reactie, die ook in beperkte mate plaatsvindt.
Zoals eerder aangegeven is de glycerolfractie, die wordt gevormd als
bijproduct in de productie van biodiesel, een ruwe fractie die nog diverse
onzuiverheden zoals zouten, zeepresten, methanol en loog bevat. Afhankelijk
van het biodieselproductieproces en de toegepaste zuiveringsstappen kunnen
al deze onzuiverheden in meer of mindere mate aanwezig zijn. Het ligt in de lijn
der verwachting dat deze onzuiverheden van (grote) invloed zijn op het APR
proces, bijvoorbeeld door de katalysator te deactiveren of vergiftigen en hierdoor
de activiteit te verlagen. In Hoofdstuk 4 wordt de APR van ruwe glycerol en de
invloed van de diverse onzuiverheden op de APR activiteit bestudeerd. Deze
onzuivere glycerol is afkomstig uit een industrieel proces. Een aantal koolstof-,
alumina-, en metaaloxide-gedragen Pt-katalysatoren zijn getest in de APR reactie
met ruwe glycerol. De resultaten laten een (dramatische) afname in de activiteit
zien ten opzichte van pure glycerol waarbij de activiteit van de standaard Pt/
Al2O3 katalysator zelfs vrijwel volledig onderdrukt werd. De oorzaak van dit
verlies in activiteit werd achterhaald door mengsels die de samenstelling van
ruwe glycerol (deels) nabootsen te gebruiken. Natriumzouten van de vetzuren
oliezuur en stearinezuur bleken te adsorberen op de katalysator en hiermee de
katalytische activiteit te onderdrukken. Deze enorme afname van de activiteit kon
gedeeltelijk worden voorkomen door actieve kool, ontdaan van zuurstofhoudende
functionele groepen op het oppervlak door een warmtebehandeling, toe te
voegen aan de reactie. De originele waterstofproductie kon inderdaad hiermee
deels worden hersteld. Het toevoegen van de actieve kool voorkomt adsorptie
van stearinezuur, dat gevormd wordt tijdens de reactie door de hydrogenering
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van natrium oleaat, op de katalysator. Analyse van de vaste stoffen aan het
eind van de reactie liet inderdaad zien dat het stearinezuur alleen geadsorbeerd
was op de actieve kool. Waterstofproductie met ruwe glycerol over
de Pt/Mg(Al)O katalysator (17%) bleek aanzienlijk hoger te zijn dan over Pt/Al2O3
(1%). Dit verschil kon worden verklaard door de hydrothermale instabiliteit van de
Mg(Al)O drager die onder reactieomstandigheden wederom terug transformeert
naar een LDH structuur. Tijdens deze faseverandering konden in het geval van
ruwe glycerol nu oleaat en stearaat ionen worden opgenomen in de LDH structuur
waardoor deze onzuiverheden uit het reactiemengsel verwijderd werden en de
waterstofproductie aanzienlijk toenam.
De APR reactie van het op een na meest voorkomende polyol, xylitol,
werd in detail bestudeerd in Hoofdstuk 5. Xylitol is een veelbelovend substraat
voor de productie van H2 via het APR proces en kan op grote schaal worden
verkregen uit de hydrogenatie van de hemicellulosefractie van lignocellulosische
biomassa. De Mg(Al)O-gedragen Pt en Pt-Cu katalysatoren die zijn beschreven
in Hoofdstuk 2 en de standaard Pt/Al2O3 katalysator werden getest in APR
reacties met xylitol. Zowel een 'semi-batch' reactor als een propstroomreactor
waarin de reactantoplossing continu over een katalysatorbed gevoerd wordt, zijn
gebruikt om de activiteit van deze katalysatormaterialen in de APR van xylitol in
detail te bestuderen. Van de geteste katalysatoren bleek Pt/Mg(Al)O de hoogste
selectiviteit naar gassen te vertonen. Hoewel het bekend is dat de aluminadrager van de Pt/γ-Al2O3 katalysator omgezet wordt tot boehmiet door hydratatie
onder hydrothermale omstandigheden, bleek uit stabiliteitsstudies dat deze
overgang onderdrukt wordt bij reacties met xylitol. De Mg(Al)O drager keerde wel
terug naar de oorspronkelijke LDH structuur. Experimenten in de stroomreactor
lieten zien dat de doorstroomsnelheid en de temperatuur van invloed zijn op de
katalysatoractiviteit. Toename van de doorstroomsnelheid op basis van gewicht
van xylitol (WHSV) van 1.2 naar 1.8 h-1 leidde tot een beter waterstofproductie
over Pt/Mg(Al)O. Een verdere toename resulteerde in een te kort contact van
xylitol met de katalysator en daardoor een lagere H2-productie. De katalysator
met de Pt-Cu legering was wel actief in de APR van xylitol maar produceerde
met dit substraat minder H2. Verhogen van de temperatuur leidde verder zoals
verwacht tot een significant hogere conversie van xylitol, maar had weinig effect
op de waterstofproductie. Dit kon worden verklaard door toegenomen vorming
van vloeibare producten.
Het doel van het werk dat beschreven staat in dit proefschrift was het
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verkrijgen van nieuwe inzichten in de APR reactie van hernieuwbare substraten,
zoals glycerol en xylitol. glycerol en xylitol in het bijzonder. De studie naar het
effect van de chemische samenstelling en voorbehandeling van de katalysator
op de activiteit en waterstofselectiviteit heeft geleid tot een beter begrip
van de benodigde eigenschappen van goede katalysatoren voor de gewenste
activiteit, selectiviteit en stabiliteit in het APR proces. Bovendien is voor het eerst
systematisch gekeken naar de invloed van de onzuiverheden in ruwe glycerol
op de activiteit van de katalysator. De beschreven resultaten zullen leiden tot
meer begrip van de invloed die het dragermateriaal en de bimetallische systemen
uitoefenen op de APR van glycerol.
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