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ABSTRACT

A novel Alkaline Thermal Treatment (ATT) reaction has been proposed as a unique bio-
energy with carbon capture & sequestration (BECCS) approach. While our previous study
demonstrated that high purity H, can be produced from cellulose with a Ca(OH), and 10%
Ni/ZrO, mixture while suppressing CO, formation, its complex reaction pathways are not
understood. In order to decouple the solid and gas-phase catalytic reactions and improve
the overall ATT of biomass, in-situ and ex-situ catalystic ATT reactions have been carried
out. A screening of low loading Fe, Cu, Co, Pd, Pt and Ni catalysts showed that Ni was
capable of significantly enhancing H, production when placed in-situ or ex-situ. This
suggested that the ATT of cellulose involves the reforming of intermediates (i.e., gaseous
hydrocarbons) to H,. Catalyst development and reactor design should consider both solid-

Hydrogen phase and gas-phase reactions in order to maximize the potential of this BECCS
Calcium hydroxide technology.
Reforming © 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Nickel
Catalyst

projected, it is important to develop technologies that allow
Introduction

for greener pathways of energy production. The combustion
of biomass is often energetically inefficient due to its high

Global energy consumption is expected to increase by 56%
by 2040 [1], with the majority of the demand coming from
non-OECD countries. Many of these countries use biomass
as the primary energy source for cooking and heating, and
as their increased use of biomass and fossil fuels is

moisture content and low energy density [2]. Furthermore,
concerns over climate change and anthropogenic CO,
require energy conversion pathways with a reduced carbon
footprint. By integrating a carbon sequestration scheme into
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biomass conversion, the technology could not only be
carbon-neutral, but potentially carbon-negative; such tech-
nologies are called BECCS (Bio-Energy with Carbon Capture
and Storage) [3]. Previous work [4,5] has shown that model
biomass compounds (e.g., glucose and cellulose) can be
converted to H, with suppressed COy production via an
Alkaline Thermal Treatment (ATT) with NaOH. Our recent
study also showed that other hydroxides including Ca(OH),
can also facilitate the ATT of biomass, particularly in the
presence of Ni-based catalysts, although its exact mecha-
nism is still unknown [6].

The role of calcium-based compounds on cellulose con-
version reactions is documented to some degree in literature,
although not specifically for the ATT process. For instance,
CaO has been reported to promote the water-gas shift (WGS)
reaction, and hence, H, production by acting as a CO, sorbent
[7—9]. Others also reported that CaO and Ca(OH), are effective
in improving the yield of H, through the cracking of tars and
gasification of chars to light gases during biomass conversion
[9—12]. Similarly, our previous study on the enhanced WGS
reaction in the presence of Mg(OH), slurry revealed that in-
situ mineralization of CO, can significantly improve the H,
formation from syn-gas [13].

Even the addition of relatively inert materials such as alkali
earth metal chlorides (e.g., CaCl,) can also impact the extent of
cellulose pyrolysis by increasing the amount of low molecular
weight products from the cracking of levoglucosan and 5-HMF
[14]. In general, the decomposition of cellulose into lower
molecular weight products is the desired route as it is known
that small organic compounds such as formic, glycolic and
acetic acid can readily be converted to light gases [4,15—17].
Studies have shown that the type of metal cation (e.g., Na, K,
Ca) may also play an important role in biomass pyrolysis
[18,19].

Furthermore, there are specific studies related to biomass
degradation in the presence of alkali. The alkaline degra-
dation of cellulose is a complex multi-step process including
end-wise degradation (also known as ‘peeling’ or ‘unzip-
ping’), random alkaline scission as well as oxidative alkaline
degradation [20,21]. In the presence of alkali, main degra-
dation products of cellulose via the peeling process is 3-
deoxy-2-C-(hydroxymethyl)-erythro- and threo-pen-tonic
acids (D-glucoisosaccharinic acids) [21]. The addition of
calcium ions has shown to enhance such cellulose degra-
dation process by catalysing the conversion of cellulose
decomposition intermediates to D-glucoisosaccharinic acids
[22]. At temperatures above 443 K, random alkaline scission
of the B-1,4-glycosidic linkages also occurs and thus results
in further cellulose degradation through the “peeling” of the
cellulose fragments [23]. Studies on the alkaline degradation
of monosaccharides explain how calcium catalyses benzilic
acid rearrangement to promote the production of glucoiso-
saccharinic acids, whereas NaOH degrades mono-
saccharides via the fragmentation to glycolic and formic
acids [24,25]. While the ATT of cellulose is not identical to
the aforementioned reactions and processes it provides an
understanding of how the fragmentation of cellulose occurs
under alkaline conditions and foundation for the discussion
in this study.

In addition to the presence of hydroxide, catalysts also
play an important role in the ATT of cellulose. Nickel is one
of the most popular catalytic metals due to its low cost,
proven catalytic reforming ability, and ability to promote H,
yield from various feed-stocks in a multitude of reaction
conditions [26—33]. Studies have shown that Ni is effective at
reducing the oxygen content of the oxygenated biomass
derivatives, degrading tar [32] as well as promoting H, pro-
duction during the pyrolysis of biomass [34]. In the super-
critical water (SCW) regime, transition metals such as Ni and
Pt have been reported to accelerate steam reforming,
methanation, and the cleavage of C-O and C-C bonds [35].
However, precious metal catalysts such as Pt are generally
used for the aqueous phase reforming (APR) of small sugar
alcohols and oxygenated biomass derivatives to H, [36,37].
Extensive literature exists on the conversion of biomass to
H, via pyrolysis, gasification and hydrothermal gasification,
in the presence of Ni [26—31], yet they do not focus specif-
ically on the mechanisms involved.

Recently, significant efforts have been focused on the
development of catalysts from earth abundant materials (e.g.,
Fe and Cu). Copper has been shown to be an effective stabi-
lizer [38] while simultaneously promoting the WGS reaction
[36,39], and the reforming of small biomass-derived com-
pounds such as methanol (in SCW) [40,41] and glycerol (for
APR) [36]. Co is also reported to be effective in promoting the
WGS [42] as well as decomposing tars [42—44].

While these catalysts haven been effective at converting
biomass into smaller molecules, it is difficult to predict their
activities in the presence of large amount of hydroxides since
in-situ carbon capture via mineral carbonation could signifi-
cantly shift the overall reaction equilibrium as well as
generate intermediates from biomass. Thus, in this study, the
pathway of H, production from cellulose via ATT, illustrated
as Eq. (1), is investigated in the presence of a series of sup-
ported metal catalysts (i.e., Fe, Cu, Co, Pd, Pt and Ni).

CgH1005 + 6Ca(OH), + H,0—12H, + 6CaCOs (1)

In addition, in-situ and ex-situ catalytic reactions (Fig. 1)
are performed, in order to investigate whether solid phase or
gas phase reactions dominate the ATT of cellulose. The con-
clusions of this study bear a significant impact on whether
this technology can be scaled up, since catalyst recyclability,
lifetime, and environmental concerns are significant and
challenging. Finding a catalyst that retains its activity for H,
production even when placed ex-situ of the ATT reaction
would be the most optimal solution.

Materials & methods
Catalyst synthesis

Low-loading catalysts were synthesized using the incipient
wetness technique whereby the metal of choice (i.e., Fe, Cu,
Co, Pd, Pt and Ni) was impregnated into the support (i.e.,
a-Al,03 and Zr0O,) via a metal salt solution. The amount and
concentration of the solution needed to deposit a known
quantity of metal was calculated by the water uptake capacity
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Fig. 1 — Experimental setup illustrating catalyst placement
(in-situ vs. ex-situ) and sample collection points.

of the support material. High-loading catalysts on the other
hand were prepared via the slurry method as described in
previous work [6]. The properties of the synthesized catalyst
particles are summarized in Table 1.

The metal wt% in each catalyst corresponded to four times
of a theoretical monolayer coverage related to the surface area
of the support and the size of the metal atom except in a few
select cases (i.e., 10 wt% Ni/a-Al,03, 0.48 wt% Ni/ZrO, and 10 wt
% Ni/ZrO,). Thus, different metal loadings were used for each
element due to their varying atomic radii and molecular
weight. A theoretical coverage of four mono-layers was cho-
sen to keep the metal loading relatively low when compared
to the 10 wt% used in previous studies [6] while simulta-
neously attempting to fully coat the support surface.

The impregnated supports were then dried at 363 K
overnight followed by calcination in air while heating at a
rate of 0.4 K/min to 563 K, followed by an isothermal treat-
ment of 2 h. The supported catalysts were then reduced in

Table 1 — Properties of prepared supported metal

catalysts.

Catalyst BET specific Average particle
surface area (m?/g) size (nm)

a-Al,03 14 95.1
Zr0, 87.6 226.8
0.48% Ni/a-AlLO3 1.7 66.8
10% Ni/a-Al,03 0.5 177.9
0.48% Ni/ZrO, 78.5 97.2
10% Ni/ZrO, 71.0 139.9
0.55% Cu/a-Al,03 1.7 55.5
0.42% Fe/a-Al,03 1.6 56.8
0.46% Co/a-Al,03 2.0 52.7
1.12% Pt/a-Al,03 1.6 47.8
0.68% Pd/a-Al,03 1.1 70.7

pure H, at 773 K for 1 h, followed by a passivation step at
293 K. Passivation was performed by flowing 1% O, + 99% N,
over the catalyst to oxidize the surface defect sites, in order to
protect the metal from bulk oxidation when exposed to the
ambient air. Inclusion of this passivation step resulted in
increased conversion for all the catalysts, with the nickel
based ZrO, catalyst showing higher conversion than in pre-
viously published work [6].

Sample preparation

Reaction samples were prepared by combining Ca(OH), pow-
der (Acros) with cellulose powder (Acros, micro-crystalline
50 um particle size) at a 6:1 M ratio according to the stoichi-
ometry given in Eq. (1). Catalyst was then added (except in
baseline measurements) in order to create an overall mixture
of which 20 wt% of the sample was catalyst. A small amount of
water was added to the mixed powder sample in order to
further promote mixing and create a sample paste. The paste
was then shaped into a pellet and housed between two pieces
of quartz wool inside a 1.05 cm I.D. quartz tube, which acted as
the reaction vessel. Previous experiments have shown that
quartz was inert during the ATT reactions [6]. The quartz tube
was then placed inside the furnace, which was housed in an
outer hotbox in order to keep all of the reactor lines heated.

In-situ and ex-situ catalytic reactions

Two reaction schemes were developed whereby the place-
ment of the prepared catalyst was altered in order to elucidate
the pathways of H, production from the ATT of cellulose
(Fig. 1). Cellulose and Ca(OH), mixtures were always placed in
Zone 1, whereas the catalyst could be placed in both Zone 1 or
2. If the catalyst was placed in Zone 1 (denoted as the “in-situ”
case), intimate contact between the reactants and the catalyst
particles was achieved, therefore allowing solid-solid as well
as gas phase catalytic reactions to take place. On the other
hand, placing the catalyst in Zone 2 (denoted as the “ex-situ”
case) prevented any direct solid-solid contact between the
catalyst and the cellulose and Ca(OH), mixture. Thus, any
catalytic effect would arise only from the interactions be-
tween the catalyst and the gaseous compounds produced
upstream via the ATT of cellulose and Ca(OH),.

Reaction conditions

Initially, N, flowed at a rate of 20 mL/min to purge the reactor
of O,. The purge was deemed complete once the micro-GC
could not longer detect any O, in the exiting gas. The reac-
tion was then initiated by heating the furnace and the outer
hotbox to 373 K at a rate of 4 K/min and holding isothermally
for a period of 20 min. This allowed the sample to dry prior to
the reaction. After the 20-min isothermal period, liquid water
was injected into the hotbox at a flow rate of 0.007 mL/min to
create steam for the ATT reaction. The reactor was then
heated to 773 K at a rate of 4 K/min. After the temperature
ramping phase, the reactor was kept at isothermal conditions
for 3 h, while collecting the gas and liquid samples. Light gases
were analysed in quasi real-time, while solid and liquid
samples were extracted from the quartz tube and the


http://dx.doi.org/10.1016/j.ijhydene.2017.08.059
http://dx.doi.org/10.1016/j.ijhydene.2017.08.059

25906

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 42 (2017) 25903—25913

condenser respectively, for analyses after cooling the entire
system.

Analyses of gas and solid samples

As shown in Fig. 1, there were three sampling points for gas,
liquid and solid samples. Light gases such as H,, CO, CO,, CH,,
C,Hg, and C,H, were quantified using an Inficon micro-GC
3000 with a sampling time of approximately 2.5 min. The
sampling time was fast enough to generate kinetic curves for
the formation of the light gaseous species including H,. The
light gases were also collected in a tedlar gasbag downstream
of the micro-GC for the final analysis to determine the overall
conversion to H, based on the reaction stoichiometry given in
Eq. (1). All the experimental results were normalized to the
moles of cellulose used in order to enable accurate
comparisons.

Solid samples were collected post-reaction and analysed
using a UIC Total Carbon (TC) analyser, which oxidized the
samples in a pure O, atmosphere at 1173 K to liberate all of the
carbon in the sample as CO,. The amount of CO, released was
then correlated to the total carbon content of the sample.
Total Inorganic Carbon (TIC) analysis (acid digestion) was also
used to quantify the amount of inorganic carbon (CaCOj3) via
in-situ CO, capture.

Results and discussion

Low-loading metal catalysts on gas yields of cellulose
pyrolysis

In order to compare the conventional pyrolysis of cellulose to
the proposed ATT scheme, a series of experiments were per-
formed using mixtures of the prepared catalysts and cellulose
without any Ca(OH),. Fig. 2 illustrates that at relatively low
metal loadings (« 10 wt%), Pt, Pd and Ni catalysts slightly in-
crease the yield of H,, although the overall extents of H, pro-
duction are not significant, in comparison to non-catalytic
pyrolysis. Furthermore, there is no observable trend on CO,
CO, and CH, production, suggesting that for the purposes of

0.4
BN K BN O EE CO, HE CH
3 7 937 0.7%
g3
2 8
8 6 0.2
&
-}
s E -
2Eo1
0.0-=5
&
&f
\o\‘\
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Non-Catalytic 0.48 wt¥% supported on a-AlO,

Fig. 2 — Effect of various low-loading metal catalysts
supported on a-Al,0; on the yields of H,, CO, CO, and CH,
during cellulose pyrolysis.

this study, any effect of the investigated catalysts on cellulose
pyrolysis is not significant.

Effects of various metal catalysts on H, formation from
Cellulose and Ca(OH), mixture via ATT

A series of experiments was designed to compare the catalytic
effects of various metals on the ATT of cellulose in terms of
both gas-phase and solid-phase reactions. Here, metal cata-
lysts were placed in in-situ and ex-situ of the ATT reaction
between cellulose and Ca(OH),. As shown in Fig. 3, there are
significant differences between the H, produced through the
in-situ and ex-situ placement of the catalysts, particularly for
Ni.

As a baseline measurement, the ATT of cellulose was
performed in the absence of catalyst and only with the cata-
lyst support material (i.e., ATT with «-Al,03). These two cases
are compared with the cellulose pyrolysis data from Fig. 2. In
both cases, notable amounts of H, formation is observed,
indicating that the presence of hydroxide (i.e., Ca(OH),) is
critical to produce H, from cellulose. The presence of a-Al,05
slightly increases the yield of H, from ATT of cellulose, but the
difference is relatively minor.

Comparing the in-situ cases with the baseline data asso-
ciated with the non-catalytic ATT of cellulose, metals such as
Fe and Cu show minimal activity. The minor enhancements in
the in-situ H, production from 4.3% to 5.0% are small in
comparison to the baselines, thus Fe and Cu are eliminated
from the subsequent studies.

The next set of metals, Co, Pt and Pd, show interesting ef-
fects on H, formation, with Pd and Pt leading to improved in-
situ H, yields (8.6% and 8.4% respectively). On the other hand,
when placed downstream of the reactants (cellulose and
Ca(OH),), the H, yields remain similar to that of non-catalytic
ATT of cellulose. These findings suggest that the mechanisms
of H, formation in the presence of low-loading Co, Pd and Pt
catalysts are dominated by solid-phase catalysis therefore
indicating that the placement of catalysts plays an important
role in the ATT of cellulose.

Comparing all the cases investigated, Ni is the most
effective catalyst for cellulose ATT with the highest in-situ
conversion to Hp: 12.0%. When the same Ni catalyst was
tested in the pyrolysis reaction (Fig. 2), the conversion to H,
was only 0.7%, therefore indicating that the presence of
Ca(OH), is necessary in order for the Ni catalyst to produce H,.

The most interesting finding is the comparison between
the in-situ and ex-situ cases for the ATT of cellulose in the
presence of the Ni-based catalyst. Unlike other catalytic cases,
Ni catalyst shows an enhancement in H, production in both
reaction schemes, yet the overall conversion to Hj is still less
in the ex-situ case than the in-situ case (7.6% versus 12.0%,
respectively). Ex-situ placement of the Ni-based catalyst sep-
arates the reactants (cellulose and Ca(OH),) from the catalyst,
therefore the difference in conversion between the non-
catalytic case and the ex-situ Ni case shown in Fig. 3 (a) can
be attributed to the conversion of gaseous intermediates/by-
products generated via the non-catalytic ATT reaction. This
suggests that although the intermediates formed during cel-
lulose ATT are not fully identified at this time, the Ni catalyst
promotes both solid phase and gas phase reactions associated
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with the reaction between cellulose and Ca(OH), Therefore,
amongst the tested metals, the Ni-based catalyst is the best
candidate for the ATT of biomass and allows for greater flex-
ibility when optimizing future reactor designs.

The novelty of the ATT of biomass is its ability to produce
H, with supressed CO, formation by locking the carbon into a
stable carbonate form. Hence, in order to further investigate
the reaction pathways of cellulose ATT, it is important to
analyse other gaseous products (e.g., CO, CO,, and CHy). As
shown in Fig. 3 (b), no general trends for CO, CO, and CH,
formations seem to be apparent for all ATT cases, particularly
for in-situ cases. However, when the catalysts (Co, Pd, Pt and
Ni) were placed downstream of the ATT reaction (ex-situ
case), the amount of CO, in the gaseous product notably in-
creases while the in-situ cases show no noticeable increase in
the amount of CO, when comparing to the non-catalytic ATT
level. This suggests that CO, and H, formation are related and
that Ca(OH), is acting as an in-situ CO, sorbent as well as a
reactant that promotes H, production. Specifically, in-situ CO,
capture by Ca(OH), is demonstrated by the low CO, concen-
tration observed in the in-situ reaction with Ni. Even at the
highest H, formation, the level of CO, is maintained similar to
that of the non-catalytic ATT reaction illustrating a promising
BECCS potential.

This dual effect of Ca(OH), is expected as it has been shown
that the addition of either CaO or Ca(OH), in gasification re-
actions can promote the yield of H, from biomass. This is due
to the cracking of larger compounds, however the precise
mechanism is not detailed [9-12]. Since Ni shows a greater
effect over other metals studied and is less expensive than
metals such as Pt and Pd (according to the latest S&P indices),
subsequent experiments focused on understanding the ATT
reaction pathways of H, production over various Ni-based
catalysts.

Effect of Ni loading on the ATT of cellulose

To further investigate the complex reaction pathways of the
ATT of cellulose in both gas and solid phases, catalysts with
two different Ni-loadings (0.48 and 10 wt%) were prepared and
their gaseous formation behaviours was studied. Figs. 4 and 5
show the formation rates of the main gases of interest (i.e., Hy,
CO, CO, and CHy) as a function of temperature when cellulose
was reacted with Ca(OH), with and without the Ni/a-Al,03
catalyst.

The first interesting observation is that the placement of
the catalyst (i.e., in-situ or ex-situ) does not cause a shift in the
peak formation temperatures for H, occurring at ~640 K and
~770 K (Fig. 4). This suggests that the primary pathways of H,
production in the presence of Ni/a-Al,0; catalyst does not
change by placing the catalyst in contact with the biomass/
hydroxide solid mixture or downstream only for subsequent
gas reforming. The first H, generation curves are similar for all
three cases (i.e., non-catalytic ATT, in-situ catalytic ATT and
ex-situ catalytic ATT) illustrating that Ni-based catalyst is not
effective at enhancing the first reaction pathway of H, for-
mation via cellulose ATT. The majority of the enhancement in
H, formation occurs at elevated temperatures (>700 K). This is
expected since Ni is known to enhance the cracking of higher
molecular weight hydrocarbons and oxygenates at elevated

temperatures in order to produce H, [45—48]. The difference
between formation curves of the in-situ and ex-situ cases
shown in Fig. 4 (a), suggests that Ni-based catalyst is involved
in both the breakdown of cellulose, and the conversion of the
gaseous intermediates to H,. Based on Fig. 4 (b) and (d), H»
production mechanisms such as the water-gas shift (WGS)
reaction and steam methane reforming (SMR) may be ruled
out since CO and CH, concentrations in the gaseous product
stream do not change significantly between all three cases.
The major difference is the increased CO, formation at higher
reaction temperatures when the Ni catalyst is placed ex-situ.
In other words, the formation of H, over the Ni catalyst via
gas reforming results in CO, as by-product, which cannot be
captured since it generated downstream of Ca(OH),.

The ATT of cellulose in the presence of 0.48 wt% Ni/a-Al,03
catalyst shown in Fig. 4 has provided important insights into
how this complex and yet unique biomass conversion to H,
occurs. However, the overall cellulose conversion to H, is
limited to only 12.0%. Consequently, a higher loading Ni/
a-Al,O5 catalyst (10 wt%) was tested in order to determine
whether the reaction was limited by low metal content.

As shown in Fig. 5, the formation of H, increases, with an
overall cellulose conversion to H, of 16.6% and 13.3% for in-
situ and ex-situ cases, respectively. When comparing the
10 wt% Ni/a-Al,O3 (Fig. 5) to the 0.48 wt% Ni/a-Al, O3 (Fig. 4)
catalyst, the peak H, formation temperatures and trends are
quite similar; H, is produced in conjunction with CO,, and
there is little evidence of the WGS and SMR reactions.
Furthermore, although there is a slight enhancement
observed in the first peak at 640 K in the case of 10 wt%
Ni/a-Al,05, the majority of the H, is still produced at elevated
temperatures: >700 K.

The H, formation curves alone are not enough to explain
how the ATT of cellulose produces H,. However, the strong
correlation between H, and CO, concentrations in the gaseous
product stream (illustrated in Fig. 5 (a) and (c) as well as Fig. 4)
suggests that H, formation may not be dominated by solid-
solid catalysis but rather by the gaseous reforming of hydro-
carbons. Thus, the placement of the Ni-based catalyst is
important for the enhanced H, production via ATT, while the
proximity of hydroxide to the catalyst determines the extent
of carbon capture during the biomass conversion.

Effect of surface area of catalyst support on the ATT of
cellulose

Originally, it was hypothesized that the ATT of biomass was
likely dominated by solid-solid interactions between the cel-
lulose, Ca(OH), and 10% Ni/ZrO, particles. Under this
assumption, mass transfer limitations are significant and a
high surface area catalyst would be largely ineffective at
promoting reactions that are dependent on the interfacial
area between the particles. However, the findings from the in-
situ and ex-situ studies highlighted the importance of the gas
phase catalysis for H, production; therefore, a higher surface
area support (i.e., ZrO,) was selected to further investigate the
ATT of cellulose.

Four sets of Ni-based catalysts were prepared using low
surface area a-Al,03 (1.4 m%g) and high surface area ZrO,
(87.6 m?/g) for Zr0O,) with different Ni loadings (i.e., 0.48 wt%
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Fig. 4 — Formation Rates of H,, CO, CO,, and CH, from ATT
of cellulose in the presence of 0.48 wt% Ni/a-Al,03 placed to
promote gas and/or solid phase reactions.

and 10 wt%). As shown in Fig. 6, ZrO,-supported catalysts
show greater activities in promoting H, production
compared to those prepared with «-Al,0;. At low loading,
impregnating 0.48 wt% Ni on ZrO, instead of «-Al,03; shows
an increase in the cellulose conversion to H, from 12.0% to
17.2% and from 7.6% to 8.8% for the in-situ and ex-situ cases,
respectively.

The difference between the supports is more evident at
high Ni loadings. 10 wt% Ni/a-Al,03 results in an in-situ con-
version of 16.6%, however, the same metal loading on ZrO,
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Fig. 5 — Formation Rates of H,, CO, CO,, and CH, from ATT
of cellulose in the presence of Ni/a-Al,0; with increased
Ni-loading (10 wt%).

results in a conversion of 49.0%. Similar to the results shown
in Fig. 3, when the catalyst is placed downstream of the ATT
reaction, a higher H, formation is associated with increased
CO, concentration in the outlet gas stream (Fig. 9) due to the
absence of CO, absorbing Ca(OH),. The formation trends of
other gases (CO and CH,) are not significantly altered as
different catalyst supports are employed.

Fig. 6 illustrates that both the type of catalyst support and
the amount of Ni loading are important for enhanced H, for-
mation. To further explain the difference between the
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Fig. 6 — H,, yields from the reaction of cellulose + Ca(OH), in the presence of Ni-based catalyst supported on two separate

supports with different surface areas: o-Al,03; and ZrO,.

activities of Ni on ZrO, and «-Al,03, CO chemisorption and
BET analyses were performed.

The data in Table 2 shows that an increase in the amount
of exposed metal does not necessarily correlate linearly with
an increase in the conversion to H,. In both the case of Ni
supported on «-Al,0; and ZrO,, despite an increase in the
amount of exposed metal by factors of 9.9 and 43.1 respec-
tively, the conversion to H, does not increase by these factors.
This suggests that both «-Al,0; and ZrO,-based Ni catalysts
are not kinetically limited but rather may be limited by mass
transfer limitations through the catalyst pores. The pore size
distributions of the catalysts are shown in Fig. 7 and indicate
that ZrO, is far more mesoporous than a-Al,05, consequently
the diffusion of gases through the pores in ZrO, should be
quicker than in «-Al,03, leading to a higher catalytic conver-
sion of gaseous intermediates to H,.

From Table 2 itis evident that a higher loading corresponds
to a higher CO chemisorption value, however, this does not
imply that 10 wt% Ni loading is optimal. The metal loadings
used in this study were selected to compare the activity of
different metals at low (0.48 wt%) and relatively high (10 wt%)
metal loadings in order to establish a general trend in activity
and selectivity. Determining the optimal coverage of metal on

Table 2 — Amount of Exposed Metal in the Ni-based
catalysts prepared using «-Al,0; and high surface area

ZrO, and their performances in H, production via ATT of
cellulose.

Catalyst In-situ Exposed metal
conversion (CO chemisorption)
to Hy (%) (nmol/g)
0.48 wt% Ni/a-Al,05 12.0 1.45
10 wt% Ni/a-Al,03 16.6 14.34
0.48 wt% Ni/Zr0, 17.2 1.56
10 wt% Ni/ZrO, 49.0 67.31

the support extends beyond determining the theoretical
monolayer coverage; the synthesis procedure plays an
important role in the dispersion of metal in the final catalyst,
which will have an impact on catalytic performance. More
detailed studies are necessary to identify the optimal loading
for each metal through optimization of the synthesis
technique.

Proposed reaction pathways of H, formation via the ATT of
cellulose

The findings from the in-situ and ex-situ experiments can
now be used to elucidate the potential H, production path-
ways during the ATT of cellulose. H, production in the in-situ
cases are attributed to both solid phase and gas phase re-
actions but can be broken down into its separate components
by using ex-situ and baseline data. Fig. 8 shows how H, is
produced according to its reaction phase. At low Ni loadings
the relative amount of H, produced due to solid-solid catalysis
in comparison to the total is larger since the gas phase re-
actions are limited due to a lower quantity of exposed Ni metal
available (as listed in Table 2). However, as the Ni loading is

0.1
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Fig. 7 — Differential pore volume distribution of the fresh
10% Ni-based catalysts supported on ZrO, and a-Al,0;.
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Fig. 8 — Comparison of Ni-based catalysts prepared with
different Ni-loadings and support materials in terms of
their mechanisms of H, production from cellulose and

Ca(OH), via ATT.

increased, gas phase H, reforming becomes far more domi-
nant as shown in the case of 10 wt% Ni/ZrO,. In both the case
of ZrO, and «-Al,03, despite an approximate 20-fold increase
in Ni content (from 0.48 wt% to 10 wt%) and an increase in
exposed metal, the H, produced via solid catalysis does not
change in tandem. This indicates that the primary mecha-
nism of H, production is through gaseous reforming when Ni
loading is sufficiently high. However, considering the greater
overall H, production observed in in-situ cases compared to
ex-situ cases (shown in Fig. 3), it should also be noted that the
solid phase catalysis still plays an important role in producing
gaseous intermediates that are being reformed to H,.

Bio-Energy with Carbon Capture and Storage (BECCS)
potential of ATT of cellulose

In order to evaluate the BECCS potential of the novel ATT re-
action of biomass, it is important to investigate the distribu-
tion of carbon throughout the product streams (both solid and
gaseous streams) in addition to the H, formation behaviour.
Fig. 9 shows the fate of carbon in the solid residues and
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Fig. 9 — Comparison of Ni-based catalysts prepared with different Ni-loadings and support materials in terms of carbon

distribution in products and reaction residues.
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gaseous by-products from cellulose in the presence of various
catalysts.

Fig. 9 (a) shows that the solid residue is found to contain
both inorganic and organic carbon, with the in-situ reactions
having similar levels of organic carbon to the baseline, thus
indicating that the catalysts may only have a minor effect on
the extent of cellulose degradation. Conversely, inorganic
carbon is much higher than the baseline in the case of the most
active catalyst; 10 wt% Ni/ZrO,. This increase is caused by the
carbonation of CO, formed via the reforming of hydrocarbons
to H, and CO, over the Ni-catalyst. This is corroborated by Fig. 9
(b) that shows significant suppression of CO, in-situ, except in
the case of 10 wt% Ni/ZrO,, where some CO, is produced,
which may be attributed to the kinetics of carbonation being
slower than the kinetics of CO, formation via reforming.

The ex-situ case shows that inorganic and organic carbon
amounts are similar to the non-catalytic ATT case, which is
expected since the catalysts in each case are all placed
downstream of the cellulose and Ca(OH),. Consequently, the
yield CO, is much higher than non-catalytic case as shown in
Fig. 9 (b). The reforming reactions occur away from the
Ca(OH), and therefore there is no CO, capture material. These
results indicate that H, formation occurs primarily in the gas-
phase and all of the tested catalysts have a much smaller ef-
fect in term of solid-solid catalysis. However due to this
pathway of H, production, significant levels of CO, may only
be captured, when the catalyst is placed in-situ.

Conclusions

This study has shown that the catalytic activities of the
various metals tested for H, production follow the trend:
Ni > Pt, Pd > Co > Fe, Cu. The choice of the support is critical
in achieving a high conversion as illustrated by ZrO, sup-
ported Ni catalysts, which show much greater catalytic ac-
tivity than their a-Al,0; counterparts. This is due to their
larger surface area, increased metal dispersion and larger
fraction of mesopores. It was found that H, production is
controlled through the reforming of gaseous intermediates
over the Ni catalyst, and although solid contact between the
catalyst and the reactants does yield slight improvements
over pure gas phase catalysis, it does not scale with the
number of exposed Ni sites. However, for suppressed CO,
formation, the catalyst must be intimately mixed with the
reactants in order to allow for the formation of CaCOs; from
the carbonation of the produced CO, with Ca(OH),. Alternate
mechanisms for H, production, such as the WGS and CH,
reforming were ruled out due to relatively low and constant
CO and CH,; formation curves. Overall, the 10% Ni/ZrO,
catalyst was the most effective at promoting H, yield, with a
maximum conversion of 49.0%. Although results from the
current study revealed that Ni showed better performance
than both precious metals (Pd and Pt) and other non-precious
metals (Co, Cu and Fe), more detailed studies are necessary
to understand the origin of the unique activity through
mechanistic studies involving the likely oxygenated in-
termediates that are present.
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