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Abstract

The catalytic steam reforming of bio-ethanol will provide a sustainable route for
renewable hydrogen production in a future hydrogen economy. Ni catalysts will be an
economically attractive alternative to noble metals. Biochar is a promising reforming catalyst
or catalyst support, having shown already good activity for tar reforming. The structure of
biochar, its inherent alkali and alkaline earth metallic species and the content of O-containing
functional groups are factors affecting its catalytic performance. A kinetic study of ethanol
steam reforming and decomposition over a biochar-supported Ni catalyst is presented in this
study in order to elucidate the role of biochar in the reaction mechanism. The effects of
temperature, space velocity and reactant partial pressure were investigated over a range of
conditions. The chemical structural features of used biochar samples were characterized with
Raman spectroscopy. Biochar itself was found to be catalytically active and participating in
ethanol reforming and decomposition. It was established that the reactions on Ni and biochar
active sites were not independent. Analysis of kinetic compensation effects showed
commonality on biochar and suggested that the rate-limiting step occurs in the
dehydrogenation pathway on the biochar surface. O-containing functional groups in biochar

were observed to reduce with reforming/decomposition time.

Keywords: Ethanol steam reforming; Nickel; Biochar; O-containing functional groups;

Reaction mechanism
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1. Introduction

Hydrogen is considered a clean and sustainable alternative energy carrier as it can be
derived from renewable biomass [1-4]. Hydrogen has traditionally been produced from the
reforming of natural gas or the gasification of coal. This however leads to high CO; emissions.
Replacing natural gas and coal with renewable biomass-derived feedstock can contribute
substantially in nullifying the environmental impact of the hydrogen production process. As
such, oxygenated compounds derived from biomass have become increasingly economically
appealing due to their abundance and availability. Bio-ethanol as a feedstock for the catalytic
steam reforming has been researched considerably due to its attainability from diverse
renewable feedstock through fermentation [5-8].

The kinetics and mechanisms of ethanol steam reforming (ESR) has been the subject of
various experimental and theoretical studies, with recent reviews having discussed the
current mechanistic understanding [9,10]. A common finding is that the metal catalyst
promotes the scission of the C-H and C-C bonds, thus the primary mechanism is dependent
on the selected metal as the catalyst.

Various metal catalysts have been investigated including Ni [11-14], Co [11], Pt [15,16],
Rh [11,17,18] and Pd [19]. The consensus is that ethanol dehydrogenates, possibly forming
acetaldehyde as a primary product, before C-C cleavage occurs leaving CO and CHy precursors,
which would then participate in secondary reactions; water-gas shift (WGS) and methane
steam reforming (MSR). The specific dehydrogenation pathway and the level of
dehydrogenation prior to C-C cleavage differs based on the metal catalyst used [20]. With
minimal trade-off in activity and much higher economic feasibility, Ni has garnered attention

and preference over noble metal catalysts for ESR. Early on, the isotopic work of Gates et al.
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[21], as well as, more recently, the periodic density functional theory (DFT) calculations of
Wang et al. [11], describe the decomposition pathway on Ni as proceeding via initial
dehydrogenation towards ethoxy and further dehydrogenation towards CH3CHO which is a
primary product. The C-C cleavage is likely to occur at the CH3CHO or CH3CO intermediates
[20].

Recent reviews presenting the progress and advances in ESR on non-noble transition
metals [22] and Ni specifically [23] have all highlighted the importance of promoters and
support materials on improving the catalyst stability and performance. Nonetheless, high-
performance catalysts, particularly if not noble metal based, rely many times on complex
formulations [24], e.g. core-shell structures, or are supported on mixed oxides, using a variety
of dopants, that unavoidably would increase the cost of catalyst production and the process
in a commercial framework.

Biochar is the solid product of biomass pyrolysis and/or partial gasification. Due to its low
cost and high porosity, it has garnered significant attention recently as a catalyst or metal
catalyst support for various reactions, including reforming, (trans)esterification and
hydrolysis [25]. The study of catalytic cracking and steam reforming of tar and its model
compounds using biochar-based catalysts has been a major literature focus [26],
demonstrating the high reforming and tar destruction activity of biochar-based catalysts [27-
30]. In addition, the energy value of the spent biochar can be recovered by combustion or
gasification further reducing energy loss and disposal cost [31-33]. Various studies have
further shown that the properties of intrinsic alkali and alkaline earth metallic (AAEM) species
in biochar contribute to its catalytic activity [33—35]. Biochar produced from pyrolysis and

subsequent gasification usually has a high concentration of O-containing functional groups



76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

[36]. Previous studies have shown the importance of the O-containing functional groups to
the activity of biochar [33,37].

Therefore, utilising biochar as a support material for Ni would allow the further reduction
of the overall cost of the reforming process and enhance its sustainability. It can further
increase the number of available sites and the available functionalities on the catalyst through
the inherent content of surface oxygen containing groups and alkali and alkaline earth metals,
potentially enhancing the catalyst stability. There is, however, an evident scarcity in literature
with regards to the use of biochar as a catalyst or support for the steam reforming of small,
non-aromatic biomass derived oxygenates and the investigation of kinetics for such reaction
processes. The steam reforming of acetic acid has been studied recently on Ni/biochar
[27,38], however no similar works exist for ethanol. The intrinsic kinetic effect a biochar
support would possibly have on the adsorption and reaction pathway in the ethanol
reforming process remains unclear.

In this work a comprehensive experimental kinetic study of ESR and ethanol
decomposition over a biochar-supported Ni catalyst is presented over a range of
experimental conditions in a fixed-bed reactor. Ethanol is selected as the simplest biomass-
derived fuel that can allow the study of the simultaneous reactions involving hydroxyl groups
and C-C bonds. The activity of biochar support during reforming was investigated and the
roles of the carbon structure of biochar, inorganic AAEM species in biochar and Ni are
distinguished. Unique reaction features are reported for the first time for this reaction
system, including the preferential adsorption and decomposition pathways of ethanol and
water on the different types of biochar sites. The possibility of interactions between the Ni

and biochar active sites was also investigated. Finally, kinetic compensation effect of the
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reaction system is studied for the first time detailing the wide range of energies on the

Ni/biochar sites, not typically observed on traditional ESR catalysts.

2. Experimental

2.1.  Sample preparation

The samples of biochar utilised were acquired from the Renergi gasification
demonstration plant at Curtin University, Australia [39]. The sample was prepared from the
pyrolysis and subsequent partial gasification of Mallee wood biomass. The gasification of the
sample took place for a duration of 5-10 minutes at temperature of 750-850°C ensuring
increased O-containing functional group concentration and in turn increased catalytic activity
[31,37]. The presence of surface O-containing functional groups on these samples, specifically
of aromatic C—0 and C = 0 structures, was confirmed via X-Ray Photoelectron
Spectroscopy in previous work [36]. The biochar sample was sieved to obtain two samples of
particle size, ranges 106-250 pm and 55-106 um, respectively. The elemental composition of
the biochar (dry and ash-free basis) was 91.5% carbon, 1.0% hydrogen, 0.7% nitrogen and
6.8% oxygen (by difference).

The Ni/biochar catalyst with 10 wt.% Ni was prepared by the commonly applied incipient
wetness impregnation method [26,27,38] using Ni(NOs)2:6H,0 obtained from Merck as the
precursor. The water saturation volume of biochar was determined and then an aqueous
solution of precursor was prepared with the same volume of water. The aqueous solution
was added to the biochar sample and stirred for 4 hours before being dried in an oven at
105°C overnight. The collected catalyst sample was calcined in Ar flow (100 ml mint) with a

ramp rate of 15°C min~to 600°C for 3 hours.
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2.2. Reactor set up

A quartz tubular fixed-bed reactor of internal diameter 10 mm was used for the catalytic
reforming and decomposition of ethanol. The catalyst bed was made up of two layers
supported on a porous plate, including a layer of quartz wool to support the bed and then the
Ni/biochar catalyst bed mixed with quartz sand to maintain bed height and smooth gas flow
through the bed. A thermocouple was placed directly above the catalyst bed to ensure
accurate temperature readings. The reactant mixture was fed by an HPLC pump. The feed
was preheated using a heating tape set at 150°C prior to reactor inlet. Mass flow controllers
(MFC) were used to control the flowrates of nitrogen and hydrogen gas, the former used as
the carrier gas and the latter used for catalyst reduction prior to the experimental run.
Connected pressure gauges were used to monitor the pressures of the gas flows.

The outlet of the reactor is connected to a three-way valve. The first outlet was connected
to a HP Agilent 6890 capillary column GC equipped with pre-column backflush, a flame
ionization detector (FID) and a thermal conductivity detector (TCD) for the analysis of total
gaseous product range at regular intervals. The second outlet was connected to three cold
traps filled with 50, 40 and 30ml of HPLC-grade CHCl3/CH3OH mixture (4:1 volume ratio) in
series [40]. The traps are cooled by an ice-water bath (0°C) and two dry-ice baths (-78°C)
respectively to collect liquid effluent, which was then analysed in a Agilent 6850 GC/5975B

MS.

2.3. Experimental conditions and parameters

Prior to experiments the catalyst was reduced at 500°C with a stream of 5% H in N, flow
of 1 L min! for 1 h. To ensure explicit kinetic control, external mass transfer was investigated
by varying the carrier gas flow rate from 0.1 to 2.5 L min'! of N2 (at 450°C and atmospheric

pressure) and observing the changes in the observed reaction rate. Internal mass transfer was

7
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investigated by varying the catalyst particle size range of the catalyst and likewise observing
the changes in reaction rate. Reaction conditions were chosen to ensure that the observed
reaction rates were controlled by the reaction kinetics. This necessitated conversion to be
low (typically below 20%) and the operating temperature to be limited up to 450°C.

Reaction temperature was varied in the range of 300-450°C with a fixed reactant H,0/C
(Cin feed) of 3 moluo/molc and N, flow of 2 L min't at atmospheric pressure. It is important
to note that initial runs were performed with no catalyst in the bed, in order to ascertain the
impact of the gas phase reactions. Negligible conversion and no discernible peaks were
observed from the gas phase reactions in the temperature range of 300°C to 450°C at H,0/C
ratio of 3.

The partial pressure of water was varied from 15.94 to 88.59 mbar with the partial
pressure of ethanol kept at 7.91 mbar. The partial pressure variation experiments were
performed at 400°C. The contact time effect was investigated by varying the reactant feed
flow from 0.5 to 3.0 ml min‘%, corresponding to a catalyst wt./flowrate of ethanol (W/Fo,ethanol)
of 58 to 349 geat s getn* (fixed catalyst weight) at 400°C with a fixed H,0/C ratio of 3 and at
atmospheric pressure. All experiments were carried out with a catalyst mass of approximately
0.1000 g.

Thermodynamic equilibrium data were obtained via the simulation of a Gibbs reactor
(Gibbs free energy minimisation) in Aspen Plus software using the Peng-Robinson equation
of state. The data were collected in terms of the parameters: conversion, selectivity and yield.

The experimental equivalents of these parameters were calculated as shown below:

Fgtn—Fgeh
Conversion: X, = % X 100%
Eth

out

Carbon selectivity of y compound: S.(y) = L S, 100%

out
X FCarbon products
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Hydrogen yield: Yy, = —2__ % 100%

In
NXFgh

where F™ and F°% represent inlet and outlet flowrates, respectively. n equals 6 and 3 for

steam reforming and decomposition experiments, respectively.

Measured ethanol consumption rates were used to construct Arrhenius plots through the
assumption of a pseudo-first-order reaction rate in ethanol partial pressure for both

reforming and decomposition experiments:

-Eq
r = kPgp; k = Ae'RT

2.4.  Biochar characterization

Raman spectroscopy has been extensively implemented in characterising the chemical
structure of biochar [41-44]. The structural features of the aromatic ring systems as well as
the O-containing functional groups of the biochar samples obtained in this study were
analysed using a Perkin-Elmer Spectrum GX FT-IR/Raman spectrometer. The procedure was
adopted from the work of Li et al. [41] and has been described in detail in a previous study
[42]. Briefly, 0.25 wt.% biochar sample was mixed with KBr and then ground and scanned. A
baseline-corrected Raman spectrum in the range of 800-1800 cm™ was fitted with 10
Gaussian bands [41]. Large aromatic ring systems with 6 or more fused benzene rings were
represented by the assigned D band at 1300 cm™?, while the Gr (1540 cm™), V| (1465 cm™) and
Vr (1380 cm™) bands represented the smaller aromatic ring systems containing 3-5 fused
benzene rings. The total Raman peak area in the spectral range of 800-1800 cm™ was used to
reflect the relative content of O-containing functional groups that generate a resonance

effect together with their attached aromatic ring systems.
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3. Results and discussion

3.1. Ethanol steam reforming catalysed by biochar supported Ni.

Figure 1a depicts the effect of reaction temperature on ESR catalysed by Ni/biochar. The
conversion of ethanol increases from 1.8% to 30% with increasing temperature from 300°C
to 450°C. The hydrogen yield observed increases concurrently with conversion, with a yield
of 21% obtained at 450°C. The observed selectivity trends in Figure 1b & c, are qualitatively
similar to the common trends in literature for ESR catalysed by Ni [14,45—-47]. The selectivity
of CH3CHO decreased while those of CO and CHs increased with temperature, these trends
being consistent with the promotion of dehydrogenation of ethanol and decomposition of
CH3CHO as temperature increases. The selectivity of CO; also increased with temperature,
which is consistent with the presence of some water-gas shift activity. However, when the
ratio of CO/CO; across the temperature range is considered, the values, though decreasing
with temperature, stay consistently above 1. Additionally, the observed CO/CHj ratio is seen
to be almost constant through the temperature range at about 1.2, indicating the lack of
strong secondary reaction activity to affect the decomposition products distribution. Ni is
typically known to promote the water-gas shift reaction at temperatures of 400°C and above,
with CO/CO; ratios approaching equilibrium values (0 to 0.2) at 450°C and higher, as is
evidenced in the results by Zhurka et al. [14] and Vicente et al. [45] of ESR catalysed by Ni
supported on inert SiO». It can therefore be inferred that the presence of biochar has in some
way altered the reaction mechanism commonly exhibited on Ni.

The Arrhenius plot for this temperature range is shown in Figure 2, from which an

apparent activation energy of about 70 kJ mol is calculated.
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Typically, during ethanol reforming over Ni catalyst [9,14,21], CO and CHa are formed from
the decomposition of ethanol. The surface adsorbed precursors of CO and CH4 undergo WGS
and MSR to produce CO; and increase H; yield. In previous studies on Ni [14,45] where there
exists only one type of active site and both the ethanol-derived species and the steam-derived
species adsorb on the same type of site, the active species of both ethanol and steam are
close enough in proximity to readily react. In this study, besides Ni, there exists two or more
different types of active sites for the, possibly preferential, adsorption of ethanol-derived
species and steam-derived species, including AAEM and, more importantly, O-containing
functional groups on the biochar surface. Depending on reaction intermediate type, the
strength of adsorption on Ni/biochar during acetic acid reforming has been seen to vary with
the amount/type of O-containing functional groups [38]. H radicals on the biochar surface
interacting with O-containing functional groups have been suggested to affect (reduce) tar
reforming reactivity [36].

It follows then that a possible strong binding of ethanol-derived species at sites different

or not in proximity to those occupied by steam-derived species would allow ethanol

12



233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

derivatives to undergo dehydrogenation to CH3CHO and decomposition towards CO and CH4
with limited probability of further reforming and performing WGS or MSR. Another
explanation could be the occurrence of a H-rich catalyst surface as a result of the
dehydrogenation and decomposition reactions. This could alter the working state of the
biochar surface or lead to a partial occupation of active sites through the consumption or
modification of O-containing functional groups, disrupting the dynamic equilibrium of all
surface species and affecting product distribution. This could also inhibit the dissociative
adsorption of H,O, leading to a scarcity of oxygen required for the promotion of secondary
reactions on the surface. An abundance of surface H-species could also affect the WGS
equilibrium and cause formed CO; to be consumed by other reactions.

The effects of varying the partial pressure of water on ethanol conversion and H; yield
were investigated and are presented in Figure 3. The experiments were conducted at a
constant overall pressure, a constant partial pressure of ethanol and a constant total
volumetric flow maintained by controlling the N; gas flow. The conversion of ethanol is
relatively constant with the observed decrease from 15.2% to 14.6% with increase in partial
pressure of water being almost within acceptable error range. Figure 3 also presents the
carbon selectivity of products with corresponding equilibrium selectivity data for this
experiment. At high partial pressures of water, the water-gas shift reaction appears to be
more promoted, with CO/CO; ratios below 1 and CO/CH4 ratio decreasing as the partial

pressure of water increases.
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It follows from our initial explanation that increasing the abundance of available steam-
derived surface species relative to ethanol-derived species would cause the possible spill-over
and interactions to be more achievable, leading to improved WGS activity. The increased
steam-derived species relative to ethanol-derived species would also mean less surface-H
from dehydrogenation and decomposition reactions. Therefore, the adsorption and
dissociation of H,O on the surface would not be as hindered causing more oxygen to be
available for secondary WGS reaction.

Figure 4 presents the effects of space time, depicted in terms of the W/F ratio (gcat S geth ™),
on the conversion of ethanol and H; yield at 400°C and a S/C ratio of 3. The ethanol conversion
and H; yield as expected increased with increased contact time. A mild slope of increase was
observed, likely related to the very low partial pressure of ethanol (8 mbar) resulting in low
observed reaction rates. Figure 4 also shows how the selectivity towards carbon-based
products evolved with changing ethanol conversion at a fixed temperature, pressure and S/C
ratio with only the W/F ratio (gcats getn ™) varied. The results show that with increased contact

time and conversion, there are small changes to the selectivities of the products.
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and CHsCHO (b) during ESR catalysed by Ni/biochar at 400°C (S/C = 3).

The observed conversion and product distribution could be due to the Ni active sites, the
AAEM in biochar and/or the carbon structure of biochar. The following sections discuss results

of experiments designed to distinguish the individual roles of these possible reaction sites.

3.2.  Ethanol steam reforming catalysed by acid-washed biochar

To further understand the role of biochar and investigate the effects of the presence of
alkali and alkaline earth metals in biochar, the effect of temperature was investigated for the
ESR reaction over a sample of biochar that was acid-washed in an aqueous solution of 1M
HNOs and then filtered and dried in a furnace overnight at 110°C. The acid-washing process
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has been shown to lead to an effective removal of AAEM species K, Mg and Ca, reaching 90%
for K content reduction for similar biochar samples from mallee wood [34].

Figure 5 shows the effect of reaction temperature on ESR catalysed by the acid-washed
biochar. The conversion in this case increased from 1.1% at 300°C to 4.1% at 450°C with the
H. yield increasing from 0.2% to 2.1%. The selectivity trend shows CH3CHO selectivity reduced
as temperature increased and concurrently the selectivities of CO and CH4 increased. This
indicates that the dehydrogenation pathway on biochar goes through CH3CHO, which
decomposed as temperature increased to form CO and CHs. The lack of CO; as stated
previously could be attributed to the possible presence of different active sites for the ethanol
derivatives and the steam derivatives as well as the occurrence of H-rich surface. The
Arrhenius plot for the acid-washed biochar catalysed reaction in this temperature range is
also shown in Figure 6, from which the apparent activation energy observed is about 30 kJ
mol 1. A more noticeable deviation from a linear fit is observed in this case, possibly due to
the very low conversion values and reaction rates of these experiments, however still an
acceptable R? value of 0.92 is obtained. The scatter in Figure 6 may also reflect true changes
in the reaction system, which are manifested in the changes in the slope of the Arrhenius plot.
The analytical equipment used in this study did not allow for a more accurate quantification
of conversion (as low as 1%) and reaction rate at the lowest temperature investigated. Further

investigation is warranted in the future.
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3.3. Ethanol steam reforming catalysed by biochar

The effect of temperature was also investigated for the ESR reaction over biochar alone
as a catalyst with results shown in Figure 7. The conversion increased with temperature from
1.5% to 8.3% with H; yield also increasing with temperature. It is observed that at similar
conversions the H; yield of the ESR catalysed by acid-washed biochar is less than that of the
biochar catalysed reaction. The observed conversion at 300°C for both biochar and acid-
washed biochar catalysts, as well as the fact that there is negligible gas phase reaction at
these conditions are indicative of biochar exhibiting catalytic behaviour for ESR. The
selectivity towards CH3CHO, CH4 and CO are all much higher than that of CO,, and the
decomposition pathway is promoted more with temperature increase as selectivity towards

CHaz and CO increase whilst that of CH3CHO decreases.
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CH4 & CH3CHO (bottom) during ESR catalysed by biochar (S/C = 3, W/Fgth = 90.9 geat 57 getn ).

More CO; formation relative to the acid-washed-biochar-catalysed reaction products is
observed. The decomposition products CHs4 and CO are also more promoted over biochar,
therefore it could be implied that the AAEM species in biochar have additional catalytic
effects. The results suggest that the presence of AAEM to some extent promotes the
decomposition pathway leading to better conversion whilst also possibly providing additional
sites for the adsorption of steam derived species and consequently better WGS activity. The
Arrhenius plot for the biochar catalysed reaction in this temperature range is shown in Figure

8 from which the apparent activation energy observed is about 39 kJ mol 2.
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336  Figure 8. Arrhenius plot of ESR catalysed by biochar (S/C = 3, W/Few = 90.9 geat S getn ).
337
338 3.4. Water-gas shift reaction catalysed by Ni/biochar

339 To elucidate the reason for the lack of WGS activity observed during the ESR catalysed by
340 Ni/biochar and gain more insight into the effects of the interactions between the different
341  active sites, WGS reaction catalysed by Ni/biochar was performed in the same temperature
342  range 300°C to 450°C and at the same H,O/C (C in CO) ratio of 3. The results presented in
343  Figure 9 show that the CO conversion to CO2 and H; increased from 5.4% to 72.7% as
344  temperature increased. It is therefore evident that the Ni/biochar catalyst does not inhibit

345 WGS reaction.
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(S/C=3, W/Fco=45.6 gear ST gco ).

This result supports the explanation in Section 3.1, as, in the absence of ethanol as is the
case in these experiments, the catalyst surface would be significantly less H-rich. This would
allow H;0 adsorption and dissociation to proceed more easily. Also, the spill-over of steam-
derived species would be much easier as there are no ethanol-derived species on the catalyst

surface.

3.5. Ethanol decomposition

In an attempt to gain further insight into the main reaction pathways on Ni and biochar,
two temperature scan experiments were carried out to investigate the decomposition of
ethanol on Ni/biochar and just biochar. Figure 10a presents the effect of temperature on the
decomposition of ethanol over Ni/biochar. The carbon selectivity distribution as temperature
changes is presented in Figure 10b. With no CO; formation whatsoever, the CH3CHO
selectivity is seen to decrease as CHs and CO selectivity increases steadily with increasing

temperature. The carbon balance is completed by a minimal formation of C;Hs.
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The conversion/H; yield and carbon selectivity results of the similar experiments over a
biochar catalyst are presented in Figure 10c & d respectively. The selectivity evolution shows
no CO; once again, CO selectivity was low and decreased with temperature and CHs selectivity
decreased in tandem with increase in C;Hs selectivity. As temperature increased, the

formation of C;Hs is seen to dominate with no CH3CHO production.
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Figure 10. Ethanol decomposition conversion and H, yield over Ni/biochar (a), carbon selectivities of
CO, Cy3He, CH4 and CH3CHO over Ni/biochar (b), ethanol decomposition conversion and H; yield over
biochar (c), carbon selectivities of CO, C;Hs and CH4 over biochar (d) (S/C =0, W/Feth = 90.9 geat S getnY).

A likely explanation for the C;Hes presence, which is not commonly encountered in ESR
literature, is that a possible reaction pathway exists on biochar wherein upon adsorption the
OH is cleaved from the absorbed ethanol leaving a CH3CH; adsorbed ethanol derived species,
which could then associatively desorb with available surface hydrogen forming CiHe.

Alternatively, in the absence of enough hydrogen, the CHs produced from decomposition may
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tend to recombine to give C;Hs rather than react with hydrogen to form CH4. The Arrhenius

plots of the decomposition reactions on Ni/biochar and biochar are presented in Figure 11.
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Figure 11. Arrhenius plots of ethanol decomposition catalysed by Ni/biochar (a) and biochar (b) (S/C
= 0, W/FEth =90.9 Bcat S_l 8Eth -1)-

Table 1 presents a brief summary of the results of the reforming and decomposition over
the different catalysts. The table shows the obtained apparent activation energies and pre-
exponential factors from the Arrhenius plots, as well as the conversion and selectivity towards
CH3CHO at the minimum and maximum temperature limit examined. From the data it is
conclusive that biochar is not inert and has a different reaction mechanism to that of Ni, as
we observe different activation energy from the Arrhenius plots of both biochar and acid-

washed biochar. If the effect of biochar alone is subtracted from the data of Ni/biochar, the
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resulting data does not match trends observed over Ni on inert supports. We can therefore

conclude that the reactions on biochar and Ni active sites are not independent.

Table 1. Summary of ethanol steam reforming/decomposition results over the various catalytic

systems studied

decomposition

Catalyst Conversion at 300°C Conversion at 450°C E. In A
(Selectivity to CH3CHO) | (Selectivity to CHsCHO) | (kJ mol?) | (mol bartg?s?)
No catalyst (Gas | Not detected Not detected - -
phase reaction)
Ni/SiO; [14] 3% (17%) 30% (7%) 48.0 7.2
Ni/biochar 1.8% (87.8%) 30.8% (19.6%) 69.9 2.2
Biochar 1.5% (54.2%) 8.3% (27.6%) 38.7 -4.3
Acid-washed biochar | 1.1% (73.2%) 4.3% (42.4%) 30.4 -6.2
Ni/biochar catalysed | 2.3% (88.4%) 20.4% (36.9%) 54.6 -0.5
decomposition
Biochar  catalysed | 0.3% (-) 6.9% (-) 50.0 -1.7

3.6.

Analysis of kinetic compensation effect

Figure 12 presents a graph of the reaction activation energies vs pre-exponential factors

for ethanol consumption and product formation in the experiments (steam reforming and

decomposition) over the different catalysts: Ni/biochar, biochar and acid-washed biochar.

The resulting straight-line points to evidence of the presence of some kinetic compensation

effect (KCE) [48].
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Figure 12. Reaction barriers vs pre-exponential factors for ethanol consumption and product
formation in the experiments over the different catalysts showing the presence of a kinetic
compensation effect. Ni/SiO, data obtained from [14].

To explain the existence of KCE we can consider there exists a continuum distribution of
active sites on a catalyst surface, some of which are more reactive than others at a given
temperature. With an increase in temperature the sites with high barrier for the reaction may
become active. Therefore, at lower temperatures the measured rate is affected mainly by
sites with low reaction energy barriers. At higher temperatures the measured rate is now
affected by both type of sites leading to a concurrent increase in the number of sites (higher
reaction pre-exponential factor) and the reaction barrier as both high and low energy sites
contribute to the measured rate (higher activation energy). In our case we have two different
types of sites; Ni on biochar and biochar itself. Biochar surface has a wide range of different
structures which would have a distribution of sites with different energies and affect the Ni-

biochar interactions. Therefore, Ni/biochar would also have different structures and sites
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with different energies. The presence of kinetic compensation effect means that within the
set of reactions a common feature is shared which could be the reactants or the catalyst [48].
In this case the commonality most likely lies in the catalyst, specifically biochar.
Understandably, the interactions of reactants, adsorbates and reaction intermediates
with biochar supported metal catalysts are particularly complex and would require further
investigation via advanced in situ characterisation methods in conjunction with theoretical
studies to fully elucidate them. Nonetheless, given the observed trends and kinetic
compensation effect it can be postulated that the reaction mechanism most logically involves
ethanol and steam adsorbing on the biochar surface as illustrated in Figure 13. The organic
nature of biochar allows it to offer sites with better affinity for ethanol relative to Ni
[25,36,38]. In particular, the O-containing structure may be similar to those on ethanol and/or
acetaldehyde, making the transition from ethanol to acetaldehyde easier. The
dehydrogenation and decomposition reactions may occur on biochar sites or on sites around
the Ni/biochar interface. As previously noted, typically during reforming process ethanol will
first go through dehydrogenation and decomposition steps. From the KCE analysis, the
decomposition and reforming reactions share the same commonality and it can be
extrapolated that the rate limiting step occurs on biochar within the dehydrogenation

pathway.
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3.7. Raman spectroscopic characterization of biochar

Samples from the ESR process over Ni/biochar and just biochar at S/C ratio of 3 and 450°C,
as well as samples from the ethanol decomposition experiments over Ni/biochar and biochar
at S/C ratio of 0 and 450°C were characterized via Raman spectroscopy. For each experiment,
two different reaction times were used, namely 30 mins and 60 mins, noting that there was
little to no discernible change in the reaction rate for both reaction times. Spectra from raw
biochar as well as fresh Ni/biochar catalyst after reduction in H, were also collected for
comparison. The Raman spectra of all biochar samples in the range of 800-1800 cm™ are
presented in Figure S1 in the Supporting Information. These spectra were curve fitted by 10
Gaussian peaks, as described in the work of Li et al. [41,42]. An example Raman spectrum
deconvolution is shown in Figure S2 of the Supporting Information, evidencing the successful
spectrum curve-fitting with these bands. The total Raman peak areas for these biochar

samples are shown in Figure 14.
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Figure 14. Raman spectroscopic data showing total Raman peak area (800 - 1800 cm™) of biochar
samples obtained from ESR (ethanol steam reforming) and ED (ethanol decomposition) experiments
at 450°C at different reaction times, in comparison to that of raw biochar and fresh reduced
Ni/biochar.

After reforming and decomposition reactions the total Raman peak area in all biochar
samples decreased, indicating the consumption of the O-containing functional groups when
biochar is used as a catalyst. When comparing the Ni/biochar catalysed and biochar catalysed
ESR samples, the depletion of O-containing functional groups content with reaction time is
found to be similar at approximately 8.5% over the 30-60 min reaction interval. This could be
implying that the biochar is similarly active even when used as a support and the ethanol and
steam preferentially adsorb on biochar active sites. In addition, when comparing the samples
from the ethanol decomposition experiments over Ni/biochar and biochar, the Raman area
depletion values are also similar at roughly 15% over the 30-60 min reaction interval. Again,
this possibly implies that even in the case where only ethanol and ethanol derived species are

present, they preferentially adsorb on biochar active sites.
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Itis further noted in the previous data that Raman peak area reduction during decomposition
is larger than during ESR. This is further elaborated in Table 2 showing the reduction of total
Raman peak area as the S/C ratio is increased at 400°C over Ni/biochar, and the respective H;
yield and CO and CO:; selectivities for these experiments. The total Raman peak area which
relates to the content of O-containing functional groups is observed to reduce at a lower rate
with increasing abundance of H;0, indicating that the presence of steam facilitates the
replenishment or maintenance of the O-containing functional groups on the biochar surface.
These findings are in good agreement with previous studies where steam has been used to
activate biochar and increase the surface-O functionality [25,36,49], and suggest that the
catalytic activity of Ni/biochar is linked with and can be enhanced by the presence of O-
containing functional groups, as also evidenced by the increasing H; yield and CO; selectivity
values in Table 2.

Table 2. Relative change in total Raman peak area (800 - 1800 cm™) over the 30-60 min reaction
interval of biochar samples obtained from experiments varying S/C ratio at 400°C over Ni/biochar and
respective products formation.

Reaction conditions Total Raman peak | CO; selectivity (%) | CO selectivity (%) | Hayield (%)
area change (%)

Ethanol decomposition | -14.69 0 20.81 4.72

ESRatS/C=1 -13.23 8.89 28.78 9.14

ESRatS/C=3 -8.33 13.76 24.61 10.67

ESRatS/C=6 -3.45 25.35 20.12 14.11

4. Conclusions

Ethanol steam reforming and decomposition experiments over a wide range of conditions
were carried out over Ni/biochar, biochar and acid-washed biochar catalysts in an attempt to

ascertain the overall reaction mechanism and the effect of the biochar support on the latter.
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The observed results show that biochar is catalytically active during reforming and
decomposition and follows a different mechanism from that of Ni. The AAEM in biochar
contribute to the observed catalytic effect of biochar. The reactions on the active sites of
biochar and Ni are not independent. Low CO; formation was observed during the ESR over all
catalysts. This was not the case during independent WGS kinetic experiments over Ni/biochar,
suggesting that, during ESR, WGS is hindered possibly by coverage effects or changes in the
working state of the catalyst surface induced from the adsorption and dehydrogenation of
ethanol.

The decomposition of ethanol on biochar in the absence of steam interestingly showed
the formation of C;He species, which could be a result of the abstraction of the OH group
forming an ethyl CH3CH; surface species which would associatively desorb with available
hydrogen. It could also be as a result of the CHs species formed from decomposition
recombining to C;He due to lack of sufficient hydrogen to form CHa. Kinetic compensation
effect was observed with a possible rate limiting step on biochar being common to all
reactions. The Raman spectroscopy results show similar reduction in O-containing functional
groups when biochar is used alone or as a support to Ni, while the presence of H,0 in both

cases helps maintain the population of these groups.
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