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Abstract

A comprehensive study of carbon aerogel-supported nickel (Ni/CAG) in the catalytic fast
pyrolysis (CFP) of torrefied Eucalyptus globulus was performed in a micropyrolysis unit (Py-
GCMS). Catalysts were characterized by N> adsorption-desorption at 77K, X-ray diffraction
(XRD) and Transmission Electron Microscopy (TEM). Regardless the use of catalysts, the
pyrolysis vapors produced from torrefied biomass were depleted in carboxylic acids
(selectivity<7%). Furthermore, the CFP decreased the selectivity to furans and ketones by
almost 50%, while phenols increased in a similar proportion. Ni/CAG was active for
hydrogenation under Hz-depleted atmosphere, presumably by a synergistic effect between
water gas shift and reforming reactions with transalkylation and decarbonylation of phenolics
and furanics. It was demonstrated that metal cluster sizes influenced the reaction routes by
favoring hydrogenation on metal facets and deoxygenation on step/corners sites.

1. Introduction

Fast pyrolysis, is a non-selective and simple liquefaction technique that allows converting
different feedstocks into gas, liquid (bio-oil) and solid (biochar) [1]. Specifically, bio-oil is
considered a fuel or a feedstock for the separation/synthesis of more valuable products,
including platform chemicals. Despite its demonstrated applications for heating (boilers and
turbines) and blending with petroleum fractions, the high heterogeneity and poor fuel quality
of crude bio-oil (i.e. high oxygen (>30 wt. %) and water contents (15 — 30 wt. %), acidity
(2<pH<3), high viscosity (0.04 — 0.1 Pa-s)); impose the need for upgrading processes [1].
The integration of catalytic fast pyrolysis (CFP) and biomass pretreatments
(demineralization, torrefaction, drying, etc.), is an effective way for controlling the
composition of pyrolysis vapors to obtain upgraded bio-oils. In this sense, several authors
have recently reported on the advantages of producing bio-oil by combining CFP with
torrefaction [2,3]. Torrefaction is a mild pyrolysis process, as it occurs at relatively low
temperatures (200-300 °C), in a non- or low- oxidizing atmosphere [4—6]. During such
treatment, some O-containing groups are removed from individual polymers — mainly
hemicellulose —, in the form of light volatiles such as acids and alcohols. The removal of
carboxylic acids is of paramount importance for bio-oils stability, thus removing them during
pretreatment, CFP or by ex-situ catalytic upgrading (e.g., ketonization) is highly desirable
[7].

Therefore, in this study the effectiveness of CAG-supported Nickel for upgrading pyrolysis
vapors from torrefied biomass is assessed. Particularly, the study is focused on the effect of
Ni cluster sizes, reaction temperature and C-to-B ratio on the reaction routes for converting
phenols and furans. The catalysts are analyzed by N> adsorption-desorption at 77 K, XRD,
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compositional analysis and TEM. Finally, the possible reaction schemes are postulated on
the basis of micro pyrolysis (py-GC/MS) analysis and equilibrium data.

2. Experimental

2.1 Torrefaction
Biomass samples (Eucalyptus globulus) were provided by a local producer as chips and were
pretreated according to the procedures previously reported [8]. After that, biomass was
torrefied considering the maximum devolatilization rate defined by Arteaga et al. [8]. Results
of fdstocks characterization are presented below:

Table 2. Characterization of crude and torrefied Eucalyptus globulus.

Proximate Ultimate
wt.% (a.r) wt.% (d.a.f.)
Proximate Crude Torr. Element Crude Torr.

Moisture content 2.28 1.92 C 472 52.3
Volatile matter) 83.44 76.02 H 6.2 5.54
Fixed carbon 13.89 21.3 N 0.2 0.31
Ash 0.40 0.76 S 0.06 BDL
HHV (MJ/kg)av. [9] 18.7 20.1 O* 46.34 41.85

*. Oxygen is calculated by difference from C,H,N,S

2.2 Catalysts preparation

Both catalysts were prepared at the same Ni loading (10 wt%qy), via incipient wetness of
nickel nitrate ((Ni(NOs), * 6H.O, >99% purity, Merck) on carbon aerogel. After
impregnation, the samples were dried at 105 °C for 4 h and ground again prior to reduction.
The metal loading was corroborated by measuring the Ni content through inductively coupled
plasma optical emission spectrometry (ICP-OES) using a PerkinElmer Optima 7000 DV
ICP-OES series instrument. Reduction conditions were controlled to obtain different cluster
sizes:

Cluster size 1 (D1): Reduction was performed in a fixed bed reactor under a constant flow of
40 mL/min Hz using 2°C/min heating ramp from room temperature up to 400°C and keeping
the sample at this temperature for 2h.

Cluster size 2 (D2): Reduction was performed in a fixed bed reactor under a constant flow of
40 mL/min Hz by increasing the temperature up to 700°C at 5°C/min and holding the sample
at 700°C for 2h.

2.3 Catalysts characterization

The catalysts were characterized byseveral techniques in order to obtain its structural, textural
and morphologic properties. Main techniques were: X-ray diffraction (XRD), transmission
electron microscopy (TEM) and Nz-adsorption. Mean cluster sizes were obtained from TEM
measurements and compared to that calculated from Scherrer’s equation (using XRD
pattern).

2.4 Micropyrolysis (Py-GC/MS)

The Py-GC/MS experiments were carried out in a micropyrolysis system (EGA/PY-3030D,
Frontier Laboratories) interfaced with a gas chromatograph (GC-2010 Plus, Shimadzu)
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equipped with a single quadrupole mass spectrometry detector (QP 2010 Ultra, Shimadzu).
The interface line was kept at 300°C in all the experiments and the pyrolysis products (1:50
split ratio) were separated in a BP10 capillary column (30 m x 0.25 mm) with 14%
Cyanopropylphenyl polysiloxane as stationary phase. The GC thermal program was specified
according to a procedure reported elsewhere [4] and, once separated, the pyrolysis products
were analyzed in a MS detector (70 eV ionization) within a m/z range of 2-600. The
identification of compounds in the py-GC/MS spectra was carried out by considering a
minimum cut-off score of 80%, with respect to the National Institute of Standards and
Technology (NIST) mass spectral database.

2.5 Data processing

Py-GC/MS cannot provide an accurately quantitative absolute analysis of the compounds formed
during pyrolysis, because it does not allows collecting the reaction products. Nevertheless, a linear
proportionality between the chromatographic peaks area corresponding to a particular compound and
their concentration could be established. The area% count was normalized with respect to (100 — char

wt.%):
char (Wt. %) q4p = 100 X (Mrem — MC‘“)/ M. )
m
( / C—to— B)
the following criteria were defined to discuss the effect of catalysts and operational parameters:
Selectivity of the i compound:
_ Peak Area;
Si =100 % ( l/fj;l Peak Areai> @)

3. Results & Discusion
3.1 Catalyst characterization
3.2.1 Textural properties and structure

The catalyst support had an elemental composition typical of a carbon aerogel (C:92%,
N:1.8%, H2:0.6%, 02:5.6%) [10,11]..

Table 1. Textural and compositional data of catalysts

Catalysts Mass fraction Surface Pore Pore volume Cluster Sizes
wt. % SBET diam. VP. (cm?/g) D, (nm)
(m?*/g)  dP.(nm)
Mass ICP-

balance*  OES
CAG - - 520 14.0 0.21 -
Ni/CAG (D1) 10 9.5 464 11.2 0.19 9.8
Ni/CAG (D2) 10 9.6 452 11.3 0.21 21.8

*Theoretical concentration based on mass balance

The Ni loading on the support via impregnation and followed by treatment in pure H», did
not significantly affect the textural properties of the support, as evidenced by the slight
variations of Sger, VP and dP. This allows inferring that after impregnation, the resulting
clusters did not plug the pores. Furthermore, pore sizes are at least one order of magnitude
higher than the kinetic diameter (o) of the oxygenated compounds derived from biomass
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pyrolysis (0.4<c (nm)<0.8) [12].
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Figure 1. XRD patterns of catalysts and support

The XRD pattern of the support presents two broad reflections at 24° and 43°, which are
commonly associated to the (002) and (100) graphitic planes in turbostratic carbons [13,14].
Similarly to previously reported by Arteaga-Pérez et al. [8], the signal at 24° was also visible
in the catalyst’s patterns. Both Ni/CAG (D1) and Ni/CAG (D2) exhibited three diffraction
peaks at 44.5°, 51.7° and 76.45°, respectively. These peaks are typical of the (111), (200) and
(222) planes in a face centered cubic structure (fcc) of Ni® and their presence indirectly
demonstrate that the passivation avoided the bulk re-oxidation of metal particles [15]. The
mean Ni° cluster size calculated by Scherrer's equation for Ni® in Ni/CAG (D1) was 11 nm,
while for Ni/CAG (D2) it was almost double (20.7 nm).

3.2.2 Pyrolysis of torrefied Eucalyptus. Effect of catalysts

Pyrolysis vapor is a mixture of hundreds of organic species, thus analyzing the effect of
operational parameters and/or catalyst properties —in the case of CFP—on product distribution
is a challenge. Therefore, seeking for simplicity in the interpretation of py-GC/MS results,
the compounds detected during py-GC/MS assays of torrefied biomass are first classified
into eleven groups (Figs. 3a,b,c), following the IUPAC’s naming rules for organic molecules
[16]. All the experiments were replicated twice and the average standard deviations ranged
between 8 and 11%.

When torrefied Eucalyptus globulus was subjected to CFP a significant change in product
distribution was observed (Figs. 3a, 3b and 3c). The larger changes after CFP on Ni/CAG
catalysts —regardless the Ni cluster sizes—, were observed for phenols (increased by ca.50%),
furans (reduced by ca.50%), ketones (reduced by ca.50%) and gas (increased by 60%).
Roughly, it could be inferred that the Ni® sites have promoted the upgrading of product vapors
[17]. In the case of ketones, the selectivity reduction was due to decarbonylation, as can be
inferred from the proportional increment in gas (mainly CO/CO») production.
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Figure 2. a) Non-catalytic pyrolysis b) Ni/CAG (D1) CFP, ¢) Ni/CAG (D2) CFP.
T=550°C. C-to-B=10:1.

On the other hand, for phenols, there exist several alternative reaction routes (i.e.
transalkylation, hydrogenolysis with subsequent C-O rupture, demethylation, etc.). A
relatively accepted hypothesis is that oxy-compounds (i.e. phenols and furans) undergo direct
deoxygenation or hydrogenation, which are strongly promoted by oxophilicity and
hydrogenating sites (Ni®). Despite some hypothetical conclusions, these global results do not
allow interpreting the effect of catalyst properties nor operational parameters on the
composition changes occurring within functional groups. However, a comprehensive
analysis of these effects is mandatory to understand how the catalysts does interact with the
biomass and biomass pyrolysis vapors to control the selectivity during a larger-scale process.

4, Conclusions

The catalytic fast pyrolysis of torrefied Eucalyptus globulus, over Ni/CAG favors the
selectivity to more valuable fractions such as phenolics. While the production of furanics and
ketones was reduced by 50% as compared with the regular pyrolysis (without catalysts).
Furthermore, pyrolysis vapors from CFP were depleted in carboxylic acids, which allows
inferring a better stability of corresponding bio-oils. Main changes in the composition of
phenolics and furanics were correlated to Ni/CAG mean cluster sizes, temperature and C-to-
B. Accordingly, the use of Ni/CAG (at 550°C and C-to-B>5:1) promoted the formation of
furanics and phenols with a lower substitution degree, owing to the hydrogenating properties
of Ni’ sites.
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