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Abstract

Production of high added value chemicals such as BTEX by means of catalytic fast pyrolysis of MDF residues is a promising
and environmentally friendly alternative to fossil fuels, as MDF is abundantly produced worldwide. Generation of toxic com-
pounds during MDF pyrolyses was minimized with pre-treatments with yeasts or hot water resulting in a maximum removal
of 87.9% of nitrogen compounds when water was used at 80 °C, for 3 h. Nickel-modified beta zeolites with 3 (Ni3B-H) and 5
wt% of nickel (Ni5B-H) were more efficient for the production of BTEX compounds (Ni3B-H: 39.35% and Ni5B-H: 38.65%)
and reduction of polyaromatic hydrocarbons (Ni3B-H: 11.12% and Ni5B-H: 15.93%) when compared to pure beta zeolite.
Non-catalytic pyrolysis resulted only in oxygenated compounds. These findings were related to the changes of the crystal-
lographic sites of aluminum and then on acidic sites, as well as to the production of a bifunctional catalyst during reactions.
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Introduction

The medium-density fiberboard (MDF) residues are highly
available lignocellulosic biomasses for power generation,
because of the great volume of MDF produced and of the
increasing demand from the furniture industry worldwide.
According to the annual report of the IBA (Indiistria Bra-
sileira de Arvores), the eight biggest producers wood pan-
els are together responsible for 176.7 million m* of them
in 2019. The Brazilian production (eighth-largest producer
in the world) corresponded to 8.2 million m® [1]. In gen-
eral, MDF residues contain nitrogen due to the addition
of synthetic resins [urea—formaldehyde (UF), phenol-for-
maldehyde (PF) and melamine—formaldehyde (MF)] dur-
ing production and/or finishing stages of MDF production.
These nitrogen-containing compounds (N-compounds) are
responsible for the formation of toxic compounds (hydro-
cyanic acid, isocyanic acid, and ammonia) during ther-
mal processing (combustion and pyrolysis) of the residue,
as well as for the constant release of formaldehyde from
panels [2]. Therefore, a pre-treatment of MDF residues to
remove the N-compounds is an alternative to make a safer
subsequent pyrolysis step and also to minimize the toxicity
of these residues.

Biological pre-treatments have the advantages of being
non-toxic, consuming less energy and generating no
waste, therefore being environmentally friendly. The use
of fungal and bacterial strains or their enzymes to delig-
nify microalgae and lignocellulosic biomass has achieved
promising results when the objective was the increase of
biomass conversion to biofuels in a following step [3, 4].
The removal of N-compounds from other matrices, such as
domestic, industrial and agricultural wastewaters, to pre-
vent eutrophication and pollution of aquatic environments
is commonly performed through well-defined processes
(nitrification and denitrification) [5]. However, these pro-
cedures are carried out in two stages, are time consuming,
and present limitations when the effluent has high loads
of nitrogen. For these reasons, researchers have looked for
alternative biological treatment, such as the use of duck-
weeds, which has shown advantages over conventional
methods [6]. Extractability tests of MDF resins (UF, PF,
and MF) have shown that they are susceptible to hydrolysis
[7]. Therefore, a pre-treatment involving a water washing
step seems to be also a viable and simple possibility to
remove MDF N-compounds. Besides nitrogen removal,
this kind of washing pretreatment can be useful to remove
ash from biomass, and improve the yield of bio-oil [8, 9].

The fast pyrolysis of MDF residues have been proven use-
ful for producing fuels and/or high added value compounds,
but the bio-oil obtained has limited applications because of
the high amounts of phenolic and other oxygen-containing
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compounds (O-compounds) [2, 10]. It is known [11, 12] that
the use of catalysts can overcome this drawback, favoring the
production of more valuable compounds for the industry as
well as tailoring products distribution. Various catalysts have
been used in pyrolysis, being zeolites the most attractive
ones to produce aromatic hydrocarbons (AH) [11]. Among
zeolites, ZSM-5 has been extensively studied [10, 12—15]
because of its high acidity. However, its application is lim-
ited to model molecules such as phenol and other monoaro-
matics. Since the first works, it has been noted that the large
molecules of biomass could not go into the small pores of
ZSM-5 to access the catalytic active sites. This hindered its
application to larger molecules or to biomasses, due to sev-
eral consequences such as coke formation in the pores, fast
catalyst deactivation and then low conversion rates. There-
fore, various alternatives have been emerged, such as the
addition of metals to HZSM-5 and the use of other zeolites.

In attempt to improve the catalytic performance of
HZSM-5, by reducing coke formation and increasing the
production of aromatics, in a previous study of our group
(2018), HZSM-5 pure and modified with cobalt, iron, nickel,
niobium and zinc were evaluated in pyrolysis of MDF resi-
dues. Among the catalysts, nickel-modified HZSM-5 has
shown the best performance, increasing the selectivity to
BTEX and the reduction of polyaromatic hydrocarbons
(PAH) and O-compounds amounts in pyrolytic vapors of
MDF residues [10]. These results have motivated our group
to investigate the catalytic properties of nickel supported on
a large pore zeolite, such as beta zeolite (~6X ~7 A). Larger
pores facilitate the diffusion of primary thermal degradation
compounds of biomass components, improving the conver-
sion and the catalyst stability even more.

However, beta zeolite can also provide enough space
for the formation of large compounds such as PAH, which
are coke precursors, responsible for catalyst deactivation
[16—-18]. Moreover, PAH are not desirable in bio-oil due to
their high toxicity and carcinogenicity [19]. However, this
drawback is expected to be overcome by metals in zeolite
channels, which allow to tailor the zeolite properties and
then improve the products distribution and bio-oil yield,
besides decreasing coke formation [11]. Among various
transition metals used as catalysts, nickel stands out for pro-
moting reactions of oligomerization, dehydration, hydrogen-
ation/dehydrogenation and ring-opening, among others. In
addition, it increases the hydrothermal stability of the cata-
lyst and have an appropriate cost—benefit ratio [17]. Moreo-
ver, nickel-modified beta zeolite has been used in heavy oil
upgrading to produce BTEX. The acidic and metallic sites
favoured the ring-opening reactions in double or more ring
molecules through two stages (hydrogenation and cracking)
[20, 21]. Beta zeolite-supported nickel was also used as a
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catalyst in the hydroreforming of an oil resulting from the
thermal cracking of polyethylene to produce fuel [22].

By considering the properties of nickel and beta zeolite,
catalysts with different amounts of nickel supported on beta
zeolite were studied in this work, as a new alternative to
fast pyrolysis of biomass. As far as we know, these catalysts
have not been evaluated in biomass pyrolysis yet. In addi-
tion, there is no report of pyrolysis of MDF performed over
catalysts based on beta zeolite-supported nickel. Also, it is
the first time that removal of nitrogen content is proposed
through washing with water and biological treatment of lig-
nocellulosic biomass.

The production of MAH, especially BTEX from renew-
able sources, arouses great interest in academia and industry,
considering that their current production occurs exclusively
through petroleum cracking. The BTEX compounds are used
in several branches of industry, being the raw material in the
manufacture of a large variety of products (solvents, plastics,
detergents, cosmetics, pharmaceuticals, among others) [17,
23, 24]. For this reason, the production of BTEX through
alternative sources such as catalytic pyrolysis of residual
biomass, is a promising proposal.

The preparation, characterization, and evaluation of beta
zeolite-supported nickel are described to demonstrate the
potential of this system as alternative catalyst for produc-
ing BTEX during catalytic pyrolysis of MDF. An efficient,
low cost and simple pre-treatment method for the removal
of N-compounds from residual MDF biomass containing
melamine coating is also proposed, as a solution to solve
MDF toxicity.

Materials and Methods
Raw Material and Pre-treatment

MDF residues from eucalyptus wood covered with mela-
mine laminated paper were employed as raw material and
were provided by the Institute of Technology in Wood and
Furniture (CETEMO, Centro Tecnolégico do Mobilidrio)
of National Service of Industrial Training (SENAI, Servico
Nacional de Aprendizagem Industrial). The reasons for
choosing this specific biomass and its composition have been
published in a former study of our group [10].

The removal of N-compounds from MDF residues was
studied through two different pre-treatments: biological and
washing with distilled water. The biological pre-treatment
was developed with thirty two yeasts from the Collection
of Micro-organisms of Agro-industrial Interest (CMIA,
Colecdo de Microrganismos de Interesse Agroindustrial)
of EMBRAPA. Information about the collections of micro-
organisms can be found in the Online Resource 1 (Table

ESM1). Firstly, the screening of the yeasts was carried out
through a nitrogen assimilation test (auxanogram) in a solid
medium. Petri dishes were incubated at 25 °C and their vis-
ual examination was performed every 24 h. Yeasts that grew
with residues as the sole source of nitrogen were subjected
to another nitrogen assimilation test in liquid medium, and
again with residual MDF being the only source of nitro-
gen. The nitrogen assimilation profile of the yeasts was per-
formed both in liquid and on solid media, with Yeast Carbon
Base (Difco, Franklin Lakes, USA), as previously described
[25, 26]. After preliminary tests with the 32 yeasts, one yeast
(100 uL of a suspension of cells containing 10 cells mL™!)
was chosen to be further evaluated through eight (8) days
of incubation in a liquid medium at 25 °C in a Psycrotherm
(150 rpm, New Brunswick, USA) rotary shaker. In a follow-
ing step, the content was centrifuged, and the precipitate was
washed with deionized water at 23 °C for the total removal
of the yeast cells. The resulting samples were dried at room
temperature and named MDF-Y. A control sample of MDF
(MDEF-YO0) was incubated with water in the same conditions
without the addition of yeasts to the process. Biological pre-
treatment tests were all performed in triplicate.

The washing with distilled water was conducted at three
different temperatures [7]. Firstly, three (3) g of MDF were
placed inside a beaker containing two hundred (200) mL
of distilled water. The water/biomass mixture was stirred
(model RH basic 2, IKA, Sao Paulo, Brazil) for twenty-four
(24) h at ~3 °C and designated as MDF23. The same type
of mixture underwent stirring for three (3) h at 80 °C, in a
second beaker (MDF80). A third beaker with similar mix-
ture was heated at 100 °C for 2 h (MDF100). Whenever
necessary, more pre-heated distilled water was added to the
mixture during biomass heating to adjust the initial volume.
The pre-treated MDF samples were filtered with qualita-
tive paper filter and dried at ~23 °C. Elemental analyses
of all MDF samples that were biologically pre-treated or
washed with distilled water have been carried out, as well
as with non treated samples in order to evaluate the removal
of N-compounds. Analysis of variance was performed with
data obtained and the means were compared by Tukey’s test
(p £0.05). Before pyrolysis, pre-treated and non pre-treated
MDF samples were dried in an oven at 40 °C (~ 12 h) to con-
stant weight (Model 315 SE, FANEM, Sao Paulo, Brazil).
Biomass particles size ranged from 0.25 to 0.43 mm (40-60
mesh; Bertel, Sdo Paulo, Brazil), according to a previous
study [10].

Nickel-Modified Beta Zeolite Synthesis
The synthesis of beta zeolite followed a modified Vaudry’s

methodology [27] using commercial silica Aerosil 200
(Degussa, Frankfurt, Germany). The catalyst acid form
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(B-H) was obtained through ion exchange. B-H loaded with
nickel has been prepared by a wet impregnation method with
an aqueous solution of nickel nitrate (Synth, Sao Paulo, Bra-
zil) to obtain concentrations of 3 and 5 w/w % of nickel in
the final solid. These samples were dried at 110 °C, for 24 h
and the solids obtained were calcined at 550 °C (2 °C min™")
for 5 h. The catalysts were denominated Ni3B-H and Ni5B-
H according to nickel concentration in the solid, as 3 and 5
w/w% of nickel, respectively.

Nickel-Modified Beta Zeolite Characterization

Powder X-ray diffraction (XRD) patterns were recorded on
an Ultima IV diffractometer (Rigaku, Honshu, Japan), using
Cu-Ka radiation in the 20 range of 5° to 50°. The relative
crystallinity of the catalysts was calculated according Bhat
and Kumar [28]. When nickel oxide crystals could be iden-
tified their average diameter has been determined by the
Scherrer equation [29].

The silica to alumina ratio (SAR), as well as nickel load-
ings on the beta zeolite catalysts were determined by Flame
Atomic Absorption Spectrometry (FAAS) using a Perkin
Elmer A Analyst 200 apparatus (PerkinElmer, Massachu-
setts, USA) equipped with hollow cathode lamp (LUMI-
NATM, PerkinElmer).

Nitrogen adsorption measurements were obtained
in a Micromeritics (Model TriStart IT 3020, Georgia,
USA) apparatus. Before adsorption, beta zeolite cata-
lysts were conditioned under vacuum at 150 °C for 12 h
to remove water and gases from the pores of the samples.
Brunauer-Emmett-Teller (BET) specific areas were deter-
mined using the BET theory. The microporous volumes
(V micro) Were calculated via #-plot method using Harkins and
Jura equation. Mesoporous volume (V,,..,) and pore diam-
eter (d,) were determined following Barret-Joyner—Halenda
(BJH) method.

29Si and 2’ Al NMR spectra of the samples were recorded
at 500 MHz and 11.7 T in a model dd2 narrow bore model
Agilent Technologies spectrometer. All measurements
were carried out at room temperature. For obtaining the
2Si spectra, the following conditions were used: contact
time: 7 ms, relaxation time: 5 s, pw90H1: 2.9 ps, pq90C13:
2.55 ps and rotor spinning: 10 kHz. The ?’Al spectra were
obtained under the following conditions: relaxation time:
10 s, pw90AI27: 14 ps and rotor spinning: 10 kHz.

Acidic characteristics of the catalysts (B-H, Ni3B-H and
Ni5B-H) have been measured by ammonia temperature-pro-
grammed desorption (NH;-TPD, Micromeritics AutoChem
II) equipped with a thermal conductivity detector (TCD). In
addition, the type of acid sites (Bronsted or Lewis acid site)
was determined through pyridine adsorption followed by Infra
Red (IR) spectroscopy (Shimadzu Prestige 2, Kyoto, Japan).
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Catalytic and Non-catalytic Analytical Pyrolysis

EGA/Py-3030D (Frontier Laboratories Ltd, Fukushima,
Japan) connected to a GC/gMS (QP2010-Ultra Shimadzu)
was used in catalytic and non-catalytic analytical pyrolyses.
For each experiment, 500 ug of biomass was placed inside
the stainless-steel ecological cup (eco-cup, 4 mm outside
diameter X 5 mm height, 50 pL). A mass of 2.5 mg of catalyst
(ratio of 5 catalyst/biomass) was added on top of the biomass
in the eco-cup, whenever catalytic pyrolysis was carried out.
Biomass and catalysts were weighted in an analytical bal-
ance (Model AUW220D, Shimadzu) [10, 16]. Pyrolyses
were performed at 500 °C for 15 s. The eco-cup containing
the sample was released into the oven whenever its tem-
perature reached 500+ 0.1 °C. During pyrolyses, helium gas
flow (purity of 99.999%, White Martins, Rio Grande do Sul,
Brazil) was used to purge the system and to provide inert
atmosphere (100 mL min~"). The condensable vapors were
carried to an injector at 280 °C and operated in split mode
(split ratio 1/30). GC/gMS instrument was equipped with
a DB-5MS capillary column (30 m X 0.25 mm X 0.25 um
5%, Agilent Technologies, Santa Clara, USA). All pyro-
lytic processes have been performed in duplicate. The com-
pounds were tentatively identified using retention indices
and mass spectral data and a semi quantitative approach has
been employed to reach chromatographic area percentage of
each peak. Both methodologies and other chromatographic
conditions are reported in a former study of our group [10].

Results and Discussion
Biomass Pre-treatment

The results of elemental analyses of MDF residual biomass
and pre-treated MDF are presented in Table 1, where the
content of nitrogen allows us to infer which pre-treatments
are the most efficient for nitrogen removal. A preliminary
screening has been performed with 32 yeast strains, where
MDF was the only source of nitrogen. Among the 32 incu-
bated yeasts, only the Pichia kluyveri BRM 028949 and
Saccharomyces cerevisiae BRM 004687 showed some
growth zone using MDF as the sole source of nitrogen.
Pichia kluyveri BRM 028949 (sample MDF-Y in Table 1)
gave the best results during the preliminary scanning and
was chosen to be employed in a biological pre-treatment of
residual MDF. Comparing the reduction of nitrogen con-
tent caused by P. kluyeri pre-treatment (66.7%) with the
control sample (12.1% in MDF-YO0), the yeast has shown
to be a significant aid in this process. The percentage of
nitrogen reduction in the blank may be explained by the
partial solubility of MDF resins in water. Even though these
results are preliminary and further studies are necessary to
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Table 1 Average values and standard deviations of elemental analy-
ses results for residual MDF samples and of samples that underwent
pre-treatment with yeasts and with distilled water at different temper-
atures

Pre-treat- Carbon Hydrogen Nitrogen Reduction of
ment % + SD nitrogen (%)
MDF 440'+0.8a 59'+02a 33'x02a -
MDF-Y0 4452+0.1 6.0°+0.1a 2.9°+0.0ac 12.1

ab
MDF-Y 4482400 6.1°+0.1a 1.12+0.1d 66.7

ab
MDEF23 446'+03  6.0'+0.1a 25'+04c 242

ab
MDF80 452'+04b 6.0'+0.1a 04'+0.1b 879
MDF100 452'+03b 59'+03a 02'+00b 939

SD standard deviation, MDF residual MDF from eucalyptus wood
covered with melamine laminated paper, MDF-Y0 control sample
during the biological pre-treatment, MDF-Y MDF sample that under-
went pre-treatment with Pichia kluyveri BRM 028949; MDF23,
MDF80, and MDF100: MDF samples that were washed with distilled
water at 23 °C, 80 °C and at boiling point, respectively. Average val-
ues in the same column followed by the same letter do not present
significant difference, according to Tukey's test (p <0.05). Experi-
mental description is reported in Sect. Raw Material and Pre-treat-
ment

L Average results of a triplicate pre-treatment process and of duplicate
elemental analyses

2 Average results of duplicate elemental analyses

optimize the experimental conditions (temperature and time
of incubation), the data obtained are encouraging. Exam-
ples of the application of yeasts to lignocellulosic biomass
have been restricted to lignin removal and in these cases,
the time of incubation is higher than one week and may
take a few months [4]. There is no report about employing
yeasts as a pre-treatment of lignocellulosic biomass for the
removal of N-compounds, although biological treatment has
been employed for a long while to domestic, industrial and
agricultural wastewater treatment with a removal >90% [5].

Table 1 also shows the nitrogen percentage of samples
that underwent washing with distilled water at different
temperatures. Water washing at 80 °C (MDF80) and boil-
ing water (MDF100) produced the best results as biomass
pre-treatment: 87.9 and 93.9% of nitrogen reduction, respec-
tively. It means that the risk of producing toxic compounds
during pyrolysis of biomass has been substantially reduced
with this simple and non-expensive biomass pre-treatment.
Conversely, washing MDF with distilled water at room
temperature (~23 °C) resulted only in 24.2% of nitrogen
reduction. The temperature of 80 °C allows a simpler experi-
mental control (no replacement of water) and less energy
consumption in comparison to boiling water, not only in
laboratory experiments but also in future pilot and industrial
plants.

ty

Intensi
1

B-H

T T T T T
10 0 30 40 50
20 (degree)

Fig. 1 XRD diffractograms for Ni3B-H, Ni5B-H (3 and 5% nickel
modified beta zeolite), and pure beta zeolite (B-H). Diffraction peaks
correspond to (filled diamond) beta zeolite and (filled circle) nickel
oxide. Experimental procedures are described in Sects. Nickel-Modi-
fied Beta Zeolite Synthesis and Characterization

Nitrogen content of MDF pre-treated with hot water (80
and 100 °C) has shown to be similar to a great variety of
lignocellulosic biomasses, according to a recent published
review about the chemical characterization (CHN) of this
type of matrices (0.01-0.6%) [30]. For all these reasons,
MDF residues have been pre-treated with distilled water at
80 °C before pyrolysis. On the other hand, pre-treatment
with Pichia kiuyveri BRM 028949 (MDF-Y) has also
reached low levels of nitrogen content presenting great
potential as a promising alternative, after optimization of
experimental conditions. Biological processes are consid-
ered environmentally friendly as yeasts are not toxic and do
not generate residues, requiring low energy input. However,
it is likely that long periods of incubation may be needed to
reach satisfactory results [3, 4].

Catalysts Characterization

XRD patterns of all catalysts (B-H, Ni3B-H, and Ni5SB-H)
are exhibited in Fig. 1. All diffractograms presented the pat-
tern of beta zeolite (20 =7.8° and 22.4°) indicating that the
zeolite framework was preserved after impregnation ther-
mal treatment, in accordance with previous work [31]. The
decrease of the intensity of the peaks related to beta zeolite
(20="7.8° and 22.4°) observed for nickel catalysts indicated
a decrease of crystalline domains after impregnation with
nickel. The peak attributed to NiO species were detected in
20~37.3° only in the XRD patterns of Ni5B-H. The average
crystal (NiO) size was estimated as 18.8 nm by the Scherrer
equation (based in the 37.3° reflection). No additional peak
was detected in the Ni3B-H XRD pattern, probably due to
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the small size of nickel oxide crystals and/or due to its low 8 = 3o g
concentration. Ej g g % 8%
The experimental values of nickel content (determina- < g 7 s E g
tion by FAAS), were close to the expected ones, as shown 2 = 3 _ = E £ 2353
in Table 2. Beta zeolite showed a SAR value of 18, which is % E B S S g g é
also according to the expected value. The textural properties g ® 25
for beta zeolite catalysts are also shown in the Table 2. The T = o) % ° ;}?
BET specific area of B-H (547 m? g~!) is in accordance with 2 g g ¢ 2 g § a
previously reported data for beta zeolite (559-618 m? g™!) % ;w: Al @2 5 g QF;
[17,20, 22, 31]. After impregnation, data corresponding to f“; E >é E E
BET specific area and also to microporous volume changed g 3 %ﬁ el - § z
within the experimental error (10%). This indicates that the S E 21833 f §§
NiO crystals detected in the diffractogram did not block = % £3 §
the pores of the Ni5SB-H, most likely because the crystals - = 2| o Qv ) E 3
(NiO=18.8 nm) were bigger than the pores of the catalyst g ET:D 218828 % £ §
(7-11 nm, Table 2). This behavior has been already observed 3 « § E
for beta zeolites in a study of Escola et al. However, it is g - T 3| £E 2
well-known that it depends on the nature and loading of the 2 =1 N o] 5
metal, as well as on the type of zeolite [31, 32]. Nickel cata- E - — = E 2 §
lysts showed decreased mesoporous volume, if compared to %) ~ [ G G 2 i S
B-H (Table 2). This suggests that nickel particles are prob- g g g = §
ably located inside these interparticles mesopores. § Fé = T3 5 E .éﬁ %
The solid-state 27 Al NMR spectra of the catalysts (Fig. 2a) = E 24
were obtained to better understand the relationship between /;\ 2 g § 7§
the intrinsic acidity and catalytic activity of zeolites, both 8 g g2 g
closely related to the chemical environment of aluminum. 2 M =2 = § 2§
The framework of aluminum atoms in tetrahedral coordina- T‘NS E é;;‘
tion (Alp,) in beta zeolite, for instance, can be easily distin- g = Tg g o
guished from extra-framework aluminum atoms in octahedral - o zE §
position (Alg,) due to different chemical shifts at 50-80 ppm ) E Ié E é
and around 0 ppm, respectively [33]. The ’Al NMR spectra & i é | & g8 §
of B-H shows signals centered at 60 and 5.7 ppm (Fig. 2a). 8 > 233 g %‘é 5
The first peak is broad indicating that aluminum atoms are :; 28 £
occupying different tetrahedral positions in the disordered E . - 5 f‘é g E
structure of B-H. As pointed out earlier [34], the crystalline g ' ém;) N~ o é = é %
structure of beta zeolite comes from the intergrowth of two E > 2 S s <S|E ‘fo E ;
or three polymorphs (A, B, C), generating high concentra- % _ g § E g
tion of stacking defects coming from the partially coordinated S T ‘1 9 ‘Q S
aluminum. Depending on the polymorphs in the zeolite, the § & ;é’g 8 Vé
spectrum may contain up to nine crystallographic tetrahedral 2 > IE% < ?3
(T) sites [35, 36], which can be identified by MQ MAS NMR § E 5925 f 2 S [;,
technique (Multiple-Quantum Magic-Angle Spinning NMR). & MR I~ = g2
Comparing these works with ours, the peak at 60 ppm can g - M ; E E
be associated to T3 or T4 crystallographic sites (AI(IV),), 3 § 5 2 o2
the width of the lines being related to a distribution in iso- § E ST § é § i
tropic chemical shifts, determined by changes in Al-O-Si -g g $ “é-’.§
angles [33, 37]. These contributions come from the normal g 5 g SE8 f
framework (non distorted tetrahedral aluminum) and from a E < g el § 9
distorted tetrahedral aluminum [37]. According to previous 3 :f o~ E = gtg
works [35], the position and distribution of aluminum in zeo- § T £ § § 3
lite framework depend on the conditions of zeolite preparation © 2 o é “;: g é
as well as on the Si/Al ratio. A similar profile was displayed % =g o @ @ E ) £
by the Ni5B-H sample, indicating that these crystallographic cz S mzz | FZESR
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Fig.2 a2’ AINMR and b Si
NMR spectra of B-H (pure beta
zeolite), Ni3B-H and Ni5B-

H (3 and 5% nickel modified
beta zeolite). Experimental
procedures are described in
Sects. Nickel-Modified Beta
Zeolite Synthesis and Charac-
terization

1

1 . 1
100 50

sites were not significantly affected by nickel. However, the
Ni3B-H spectrum showed a peak shifted to higher values,
indicating that aluminum atoms were moved to different
crystallographic sites and had experienced different chemi-
cal environments.

The other peak at 5.7 ppm in B-H would be expected to
occur at 0 ppm, indicating aluminum in octahedral coor-
dination. According to previous work [35], in which *’Al
MQ MAS NMR was used for studying the structure of beta
zeolite with different Si/Al ratios, the positions of chemi-
cal shifts related to octahedral coordination depend on this
ratio. For zeolites with low ratios, the shifts occur from 5 to
-5 ppm and are related to aluminum, which can go back to
tetrahedral position by heating or chemical treatment. These
peaks are thus considered framework-associated octahedral
aluminum. Therefore, the peaks at 5.7 ppm (B-H), 2.1 ppm
(Ni3B-H) and — 2.0 ppm (Ni5B-H) can be assigned to
framework-associated octahedral aluminum. These species
are produced by the partial hydrolysis of Si—~O—Al bonds
during calcination and largely depends on the pretreatment
of beta zeolite, being related to Lewis acidity [38, 39]. Lewis
acid sites (LAS) are formed due to the high electron affin-
ity of a proton of a catalytic site [39]. It has been proposed
[40] that the LAS activity is related to the ability of beta
zeolite framework to create octahedral aluminum. Other
broad peaks appeared in the spectra of nickel catalysts, as
compared to B-H, at — 12 ppm (Ni3B-H) and — 16 ppm
(Ni5B-H), which are related to extra-framework octahedral
aluminum in asymmetric and heterogeneous environments,
in accordance with previous works [35, 41, 42]. These peaks
have been considered as an effect of calcination method [35,
42] or with cations in zeolite structure [41]. Both effects
are believed to strongly affect the number and the type of
octahedral aluminum species.

0
Chemical shift (ppm)

1 L L 1
-50 -100-50 -75 -150

-100 -125
Chemical shift (ppm)

These results show that nickel increases the disorder of
B-H, by changing the chemical environment of aluminum
and then its chemical bonds in zeolite structure, which can
result in different catalytic activities [43]. For all spectra,
the peak related to tetrahedral aluminum was stronger than
the peak associated to octahedral aluminum indicating that
most of the aluminum atoms are in tetrahedral coordination
in the framework. Table 2 shows that the relative amounts of
tetrahedral aluminum increased due to the nickel presence,
as can be seen in the aluminum in tetrahedral position to
aluminum in octahedral position ratio (Alpy/Algy).

Regarding the °Si NMR spectra (Fig. 2b), several stud-
ies [38, 44, 45] have shown that beta zeolite has nine crys-
tallographic non-equivalent tetrahedral (T) sites and then a
complex spectrum is expected. However, only three signals
are often detected even in high resolution spectra, instead of
three groups of nine lines, due to the high concentration of
stacking faults in beta zeolite structure. The silicon atoms at
Q’ and Q7 sites Si(3Si,10H) and Si(2Si,20H) produced sig-
nals at — 102 ppm and — 94 ppm, respectively. These silicon
atoms are bound to one or two defect groups. On the other
hand, the signals at — 111 ppm, — 106 ppm and — 98 ppm are
related to silicon atoms at the Q* sites Si(4Si), Si(3Si,1Al)
and Si(2Si,2Al). The 2’Si NMR spectra of beta zeolite shows
a broad peak ranging from — 80 to — 120 ppm, centered at
— 104 ppm with a shoulder at — 94 ppm, in agreement with
other works [36, 44, 45]. According to previous assignments,
this peak can be assigned to the superposition of signals,
caused by silicon atoms at Q% Q® and Q* sites. The signal
at — 104 ppm is the strongest one, suggesting the predomi-
nance of silicon atoms at the Si(3Si,1Al) and Si(3Si,10H)
sites. As stated previously [45], in samples with low Si/Al
ratios, the signal at — 104 ppm is related to the superposition
of Si(3Si,1Al) at — 106 ppm and Si(3Si,10H) at — 102 ppm.
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The lines above — 111 ppm would be expected in samples
with high silicon content. This line seems to be weak in
our sample. The nickel-containing samples displayed simi-
lar profiles, the Ni3B-H sample showing the peak with a
maximum at — 100 ppm. It indicates that the silicon crystal-
lographic sites have slightly changed by nickel.

It is well-known [46] that beta zeolite has several suitable
properties as catalyst including the large specific surface
area and pore, high thermal stability and adjustable acidity,
which largely depends on tetrahedral aluminum in zeolite
framework. To better understand the acidic sites in the sam-
ples, results of NH;-TPD and FTIR of pyridine adsorption
were used for catalysts characterization. Table 2 presents
the distribution of acid sites (weak, strong, very strong and
total) for the catalysts and the NH;-TPD profiles are shown
in Fig. 3. We can see that B-H showed two peaks, in accord-
ance with previous works [47, 48]. The first one, with a max-
imum desorption temperature between 145 and 163 °C (T1),
is related to ammonia adsorbed on weak sites such as silanol
groups. The second peak (T2), in the range of 337 to 363 °C,
is related to ammonia molecules interacting with framework
aluminum species and then are considered strong acid sites
[49]. The introduction of nickel to B-H creates stronger acid
sites (T3) and increased the amount of total acid sites, both
effects increasing with nickel amount (Table 2).

The classification of acid sites (AS) of the samples in
Bronsted (BAS) and Lewis (LAS) types has been performed
using FTIR after adsorption of pyridine to B-H, Ni3B-H and
Ni5B-H (Fig. 4). A first band (1545 cm™Y) is assigned to
pyridine ion (protonation of pyridine in the BAS), whereas
the other one (1445 cm™") refers to pyridine molecule inter-
acting by coordination with the LAS. The band at 1490 cm™'
is related to the interaction of pyridine with both acidic
sites (BAS and LAS) [50]. It can be noted that the BAS

028

P1 — B-H
— Ni3B-H

027 I

8
()

detector (a.u.)

Signal thermal conductivity
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Temperature (°C)

Fig.3 NH;-TPD profile for B-H, Ni3B-H and Ni5B-H catalysts. P1:
weak acid site; P2: strong acid site; P3: stronger acid site. "P" stands
for "peak". Experimental procedures are described in Sects. Nickel-
Modified Beta Zeolite Synthesis and Characterization
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peaks were decreased by nickel, a fact that can be related
to the replacement of some protons by nickel ions during
impregnation. During this process, the proton of the BAS
(Si—~OH-Al) is substituted by the impregnated metal cation
(Ni“), in accordance with a previous work [47]. In some
cases, the reduction of BAS may be a consequence of the
blocking of catalyst pores by the metal oxide [47]. However,
we have not found a significant reduction in the pore volume
of nickel catalysts which means that no significant blockage
has occurred (Table 2).

The band at 1445 cm™!' (LAS) increased after nickel
impregnation as compared with B-H. As concluded by
NMR, after nickel addition, more aluminum atoms will
occupy different crystallographic sites and more octahedral
aluminum will be linked to beta framework, where they can
change to tetrahedral positions [37]. As shown in Table 2,
nickel increased the amount of aluminum in tetrahedral posi-
tion in framework. In both positions, aluminum (octahedral
and tetrahedral) can act as LAS [37]. However, it is known
that extra-framework aluminum species are related to weak
acid sites, whereas the framework aluminum species gen-
erate strong acid sites [51]. This explained the increase of
weak sites caused by nickel, which increased the amount
of extra-framework aluminum, evidenced by the peaks at
-12 ppm (Ni3B-H sample) and -16 ppm (Ni5B-H) in 2’Al
NMR spectra. On the other hand, the increased amount of
strong sites caused by nickel can be explained by the higher
amount of octahedral aluminum in the framework as shown
by the peaks at 2.1 ppm (Ni3B-H) and — 2.0 ppm (Ni5B-H)
in 2’A1 NMR spectra.

—— blank
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— Ni3B-H

Ni5B-H
9
[}]
(3]
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£
[7]
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i
= ; E 1445
5% BAS + LAS
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1600 1500 1400 1300

Wavenumber (cm™)

Fig.4 Fourier transform infrared (FTIR) spectra obtained after
pyridine adsorption on the catalysts. B-H: beta zeolite; Ni3B-H and
Ni5B-H: beta zeolite with 3 and 5% of nickel, respectively. BAS
Bronsted acid site, LAS Lewis acid site. Experimental procedures are
described in Sects. Nickel-Modified Beta Zeolite Synthesis and Char-
acterization
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In addition, the increase of LAS and total amount acid
sites (Table 2) are also related to nickel oxide which can
act as a Lewis acid center. Iliopoulou et al. [52] have used
HZSM-5 modified with different amounts (1, 5 ¢ 10 wt/wt
%) of nickel oxide and cobalt (II, III) oxide in the pyroly-
sis of a commercial lignocellulosic biomass (Lignocel HBS
150-500). They reported higher concentration of LAS
after impregnation with nickel (43.9-54.9 umol g~') and
cobalt (35.4-45.9 umol g~') when compared to HZSM-5
(18.1 umol g7"). The increase in LAS was attributed to the
formation of the corresponding oxides of impregnated met-
als (NiO and Co;0,, confirmed by XRD), which could act as
Lewis’ acid centers. Karakoulia et al. reported similar results
for HZSM-5 zeolite with 10 wt% of nickel, prepared by wet
impregnation [53].

Influence of Beta Zeolite on the Distribution
of Aromatic Hydrocarbons in Pyrolysis Vapors

Table 3 shows the comparison between the compound
classes tentatively identified in pyrolytic vapors. Non-cat-
alytic pyrolysis produced mainly O-compounds (Table 3
and Online Resource 1 in Table ESM2). This distribution
of products from pyrolytic vapors of pre-treated MDF resi-
dues in chemical classes is similar to the results found in a
former study of our group, where non-treated MDF residues
based on eucalyptus and pinus woods have been employed
[10]. Other researchers have also found mainly phenolic
compounds and other oxygenated classes, as for example,
ketones in the bio-oil of wood-based panels [2]. No nitrogen
compound has been identified in MDF pyrolysis vapors, as
shown in Table 3 and Online Resource 1 in Table ESM2.
It means that if small amounts of N-compounds remain in
biomass after pre-treatment (Table 1), it will not be harmful

to people or environment, during pyrolysis process, neither
to bio-oil quality.

The use of catalysts based on beta zeolite in the pyrolysis
of pre-treated MDF residues drastically changed the com-
position of pyrolytic vapors (Table 3). The chromatographic
area percentage of AH ranged from 70.20 to 85.40% for
catalytic pyrolyses, while they were not detected in the non-
catalytic bio-oil. The AH class was divided into MAH [com-
posed of BTEX, OA (other aromatics: other alkyl benzenes,
indane and its derivatives)] and PAH (naphthalenes and
PAH > 2 rings, where PAH > 2 rings designate PAH whose
structures contain more than two aromatic rings) (Table 3).
In general, the higher the number of aromatic rings the more
toxic is the PAH and this is the reason for classifying PAH
according to two rings (naphthalenes) and more than two
rings. MAH were the major class in the vapors of catalytic
pyrolysis (48.69-61.61%). They were followed by PAH,
which showed lower area (%) when modified catalysts were
used in the process (11.12-36.71%). Oxygenated monoaro-
matic and polyaromatic hydrocarbons have not been found
in vapor pyrolysis.

The chromatographic area (%) of O-compounds has
been reduced from 76.01% (non-catalytic) to 0.67, 2.64
and 14.16% when B-H, Ni5B-H and Ni3B-H catalysts were
employed, respectively. These can be related to the different
selectivity of the catalysts towards each reaction during the
catalytic pyrolyses of biomass. In fact, the activation energy
of each reaction normally changes on different catalysts.
Cracking, hydrodeoxygenation (HDO), oligomerization,
cyclization, aromatization, alkylation, isomerization, polym-
erization, decarbonylation, decarboxylation, hydrocracking,
hydrogenolysis, hydrogenation and others can take place on
different kinds of catalytic sites, during catalytic pyroly-
sis of biomass, producing a complex network of reactions.

Table 3 General distribution of chromatographic area percentages of classes of compounds tentatively identified in the catalytic and non-cata-

lytic pyrolysis vapors

Compounds class Aromatic hydrocarbons (AH)

Catalytic Monoaromatic hydrocarbons (MAH) Polyaromatic hydrocarbon (PAH)
BTEX OA >~ MAH Naphthalenes PAH>2 X PAH X AH O-compounds
Area%*/SD
B-H 23.51+1.05b 25.18+0.27a 48.69+0.54a 29.53+1.10a 7.18+0.69b 36.71+1.26b 85.40+1.81a 0.67+0.01a
Ni3B-H 39.35+3.96a 19.70+3.66a 59.08+5.41a 11.12+0.79b nd 11.12+£0.79a  70.20+5.98a 14.16+4.47a
Ni5B-H 38.65+2.73a 22.96+347a 61.61+0.52a 1543+0.36c 0.49+0.03a 1593+0.36a 77.54+0.80a 2.64+0.42a
non-catalytic nd nd nd nd nd nd nd 76.01+0.19b

SD standard deviation, nd non detected; average values, in the same column, that are followed by the same letter (a, b, or c¢) are not significantly
different from each other, according to Tukey's test (p < 0.05). Pure beta zeolite (B-H) and B-H modified with 3% (Ni3B-H) and 5% of nickel
(Ni5B-H), BTEX benzene, toluene, ethylbenzene, xylenes, OA other aromatics, PAH > 2 polyaromatic hydrocarbons whose structure contain
more than two aromatic rings; Experimental procedures are described in Sect. Catalytic and Non-Catalytic Analytical Pyrolysis

Calculated according to Sect. Catalytic and Non-Catalytic Analytical Pyrolysis
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Among them, HDO is by far the most important one [54],
being responsible for the production of water and for oxygen
removal. Carboxylation is also a desirable reaction while
decarbonylation is undesirable [47].

Among the catalysts, B-H performed especially well in
oxygen removal of pyrolytic vapors of pre-treated MDF
(99%) and also in the production of AH, which is an impor-
tant achievement as it may provide higher bio-oil quality
and stability. Similar results have been obtained in the cata-
lytic pyrolyses of several biomasses (sunflower stem, cel-
lulose, cedar, apple, and eucalyptus wood) over beta zeolite
[47]. This is closely related to the inherent characteristics of
beta zeolite such as high specific surface area, large pores
and strong BAS and LAS. Because of the large pores of
beta zeolite, the bulky molecules can enter in the channels,
where they go on cracking, deoxygenation/hydrodeoxygen-
ation, hydrogenation/dehydrogenation and other reactions
on acidic sites. As shown by the results of NH;-TPD and
FTIR, beta zeolite has strong Bronsted and Lewis acid sites
generated by H" and AI’* species. As pointed out earlier
[54] these sites are able to catalyze cracking/hydrocracking,
deoxygenation/HDO, hydrogenation/dehydrogenation and
isomerization giving rise to aromatics and decreasing the
amount of O-compounds.

Despite the excellent results obtained on B-H, the high
levels of PAH produced over this catalyst deserve attention.
PAH are highly toxic compounds and then are not desirable
in transport fuels [19]. Indeed, it has been reported that beta
zeolite produced higher content of PAH, when compared to
other zeolites, such as HZSM-5 and H-modernite [18]. This
fact is related to the larger pores of beta zeolite, which facili-
tate the diffusion of primary pyrolysis compounds and the
production of PAH on the acid sites of the catalyst. However,
this can increase coke production, resulting in deactivation
of the catalyst [12, 16]. The high catalyst/biomass ratio (5/1)
that ensured available acid sites for the reactants probably
helped PAH formation, with eventual production of coke.
The use of high catalyst/biomass ratios is common in pyroly-
sis and aims to ensure the access of all reactant to the active
sites, especially in the cases where part of the catalysis can
be deactivated by coke [16].

The introduction of nickel in beta zeolite provided the
decrease of PAH. Their chromatographic area percent-
ages changed from 36.71% (B-H) to 11.12% (Ni3B-H) and
15.93% (Ni5SB-H). The chromatographic area percentage of
naphthalene was significantly smaller for Ni3B-H (11.12%)
than for Ni5SB-H (15.43%), while PAH > 2 rings were not
tentatively identified for Ni3B-H and reached a total of
0.49% of the chromatographic area percentage of vapors
from catalytic pyrolysis over Ni5SB-H (Table 3).

The use of nickel impregnated beta zeolites largely
improved the selectivity of the catalysts towards BTEX
(>38%) in comparison with the use of B-H (23.51%). All
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compounds of the BTEX mixture showed chromatographic
areas significantly enhanced by nickel, as displayed in Fig. 5.
The contribution of toluene was especially noted (B-H:
9.58%, Ni3B-H: 16.99% and Ni5B-H: 17.09%), followed
by xylenes (B-H: 9.95%, Ni3B-H: 14.82% and Ni5SB-H:
15.28%), benzene (B-H: 3.02%, Ni3B-H: 6.03% and Ni5B-
H: 4.78%) and ethylbenzene (B-H: 0.77%, Ni3B-H: 1.46%
and Ni5B-H: 1.48%). It is known that the BTEX mixture
arouses interest in industry as precursor of many com-
pounds. Toluene, for example, is used as raw material for
the production of benzene and its derivatives and of drugs
and dyes, among others. Moreover, p-xylene is used in the
production of terephthalic acid, a precursor to polyethylene
terephthalate (PET) which, in turn, is used in several other
branches of industry [17, 24].

The efficiency of the nickel catalysts can be related to
the changes in aluminum chemical environments related to
crystallographic sites, changing the catalytic activity and the
amount and strength of acid sites of the catalysts (Sect. Cata-
lyst Characterization). The enhanced production of BTEX with
nickel catalysts can be related to an increase of the activity
of the catalysts in cracking/hydrocracking, hydrogenation/
dehydrogenation and isomerization giving rise to aromatics,
on the stronger sites of these catalysts. However, the amount
of O-compounds increased, indicating lower activity of these
catalysts in the reactions related to oxygen removal, mainly
the HDO and deoxygenation. This finding suggests that the
BAS are more active than LAS in HDO, in accordance with
previous work [55]. Therefore, B-H is able to produce less

1 8-H
| [ Ni3B-H

Ni5B-H

benzene toluene

ethylbenzene

xylenes

Fig.5 Selectivity of the beta zeolite catalysts towards BTEX (ben-
zene, toluene, ethylbenzene and xylenes) compounds contained in
bio-oils produced by catalytic pyrolyses of pre-treated MDF resi-
dues. Ni3B-H and Ni5B-H are 3 and 5% nickel modified beta zeo-
lite and B-H is a pure beta zeolite. Area (%): calculated according to
Sect. Catalytic and Non-Catalytic Analytical Pyrolysis. Experimental
procedures are described in Sect. Catalytic and Non-Catalytic Ana-
lytical Pyrolysis
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oxygenated products, as compared to nickel-containing cata-
lysts, due to the stronger ability of HY species to react with
oxygen atoms, as compared to LAS.

For the Ni5B-H sample, the amount of O-compounds
was lower than for Ni3B-H, a fact that can be assigned to its
higher number of stronger active sites, as shown in Table 2.
In addition, nickel catalysts largely decreased the amount of
naphthalenes and PAH > 2 rings, showing ability to open multi
aromatics rings. This suggests that nickel itself plays a role
in catalyzing some reactions during fast pyrolysis, besides
changing the acidity of the solids. In a previous work, it has
been demonstrated [52] that nickel can be reduced during fast
pyrolysis of biomass, by hydrogen produced by cracking reac-
tions, allowing the formation of metallic nickel and then of a
bifunctional catalyst. These catalysts are characterized by the
presence of acidic sites (originated from the support) and by
metallic sites (reduced nickel). It is well known that bifunc-
tional catalysts of nickel supported on beta zeolite are efficient
in multi ring opening reactions with the aim of decreasing the
PAH content in samples such as diesel and bio-residual tire oil
due to nickel ability to break C—C bonds [17, 20]. The trans-
formation of PAH, such as naphthalenes and its derivatives in
MAH occurs in two stages. The first stage is associated with
hydrogenation reactions of the aromatic rings on metal sites,
forming tetralin or its derivatives. The second stage occurs
on acidic sites, responsible for cracking the naphthenic ring,
giving rise to compounds with only one aromatic ring (MAH,
such as BTEX) [17, 21]. In our work, it was not possible to
identify metallic nickel in the spent catalysts, since the pyroly-
sis experiments were performed on analytical scale.

These results show that the drawback related to beta zeo-
lite concerning the production of toxic PAH can be largely
overcome by introducing nickel on the zeolite by impregna-
tion. In addition, the activity of the catalysts for different
reactions can be tailored for different purposes. Among the
catalysts, Ni5SB-H is the most efficient catalyst to produce
a bio-oil rich in BTEX and with no content of highly toxic
compounds, such as PAH and low content of O-compounds.

Conclusion

A simple process of washing MDF with hot water at 80 °C
efficiently removed N-compounds from MDF residues. This
strongly suggests that this method can be advantageously
applied in pilot or industrial plants before the pyrolysis of
MDF residues. The nickel-containing catalysts have been
proved to be promising for the production of bio-oil rich in
BTEX and with low content of O-compounds or no content
of toxic PAH, depending on the application. These results
showed interesting perspectives for the use of MDF residues
and an improvement related to the production of a bio-oil
with higher concentrations of BTEX.
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