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Catalytic pyrolysis of crude glycerol over a shaped H-ZSM-5
zeolite catalyst with (partial) recycling of the product oil was
studied with the incentive to improve benzene, toluene, and
xylene (BTX) yields. Recycling of the polycyclic aromatic hydro-
carbon (PAH) fraction, after separation from BTX by distillation and
co-feeding with the crude glycerol feed, was shown to have a posi-
tive effect on the BTX yield. Further improvements were achieved
by hydrogenation of the PAH fraction using a Ru/C catalyst and
hydrogen gas prior to co-pyrolysis, and BTX yields up to 16 wt% on
feed were obtained. The concept was also shown to be beneficial
to other biomass feeds such as e.g., Kraft lignin, cellulose, and
Jatropha oil.

Introduction

Aromatic compounds are essential commodity building blocks
of the chemical industry. In particular, the low molecular
weight mono aromatics benzene, toluene, and xylene (BTX) are
important intermediates for the production of various pro-
ducts including liquid fuels, solvents, and polymers.'
Typically, BTX is produced via refinery processes of crude oil
fractions in steam cracking, steam reforming, and catalytic
reforming facilities. In order to achieve a more sustainable
route to BTX, a number of studies have been undertaken focus-
ing on the use of renewable resources like biomass.*® This
development is driven by the wish to green up the petrochem-
ical industry due to pressing concerns about greenhouse gas

“Engineering and Technology Institute Groningen (ENTEG), Faculty of Science and
Engineering, University of Groningen, Nijenborgh 4, 9747 AG Groningen,

The Netherlands. E-mail: h.j.heeres@rug.nl

BioBTX B.V., Zernikeplein 17, 9747 AA Groningen, The Netherlands

“Hanze University of Applied Sciences, Zernikeplein 11, 9747 AS Groningen,

The Netherlands

Syncom B.V., Kadijk 3, 9747 AT Groningen, The Netherlands

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
€9gc01485¢

{These authors contributed equally to this work.

3802 | Green Chem., 2019, 21, 3802-3806

Homer C. Genuino,$? Inouk Muizebelt,1° André Heeres,““ Niels J. Schenk,
Jos G. M. Winkelman® and Hero J. Heeres () *@

recycling strategy for co-produced polycyclic
aromatic hydrocarbons¥

b

effects and changes in the supply of bulk aromatics due to the
implementation of shale gas-derived streams.”®

A number of routes have been developed for the catalytic
conversion of sugar-derived furanics into aromatics via Diels
Alder (DA) addition and subsequent dehydration reactions
(i.e., a stoichiometric synthesis approach).®™*? Catalytic conver-
sions of bio-based (isobutyl) alcohols,**'* ethylene,">'® and
pinacol-acrolein'’ to aromatics have also been reported.
Catalytic pyrolysis, a one-step process with high flexibility in
biomass input, offers another promising pathway to aromatics.
A number of studies have described the catalytic pyrolysis of a
variety of biomass feeds and mixtures thereof using (Brgnsted)
acidic microporous zeolites as catalysts using in situ and
ex situ pyrolysis vapour upgrading concepts.'®' The H-ZSM-5
zeolite catalyst proved to perform the best due to its high
acidity, medium-sized pore structure, high surface area, and
outstanding shape-selectivity. In most cases, the liquid organic
product phase consists of a mixture of aromatics. The amount
of the more valuable BTX in this mixture is highly dependent
on the process conditions employed (e.g., WSHYV, residence
time, temperature) and type of biomass used, but most often it
is the minority of the total aromatics formed.*” Aromatic
hydrocarbons from H-ZSM-5-catalyzed pyrolysis of lignin, for
example, contain considerable amounts of polycyclic aromatic
hydrocarbons (PAHs, >50%), including (alkylated) naphtha-
lenes, phenanthrenes, anthracenes, and pyrenes.”*>® Such
large molecular aromatics are considered to be major coke pre-
cursors, responsible for (rapid) catalyst deactivation. As a
result, there is a strong demand for catalytic processes convert-
ing (mixtures of) biomass in high yields towards BTX, while
minimizing PAH yields.

The relatively low selectivity towards mono aromatics and
the formation of significant amounts of PAHs and coke are
thought to be associated with the relatively high oxygen and
low hydrogen content of biomass feedstocks (low H/Ces
ratio®®). To promote BTX production, different (co-)pyrolysis
strategies have been explored. For instance, zeolite modifi-
cations have been tested by introducing transition metals in
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Fig. 1 Schematic representation of the concept involving catalytic
pyrolysis with efficient recycling of co-produced polycyclic aromatic
hydrocarbons (PAHs).

the framework.””>® Noble metals were shown to be very
effective dopants, but their high cost limit their large-scale
utilization. Alternatively, Lu et al. used Mo,N/H-ZSM-5 cata-
lysts, which exhibited catalytic performance for the pyrolysis of
pinewood comparable to unmodified H-ZSM-5 in terms of aro-
matics yield, but afforded lower amounts of PAH.*° For
instance, the highest yield of aromatic hydrocarbons was
9 wt%, with 8 wt% of BTX and 1 wt% of PAHs.’® Zhang et al.
observed that the combined yield of aromatics and olefins
from the H-ZSM-5-catalyzed conversion of different biomass
feedstocks increased with higher H/C. ratios, accompanied by
lower yields of coke.*' Higher H/C.g ratios of the feeds may
also be obtained by co-pyrolysis of biomass with substrates
with higher H/C. values (e.g., fats, alcohols, plastics), and this
strategy was shown to give higher yields of mono aromatics
and lower yields of PAH.>*>™*°

Instead of mitigating PAH formation, we explored herein
the use of the co-produced PAHs as a co-feed in catalytic pyrol-
ysis. In addition, the PAH fraction was hydrogenated to a
mixture of mainly polycyclic aliphatics (PCA), aiming to
increase the H/Cg ratio, and subsequently utilize this fraction
as a co-feed (Fig. 1). The PAHs used in this study were obtained
from the ex situ catalytic pyrolysis of crude glycerol (obtained
from a biodiesel production process) in a dedicated continu-
ous bench-scale unit. Catalytic hydrogenation of the PAH frac-
tion was performed in a batch-mode reactor using a Ru/C cata-
lyst and hydrogen gas, and the reduced product was catalyti-
cally co-pyrolysed with crude glycerol in a small-scale reactor at
the gram scale. The synergy between the two feedstocks in
terms of liquid and BTX yields was investigated. Finally, the
versatility of the concept was tested using other biomass
sources such as Kraft lignin, cellulose, and Jatropha oil.

Results and discussion

A representative batch of PAHs, sufficient for all co-feed experi-
ments reported in this work, was obtained from the ex situ
catalytic pyrolysis of crude glycerol in a continuous bench-
scale unit (200 g h™"). The composition of crude glycerol used
is summarized in Table S1 in the ESL{ *® The initial pyrolysis
step was conducted at 520 °C, followed by catalytic upgrading
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of the pyrolysis vapours in a packed bed reactor operated at
536 °C containing a shaped H-ZSM-5/bentonite (60/40) catalyst
(200 g, 1-2 mm average particle size). The crude glycerol was
converted to an oil phase (19.2 wt% on feed intake, consisting
of mainly monocyclic and polycyclic aromatics) and an
aqueous phase (25.3 wt%). The BTX was separated from the
PAH fraction by means of distillation, giving 40.6 wt% of BTX
and 59.4 wt% of PAH. The isolated PAH fraction consists of
highly substituted single and multiple aromatic rings
(C9-~C20) with a molecular weight between about 120-500
Da. Two-ring aromatic hydrocarbons (e.g., alkylated naphtha-
lenes) are the major components. Three-ring aromatics (e.g.,
alkylated phenanthrenes and anthracenes) are also present
(Fig. S1-S31). Under neat conditions, the PAH fraction was
hydrogenated over a Ru/C catalyst (Fig. 2). The extent of hydro-
genation may be tuned by process conditions. In order to
increase the H/C.s ratio of the PAH fraction, it was sub-
sequently reduced by means of catalytic hydrogenation. Under
typical conditions (15-18 g PAH, 0.8-0.9 g Rujs y0,/C, 305 °C,
80-130 bar H,, 2-3.25 h, neat), the reaction was not complete
and a mixture of PAHs, polycyclic aliphatics (PCAs), and mono
aromatic polycyclic hydrocarbons (e.g., alkyl-substituted tetra-
lins) was obtained in an isolated yield of 64 wt%. The mole-
cular weight of the reduced product was similar to that of
PAH, which ranged from about 100-500 Da. Elemental analysis
of the product shows that the level of oxygenates is low as the
sum of the C and H percentages is above 98 wt%. Moreover,
the '"H NMR spectra of the PAH fraction and the reduced
product are considerably different and the amount of aromatic
protons present between § 6.5-8.0 ppm is significantly less in
intensity in the reduced product (Fig. S1 in the ESIf). Further
information on the molecular composition of the PAH and
PCA fraction was obtained from gas chromatography mass
spectrometry analysis (GC-MS) and matrix-assisted laser de-
sorption/ionization time-of-flight measurements. Details are
given in the ESI (Fig. S2-S3 and Table S2+).

A benchmark ex situ catalytic pyrolysis of crude glycerol was
performed in a gram-scale reactor (1 g sample, 3 g H-ZSM-5
catalyst with Si: Al = 23, 550 °C, details are given in the ESIY).
Measurements were typically performed in duplicate and the
average yields are given. After the reaction, two liquid phases
were obtained, an oil phase (32 wt% on feed) and an aqueous

PAH

PCA

Rusy15/C, neat

T

R ——
80-130 bar H,,
305°C, 2-3h

\ 7

N N I

Fig. 2 Chemistry for the catalytic hydrogenation of the isolated PAH
fraction, showing representative components as well as the reduced
fraction (collectively denoted as polycyclic aliphatics or PCAs).
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phase (30 wt%) (Fig. S4%1). In addition, gaseous products
(13 wt% yield on feed) and solid products (i.e., ash, carbon-
aceous materials; 7 wt%) were obtained. The oil phase was
analysed in detail and the BTX yield was determined to be
17 wt% on feed, with a selectivity of 28% to benzene, 46% to
toluene, and 26% to xylene (Fig. 3). No BTX was found in the
aqueous phase, which contained only 0.15 wt% C (TOC ana-
lyses). Before the co-pyrolysis experiments of crude glycerol
with PAH and PCA, the catalytic pyrolysis of PAH and PCA was
first explored to determine their potential to be converted to
BTX using the H-ZSM-5 zeolite catalyst. The catalytic pyrolysis
of the PAH produced a bio-oil in a 75 wt% yield on feed,
together with water (6 wt%), coke on the catalyst (9 wt%), and
solid products (8 wt%) (mass balance closure of 98%)
(Fig. S57). A BTX yield of 8 wt% was obtained on feed intake,
with toluene being the major product at 4 wt% (Fig. 3). Thus,
we conclude that part of the PAHs may be cracked to BTX
using the H-ZSM-5 zeolite catalyst. Therefore, recycling of the
co-produced PAHs after separation of the BTX is an interesting
option to increase the overall BTX yields, as proposed in the
concept shown in Fig. 1. Previously, it was reported that de-
alkylation of (m)ethylated naphthalenes occurs during thermal
degradation, which is supported by model studies on
3C-labelled methyl arenes.’” In the presence of a zeolite, the
BTX formed by catalytic aromatization of PAH-derived pro-
ducts most likely originates from the alkyl chains of substi-
tuted higher aromatics present in the PAH fraction.*®

The catalytic pyrolysis of the PCA fraction produced a bio-
oil in 77 wt% yield on feed, together with water (12 wt%),
residual solids (1.3 wt%), and gas (2.3 wt%) (mass balance
closure of 93%) (Fig. S51). The molecular composition of the
liquid product was obtained from GC-MS analysis (Table S27).
The BTX yield was 13 wt% on feed, which is considerably
higher than that for the PAH experiments (8 wt%) (Fig. 3). This

mBenzene mToluene mm,p-Xylene  mo-Xylene
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glycerol glycerol glycerol

BTX yield (wt.%)

Fig. 3 Average BTX yields (wt% relative to feed intake) obtained after ex
situ catalytic pyrolysis of crude glycerol and co-pyrolysis with PAH or
PCA (1:1 wt ratio, total weight of 1 g) in the presence of the H-ZSM-5
catalyst (1:3 feed mix: catalyst wt ratio, 550 °C). Error bars indicate
standard deviation.
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finding is in line with the higher H/C¢ ratio of the PCA frac-
tion (1.71) compared to PAH (1.177). As such, it suggests that
the use of a co-feed with a higher aliphatic than aromatic
content is advantageous for BTX production. To prove this
hypothesis, catalytic co-feeding experiments with crude gly-
cerol and the PCA or PAH fraction were performed using a
1-to-1 wt feed ratio under the same reaction conditions as uti-
lized for the catalytic pyrolysis of the individual feeds. When
using PAH as the co-feed, the BTX yield was 13 wt% on feed,
which is in between the values obtained for experiments with
PAH and crude glycerol individually. Actually the BTX yield for
a 1-to-1 mixture of PAH and crude glycerol is about equal to
the average value of the yields obtained with these feeds separ-
ately (12.5 wt%). Expectedly, co-feeding the PCA with crude gly-
cerol gave a BTX yield of 16 wt% on feed, which is higher than
the average yield of the individual components (15 wt%) and
may be indicative of a synergistic effect (vide infra). Co-pyrol-
ysis of crude glycerol with PCA also resulted in an increased
bio-oil yield as compared to crude glycerol alone (55 wt% vs.
32 wt%), with concomitant decreases in coke deposits on cata-
lyst, residual solids, water, and gaseous products (Fig. S4-S67).
In zeolite-catalysed aromatization of glycerol, the dehydration
products acrolein and acetaldehyde are thought to be directly
converted to aromatic hydrocarbon via acid-catalysed aldol
condensation, after which, they are converted to BTX.*® Our
results imply that PCA effectively supplies the available reactive
intermediates with the pyrolysis products of crude glycerol for
aromatization to BTX.

In addition to crude glycerol, Kraft lignin, cellulose, and
Jatropha oil were tested as the biomass source under the same
catalytic pyrolysis conditions. The BTX yields for the individual
components varied between 2 wt% and 24 wt%, with the
highest BTX yields obtained from Jatropha oil (Fig. 4).
Interestingly, the BTX yields were considerably higher when
using the PCA-biomass mixtures as compared to the average

H Benzene B Toluene B m,p-Xylene W o-Xylene
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Fig. 4 Average BTX (wt% relative to feed intake) obtained after ex situ
catalytic pyrolysis of Kraft lignin, cellulose and Jatropha oil, and co-
pyrolysis of each biomass feedstock with PCA (1:1 wt ratio, total weight
of 1 g) in the presence of the H-ZSM-5 catalyst (1:3 biomass mix:
catalyst wt ratio, 550 °C). Error bars indicate standard deviation.
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BTX yield from the individual feed experiments. For instance,
the calculated synergistic effects (defined as the ratio of the
actual BTX yields obtained when using a 1-to-1 PCA-biomass
wt feed ratio and the average value for a 1-to-1 mixture based
on individual feed) were determined to be 131% for PCA-Kraft
lignin, 120% for PCA-cellulose, and 113% for PCA-Jatropha
oil. These findings suggest that the ease of aliphatic ring-
opening in PCA results in smaller fragments for further reac-
tions of the co-pyrolysis vapours in the zeolite catalyst pores,
including (de)alkylation, Friedel-Crafts alkylation, DA aromati-
zation, and alike. It seems most likely that in the ex situ pyrol-
ysis with biomass and PCA, the conversion of the latter
towards BTX results in the additional formation of hydrogen.
The presence of hydrogen in the catalytic pyrolysis results in
the stabilization of lignin-derived phenolics and furthermore
increases the hydrodeoxygenation of oxygen-containing com-
pounds. This results in an increased formation of small
alkanes/alkenes (i.e., C1-C4) that are considered to be the pre-
cursors for aromatization to occur and less formation of
higher aromatics and gases (see Fig. S6t). This intriguing
observation is the focus of subsequent studies and will be
reported separately.

To illustrate the potential of the new catalytic pyrolysis
concept for BTX production from glycerol, a model study of
the process, including recycling, was conducted. Fig. 5 shows a
simple diagram of a continuous BTX production process that
uses recycling and partial hydrogenation of PAH from the cata-
lytic pyrolysis of glycerol. The catalytic pyrolysis is character-
ized by the selectivity of the conversion of glycerol to BTX and
to PAH (Sg_grx and Sg_pan, respectively), and the selectivity of
the conversion of recycled PCA to BTX and PAH (Spca—prx and
Spca—pam; respectively). With a series of separation steps,
shown as a single block, separate BTX, gas/water/solids (GWS),
and PAH streams are obtained from the pyrolysis output. The
PAH stream is partially hydrogenated and returned to the cata-
lytic pyrolysis unit. The relative amount of BTX (wt/wt)
obtained from this operation follows from

(BTX) produced
(glycerol);ypc

(1 — p)(Sc—pan)(Spca—nrx)
1 — (1 —p)(Spca—pan)

= Sg—Brx +

where p denotes the fraction of the recycle stream that is
purged (0 <p <1).

glycerol BTX
—»  catalytic separation W
pyrolysis train —>
J
PCA PAH

A

( - purge
partial )
. split
hydrogenation
. J
hydrogen T

Fig. 5 Simplified process flow diagram of continuous BTX production
from the catalytic pyrolysis of glycerol with recycling of co-produced
PAHs.
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Fig. 6 Overall selectivity percentage of BTX and its limiting value vs.
the recycle ratio (left axis), and fractional purge vs. the recycle ratio
(right axis).

Fig. 6 shows the overall selectivity for BTX and the frac-
tional purge versus the recycle ratio calculated using estimated
selectivities as Sg_prx = 0.10, Sg_pau = 0.12, Spcasprx = 0.40
and Spca—pag = 0.30. In this case, with a once through oper-
ation, the overall yield of BTX is 10 wt%. With recycling and
partial hydrogenation of PAH, the overall yield of BTX is
increased to almost 17 wt%. The exact amount of BTX is a
function of the bleed, recycle ratio, level of hydrogenation, etc.

Conclusions

Ex situ catalytic pyrolysis of crude glycerol over a shaped
H-ZSM-5 zeolite catalyst with (partial) recycling of the product
oil was studied. The new concept involves isolation of the co-
produced polycyclic aromatic hydrocarbon (PAH) fraction after
separation from the BTX fraction by distillation and sub-
sequent co-feeding with the crude glycerol feed. This was
shown to have a positive effect on the BTX yield. The use of a
hydrogenated PAH fraction gave higher BTX yields than found
for the untreated PAH fraction, indicating that co-feeds with a
higher H/C.¢ ratio are preferred when aiming for higher BTX
yields. Further research will particularly focus on the observed
synergistic effects and mechanistic implications of such effects
for some of the biomass feeds, which have potential for
further optimization of BTX yields, as well as the effects of co-
feeds on catalyst stability.
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