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Catalytic conversion of glycerol and co-feeds
(fatty acids, alcohols, and alkanes) to bio-based
aromatics: remarkable and unprecedented
synergetic effects on catalyst performancet
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Glycerol is an attractive bio-based platform chemical that can be converted to a variety of bio-based
chemicals. We here report a catalytic co-conversion strategy where glycerol in combination with a
second (bio-)feed (fatty acids, alcohols, alkanes) is used for the production of bio-based aromatics (BTX).
Experiments were performed in a fixed bed reactor (10 g catalyst loading and WHSV of (co-)feed of 1 h™
at 550 °C using a technical H-ZSM-5/Al,05 catalyst. Synergistic effects of the co-feeding on the peak BTX
carbon yield, product selectivity, total BTX productivity, catalyst life-time, and catalyst regenerability were
observed and quantified. Best results were obtained for the co-conversion of glycerol and oleic acid
(45/55 wt%), showing a peak BTX carbon yield of 26.7 C%. The distribution of C and H of the individual
co-feeds in the BTX product was investigated using an integrated fast pyrolysis-GC-Orbitrap MS unit,
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Introduction

Crude glycerol is an abundantly available co-product of the
biodiesel industry (global amount of ca. 41.9 billion liters in
2020"). It is considered a platform chemical with a large poten-
tial for further catalytic conversions to value-added bio-based
chemicals, either as such® or after purification®. The pro-
duction of bio-aromatics such as benzene, toluene, and
xylenes (abbreviated as bio-BTX) from glycerol using e.g,
H-ZSM-5-based catalysts™® is an attractive option to green up
the aromatics industry and thus to enhance the sustainability
of the petrochemical industry.

Several studies on the catalytic conversion of glycerol over
H-ZSM-5-based catalysts in continuous fixed-bed reactors®*?
have shown a BTX carbon yield of at max 28.1 + 0.2 C% when
using an un-modified H-ZSM-5 zeolite catalyst.® Such catalysts
often show a rather short catalyst life-time (5-19 h) due to coke
formation®”"'*'®> and thus require frequent catalyst regener-
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ation by an oxidative treatment. However, a few studies on
reaction-regeneration cycles®®'%'>'>1® have shown that also
irreversible deactivation of the catalyst occurs, lowering the
catalyst performance for the regenerated catalysts.

Co-feeding of glycerol with alcohols (e.g., methanol,
ethanol, i-propanol, and i-butanol'>'”~>%), methanol/aromatics
(e.g., benzene and toluene*’), alkanes (e.g;, n-hexane,*
dodecane and hexadecane,? has also been studied, next to the
use of pure glycerol.>'*'*182>730 Baged on literature data, it
can be summarized that upon co-feeding, (i) the aromatics
yield is increased, e.g., from 3.0 wt% for glycerol to 10.8 wt%
for glycerol/methanol (55/45 wt%)'® and from 4.8 wt% for
hexane to 12.0 wt% for glycerol/hexane (50/50 wt%);** (ii) the
selectivity of aromatics changes, e.g., a higher alcohol content
leads to higher selectivities to benzene and toluene and lower
xylenes and trimethyl benzenes selectivity;'® and (iii) the rate
of catalyst deactivation is reduced leading to prolonged catalyst
life-times, e.g., from 3 h for glycerol/methanol (40/60 wt%) to
8 h for glycerol/methanol (10/90 wt%).>°

Literature studies have shown that improved catalyst activity
and stability when using co-feeds is correlated with higher
hydrogen to carbon effective ratio (abbreviated as H/Cegs, H/Cegr
= (H-20)/C) of the feed." Besides, an early study on catalytic
co-conversion of glycerol and "*C-labeled methanol (5/95 wt%)
showed that the "*C content in the aromatics was higher than
that in the feed, indicating that carbon atoms in the co-feed
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are involved in pathways leading to the formation of
aromatics.*”

However, most of the above-mentioned co-feeding studies
only applied glycerol in combination with one specific co-feed
at a single mixing ratio and did not consider synergetic effects.
We here report a systematic study with a broad range of co-
feeds at similar and well-defined conditions, allowing proper
comparison of data. We aimed to determine the synergetic
effects of co-feeds on catalyst performance (e.g., BTX yield and
selectivity, and catalyst life-time), and to determine the origin
of the carbon atoms in the formed BTX (glycerol and/or the co-
feed). In addition, the catalyst consumption (Kgca tonprod_l, or
catalyst productivity, tonpq kgea '), which is one of the
important performance metrics for industrial implemen-
tation®® has been determined and will be reported, and this is
also an absolute novelty of this paper. This metric is particu-
larly important for the catalytic conversion of glycerol to BTX
using H-ZSM-5 based catalysts considering the occurrence of
irreversible catalyst deactivation (ca. 10-15% decrease in BTX
production after each regeneration®'?). Irreversible de-
activation was shown to be most likely due to dealumination
of the H-ZSM-5 framework by steam®* generated in a large
amount ® by dehydration reactions.** As such, the effect of co-
feeds on catalyst stability and particularly irreversible de-
activation is also of interest.

In this contribution, we report a comprehensive study on
the catalytic conversion of glycerol in combination with a co-
feed for BTX production. Three types of co-feeds were used,
including alcohols (methanol and ethanol), alkanes (dodecane
and hexadecane), and free fatty acids (oleic acid). The latter is
of particular interest as crude glycerol may contain consider-
able amounts of such free fatty acids. Previous studies have
shown that fatty acids and vegetable oils are good feeds for
bio-BTX production, examples are the use of oleic acid®® and
glycerol blended with canola o0il.*” In total, 13 different gly-
cerol - co-feeds at different blending ratios were tested in this
study using a technical H-ZSM-5/Al,0; catalyst®”*® in a fixed
bed reactor at times on stream (TOS) between 8.5-12 h. We
particularly aimed to determine synergetic effects between gly-
cerol and the co-feed on catalyst performance including peak
BTX yields, catalyst productivity, and regenerability. Besides,
using catalytic pyrolysis integrated with GC-Orbitrap MS, we
also show the distribution of the C and H of the co-feeds in
the products.

Experimental

Materials

The granular H-ZSM-5/Al,0; catalyst (60/40 wt%, ¢
1.2-1.8 mm) used in this study was supplied by Yangzhou
Baisheng Catalyst Co., Ltd, PR China. The as-received catalyst
was pretreated by calcination at 600 °C under air for 8 h in a
muffle furnace (LT 9/11/P330, Nabertherm GmbH) and was
stored in a vacuum desiccator (Bel-Art™ F42400-2141,
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BEL-ART - SP Scienceware & HB Instruments) filled with silica
gel (Fisher Scientific Nederlands) at reduced pressure.

Glycerol (>99.5% purity) was supplied by Boom BV, The
Netherlands. Oleic acid (>95% purity, Product No. 0/0200/17)
was supplied by Fischer Scientific Netherlands. All the other
chemicals such as methanol, ethanol, dodecane, hexadecane,
tetrahydrofuran (THF), n-nonane, C3;DgO; (=98 atom % D,
>98% CP, Product No. 447498-1G), and *C3H50; (>99 atom %
3¢, >99% CP, Product No. 489476-1G), are of analytical grade
and were supplied by Sigma-Aldrich. N, gas (99.999% purity)
was supplied by Linde.

Catalytic (co-)pyrolysis of the (co-)feed(s) to aromatics in a
fixed-bed reactor unit

The catalytic conversion of glycerol with various co-feeds was
performed in a bench-scale fixed-bed reactor setup (Fig. S1t)
loaded with 10 g of the H-ZSM-5/Al,0O; catalyst. The reactor
was heated to 550 °C with a heating rate of 5 °C min~" under
an N, flow of 50 ml min~'. The liquid feedstocks (weight
hourly space velocity, WHSV of 1 h™") were pumped into a pre-
heater (350 °C) by four syringe pumps (NE-1010, Prosense B.V.)
using four 100 ml gastight syringes (Part No. 86020,
Hamilton). The vaporized feedstock(s) mixed with N, gas were
then passed over the catalyst bed. After the reaction, the pyrol-
ysis vapor was cooled in two parallel condensation-separation
units (switched every 30 min) and transferred to a sampling
unit (-40 to 1 °C), equipped with automated pneumatic
switches (V11, V12, and V15, Fig. S1t). The liquid samples
were collected in 20 ml glass vials, the gases in 5-L FlexFoil
Plus sample bags (Part No. 207104, SKC Ltd).

After the reaction, the reactor was cooled to room tempera-
ture under N, (50 ml min™"). The used catalyst was removed
from the reactor followed by an oxidative regeneration in a
muffle furnace (LT 9/11/P330, Nabertherm GmbH). The used
catalyst was placed in a 90 ml Haldenwanger porcelain crucible
(Product No. 10493081, Fisher Scientific Nederlands) and was
oxidized at 680 °C for 12 h. The regenerated catalyst was then
loaded to the reactor to determine the performance by follow-
ing the same protocol for testing the fresh catalyst. In total, 5
reaction-regeneration cycles were performed.

The liquid products were diluted approximately 7 times
with a stock solution containing ca. 20 000 ppm of n-nonane
in a solvent mixture (ethanol/THF, ca. 10/90 vol%). The
samples were analyzed by GC-MS (HP 6890/5973, Hewlett-
Packard) and GC-FID (HP 5890, Hewlett-Packard) equipped
with a capillary column (Rtx-1701, 30 m x 0.25 mm x 0.25 pm,
Restek). The relative response factors of the individual aro-
matics to n-nonane were applied for their quantification. The
gaseous products were analyzed by a GC-TCD (HP 5890,
Hewlett-Packard) equipped with a CP-PoraBOND Q column
(50 m x 0.53 mm x 10 pm, Varian) and a HP-Molsieve column
(30 m x 0.53 mm x 50 pm, Agilent). Before and after sample
analyses, the GC-TCD was calibrated with a standard reference
gas mixture containing C;-Csz, CO, CO,, and N, (Product No.
G322243, Westfalen AG). The coke content on the used catalyst
was analyzed using an elemental analyzer (EuroEA3000,

This journal is © The Royal Society of Chemistry 2022
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Eurovector), which was calibrated using sulfanilamide as the
standard.

The carbon yields and selectivities of the products and the
total BTX productivity were calculated using eqn (1)-(3). The
catalyst life-time is defined as the TOS at which the yield of
BTX was negligible (<1 C%).

mol of carbon in the individual product
mol of carbon in the feed
x 100

Carbonyield (C%) =

(1)

Carbon selectivity(%) =
mol of carbon in the individual product (2)
p p 100
mol of carbon in all the major products

Total BTX productivity (mgBTX gc_altalyst>

weight of BTX produced

= (3)

weight of catalyst loaded in the reactor

Catalytic (co-)conversion of *C- and D-labeled glycerol mixed
with oleic acid in an integrated fast pyrolysis-GC-Orbitrap MS
unit

Catalytic fast pyrolysis-GC-Orbitrap MS was performed using
an EGA/PY-3030D Multishot pyrolyzer equipped with an
AS-1020E Autoshot autosampler (Frontier Laboratories). The
pyrolyzer was coupled to an inline GC (Trace 1300, Thermo
Scientific), which was equipped with an Rtx-1701 column
(30 m x 0.25 mm x 0.25 pm, Restek) and an Exactive series EI/
VeV/CI quadrupole-Orbitrap mass spectrometer (Thermo
Scientific).’® The fine catalyst powder (ca. 50 pg) was mixed
with the liquid feed containing glycerol and oleic acid (ca.
50 pg) in a crucible (Frontier Laboratories), which was loaded
into the autosampler and automatically injected into the pyro-
lyzer operated at 550 °C. The detailed GC-Orbitrap MS oper-
ation parameters, standard calibration, and data processing
are described in a previous publication.”® The molecular
weight used for the identification of the BTX products with
various labeled D and 13C atom(s) is shown in Table S11 and
an example of GC-Orbitrap MS analysis is shown in Fig. S15.F

Table 1 Overview of experiments
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All the experiments were performed in triplicate and the aver-
aged results are reported.

Results and discussion
Catalytic conversion of glycerol with various co-feeds

The catalytic conversion of glycerol with various co-feeds
(WHSV of 1 h™") was continuously performed in a fixed-bed
reactor loaded with 10 g of the H-ZSM-5/Al,0; catalyst at
550 °C for TOS of 12 h. An overview of experiments including
the abbreviations used for the experiments is given in Table 1.

The carbon yields for the various aromatics (BTX and
others) versus the TOS for a representative experiment (glycerol
and oleic acid, entry 11 in Table 1) is given in Fig. 1. The
carbon yields of the gas (CO, CO,, and C;-C; hydrocarbons)
and liquid products (BTX, ethylbenzene, naphthalene, and
methyl naphthalenes), and the carbon selectivity’s of the indi-
vidual BTX components versus TOS for all other experiments
are shown in Fig. S2-S11.f In general, the aromatics yield

40 o Sum
I 1-methyl naphthalene
35f | 2-methyl naphthalene
[ naphthalene
@30 F L [ ]ethylbenzene
< P B o-xylene
3 25 = [ m,p-xylene
= o - I toluene
.é 20 q s | Il benzene
815} .
10} P
=] = s L
5 [ = -
o o o

506 T8 0107115012

TOS (h)
Fig. 1 Carbon yields of aromatics (BTX and others) versus TOS for a
representative experiment (glycerol/oleic acid, 45/55 wt%, entry 11 in
Table 1). Reaction conditions: H-ZSM-5/Al,05 (60/40 wt%) catalyst of
10 g, WHSV of the (co-)feeds of 1 h™*, N, flow of 50 ml min™, reactor
temperature of 550 °C, and atmospheric pressure.

Entry (co-)Feed Abbreviations H/Cegr Weigh ratio (wt/wt) Molar ratio (mol/mol) Carbon ratio (mol/mol)
1 Glycerol G 0.67 — — —

2 Methanol M 2.00 — — —

3 Ethanol E 2.00 — — —

4 Dodecane D 2.17 — — —

5 Hexadecane H 2.13 — — —

6 Oleic acid (¢} 1.67 — — —

7 Glycerol/methanol G/M 1.41 43/57 21/79 44/56
8 Glycerol/ethanol G/E 1.37 54/46 37/63 47/53
9 Glycerol/dodecane G/D 1.37 71/29 82/18 53/47
10 Glycerol /hexadecane G/H 1.37 70/30 85/15 52/48
11 Glycerol/oleic acid G/O 1.37 45/55 72/28 30/70
12 Glycerol/oleic acid G/O 1.00 80/20 82/18 43/57
13 Glycerol/oleic acid G/O 1.55 20/80 53/47 16/84
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curves (e.g., Fig. 1) show a volcano-type shape,®'>'*?° showing
that the BTX yield increases to a maximum value (termed as
peak BTX carbon yield) after TOS of ca. 1.5 h (associated with
the start-up of the reaction system®'). Then it decreases
gradually with TOS (associated with catalyst deactivation, e.g.,
by coking®®*®*!) to a negligible level. The catalyst life-time is
defined as the TOS when the BTX yield is <1 C%.

Peak BTX carbon yields. The peak BTX carbon yields for
various experiments are shown in Table 2 and plotted in
Fig. S12.F When considering pure feeds, the ones showing the
highest peak BTX carbon yields are ethanol (25.0 C%), oleic
acid (22.0 C%), and glycerol (19.5 C%) (Table 2). This is in line
with the previously established correlation between H/Ceg of
the components (Table 1) and peak BTX carbon yield.*
However, the other three feedstocks (methanol in particular,
peak BTX carbon yield of 4.3 C%, Table 2) show unexpectedly
low peak BTX carbon yields despite their high H/C.s values
(Table 1). This is most likely due to the reaction temperature
(550 °C) used in this study, which is not optimized for these
feeds and is likely too high. For instance, for methanol to aro-
matics (MTA), a BTX yield of ca. 31 C% was reported at
400 °C." The high amounts of methane, CO and CO, when
using methanol, are indicative of a high rate of gasification at
our more severe conditions. These findings also stress that
proper comparison of conversion data for glycerol-co-feeds to
BTX is only possible when using similar conditions and experi-
mental set-ups.

Table 2 Overview of experimental results for the catalytic (co-)conversion
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Nevertheless, it is of high interest to see (Table 2 and
Fig. S12%) that the peak BTX carbon yields for the co-feeding
experiments are higher than the calculated ones based on the
feed ratios of the individual feeds (Table 1, entries 7-11) and
their corresponding peak BTX carbon yields. This is clearly
illustrated for glycerol/oleic acid in Fig. 2.

For those co-feeds having a H/Ce of ca. 1.4 (Table 1, entries
7-11), the highest peak BTX carbon yield (26.7 C%, Table 2
and Fig. S121) was obtained from the co-conversion of gly-
cerol/oleic acid (45/55 wt%). These results indicate the pres-
ence of a synergetic effect between glycerol and the other feed-
stock and this leads to a higher peak BTX carbon yield than
anticipated based on results for individual feeds.

Overall product selectivity. The overall carbon selectivity of
the major products (gas, liquid phase, and coke) during TOS is
a function of the type of co-feed used (Fig. S131 and Table 2).
For instance, the conversion of glycerol shows a considerably
higher selectivity to CO, than to CO (7.0 vs. 0.8%, Table 2),
while all co-feeding experiments with glycerol show the oppo-
site trend (e.g., 3.3% CO, vs. 5.1% CO for glycerol/oleic acid
(45/55 wt%), Table 2). This indicates that decarbonylation
(-CO) is favored over decarboxylation when using co-feeds.
From a carbon yield and oxygen removal efficiency point of
view, decarbonylation is preferred over decarboxylation
(-C0,).*

For the co-feeding experiments of glycerol with alkanes or
alcohols, the overall selectivity to CO, (CO and CO,) is con-

of the individual and co-feeds over an H-ZSM-5/Al,03 catalyst

(co-)Feed” G M G/M E G/E D G/D H G/H (0] G/O

Peak BTX carbon yield (C%) 19.5 4.3  22.6(11.0) 25.0 25.6(22.4) 18.1 21.7(18.8) 18.3 22.3(18.9) 22.0 26.7 (21.3)
Total BTX productivity’ (mgprx Zeac ©) 426 155  911(274) 1379 972(931) 2428 798 (1367) 2619 748 (1479) 739 834 (645)
Catalyst life-time (h) 85 55 >12 >12 >12 >12 8 >12 9 6.5 11

Total carbon yield® (%) 34.2 794 59.8 67.6 71.1 66.8 52.0 51.7 453 48.1 384
Overall carbon selectivity? (%)

BTX 350 3.8 32.3(17.5) 27.5 24.2(31.0) 25.5 26.9(30.5) 33.5 29.5(34.3) 259 32.6(28.6)
Benzene 6.7 0.3 2.1 5.4 4.4 6.1 5.3 7.6 5.6 7.0 7.8
Toluene 16.9 1.4 10.3 13.8 11.7 12.4 131 16.3 14.2 12.2  15.8
m,p-Xylene 9.3 1.7 15.7 6.4 6.4 5.2 6.9 7.2 7.8 5.2 7.2
o0-Xylene 2.1 0.4 4.2 1.9 1.7 1.7 1.6 2.4 1.9 1.6 1.8

Other aromatics 39 01 1.3(18) 1.2 17(25) 2.8 24(3.4) 34 27(37) 40 3.5(4.0)
Ethylbenzene 0.7 0.0 0.3 0.4 0.5 0.4 0.6 0.5 0.7 0.5 0.6
Naphthalene 1.2 0.0 0.3 0.4 0.5 1.0 0.8 1.2 0.8 1.5 1.3
2-Methyl naphthalene 1.5 0.1 0.6 0.3 0.6 1.0 0.8 1.2 0.9 1.4 1.2
1-Methyl naphthalene 0.5 0.0 0.2 0.1 0.2 0.5 0.3 0.5 0.3 0.6 0.4

CO & CO, 7.8 332 12.3(22.0) 1.8 9.7(46) 00 13.0(41) 0.0 11.8(4.1) 9.6 8.4(9.1)
CO 0.8 31.0 9.8 1.1 6.4 0.0 9.8 0.0 8.8 6.7 5.1
CO, 7.0 2.3 2.5 0.6 3.3 0.0 3.2 0.0 3.0 2.9 3.3

Cy—Cs 33.1 587 39.3(47.4) 67.7 54.4(51.4) 69.4 45.4(50.2) 59.9 42.1(46.0) 53.0 42.9 (47.0)
Methane 0.9 38.5 8.7 5.2 3.2 9.9 5.1 8.5 4.4 6.7 6.1
Ethane 3.3 1.8 7.2 10.0 11.0 13.9 5.8 10.8 7.1 9.3 5.9
Ethene 13.5 8.5 11.5 18.9 23.8 6.7 11.7 6.3 10.5 10.1 10.6
Propane 10.6 4.2 4.8 201 5.7 33.1 10.4 28.8 8.4 144 9.3
Propene 4.8 5.7 7.1 13.5 10.8 5.7 12.4 5.6 11.7 12.4 11.0

Coke on the spent catalyst 202 41 14.8(11.2) 1.8  10.1(10.4) 2.3  12.3(11.8) 3.1  13.9(12.0) 7.5 12.6(11.3)

4 (Co-)feed: G - glycerol, M - methanol, E - ethanol, D - dodecane, H - hexadecane, O - oleic acid, G/M (43/57 wt%), G/E (54/46 wt%), G/D (71/
29 wt%), G/H (70/30 wt%), and G/O (45/55 wt%). ® Total BTX productivity for catalyst life-time or for a TOS of 12 h.  Cumulative carbon dyield of

all the products analyzed (including BTX, the other aromatics, CO & CO,, C,Cs, and coke, but excluding glycerol and oxygenates).

carbon selectivity of the cumulative product collected during a run. (The

Overall
numbers in brackets are calculated according to the feed ratios of the

individual feeds (Table 1, entries 7-11) and their corresponding performance data. See the ESI} for a calculation example.).
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Fig. 2 Peak BTX carbon yield versus the H/C.s of the (co-) feed.
Reaction conditions: H-ZSM-5/Al,0s (60/40 wt%) catalyst of 10 g,
WHSV of the (co-)feeds of 1 h™, N, flow of 50 ml min?, reactor temp-
erature of 550 °C, and atmospheric pressure. (The estimated peak BTX
carbon yields for the co-feeds with various H/C ratio’s (Table 1, entries
11-13) are based on plots of the peak BTX carbon yield versus the
H/Cets. See the ESIt for a calculation example).

siderably higher than calculated (the numbers in the brackets
in Table 2) based on feed ratios of the individual feeds
(Table 1, entries 7-11) and their corresponding selectivities
(Table 2). This leads to a reduction in the selectivity to aro-
matics and low-molecular-weight hydrocarbons (C;-C;) upon
co-feeding. However, the reverse was found for the co-conver-
sion of glycerol with oleic acid.

When considering coke formation for the pure feeds, gly-
cerol gives the highest amount of coke (20% selectivity,
Table 2), while the other three types of feedstocks show rather
low coke selectivity (2-7%, Table 2). However, the coke selecti-
vity for the co-feeding experiments is the same as or only
slightly higher than expected according to the feed ratio of the
individual feeds (Table 1, entries 7-11) and their corres-
ponding coke selectivity (Table 2).

Synergetic effects for glycerol/oleic acid

Synergistic effects on liquid and gaseous products yields for
glycerol/oleic acid. The conversion of glycerol with oleic acid
as the co-feed at three different ratios (Table 1, entries 11-13)
was studied to obtain further insights into synergistic effects.
The additional experiments confirm the positive, synergistic
effect of co-feeding on peak BTX carbon yield (Fig. 2). These
are considerably higher than the estimated ones. The best
results were obtained for a glycerol/oleic acid ratio of 45/
55 wt%.

The experimental and calculated carbon yields of the major
gaseous and liquid products from co-feeding experiment of
glycerol/oleic acid (45/55 wt%) versus TOS are provided in
Fig. S14,1 and a representative result is shown in Fig. 3.
Compared to the calculated carbon yields (Fig. 3-black curves)
based on the feed ratio of the individual feeds (Table 1, entry
11) and their corresponding carbon yields (Fig. 3), the experi-

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Experimental and calculated carbon yields of a representative
liguid BTX component (m,p-xylene, top), gaseous hydrocarbon
(propane, bottom) and CO, (middle) versus TOS for the co-feeding of
glycerol/oleic acid (45/55 wt%). Reaction conditions: H-ZSM-5/Al,03
(60/40 wt¥%) catalyst of 10 g, WHSV of the (co-)feed of 1 h™%, N, flow of
50 ml min~?, reactor temperature of 550 °C, and atmospheric pressure.
(The calculated carbon yields are based on the carbon yields of the indi-
vidual feeds (Table 1, entry 11) and the feed ratio. See the ESI{ for a cal-
culation example.).

mental yields for the liquid aromatics products (BTX in par-
ticular) are considerably higher (Fig. 3-red curve).
Furthermore, the yields for the gas phase components like CO,
(CO, in particular) and C;-C; are decreased (Fig. 3-green
curves). Apparently, upon co-feeding of glycerol with oleic
acid, more of the carbon is ending up in the BTX components
than in the gas phase. The observation that CO, yields are
reduced upon co-feeding imply that the rates of deoxygenation
by decarboxylation/decarbonylation reactions are affected in a
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different manner for individual and co-feeds and that these
are less favoured when co-feeding. The reduction in the yields
of C,-C; suggest that either the hydrocarbon pool on the cata-
lyst surface is more tailored towards BTX formation and/or
that the rate of cracking reactions to smaller hydrocarbons like
propane is retarded during co-feeding. Most likely, intermedi-
ates formed during pyrolysis from both glycerol and oleic acid
have a higher tendency to react with each other resulting in
increased BTX formation.

Synergetic effect on catalyst life-time. A remarkable obser-
vation is the positive effect of co-feeding on catalyst life-time
(Fig. 4b). For instance, for glycerol only, the life-time is 8.5 h,
versus 6.5 h for oleic acid (Fig. 4b). Upon co-feeding, the life-
time increases to more than 11 h. This prolonged catalyst life-
time correlates with a reduction in the coking rate (Fig. 4c).
Therefore, co-feeding slows down the extent of coking on the
catalyst surface (Fig. 4c-grey area), leading to a prolonged cata-
lyst life-time (Fig. 4b-pink area).

Catalyst deactivation for zeolites used for the conversion of
alcohols and organic acids is typically associated with rapid
coke formation in the time frame of hours.®*® Catalyst regen-
eration by coke removal using oxidative methods has proven to
be well possible.*'*?” In addition, irreversible changes in the
zeolite framework may occur, like dealumination and associ-
ated loss in acidity,>'® though this typically is only visible after
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Fig. 4 Total BTX productivity (a), catalyst life-time (b), and average
coking rate (c) versus the hydrogen to carbon effective ratio of the (co-)
feed. Reaction conditions: H-ZSM-5/Al,03 (60/40 wt%) catalyst of 10 g,
WHSV of the (co-)feeds of 1 h™, N, flow of 50 ml min~?, reactor temp-
erature of 550 °C, and atmospheric pressure. (The estimated total BTX
productivities, catalyst life-times, and average coking rates for the co-
feeds with various H/C. (Table 1, entries 11-13) are based on the linear
fittings of their plots versus H/Cq See the ESIT for a calculation
example.).
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a number of regeneration cycles. As such, differences in cata-
lyst life-time when only performing single experiments without
catalyst regeneration are likely related to coke built-up
phenomena. When considering coke formation on the catalyst
after reaction between glycerol (0.25 g C per h, Fig. 4c) and
oleic acid (0.34 g C per h), it is clear that the coking rate is
higher when using oleic acid as the feed. This is also expressed
by the higher catalyst life-time when using glycerol (8.5 h) com-
pared to oleic acid (6.5 h, Table 2). However, the total BTX pro-
ductivity (mgprx Zear ') is higher when using oleic acid as the
feed. Apparently, a higher amount of coke on the catalyst is
not necessarily leading to a lower BTX productivity and other
factors like the molecular composition and associated pro-
perties of the coke may play a role as well. This may lead to
differences in the micro-environment at an acidic center in the
zeolite structure between experiments with oleic acid and gly-
cerol and impact the relative rates of aromatization and coke
forming reactions.”> Further detailed studies on relevant
zeolite properties after reaction including coke characteristics
as well as the specific surface area, pore volume (total pore
volume and micropore volume), relative crystallinity, acidity
(total acidity, Brensted acidity, and Lewis acidity) to substantiate
this hypothesis are in progress and will be reported in due
course.** However, this hypothesis only provides a possible expla-
nation for the differences in catalyst performance between oleic
acid and glycerol, and not in the synergetic effects observed when
using mixtures of the two. Apparently, a micro-environment at
the acidic center with both oleic acid and glycerol derived (hydro-
carbon) products complemented with a specific type of coke is
beneficial and prolongs catalyst life-time. Further experimental
studies among others detailed characterization of the catalysts,

2000

1800 -

G/O (experimental)
1600 - synergistic effect

G/O (calculated)
1400 -

1200 |
1000 |
800 |
600 |-

400

Total BTX productivity (mg BTX g™ catalyst)

200

Reaction-regeneration cycles

Fig. 5 The total BTX productivity over the fresh and regenerated cata-
lysts versus the reaction-regeneration cycles. Reaction conditions:
H-ZSM-5/Al,05 (60/40 wt%) catalyst of 10 g, WHSV of the (co-)feed
(glycerol, oleic acid, and glycerol/oleic acid (45/55 wt%)) of 1 h™%, N,
flow of 50 ml min~%, reactor temperature of 550 °C, atmospheric
pressure, and TOS of 12 h. (The calculated total BTX productivities are
based on the feed ratio of the individual feeds (Table 1, entry 11) and
their corresponding total BTX productivities. See the ESI{ for a calcu-
lation example.).
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supported by theoretical calculations, will be required to sub-
stantiate this hypothesis.

Synergetic effects on the total BTX productivity. As a result
of the higher peak BTX carbon yield and prolonged catalyst
life-time upon co-feeding glycerol with oleic acid, the total BTX
productivity (Fig. 4a) is also enhanced considerably. Here the
total BTX productivity is calculated as the total amount of BTX
formed (mg) during catalyst life-time divided by the catalyst
loading (g). The total BTX productivities for the co-feeding
experiments are higher than the estimated ones. The highest
total BTX productivity (834 mgprx geat ') is obtained when
using glycerol/oleic acid in a 45/55 wt% ratio.

Synergetic effects on catalyst regenerability. The H-ZSM-5/
Al,O; catalyst was deactivated after several hours on stream for
all experiments (Fig. S2-S11%). For the co-feeding experiment
with glycerol/oleic acid (45/55 wt%), the combination showing the
highest synergistic effect, irreversible catalyst deactivation was

om @) H
58 KKK
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explored by performing catalyst regeneration studies using an oxi-
dative treatment followed by testing the regenerated catalysts for
another experiment with glycerol/oleic acid (45/55 wt%).

In total, 5 reaction-regeneration cycles were performed for
glycerol/oleic acid and the total BTX productivity over the fresh
and regenerated catalysts is shown in Fig. 5. For comparison,
the total BTX productivity for individual glycerol and oleic acid
is also plotted in Fig. 5. Irreversible catalyst deactivation is
reflected by a decrease in the total BTX productivity after 2
reaction-regeneration cycles for glycerol®” and after 3 reaction-
regeneration cycles for oleic acid conversion®® (Fig. 5). It is
interesting to see that upon co-feeding, the regenerated cata-
lysts show considerably higher total BTX productivity com-
pared to the calculated values based on the feed ratio of the
individual feeds (Table 1, entry 11) and their corresponding
total BTX productivities of the regenerated catalysts for the
individual feeds (Fig. 5). A negligible decrease of the total BTX
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Fig. 6 Hydrogen (top) and carbon (bottom) selectivity’s of the individual BTX for the catalytic conversion of (a) CzDgO3, (b) the mixed C3DgO3 and
CigH3402, (€)**C3HgO3, and (d) the mixed *C3zHgO3 and CigH340; over the H-ZSM-5/AL,05 catalyst performed on the Pyrolysis-GC-Orbitrap-MS.
(The calculated data are based on the feed ratios of the labeled feeds and their corresponding performance data. See the ESIf for a calculation

example.).
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productivity after 5 reaction-regeneration cycles for the co-con-
version of glycerol/oleic acid (45/55 wt%) is observed. These
results indicate that co-feeding also has a positive effect on
catalyst regenerability. Irreversible catalyst deactivation is
known to be mainly due to dealumination, most likely caused
by the high amount of water formed during the reaction due
to dehydration reactions. Speculatively, it is possible that upon
co-feeding oleic acid, the long hydrocarbon chain or fragments
thereof lead to a reduction of the hydrophobicity on the cata-
lyst surface and as such reduces the rate of dealumination.

Labeling studies

To determine the extent of incorporation of both feeds into
the final BTX products, isotopic-labeling experiments have
been performed with D- and '*C-labeled glycerol in combi-
nation with unlabeled oleic acid using a dedicated Pyrolysis
GC-Orbitrap MS unit operated at 550 °C. Experiments were
carried using a mixture of a powdered catalyst and glycerol
alone or a glycerol/oleic acid mixture (catalyst to liquid weight
ratio of ca. 1). The hydrogen and carbon selectivity of the indi-
vidual BTX for D- and '*C-labeled glycerol and non-labeled
oleic acid are shown in Fig. 6.

When using D-labeled C3;DgO; (>98% isotopic purity) in the
absence of oleic acid, the BTX products contain not only D but
also H atoms (Fig. 6a). The latter may be from the H contain-
ing impurities present in the C;DgO; (D purity is >98 atom %
according to the specification). Besides, this rather surprising
finding may also be explained by the presence of Brgnsted
acid sites on the zeolite catalyst.”” H/D exchange between
deuterated hydrocarbons on the catalyst surface (hydrocarbon
pool) and the acid sites (H') may take place and lead to H
incorportion in the BTX during the reaction. Both H/D
exchange pathways hamper the interpretation of the results for
co-feeding experiments with oleic acid. Nevertheless, upon co-
feeding C3;Dg0; with oleic acid (Fig. 6b) the experimental H
incorporation level in benzene is lower than the calculated
value (78 vs. 85%, Fig. 6, see the ESIt for the calculation pro-
cedure). These results indicate that oleic acid (and its pyrolysis
intermediates) are indeed involved in BTX formation.
However, due to the presence of H/D exchange reactions it is
not possible to exactly quantify the extent of carbon incorpor-
ation of glycerol and oleic acid into the final BTX products.

Additional labeling experiments were performed using fully
3C-labeled glycerol. When using **C3HgO; (>99% purity) only,
the BTX components contain a high amount of the “*C-label
(Fig. 6¢). Upon co-feeding *C3HgO; with the non-labeled oleic
acid, the amount of labeled carbon in BTX is significantly
reduced, indicating that carbon atoms from oleic acid are
indeed involved in the reaction network and participate in the
hydrocarbon pool'>*® on the catalyst surface. The experi-
mentally observed amounts of C in all BTX formed is on
average equal to the calculated value (see Fig. 6d), suggesting
that the "C label is randomly distributed over the catalyst
surface. For the xylenes, the experimental values are very close
to the calculated ones. Remarkably, the experimental ">C frac-
tion in benzene (12%) is lower than the calculated one (23%)
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while the opposite trend is true for toluene (Fig. 6). So far, we
do not have a sound explanation for the latter observation.

Conclusions

We have discovered an unprecedented synergetic effect
between glycerol and various co-feeds including alkanes, alco-
hols, and free fatty acids for the catalytic conversion to bio-
based aromatics. A detailed investigation on the co-feeding of
glycerol and oleic acid revealed that (i) the peak BTX carbon
yield is increased, (ii) the catalyst life-time is enhanced, (iii),
the total BTX productivity is higher, and (iv) the level of irre-
versible deactivation is reduced when compared to experi-
ments with the pure feeds. Best results were obtained for the
co-conversion of glycerol/oleic acid (45/55 wt%), showing a
peak BTX carbon yield of 26.7 C.%, a total BTX productivity of
834 mgprx gcatalysfl, and negligible irreversible catalyst de-
activation after 5 cycles of reaction-regeneration. These studies
reveal that co-feeding strategies can lead to improved catalyst
performance. It also indicates that (expensive) separation pro-
cesses to obtain pure feeds can be avoided. This is particularly
relevant when considering the glycerol case. Crude glycerol
from the biodiesel industry is typically contaminated with fatty
acids and methanol, of which both are shown to be excellent
co-feeds. As such, it is not necessary and even undesired to
purify the crude glycerol by e.g., distillation before using it as a
feed for BTX manufacture. Labeling studies show that the BTX
components formed originate from both glycerol and oleic
acid. Studies to elucidate the origin of this remarkable syner-
gistic effect are in progress and will be reported in due course.
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