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Abstract

Toluene steam reforming was performed over three wood-derived chars and compared with a
previously-reported pyrolytic conversion study. The heterogeneous mechanism of toluene
decomposition was not directly affected by the introduction of steam, but it caused gasification
of char and toluene-derived coke, which prolonged the initial high conversion efficiency.
Conversely, when oxygen was used as a substitute for steam, a direct ring-opening reaction of
toluene was observed, rather than solid carbon combustion. A comparison of benzene, toluene,
and p-xylene conversion revealed that the presence of a methyl group on the aromatic ring
enhanced its decomposition, regardless of the catalyst’s activity. However, a second methyl
group did not further improve the conversion and only served to increase the intensity of

secondary recombination reactions.
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1. Introduction

Efficient tar removal is one of the most important challenges for the successful
commercialisation of biomass gasification technologies. Aromatic hydrocarbons released
during this conversion process create both a technical issue because they clog installations and
an economic disadvantage due to lower conversion of carbon into useful products [1-3].
Catalytic tar reforming is a solution to both those drawbacks, as it not only removes unwanted
volatiles from produced gases, but also promotes their conversion into calorific species, such
as CO and H,. Compared with simple tar capture techniques, e.g., oil impingers, this more
refined method requires additional financial and operational efforts. Hence, substituting
commercial catalysts with gasification char produced in situ, i.e. low-cost with high availability,
has been recognised as a promising approach [2,4]. Significant efforts have been dedicated to
investigating the catalytic conversion of individual aromatic compounds. Simplifying the
composition of a real gasification tar, defined as all released “hydrocarbons with molecular
weight higher than benzene” [1,3], makes it possible to track the conversion efficiency and a
product distribution to provide fundamental knowledge on tar-char interactions. Small
molecules are often investigated, as their removal is the most challenging due to their highly

refractory nature [5—8].

Following a previous experiment on the pyrolytic conversion of toluene over three wood-
derived chars [9], a reactive atmosphere was introduced in this work. It is generally
acknowledged that the decomposition of aromatics creates a layer of solid carbon (coke) on the
catalyst surface, which decreases its activity by covering active sites and blocking pores [2,10].

Supplying an oxidising agent along with the tar compound often increases the longevity of
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catalysts [5,10] due to the gasification of coke deposits, which ensures the availability of
catalytic surface sites for continuous compound conversion. When carbonaceous materials are
used, they also undergo oxidation, as suggested by an observed negative mass balance of
catalytic beds [5,11]. Thus, previously-conducted toluene conversion tests [9] were re-created
under an atmosphere of nitrogen containing 15.5 vol.% steam (based on [10]), while all other
previously-applied process parameters were maintained. The same activated chars prepared
from pine, alder, and beech were examined. Toluene pyrolysis and steam reforming were
investigated using the same facilities and uniform procedures to isolate the effect of steam on
the conversion process. Moreover, structural changes in the chars due to toluene pyrolysis and
steam reforming were assessed by characterising the physicochemical properties of spent

catalysts.

The results of the main experiment suggested that steam was solely involved in solid carbon
gasification, and it did not react directly with toluene. Therefore, additional tests using oxygen
— a more reactive agent — were conducted to investigate its role during the reforming of
aromatics. Understanding the differences in the behaviour of various oxidising agents could
allow the reforming atmosphere to be properly adjusted to achieve high and long-lasting tar
conversion. Thus, a comparison of steam and oxygen reforming provides an interesting
background for future, more detailed research that might result in a novel approach to tar

reforming.

The final aspect of this study was to examine what effect a methyl group attached to an aromatic
ring has on its conversion efficiency and product distribution. To investigate this, toluene was
replaced with either benzene or p-xylene because tar molecules with fewer substituents are
generally considered more refractory [5,10]. Tests were performed to verify this dependency
and to assess any differences in compound-catalyst interactions with respect to the number of

methyl substituents.
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2. Experimental

Activated chars previously used in toluene pyrolytic conversion tests [9] were further studied
in this work. Three char samples were prepared, each from a single tree species. Pine was used
as the coniferous wood type, while alder and beech were selected as the deciduous trees with
different hardness values. Chars were prepared under laboratory conditions using a two-step
procedure with consecutive pyrolysis and steam activation, which was detailed in a previous

work [9].

Aromatics conversion was performed in a laboratory quartz tube reactor containing a tar-gas
mixture preparation section, a reaction zone with a bed of char as the catalyst, and a sampling
train to collect liquid and gaseous products. The details of the test rig can be found elsewhere
[9,12]. A representative tar compound and water (during steam reforming mode) were fed into
a separate heating zone of the test rig at 200 °C, acting as both an evaporator for liquid reagents
and a mixing chamber for the synthesised tar-gas blend. For steam reforming experiments, 15.5
vol.% H>O in N> was used. Another reactive atmosphere was an O>/N> mixture with the desired
concentration set by flow controllers. A model tar compound (toluene, benzene, or p-xylene)
was fed at a constant rate into the evaporator, where it was mixed with selected gases (N2,
H>O/N2, or O2/N2). The flow rate of each tar-representing compound was set to obtain the
concentration of 12 g/Nm?; the test runs with 7 different feeding times were performed. The
reagents travelled to the reaction zone with a char bed held at 800 °C. Liquid and gaseous
products from tar compound conversion and from solid carbon gasification were then captured
at the reactor outlet in a set of impinger bottles and gas bags for post-run analysis using GC-
FID and GC-TCD, respectively. The setups of all experiments performed in this work are listed
in Table 1; the parameters applied in tests 1-3 were the same as during the previous studies on

toluene pyrolytic conversion [9] with the only difference being the introduction of 15.5 vol.%

4
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of steam into the N> flow to obtain reforming conditions. Since the reactive atmosphere induced
solid carbon (char/coke) gasification, blank tests with a char bed without toluene feeding (4-6)
were also performed to investigate the intensity of steam-char interactions undisturbed by a tar
compound. To evaluate the suitability of different oxidising agents for tar reforming, three tests
containing O instead of steam were also conducted (7-9). Finally, the effect of a methyl
functional group during conversion of aromatics was examined by replacing toluene with either

benzene or p-xylene (10-12).

Table 1. Summary of the performed tests: toluene catalytic steam reforming (1-3), blank tests

for steam reforming (4-6), toluene reforming with O> (7-9), and tests with other compounds

(10-12)

No Char feedstock Feeding time, min Compound  Atmosphere

1 Alder 5, 10, 20, 30, 40, 50, 60  Toluene H>0 (15.5 vol.%)/N»
2 Beech 5, 10, 20, 30, 40, 50, 60 Toluene H>O (15.5 vol.%)/N»
3 Pine 5, 10, 20, 30, 40, 50, 60  Toluene H>0 (15.5 vol.%)/N»
4 Alder 60 None H>O0 (15.5 vol.%)/N>
5 Beech 60 None H>O (15.5 vol.%)/N>»
6 Pine 60 None H>O (15.5 vol.%)/N>»
7 No char 40 Toluene 02 (3.5 vol.%)/N2

8 No char 40 Toluene 02 (0.7 vol.%)/N2

9 Alder 40 Toluene 02 (0.7 vol.%)/N2

10 Alder 30 Benzene N2

11 Alder 30 Benzene H>O (15.5 vol.%)/N>
12 Alder 10, 20, 30, 40, 50 p-Xylene N2
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Some of the spent chars recovered after conversion tests were analysed to study the structural
changes occurring due to interactions with tar compounds and/or oxidising gases. Catalyst
examination involved assessing the surface functional groups using ATR-FTIR spectrometry
(Perkin Elmer Spectrum 100), as well as the total BET surface area and the area of micropores
calculated from the N> adsorption isotherms (Micromeritics TriStar IT 3020), as described in

previous work [9].

The tar compound conversion (7;) was expressed as the ratio of the amount of a converted
compound to the amount that was fed into the reactor, while the product yields (x;) were
presented as the molar ratio relative to the amount of a converted compound [9]. Moreover, for
all studied chars, the ratio of the amount of each gaseous product released during steam
reforming of a selected compound (tests 1-3 and 11) to the amount produced during blank

reforming tests (4-6) was calculated as:

T, =Nic/Nig (1)

where n;- and n;z are the amounts of the i-th gas (mol) released during steam reforming of a
selected compound and during a blank test without compound feeding, respectively. All
conversion tests were performed in duplicate, and the average values with pooled standard

deviations were reported.

3. Results and discussion

3.1. Steam reforming of toluene

The catalytic conversion of toluene in the presence of 15.5 vol.% steam was carried out under

conditions otherwise analogous to the pyrolytic tests presented in the previous work [9]. Seven
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steam reforming runs with different feeding times were performed with each activated char,
prepared from alder (AA), beech (BA), and pine (PA), and utilised as reaction catalysts. Fig. 1
shows the toluene conversion, 777, expressed as the fraction of a fed compound that underwent
decomposition during the process. A constant decrease in the conversion efficiency was
observed for all applied catalysts, indicating continuous char bed deactivation due to coke
deposition — the main product of hydrocarbon decomposition. However, the intensity of this
phenomenon was lower than during pyrolytic experiments. Throughout the entire 60 min steam
reforming experiment, 77 remained above 0.6, while the toluene conversion under a pure N2
atmosphere decreased to approximately 0.42 for AA and BA and 0.25 for PA char. The
prolonged catalytic activity in the presence of steam has been commonly observed in similar
studies [5,10], and it was attributed to the instantaneous gasification of the coke layer. Slightly
worse performance of pine char, compared with the other samples, was observed under
oxidising conditions, although this discrepancy was less pronounced compared with the
pyrolytic tests. During the reforming runs, char underwent gasification along with deposited
carbon. Since steam can widen the pores of treated materials [13,14], it likely extended the char
micropores in addition to removing the layer of coke. Thus, the presence of steam provided a
dual benefit of cleaning and widening the pores. The quicker deactivation of pine char under an
inert atmosphere, attributed to the higher microporosity of this material [9], was diminished

during tests with steam because it formed more mesopores.
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Fig. 1. Toluene conversion over time during steam reforming over alder (AA), beech (BA), and
pine (PA) chars with the pyrolytic conversion (N2) at 60 min used as a reference to the previous

work [9]

The same liquid by-products as those observed during previously conducted pyrolytic tests [9]
were created upon steam reforming of toluene, and statistically similar benzene yields were
obtained under both examined atmospheres. Analogously to the conversion under pure N», in
the presence of steam, an increase in benzene formation was observed during the first 30 min
of the reaction until it stabilised within the range of 12 — 18 % (Fig. 2). Thus, it can be expected
that the two main heterogeneous conversion pathways during toluene pyrolysis were unaffected
by the presence of steam during reforming tests because the same selectivity towards benzene
formation was observed under both atmospheres. The formation of secondary reaction products
during toluene steam reforming is presented in Fig. 3. Since the GC-FID analysis did not allow
for complete analyte separation, two plausible species were assigned to two of the registered

peaks. For longer feeding times, the ethylbenzene, p-xylene/m-xylene, and o-xylene/styrene
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yields were approximately 10, 4, and 5 times lower, respectively, than the amounts detected
during toluene conversion under an inert atmosphere. During pyrolytic experiments, the
formation of secondary products was significantly increased at prolonged reaction times, i.e.
when the char bed was deactivated. Hence, the preservation of a catalyst surface activity during
reforming might have lowered the intensity of gas-phase recombination into substituted

benzenes, resulting in a less-pronounced increase in their yield over time.

Along with the liquid by-products of toluene reforming, the released gases were also analysed.
However, since steam interactions with char and deposited coke also formed gaseous
compounds, blank tests were performed to provide a point of reference. To this end, for each
char bed, a 60 min steam reforming run was carried out without toluene feeding, but the
established test procedure was otherwise maintained. For each detected species, the ratio of the
amounts of released gas during tests with and without toluene feeding, 7;, are presented in Fig.
4. In addition to methane and hydrogen detected during pyrolytic conversion, steam reforming
produced CO and COa. In the case of deciduous tree chars, the ratios 1oy < 1 and 149, <K 1
revealed that the formation of those species decreased when toluene was fed into the reactor.
Therefore, these gases likely originated from the steam gasification of solid carbon, and this
reaction was inhibited when it occurred concurrently with toluene conversion. The inhibition
of steam gasification of char by dissociative chemisorption of hydrogen released from
decomposing tar is commonly observed [15,16]. Fushimi et al. [16] reported that the decrease
in the char gasification rate due to the presence of gas-phase levoglucosan was greater than the
observed inhibition caused by hydrogen in a concentration corresponding to the amount
released from levoglucosan decomposition. Thus, it was concluded that both tar-derived
hydrogen and also vapour-phase levoglucosan and its pyrolysates inhibited char gasification. It
is therefore plausible that, in addition to the inhibition due to hydrogen released during toluene

decomposition, the tar compound and steam competed for some of the char active sites, which
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also impaired the solid carbon conversion. Another explanation for the inhibition of steam
gasification during toluene reforming lies in the plausibly less reactive nature of the toluene-
derived coke, compared with the char that is rich in active sites. During tests with toluene
feeding, the catalyst bed comprised a substantial amount of coke, which lowered the overall
reactivity of the solid carbon that underwent gasification, decreasing the rate of this reaction. A
general conclusion can be drawn that steam gasification of char during reforming tests helped
regenerate its surface, yet the char gasification itself was hindered because of the toluene
feeding. High 7y, values reaffirmed that most of the created methane was derived from toluene
demethylation into benzene, rather than from solid carbon hydrogasification. Pine char
gasification during a blank run without toluene feeding resulted in lower carbon oxide yields
due to the lower reactivity of this char, as observed in the TGA tests reported in a previous work
[9]. Therefore, it is plausible that the inhibitory effect of toluene on the char gasification rate
was less pronounced when this catalyst was used. Moreover, toluene-derived coke, which was
deposited on the char during reforming tests and concurrently gasified with steam, contributed
to the formation of CO and H> by providing another carbon source. It is plausible that the
inherently less-reactive pine char would benefit more from this additional carbon source than
the deciduous tree chars because the latter possessed more active sites, and thus the deposit with
a lower reactivity would have a more pronounced inhibitory effect on the char gasification rate.
Hence, the lower reactivity of pine char might be responsible for the positive values of ;o and

Ty, obtained for this material.

These findings suggest that toluene decomposition during steam reforming tests yielded the
same products as the ones detected during pyrolytic experiments. Similar selectivity towards
benzene formation was observed under both examined atmospheres; amongst the gaseous
products detected during steam reforming tests, only H> and CH4, were attributed to the direct

toluene decomposition reactions, while CO and CO; originated from char/coke gasification.

10
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Therefore, it can be concluded that the principles of toluene decomposition during steam
reforming were the same as those during pyrolytic conversion. Two heterogeneous reactions
occurred on the char surface producing mainly coke and some benzene. No evidence of direct
toluene-steam interactions was observed — the conversion during preliminary tests without a
char bed was negligible, and carbon oxides formation during steam reforming could be
attributed to char gasification. The only noticeable role of steam was the gasification of solid

carbon, which prolonged the char activity by removing deposited coke and widening char pores.
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Fig. 3. Relative molecular yields of substituted benzenes (converted toluene base) a)
ethylbenzene, b) p-xylene and/or m-xylene, c) o-xylene and/or styrene created during toluene

steam reforming over alder (AA), beech (BA), and pine (PA) chars
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Fig. 4. Ratio of the amount of a gas species released during toluene steam reforming to the

amount released during a blank run for alder (AA), beech (BA), and pine (PA) char (Eq. 1)

3.2. Spent char analysis

Toluene pyrolysis and steam reforming resulted in some structural changes in the examined

chars. Although produced at 800 °C, and thus thermally stable in the reaction zone, the catalytic
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bed was deactivated due to the deposition of a coke layer. Moreover, in addition to serving as
catalysts, carbonaceous materials are susceptible to oxidation when exposed to reactive gases
in a reforming atmosphere or gasification syngas. The progressive consumption of char
inevitably changed its surface area as well as its pore size, shape, and distribution. Hence, a
post-run examination of the spent catalytic material provided insight into the transformations it
underwent during tar conversion. Changes in the fresh alder and pine char structures after 60
min of toluene pyrolysis, toluene steam reforming, and blank steam reforming are presented in
Fig. 5. Initially, both materials had a relatively similar surface area, although pine char had a
significantly higher microporosity. Toluene decomposition involved significant coke formation
on the char surface, which decreased the surface area and microporosity, most likely due to
pore filling and entrance blocking. The mass of deposited coke, calculated from the carbon
balance, reached 69 mg and 117 mg for a 60 min pyrolytic tests with pine and alder, respectively
[9]. Despite the same toluene selectivity towards coke formation (80 wt.%), the overall amount
of solid product was lower for pine char, which explains the lower overall toluene conversion
over this material. More microporous structures, such as pine char, are expected to be more
prone to pore blocking [6]. However, a smaller deterioration in the share of micropores in pine
char compared with alder char suggests that the micropores in the pine char might have been
too narrow for the toluene to enter. Thus, a substantial share of the relatively high surface area
of this material did not participate in toluene-char reactions, which resulted in a lower
conversion efficiency, a lower amount of coke deposit, and well-preserved micropores of pine
char. Steam gasification of carbonaceous materials is also known to decrease their
microporosity, although it is due to carbon consumption and pore widening, rather than
blocking [14,17]. The additional activation of fresh chars, which occurred during blank tests of
steam reforming without tar compound feeding, produced a higher BET surface area and a more

mesoporous structure due to a carbon gasification. During concurrent char gasification and coke
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deposition occurring during toluene steam reforming tests, the micropore-decreasing effects of
both reactions combined to substantially diminish the share of micropores. During toluene
steam reforming, the total surface area was reduced, suggesting a lower steam gasification rate
than coking rate, since these reactions have an antagonistic effect on surface development. This
observation was correlated with a continuous decrease in the toluene conversion over time,
despite the introduction of steam. Thus, it can be concluded that coke deposition tended to
decrease the microporosity and BET surface area, while steam activation also diminished the

number of micropores, but it increased the total surface of char.
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Fig. 5. Change in the total surface area and a percentage of micropores in alder and pine chars
after 60 min treatment with: only H>O (blank test — tests 4 and 6 in Table 1), H>O and toluene
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The nitrogen adsorption-desorption isotherms of spent chars are presented in Fig. 6. They are
the composites of types I and II with an H4 hysteresis, which is the typical shape for micro-
mesoporous carbon [18,19]. H4 hysteresis, commonly attributed to the presence of slit-shaped
pores, was particularly pronounced in the plots of chars exposed to steam. The high-pressure
parts of the isotherms of these samples were also steeper, which corresponded to a more
mesoporous structure. Conversely, the plots obtained from the analysis of the fresh and
pyrolysis-spent chars bore a closer resemblance to a flat type I isotherm, which is characteristic

of microporous structures.

35 25
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Fig. 6. N2 adsorption/desorption isotherms at 77 K for alder (triangles) and pine (circles) chars
— fresh and after 60 min treatment with: only H>O (blank test), H2O and toluene (steam

reforming), and only toluene (pyrolysis)
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The chemistry of the char surfaces was evaluated using ATR-FTIR spectroscopy, and the
spectra are presented in Fig. 7. While the spectra of the fresh catalysts suggested a significant
amount of O-containing functional groups (increased absorption at 1630 — 1420 cm™ and 1300
—900 cm™), they were destroyed or covered by coke during a toluene pyrolytic conversion. The
introduction of steam during toluene decomposition preserved some of the surface functional
groups. The blank reforming with steam, i.e. prolonged char activation, allowed for gasification
undisturbed by decomposing toluene, producing a char with a well-developed spectrum. The
increased intensity of the absorption of the characteristic C—O vibration region (1300 — 900 cm’
1) was especially pronounced in alder char. As the spectrum of an initial, fresh char from this
wood already had better-defined bands, it is plausible that alder char was more susceptible to
steam activation during both char synthesis as well as its steam reforming. A higher content of
AAEM species and/or a higher mesoporosity (i.e., smaller diffusional limitations) of alder char
compared to the pine samples, were likely responsible for its higher reactivity (as revealed by

a lower activation energy reported in a previous work [9]), and thus its higher gasification rate.
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Fig. 7. ATR-FTIR spectra of alder and pine chars — fresh and spent after 60 min treatment with:

only toluene (pyrolysis), H2O and toluene (steam reforming), and only H2O (blank test)

3.3. Toluene catalytic conversion mechanism

Structural changes in the chars and the distribution of toluene conversion products investigated
during pyrolytic [9] and steam reforming conditions allowed proposing the mechanism of the
toluene catalytic decomposition, as depicted in Fig. 8. The results suggested that, regardless of
the presence of steam, coking/dehydrogenation (I) on the char surface was the main reaction
that led to the formation of solid carbon deposit that covered the active sites and blocked pores,
and thus caused catalyst deactivation. Another, competing heterogeneous reaction led to the
formation of benzene and methane. The toluene selectivity towards demethylation (II) increased
with char saturation with coke and reached ~15 %. Secondary reactions (III) between released
methane and freshly supplied toluene molecules occurred in the gas phase, creating trace
amounts of xylenes, ethylbenzene, and styrene. When steam was introduced to the reaction
zone, additional solid carbon (char and coke) gasification (IV) occurred, depleting the coke
layer, recovering active sites, increasing surface area, and widening the micropores of the char
bed. The similar distribution of the main products during pyrolysis and reforming and the lack
of homogenous conversion with steam in the empty reactor suggested that toluene reactions (I-
III) were not directly affected by gasification (IV). Steam most likely interacted only with the
toluene decomposition product (coke) and the carbonaceous catalyst (char). Thus, the beneficial
effect of added steam was limited to prolonging the char activity, and it did not directly increase
the toluene conversion rate. Moreover, competition between steam and toluene for char active
sites was surmised, based on the observed inhibition of steam gasification during toluene

reforming, as compared to the reference blank tests without tar compound feeding.
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Fig. 8. Proposed mechanism of toluene conversion during pyrolytic (I-III) and steam reforming
(I-IV) experiments: I — coking, II — demethylation, III — secondary reactions, IV — steam

gasification of char/coke

3.4. Toluene reforming with oxygen

The heterogeneous nature of hydrocarbon conversion over a char bed, irrespective of the
presence of steam, was also reported by Hosokai et al. [10]. To further investigate the role of
an oxidising agent during toluene reforming, additional tests were performed where steam was
replaced with a more reactive compound — oxygen. 40 min of steam reforming over an activated
alder char bed was used as a reference (test No 1 in Table 1); a relatively long run time was
selected to capture the effect of char regeneration by gasification. During three additional tests
(No 7-9 in Table 1), the effect of two Oz concentrations and the presence/lack of a catalytic bed
was examined. Toluene conversions and benzene yields during the O2 and reference runs are
presented in Table 2. The first test (No 7) was conducted in an empty reactor to determine if O
radicals induced any homogenous toluene decomposition. Preliminary tests of steam reforming

without a char bed revealed that, at 15.5 vol.% H»0O, no direct toluene oxidation occurred. The
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same experiment recreated with 3.5 vol.% of oxygen (stoichiometric ratio of 1.3) resulted in
almost complete toluene decomposition. 14 % of the converted toluene underwent
demethylation to benzene. Several heavier by-products were also detected, including all species
formed during catalytic toluene conversion, as well as some other compounds, e.g. O-
containing species. Among the latter, benzaldehyde was identified, and its yield is presented in
Fig. 9, along with the previously detected species. Oxygen substitution on toluene molecules,
yielding phenol and benzaldehyde, has been previously observed during oxygenation
experiments, even under O-rich atmospheres [20]. A majority of the toluene, however,
decomposed via gas-phase ring-opening reactions with O radicals, yielding CO> and CO. Due
to a drastic difference between the non-catalytic toluene conversion in an excess of steam and
oxygen, a lower concentration of oxygen was used in the following tests. The second of the
additional tests (No 8) was carried out at 0.7 vol.% O (stoichiometric ratio of 0.25) in an empty
reactor. Even under the oxygen-depleted atmosphere, 16 % of toluene underwent homogenous
decomposition. These conditions favoured the formation of incomplete combustion products —
benzene (Table 2) as well as heavier hydrocarbons (Fig. 9). However, aromatic ring
decomposition to carbon oxides was also observed, as confirmed by analysing the released
gases (Fig. 10). The last O test (No 9) was aimed at comparing catalytic toluene reforming;
hence, an activated alder char bed was applied during this run. The presence of the catalyst
increased the toluene conversion from 16 % to 78 %. Demethylation and secondary reactions
were less intense or their products were immediately decomposed on the char surface. The
heavier species observed during toluene-oxygen interactions in empty reactor tests were no
longer detected. Oxygenation in the presence of a char bed yielded only the compounds created
during the previous pyrolysis and steam reforming catalytic experiments. It is impossible to
determine if toluene oxidation that led to the formation of heavier hydrocarbons, including

species with O heteroatoms, ceased upon catalyst introduction, or if the products underwent
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complete removal over the char bed. However, a comparison between toluene reforming in the
presence of steam and oxygen suggested that a direct, homogenous decomposition pathway —
observed during non-catalytic oxygen tests — remained part of the catalytic conversion

mechanism under an oxygen atmosphere.

Carbon oxides were produced during toluene conversion under both investigated atmospheres
(Fig. 10); however, the CO/CO> ratios indicated that different mechanisms were involved
during toluene conversion under O> and steam atmospheres. The ratio was similar for both
catalytic and non-catalytic tests with oxygen, amounting to 1.4 and 1.3, respectively. Therefore,
it is plausible that the formation of carbon oxides during the oxygen run with char (test No 9)
occurred due to ring-opening reactions, i.e. the same homogenous conversion mechanism that
was observed during non-catalytic reforming. In contrast, during steam reforming (test No 1),
the CO/CO, ratio was 0.3. Since toluene conversion in the presence of steam was exclusively
heterogeneous, the inverse proportion of carbon oxides yield was attributed to the steam
gasification of solid carbon, i.e. char and coke. This assumption is supported by the average
CO/CO3; ratio of 0.32, calculated for the reference tests of steam reforming without toluene
feeding when carbon oxides were formed exclusively due to char gasification. The difference
in the product distribution may have also been due to the different solid gasification
mechanisms with steam and O.. However, this is a less plausible scenario, since char
combustion would favour CO; formation, and thus a lower CO/CO; ratio, while steam
gasification would produce more CO due to a water-gas reaction. It is therefore expected that
carbon oxides created during the test No 9 originated from gas-phase toluene oxygenation,
while during the test No 1 (with steam) they were produced during solid carbon gasification.
Due to the higher amount of reactants, steam gasification was likely a more intense reaction
than toluene combustion, thus a higher overall gas yield during the test No 1 was observed.

Significant hydrogen formation during this test was attributed to a water-gas reaction.
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The experiment suggested that, under applied conditions, oxygen was reactive enough to induce

direct toluene oxidation and that this homogeneous reaction occurred also during the

decomposition in the presence of a catalyst.

Table 2. Toluene conversion 1y and benzene molecular yield xgz (converted toluene base)

during 40 min reforming tests

Test number in Table I 7 8 9 1

Oxidising agent 0)) )} )} H>O
concentrstion (vole) >3 07 07 155

Char bed none none activated alder activated alder
Nr 0.93 £0.07 0.16 £0.04 0.78 +£0.01 0.76 £0.03

Xp 0.14 +£0.04 0.27 £0.08 0.08 £0.01 0.14 £0.01
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414 Fig. 9. Relative molecular yields x; (converted toluene base) of secondary reaction products:
415  EB - ethylbenzene; p-X, m-X, and o-X — p-, m-, o-xylene, respectively; S — styrene; and BA —
416  benzaldehyde (test description form “oxidising agent — concentration — catalyst”, where AA —

417  activated alder char)
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420

421  Fig. 10. Relative molecular yields (converted toluene base) of gases released halfway through
422 a 40 min reforming test (denoted as “oxidising agent — its concentration — catalyst”, where AA

423  —activated alder char)
424

425  3.4.1.Char interaction with steam and oxygen

426  The finding on catalytic reforming of toluene suggested that, contrary to the tests with steam,
427  during the conversion in the presence of oxygen, some of the tar compound underwent
428  homogeneous decomposition in direct reactions with O radicals. The investigation into the
429  different roles of steam and oxygen during the experiments was extended by analysing char
430 interactions with these oxidising agents. To this end, the analysis of spent chars was conducted

431  to assess the changes that occurred due to the potential gasification of catalyst bed.

432 Although the gas analysis revealed that O> was consumed during reforming, the examination

433 of the spent char surface suggested that none of the solid carbon was oxidised. The ATR-FTIR
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spectra of fresh and spent chars (Fig. 11) revealed that the surface functionalities of the char
exposed to steam were preserved, while a decreased absorption of the bed recovered after
oxygen tests suggested its deactivation. Moreover, a decrease of the initial BET surface area of
alder char under a steam atmosphere was almost 3 times lower compared with the test with O
(Table 3). Thus, it can be expected that the coke layer was not removed in the latter case. An
intense reduction in char microporosity, commonly observed during steam
activation/gasification, occurred during steam reforming experiments. On the other hand, under
an O> atmosphere, the microporous structure of the char was better preserved, despite more
pronounced blocking by coke deposit. The total amount of oxygen introduced into the reactor
during the reforming test No 9 was sufficient to combust a significant part (approx. 7 %) of the
char bed. However, no visible effects of char oxidation/gasification and complete oxygen
consumption were observed. These findings correlate with the carbon oxides analysis, which
suggested that, in contrast to steam, O> was consumed during direct, homogeneous toluene

decomposition at the expanse of char gasification.
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Fig. 11. ATR-FTIR spectra of fresh activated alder char (AA — from [9]) and spent char after

40 min toluene reforming during the third (AA_0O2) and fourth (AA_H2O0) tests

Table 3. Total (BET) surface area and micropore surface area as well as the contribution of
micropores to the overall porosity of fresh activated alder char (AA — from [9]) and spent char

after the third (AA_O2) and fourth (AA_H2O) tests

BET area, m*/g Micropore area, m%/g Micropores share
AA 709 +6 421 £8 59 %
AA_H20 557 £2 208 £2 37 %
AA_O2 282 =1 132 £1 47 %

3.4.2. The role of steam and oxygen during catalytic reforming of toluene
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Toluene conversion was similar during both steam and oxygen reforming tests — 0.76 and 0.78,
respectively. However, following the discussion of spent chars and gaseous product
distribution, it is expected that during steam reforming, toluene decomposed solely via
heterogeneous reactions on char active sites. In contrast, in the presence of oxygen, a fraction
of the fed compound was consumed during homogeneous gas-phase reactions while the
remaining part decomposed on the char surface. Since all oxygen was consumed during toluene
oxidation, and no char was regenerated, the efficiency of the heterogeneous conversion should
correspond to that registered during toluene pyrolysis. Assuming a gas-phase conversion of the
non-catalytic test No 8, i.e. 0.16, the remaining 0.62 of a total 0.78 fraction of toluene removed
in the test No 9 originated from surface reactions. This value is in agreement with the toluene

conversion registered during the 40 min pyrolytic run, i.e. 0.61 [9].

The faster char surface deactivation during the test No 9 was also responsible for higher yields
of xylenes, ethylbenzene, and styrene (Fig. 9), compared with the test No 1. It was previously

observed that the formation of these compounds was enhanced upon char saturation with coke.

These findings suggest different roles of steam and oxygen during toluene catalytic conversion.
During the steam reforming tests, toluene decomposed heterogeneously on the char surface
while steam gasified the catalyst bed. Contrarily, in the oxygen tests, toluene decomposed
partially on the char surface and partially in homogenous reactions with oxygen; the latter was

consumed in gas-phase reactions and thus no char gasification occurred.

3.5. Effect of the methyl group on a conversion of aromatics

3.5.1.Benzene conversion tests

Steam was observed to play a beneficial role during toluene catalytic conversion, and this was

further investigated using a less-reactive compound, benzene. 30 min benzene conversion tests
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were performed analogously to the toluene experiments, in either pure N (test No 10 in Table
1) orin 15.5 vol.% steam (No 11). A comparison with the findings of toluene reforming (No 1
in Table 1) and pyrolysis (reported in the previous work [9]) is presented in Table 4. Aromatic
compounds without substituents are considered more refractory [5], therefore, a lower benzene
conversion during pyrolysis was expected. The lack of a methyl group limited the number of
conversion pathways, and no by-products were detected during tests with benzene, except for

a trace amount of toluene.

Similar trends in gaseous compounds formation were observed during the decomposition of
both compounds, as presented in Fig. 12. No carbon oxides were formed during benzene
pyrolysis, suggesting a lack of homogeneous, ring-opening reactions. The lower methane yield
was expected due to the absence of a methyl group in benzene. An increase in gaseous product
formation upon introducing steam was also common to both tested species. Although the
released gases originated mostly from gasification reactions, the relative yields (Fig. 12) were
referred to the amount of a converted tar compound, which explains their higher values during
the less-efficient benzene conversion. Therefore, to assess the dynamics between char
gasification and compound conversion, the released gas ratios (r;) were calculated (Eq. 1) for
steam reforming tests. The inhibition of the gasification process, previously observed when
compound conversion occurred concurrently with a solid reaction with steam, was less
pronounced during benzene reforming, as indicated by the slightly higher 7, and 7o, values.
A less-intense heterogeneous conversion of this aromatic decreased the competition between

compounds and steam molecules for active sites on the char surface. Positive value of the r¢y,

ratio indicates that methane formation was intensified during steam reforming of a compound,
compared with the blank tests where only char gasification occurred. The ¢y, value obtained
from toluene reforming was higher than from benzene test suggesting that no significant

amounts of methane originated from benzene conversion.
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509  The absence of demethylation or secondary reactions could not, however, be the sole reason for
510 a two-times lower benzene conversion compared with toluene. Interestingly, steam
511  introduction, which increased the toluene conversion by 13 percentage points, did not notably
512 improve benzene decomposition. Thus, it is plausible that the worse efficiency of benzene
513  removal was related to its inherently lower reactivity, which made it less dependent on the
514  catalyst quality. Consequently, the regeneration of a char surface during steam gasification did

515 not enhance benzene conversion, as observed in this study.

516  The comparison of benzene and toluene conversion confirmed the lower efficiency of catalytic
517  decomposition of non-substituted aromatics; moreover, it suggested that more refractory
518 compounds (like benzene) are less dependent on the activity of the catalyst, therefore their

519  conversion is not significantly improved by the presence of steam.

520
18
toluene_ PYR
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o
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522  Fig. 12. Relative molecular yield (converted compound based) of gases released during toluene
523  (from [9]) and benzene pyrolytic conversion (PYR) and steam reforming (SR); values of r; (Eq.

524 1) provided for SR runs (*scaled — x4 X 10! is presented due to low yields)
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3.5.2. Char activity during benzene conversion

Further investigation into the refractory nature of benzene was carried out by the comparison
of spent chars. Analyses were performed on the material recovered after benzene conversion
(tests No 10 and 11 in Table 1) and toluene steam reforming (test No 1 in Table 1) as well the
char after pyrolytic toluene conversion tests, reported in the previous work [9]. The changes in
catalytic properties of the chars after the pyrolytic and steam reforming tests were examined to
assess the importance of the activity of char during benzene and toluene conversion.

The analysis of spent chars (Table 4) revealed a drastic decrease in the initial surface area (709
m?/g) after exposure to toluene in pure nitrogen. During steam reforming, the char structure
deteriorated as well, although to a lower extent. Since the conversion of benzene was lower, it
had a smaller deactivating effect under inert conditions, and during steam reforming the char
surface was even increased. The initial microporosity of the activated alder char (59 %)
decreased due to pore blocking by coke. The additional effect of pore widening upon steam
activation resulted in an even greater loss of the microstructure during reforming runs. Changes
in the pore size distribution were observed for both compounds, suggesting that the same
heterogeneous conversion mechanism via coking and catalyst re-activation by steam

gasification also occurred during benzene decomposition, only at a lower magnitude.

Contrary to the area and distribution of pores, the surface functional groups of the chars
underwent the same extent of destruction during pyrolytic tests and showed a similar
development during steam reforming (Fig. 13). The similarities in char spectra might suggest a
similar consumption of oxygen functional groups by both compounds, despite the lower amount
of coke created during benzene conversion. It is possible, especially since the low frequencies
of the spectra suggest differently-substituted aromatic rings on the spent chars surfaces, that the

toluene-derived coke had a different structure than the benzene-derived one. In the case of
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phenol adsorption, m-n* stacking is expected, as reported by Shen [2]; it is possible that the
methyl group of toluene may also allow some molecules to stack, which resulted in the
formation of more developed structures on the char surface. This would explain the enhanced
conversion and increased pore filling with the toluene-derived coke, and the unaffected uptake
of surface functionalities. It could also explain benzene’s higher resilience to decomposition,

even though the activity of the char was better preserved.

The analysis of spent chars suggested that a lack of methyl group in a model tar compound led
to a different structure of the created coke, which resulted in a lower yield of coke, and thus

lower conversion of benzene, compared with toluene.

Table 4. Toluene and benzene conversion during the 30 min pyrolytic (PYR) and steam
reforming (SR) tests and total (BET) and micropore surface areas, as well as the micropore

contribution in the spent char bed

Toluene PYR  Benzene PYR  Toluene SR Benzene SR

nr 0.66 £0.05**  0.39 £0.01 0.79 £0.03 0.41 £0.01

BET area, m*/g 272 £1 (0.38)* 401 £2 (0.57)* 617 £2 (0.87)* 749 £3 (1.06)*
Micropore area, m%g 134 £1 (0.32)* 21543 (0.51)* 239 3 (0.57)* 343 +4 (0.81)*
Micropores share 49% (0.83)* 54% (0.92)* 39% (0.66)* 46% (0.78)*

*change relative to the value for the fresh activated alder char

**yalue reported from previous work [9]
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Fig. 13. ATR-FTIR spectra of fresh activated alder char (from [9]) and spent chars recovered

after pyrolytic conversion (PYR) and steam reforming (SR) of toluene and benzene

3.5.3.p-Xylene conversion test

The significant difference between the affinity of benzene and toluene towards heterogeneous
reactions with the char surface, and thus to their conversion efficiency, was attributed to the
methyl group. Therefore, another experiment was conducted in which tar was represented by
xylene (test No 12 in Table 1). The p-xylene was selected as its two methyl groups were
positioned the furthest apart, thus limiting any possible interactions between them which may
hinder their reactivity towards the catalyst’s active sites. Moreover, p-xylene has the same
kinetic diameter as benzene and toluene (5.85 A) [21], ensuring their similar spatial

constrictions for its molecular motion within the char pores.

The pyrolytic conversion of p-xylene and toluene are compared in Fig. 14, which shows
statistically similar datasets. This experiment suggested that, while the lack of a methyl group
significantly decreased the reactivity of the aromatic compound, a second substituent did not

further improve the decomposition efficiency. At the same time, the more complex structure of
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p-xylene resulted in a more versatile range of conversion by-products. All species recovered in
the impingers were identified, and their yields are presented in Fig. 15. Unfortunately, since the
FID peaks of meta and para xylenes overlapped, it was impossible to determine the yield of m-

xylene.

The findings suggested that the presence of a methyl group on an aromatic ring increased the
efficiency of the conversion of the compound by increasing its ability towards coke formation
on the char surface. However, further increase in the number of substituents was irrelevant to

the conversion efficiency; it only increased the yield of secondary reaction products.

..... A toluene
1.0 % ............................
............................................................ O p-xvlene
b T

0.2

0.0
10 15 20 25 30 35 40 45 50
time, min

Fig. 14. The conversion of toluene (from the previous work [9]) and p-xylene over time during

pyrolysis over activated alder char
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Fig. 15. Relative molecular yields (x;) of liquid by-products (converted p-xylene base) where i:
B —benzene; T —toluene; MS — p-methylstyrene; EB — ethylbenzene; 0-X,S — o-xylene/styrene;

ET — p-ethyltoluene, TMB — 1,2,4-trimethylbenzene

3.5.4.Secondary reactions of methylated aromatics

The demethylation of p-xylene occurred in two steps. In the first step, one of the methyl groups
was released; during the following step, part of thus created toluene underwent further
demethylation to benzene. During the 50 min run, 11 % of the total amount of decomposed p-
xylene was converted to toluene and another 2 % yielded benzene. Thus, 0.11 and 0.04 mol of
methyl groups per mol of converted p-xylene was released due to toluene and benzene
formation, respectively. The total yield of released methyl radicals was therefore similar to that
created during experiments with toluene, where its decomposition to benzene was ~15 %, i.e.
where 0.15 mol of methyl groups per 1 mol of converted toluene was created. This suggests
similar intensity of demethylation reaction during toluene and p-xylene conversion. However,
during p-xylene conversion the intensity of the secondary reactions increased, in addition to

being more diverse, compared with toluene decomposition. This shows that a larger number of
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methyl substituents on an aromatic ring enhanced the gas-phase recombination reactions.
Examining the range of the toluene and p-xylene liquid products allowed the formulation of a
scenario of secondary reactions occurring during the catalytic conversion of methylated
aromatics (Fig. 16). Methane (or a methyl radical) released during the heterogeneous
demethylation of a compound underwent substitution with a freshly supplied molecule and
attached either directly to an aromatic ring or an existing methyl group. The yield of p-
ethyltoluene was up to 5 times higher than that of 1,2,4-trimethylbenzene. This observation is
in accordance with a lower C—H bond dissociation energy of the methyl group (92 kcal/mol)
than an aromatic ring (104 kcal/mol) [22]. Surprisingly high yields of p-methylstyrene and
styrene were observed amongst the pyrolysis by-products of p-xylene and toluene [9]. Thus, an
intense dehydrogenation of the ethyl group was expected, which was also observed during
toluene steam reforming, despite a mildly oxidising atmosphere. Due to a GC-FID peak overlap,
only the combined yield of styrene and o-xylene could be determined. However, a rough
estimate of the formed styrene was calculated by subtracting the m-xylene/p-xylene yield from
the o-xylene/styrene one, assuming similar amounts of those isomers were formed. This
procedure allowed the styrene-to-ethylbenzene ratio for toluene pyrolysis and steam reforming
experiments to be assessed. Counterintuitively, the ratios, which represented the intensity of the
ethyl group dehydrogenation, increased when steam was applied (from 4.2 to 7.0, 3.9 to 5.7,
and 1.9 to 5.1 for activated alder, beech, and pine char, respectively). The dehydrogenation was
likely catalysed by the char surface, and as its active sites were regenerated during gasification,
steam reforming enhanced the formation of styrene. A similar oxidative dehydrogenation
process on activated carbons has been used to synthesise styrene [23], reaffirming these
assumptions concerning the formation of styrene and p-methylstyrene. An even more extreme

discrepancy between the ethylbenzene and styrene yields was observed during p-xylene
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pyrolysis. A portion of the large amounts of p-methylstyrene that formed due to p-ethyltoluene

dehydrogenation plausibly underwent demethylation, and thus increased styrene formation.

The analysis of secondary reaction products of p-xylene and toluene suggested that the main
side reactions accompanying compound decomposition via coking were demethylation, methyl
substitution (primally to the existing methyl groups rather than the aromatic ring), and

dehydrogenation of ethyl substituents.

'CH4 'CH4

-X B
+CH4 < p +CH4 < \

ET 0-X pX
-HZ - 2
7 7
MS \—/" S

-CH,

Fig. 16. Demethylation and secondary reactions of methyl-substituted aromatics during

catalytic conversion experiments (B — benzene; T — toluene; 0-X — o-xylene; p-X — p-xylene;
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TMB — 1,2,4-trimethylbenzene; EB — ethylbenzene; ET — p-ethyltoluene; S — styrene; MS — p-

methylstyrene)

4. Conclusions

A previously-conducted toluene pyrolytic conversion experiment was re-created under a
reforming atmosphere in which three activated chars from different wood species were
examined. It was concluded that the main toluene conversion pathways, which were observed
under an inert atmosphere, were not influenced by the introduction of steam. The main reaction
led to the formation of coke on the char surface. The demethylation of toluene also occurred,
and the selectivity towards benzene was similar during both pyrolytic and steam reforming
tests. However, steam gasified the char bed and coke deposit, thus prolonging the catalytic
activity of char. No qualitative differences in toluene conversion over different chars were
observed; however, the performance of pine-derived char was worse due to its higher
microporosity. As one of the beneficial roles of steam, in addition to the regeneration of active
sites, was pore widening, the lower efficiency of pine char was less pronounced during steam

reforming compared with the pyrolytic tests.

When applied as a reforming agent, oxygen had the opposite effect to steam. The former was
directly consumed during ring-opening reactions with toluene, and thus, it did not cause any
char oxidation/activation. The different behaviours of these two oxidising agents suggest that
concurrent tar decomposition and catalyst regeneration can be controlled by adjusting the

reforming atmosphere composition.

37



670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

The presence of a methyl group attached to an aromatic ring increased its conversion, regardless

of the catalyst’s activity. However, a second substituent did not improve the decomposition any

further. Instead, two methyl groups enhanced secondary reactions, thus higher yields and wider

range of by-products was observed.
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