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1. Introduction

Ru—Ni bimetallic catalysts for steam reforming of
xylene: effects of active metals and calcination
temperature of the support

Jianglong Pu, ©*2 Hui Wang,® Masayuki Suzuki® and Eika W. Qian {*P

A series of Ru and Ni supported catalysts were prepared and their catalytic performance was evaluated in
the steam reforming of xylenes. The effects of active metals, active metal loading sequence, and the
calcination temperature of the support on the catalyst activity and stability were investigated. The
bimetallic 2Ru — 15Ni catalyst shows much higher activity and stability than the monometallic 2Ru and
15Ni catalyst owing to the synergic effect of Ni and Ru. The 2Ru — 15Ni catalyst has the least coke
deposition owing to its high conversion performance and much less coke precursor being formed on
the catalyst surface. After decoking, most of the small-sized pores cannot be recovered because of the
pore collapse under severe hydrothermal conditions. o-Xylene has the lowest reactivity due to electronic
and steric effects. Besides the steam reforming reaction, demethylation and C-C cracking are also
observed, forming benzene and toluene. The catalyst with a loading sequence of 15Ni — 2Ru shows
high activity at low temperatures (550-600 °C), but undergoes an activity drop at high temperatures
(625-650 °C) because the Ni sintering at high temperatures greatly affects the state of Ru on the
catalyst. The catalyst with a loading sequence of 2Ru — 15Ni has an advantage at high temperatures
owing to its better sintering resistance. The simultaneously loaded 2Ru < 15Ni catalyst shows the
lowest activity. The high calcination temperature of the support enhances the catalyst stability by
eliminating the small-sized pores before reaction; on the other hand, the elimination of pores decreases
the dispersion of the active metals. The 2Ru — 15Ni catalyst calcined at 1000 °C balances the active
metal dispersion and resistance to sintering under severe hydrothermal conditions, showing the best
activity and stability. The catalyst calcined at 1000 °C has the best coke resistance with only 0.166 g
gcat‘l of coke formation after the 24 h durability test. The DTG results indicate that the carbon formed
on the catalysts is mainly graphitic carbon.

via steam reforming of bio-oil a great challenge due to the
different reactivities of each compound.* The high operating

Recently, fuel cells with hydrogen have received extensive
attention in the field of electric vehicles? and are expected to
replace conventional combustion engines owing to their
pollution-free, high-efficiency, and renewable characters.®> The
steam reforming of bio-oil is an efficient approach to produce
hydrogen because of the abundant biomass on the earth that
can be renewed by the photosynthesis of the plant.* The source
of biomass and conditions of pyrolysis determine the compo-
sition of bio-oil, including water, organic acids, alcohols, esters,
phenols, and other oligomers,® which are derived from the
depolymerization of cellulose and lignin in the biomass.* The
complex compositions of bio-oil make the hydrogen production
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temperature and steam/carbon ratio can achieve a high
hydrogen yield, while this will consume a large amount of
energy and the severe hydrothermal conditions will lead to the
metal sintering of the catalyst. Moreover, the oxygen-containing
compounds in the bio-oil result in the deactivation of the
catalyst easily because of the coke deposition.*” Therefore,
a catalyst with good catalytic activities and stabilities towards all
kinds of compounds is the key to convert bio-oil into hydrogen
in this process.

The catalytic activity and stability are dependent on the
metal type, metal dispersion, properties and structures of
supports, and interactions between metals and supports.*® Both
noble metal-supported catalysts (Pt, Ru, Pd, etc.) and transition
metal-supported catalysts'®* (Ni, Co, Cu, etc.) are usually
designed for the steam reforming reactions due to their supe-
rior ability to cleave C-C and C-H bonds."”” High catalytic
activities and hydrogen selectivity could be achieved over the
noble metal-supported catalysts with a small metal loading

© 2021 The Author(s). Published by the Royal Society of Chemistry
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amount, while their high cost and high sensitivity to the poison
become a great barrier to their application. In contrast, the
transition metal-supported catalysts have more potential for
industrial utilization because of the low cost and relatively high
activity if the loading amount is high.**'* However, both two
types of catalysts have deactivation problems derived from
metal sintering and carbon deposition, notably in the case of
Ni-based catalysts.”> Catalyst activity and stability can be
enhanced by employing the bimetallic catalyst owing to the
synergic effect, formation of alloy, and improvement of metal
dispersion.”™ Ishihara et al. studied the Ni-Ru bimetallic
catalyst in the steam reforming of cresol and found that the Ru
added Ni-based catalysts exhibited much higher activity and
stability than the monometallic Ni catalyst owing to the
formation of Ni-Ru clusters.’® The well-dispersed metals not
only improve the catalyst activity owing to the increased contact
surface of the active sites but also enhance the catalyst stability
by forming strong metal-support interaction.** Moreover, the
strong metal-support interaction changes the metal form and
valence electron state, forming new active sites, which are
favorable to the steam reforming reactions.* The supports play
a crucial role in improving the catalytic activity and stability
since they not only support the active sites but also participate
in the reactions by strengthening the catalyst's ability to
dissociate water.'®** Alumina is suitable for catalyst support in
steam reforming reactions because it is hydrothermally stable
and has a strong water dissociation ability.® However, the acid
sites on the alumina support accelerate the dehydration reac-
tions forming the undesirable coke, thus the support is usually
modified by other oxides. The loading of alkaline oxides such as
MgO, BaO, and CaO can neutralize the acid sites and inhibit the
coke formation,*~*® while strong alkalinity induced by Na or Mg
will also decrease the catalytic performance by forming some
oxygen-containing species.”” The loading of oxides with oxygen
storage capacity and facile redox properties such as CeO, can
facilitate the removal of coke owing to their mobile lattice
oxygen.>'* During the steam reforming reactions, La,O; shows
superior decoking ability because it can absorb CO,, forming
oxycarbonate that oxidizes carbon into CO,"**** and on the
other hand, the addition of La,0; can enhance the Ni disper-
sion and increase the alkalinity to a mild extent, which are
favorable to the catalytic performance and coke resistance of the
catalyst.>”>-3

Although the steam reforming of bio-oil using small mole-
cules has been extensively studied, the catalyst study based on
the large-molecule aromatic compounds is limited but mean-
ingful because of the easy coke formation.'* The major chal-
lenge in the steam reforming of lignin-derived oil is the catalyst
deactivation caused by coke deposition. One strategy is to
enhance the steam adsorption capability to gasify coke or coke
precursor on the catalyst. The incorporation of alkaline oxides
such as MgO and CaO not only promotes the steam adsorption
ability of the catalyst but also decreases the acidic sites on the
alumina support which can catalyze the carbon formation
during steam reforming reactions.**** The other strategy is to
modify the surface reactions by loading other oxides. La,O; was
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observed to enable the removal of carbon by forming oxy-
carbonate intermediates with CO,.*>?%2°

Based on these results, we designed the 5La,0;-10MgO-
Al,O; support to improve the steam adsorption capability and
incorporate decoking surface reactions, aiming at enhancing
the coke resistance of the catalyst in the steam reforming of
xylenes (consist of o-xylene, p-xylene, m-xylene, and ethyl-
benzene). Ni-Ru bimetal was employed as the active site to
improve the catalytic activity of the catalyst. The catalytic
performance in the steam reforming of xylenes was studied
from the new viewpoints, i.e., effects of porous structure alter-
nation by changing the types of active metals, changing the
metal loading sequence, changing support calcination
temperature on the catalyst activity and stability. The relations
between the pore structure and catalytic performance before
and after the reaction were elucidated. The pore change derived
from the coking and decoking process was focused.

2. Experimental
2.1 Materials

v-AL,O; (Nippon Ketjen, =99.0, 287 m? g '), lanthanum(u)
nitrate hexahydrate (La(NO3);-6H,0, Kishida Reagents Chem-
icals), magnesium(u) nitrate hexahydrate (Mg(NO;),6H,0,
Kishida Reagents Chemicals), nickel(n) nitrate hexahydrate
(Ni(NO;),-6H,0, Kishida Reagents Chemicals), ruthenium()
chloride hydrate (RuCl;-(1-3)H,0O, Kishida Reagents Chem-
icals) were received without further purification.

2.2 Catalyst preparation

v-Al,O; was crushed and sieved into the pellets (20-30 mesh)
then calcined at 500 °C for 6 h before used. The catalyst support
with 5 wt% La,0; and 10 wt% MgO (5La,0;-10MgO-Al,0;) were
prepared by the impregnation method. Typically, La(NO;),-
-6H,0 and Mg(NOs),-6H,0 aqueous solution were mixed with
the calcined y-Al,O; pellets, then the water was vaporized slowly
in the sand bath with gentle stirring. The catalyst supports were
dried at 120 °C for 3 h and calcined at various temperatures
(750 °C, 1000 °C, and 1100 °C) for 6 h.

The catalysts with 15 wt% Ni (designated as 15Ni) and
2 wt% Ru (designated as 2Ru) were prepared via impregnation
method using Ni(NOj),-6H,O and RuCl; as precursors,
respectively. The bimetallic catalysts were prepared using
various methods: (i) 15 wt% Ni and 2 wt% Ru were loaded into
the support successively (15Ni — 2Ru); (ii) 2 wt% Ru and
15 wt% Ni were loaded into the support successively (2Ru —
15Ni); (iii) 2 wt% Ru and 15 wt% Ni were simultaneously
loaded into the support (2Ru « 15Ni). In the case of (i) and
(ii), a procedure of drying at 120 °C for 3 h was conducted
before the second metal was loaded. Finally, all the catalysts
were dried at 120 °C for 3 h.

2.3 Catalyst characterization

N, adsorption and desorption of the catalyst at liquid nitrogen
temperature (—196 °C) were conducted in a Beckman Coulter
analyzer (SA3100) to measure the BET surface area, pore
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volume, and pore diameter distribution of the catalyst. Before
analysis, the fresh catalysts were reduced at 600 °C for 3 h. All
the samples were dried at 350 °C for 3 h with 50 mL min~" N,
flow, then outgassed at 300 °C for 1 h to remove the moisture.

Thermal gravimetric analysis (TGA) of the spent samples was
conducted with a TA instrument (TGA, TA-60WS, SHIMADZU) to
determine the carbon species formed on the catalyst. Approxi-
mately 10 mg of a sample was loaded to a platinum crucible and
dried at 105 °C for 2 h. Subsequently, the sample was heated to
900 °C with a heating rate of 10 °C min~" under 50 mL min ™" air
flow. The coke amount of the spent catalyst was calculated
according to the following equation:

Wcokc (g gcatil) =

weight of coked catalyst — weight of decoked catalyst

weight of decoked catalyst

2.4 Catalytic activity

The catalyst evaluation was conducted in a fixed bed flow
reactor (SSL316, ¢ 10 mm x 1 mm, 350 mm length). Approxi-
mately 0.50 g of the catalyst was diluted with quartz sand
(Kishida Reagents Chemicals) and loaded into the constant-
temperature zone of the reactor. Before the reaction, the cata-
lyst was reduced by H, (50 mL min ') at 600 °C for 3 h.
According to our preliminary experiment, the catalyst treated
with water at 750 °C showed better catalytic performance than
the case without a water treatment, which was probably attrib-
uted to the enhanced steam adsorption on the catalyst during
the high-temperature water treatment. Therefore, in this study,
after the H, reduction and before the activity test, all the cata-
lysts were treated with H,O (0.8 mL min~") at 750 °C for 3 h.
Subsequently, water and mixtures of xylenes (62.92 wt% p- & m-
xylene, 22.85 wt% o-xylene, and 14.23 wt% ethylbenzene) were
continuously fed by two pumps with a molar ratio of steam to
carbon of 3.4. Before getting into the reactor, water and xylenes
were preheated to 400 °C. The reaction pressure was kept at
1.0 MPa. The residual liquid and the produced gas were sepa-
rated using a cold trap in the outlet of the reactor. The gas flow
rate was measured by a gas flow meter (Tokyo Shinagawa Corp.).
The H, composition was quantified by GC-TCD (SHIMADZU,
GC-8A, Prapack Q 2.0 m) using N, as carrier gas and the
compositions of carbonaceous gas (CO, CH,4, and CO,) were
quantified by GC-TCD (SHIMADZU, GC-14B, Unibeads C 3.0 m)
using He as carrier gas. The unreacted oil phase in the liquid
was separated using a separatory funnel and analyzed by GC-
FID (SHIMADZU, GC-14B, DB-1 60 m).

The conversion of the feedstock was calculated according to
the equation below:

Conversion (%) =

in the feed — carbon in the unreacted oil
carbon in the feed

carbon

x 100%

The yield of H, was defined by the stoichiometric H,
formation:
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moles of produced H,

1 0 —
Ho yield (%) = theoretical moles of H,

x 100%

The yield of carbonaceous gas (CO, CH,, and CO,) was esti-
mated on a carbon basis:

Yield of CO, CHy, and CO, (%)

__ moles of CO, CH,, and CO, in the gas « 100%
- moles of carbon in the feed !

3. Results and discussion
3.1 Effect of active metals

The effect of active metals on the catalytic activity in the steam
reforming of xylenes is investigated by loading Ni, Ru, and RuNi
to the prepared 5La,0;-10MgO-Al,O; support. The pore struc-
ture, catalytic activity under various temperatures and weight
hourly space velocity (WHSV), durability, and coke formation of
the catalysts were systematically studied.

3.1.1 Pore structures. The pore size distributions of fresh
15Ni, 2Ru, 2Ru — 15Ni, and the 5La,0;-10MgO-Al,O; support
are presented in Fig. 1. All the samples show similar pore
diameter distributions and their pore sizes are concentrated at
5-15 nm. The bare support possesses the best porous structure
and after the loading of active metals, the proportion of
micropores decreases to a low level because of the partial
obstruction by the metals. However, the proportion of the small-
sized pore in the 2Ru catalyst is much larger than those of the
15Ni and 2Ru — 15Ni catalysts, indicating that the pore
structure in 2Ru is well maintained due to the small loading
amount of Ru. By contrast, the small-sized pore in 15Ni and 2Ru
— 15Ni is partially obstructed by the large loading amount of
Ni. Accordingly, the surface area and pore volume in 2Ru is
much larger than those of 15Ni and 2Ru — 15Ni as listed in
Table 1. No significant difference is observed in the pore
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Fig. 1 Pore size distribution of catalysts (15Ni, 2Ru, and 2Ru — 15Ni)
reduced at 600 °C and the support (5La,03z-10MgO-Al,O3) calcined
at 750 °C.
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Table 1 Coke amount, BET surface area, and pore volume of the
catalysts with various active metals®

Surface area Pore volume Coke
Catalyst (m?>g™) (em® g™") (& Gear )
15Ni Fresh 147 0.483 0.518
Coked 60.8 0.197
Decoked 121 0.431
2Ru Fresh 184 0.576 0.462
Coked 67.5 0.217
Decoked 120 0.404
2Ru — 15Ni Fresh 151 0.497 0.365
Coked 65.5 0.302
Decoked 74.6 0.463

“ The supports of all the fresh catalysts were calcined at 750 °C for 6 h.

structures between the 15Ni and 2Ru — 15Ni catalysts. Inter-
estingly, the 2Ru — 15Ni catalyst has a little more small-sized
pores than 15Ni, showing larger pore volume and surface
area. This suggests that the loading of Ru before Ni inhibits the
Ni diffusion to the small-sized pore, thus more small-sized
pores (5-10 nm) in 2Ru — 15Ni are maintained in compar-
ison to 15Ni, as shown in Fig. 1.

3.1.2 Activity test. The yields of hydrogen, carbonaceous
gas, and the unreacted oil in the steam reforming of xylenes
under various reaction temperatures are shown in Fig. 2. The
conversion of the feedstock and hydrogen yield increase with
the rising temperature significantly since a high temperature is
both kinetically and thermodynamically beneficial to the steam
reforming reaction.® All the catalysts show low conversions and
hydrogen yields at low temperatures (550-600 °C). An almost
complete conversion of oil is observed over both 2Ru and 2Ru
— 15Ni catalysts at 650 °C, indicating that 650 °C is required for
the steam reforming of xylenes to get a considerable gas
formation. For the monometallic catalysts, the hydrogen yield
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Fig. 2 Yields of hydrogen, carbonaceous gas, and oil in the steam
reforming of xylene under various reaction temperatures over (a) 15Nj,
(b) 2Ru, and (c) 2Ru — 15Ni. Reaction conditions: WHSV = 20.8 h™*, S/
C =34,10 MPa.
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over the 15Ni catalyst is higher than that of the 2Ru catalyst
below 625 °C, suggesting that Ni has better catalytic perfor-
mance than Ru at low temperatures. Similar results were ob-
tained by the previous study that the monometallic Ru catalyst
seemed to not be effective for the steam reforming of cresol at
low temperatures in comparison to the Ni-based catalyst.*
However, above 625 °C much higher oil conversion and
hydrogen yield are shown over the 2Ru catalyst, indicating that
Ru has a great advantage in catalyzing the reaction at high
temperatures. Kousi et al. studied the steam reforming of
glycerol over the Ru catalysts and found that the products were
dominated by the metallic activity at high temperatures, and by
the acid-base properties on the support at low temperatures.>*
These observations suggest that a relatively high temperature is
necessary for Ru active sites to effectively catalyze the steam
reforming reaction. Nevertheless, the bimetallic 2Ru — 15Ni
catalyst combines the advantages of 2Ru and 15Ni, showing the
best catalytic performance at all the tested temperature points.
The difference in hydrogen yield between 15Ni and 2Ru — 15Ni
is not large at 550 °C, indicating that the working active metal in
2Ru — 15Ni at low temperatures is mainly Ni. At high
temperatures, the 2Ru — 15Ni catalyst shows much higher
activity than the monometallic catalysts owing to the synergic
effect between Ru and Ni. Although 2Ru — 15Ni shows higher
hydrogen yields at 550 °C and 575 °C, the oil conversions are
lower than the monometallic catalysts. This may be explained
by the less carbon formation over 2Ru — 15Ni as shown in
Table 1, and part of the unreacted oil over the 15Ni catalyst is
converted into carbon because of its easy carbon formation
characters.* The addition of Ru is very effective for the inhibi-
tion of coke deposition in the steam reforming reactions due to
the various surface reaction pathways.’® At 650 °C, the 15Ni
catalyst shows the worst activity and almost full conversions are
obtained over both 2Ru and 2Ru — 15Ni, while the hydrogen
yield over 2Ru is much lower (49.9%) than that of the 2Ru —
15Ni catalyst (59.2%). This suggests that the bimetallic 2Ru —
15Ni catalyst not only combines the advantages of Ni and Ru but
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also exhibits a strong synergic effect that enhances the catalytic
performance drastically.

To determine an appropriate WHSV for the reaction, the
effect of WHSV on the catalytic performance of 2Ru — 15Ni
under various reaction temperatures was investigated as shown
in Fig. 3. A low WHSV will lead to a decrease in the production
capacity, and on the other hand, less feed will pass through the
catalyst bed per unit of time, thus the oil conversion and
hydrogen yield will increase. The results indicate that the effect
of WHSV at low temperatures is significant, while all cases reach
full conversions above 625 °C and the reaction temperature
becomes the dominant effect, thus the disparity in the hydrogen
yield at 15.6 and 20.8 h™' becomes small. At 600 °C, the oil
conversion at 10.4 h™' of WHSV reaches 100%, nevertheless, in
the case of 20.8 h™', over 50% yield of oil is still left in the
residual liquid. Therefore, to better compare the catalytic
performance of various catalysts, a WHSV of 20.8 h™' was
selected for the latter activity and durability test in this study.

3.1.3 Durability test. The durability test of the catalyst was
conducted at 650 °C for 24 h. As shown in Fig. 4, in the initial
stage, the activity of the three catalysts is as follows: 2Ru —
15Ni > 2Ru > 15Ni, which is agreed with the results in the
activity test. Overall, all the catalysts undergo deactivation along
with the reaction time. In the case of the monometallic cata-
lysts, the hydrogen yield drops significantly for the whole test
period. 2Ru shows better activity than 15Ni within 12 h, while
suffers a significant decrease in hydrogen yield during the latter
12 h, indicating the worst stability of 2Ru. However, the bime-
tallic 2Ru — 15Ni catalyst maintains its activity much better
than the monometallic catalysts, with only a 7% decrease in the
hydrogen yield within 18 h. At the end of the durability test, 2Ru
— 15Ni keeps the highest hydrogen yield (33.2%) than those of
2Ru (5.8%) and 15Ni (14.3%), indicating that the loading of
both 2Ru and 15Ni not only enhances the activity of the catalysts
but also strengthens the catalyst stability tremendously.

Accordingly, the yields of carbonaceous gas over 2Ru — 15Ni
are much higher than those of 15Ni and 2Ru. For the 2Ru —
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15Ni catalyst, only 11.4% of unreacted oil was detected in liquid
within 18 h. However, for 15Ni and 2Ru, 46.4% and 37.4% of
unreacted oil were detected only within 6 h, respectively. This
also indicates the much better stability of the bimetallic catalyst
than the monometallic catalysts.

The feed and unreacted oil at different times on stream of
the durability test were analyzed by GC-FID. The feed consists of
oxylene (22.8%), p- & m-xylene (62.9%), and ethylbenzene
(14.2%), which have various reactivities over these three cata-
lysts. As shown in Fig. 5, the content of 0-xylene does not change
over the 15Ni catalyst in comparison to the feed, while the
conversions of p- & m-xylene and ethylbenzene are observed,
indicating that o-xylene has lower reactivity than p- & m-xylene
and ethylbenzene, which is probably attributed to the steric and
electronic effects.* During the durability, the compositions of o-
& p- & m-xylenes and ethylbenzene decrease, while the forma-
tion of toluene and benzene is observed, revealing that some
side reactions such as demethylation and C-C cracking of the
ethyl group may occur. The compositions of toluene and
benzene also decrease with the reaction time, indicating that
the catalyst deactivation also slows the reactions to form
toluene and benzene. This means that both the steam reform-
ing and the side reactions are catalyzed by the catalysts.
Particularly, at 12, 18, and 24 h, the compositions of toluene
and benzene over 2Ru — 15Ni are much higher than those over
15Ni and 2Ru, suggesting that the 2Ru — 15Ni catalyst also
have the best catalytic performance towards the demethylation
of aromatics due to the superior C-C cleavage of metallic Ni-Ru
clusters. For 15Ni, the conversions of p- & m-xylene and ethyl-
benzene, as well as the production of toluene and benzene,
decrease with the reaction time, indicating that the catalyst
suffers from deactivation. For the 2Ru catalyst, all the compo-
sitions in the feed are converted and a large amount of toluene
and benzene is produced in the initial stage of the test, sug-
gesting that 2Ru has a better catalytic performance than 15Ni.
On the other hand, the conversion of reactants and the yield of
products decrease with reaction time because of the deactiva-
tion of 2Ru. In contrast, the 2Ru — 15Ni catalyst shows an

© 2021 The Author(s). Published by the Royal Society of Chemistry
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excellent catalytic performance towards all the compositions in
the feed, with nearly complete conversions in the initial stage of
the durability test, indicating that the bimetallic catalyst has
better adaptability in catalyzing various aromatic compounds.
3.1.4 Coke formation. The coke amount, BET surface area,
and pore volume of the catalysts before and after reaction are
listed in Table 1. After a 24 h durability test, the 15Ni catalyst
has the most coke, reaching 0.518 g g... ', indicating that coke
forms easily on the Ni-based catalyst. For the 2Ru catalyst, the
coke amount decreases to 0.462 g gcat’l. The 2Ru — 15Ni
catalyst exhibits the best coke resistance with a coke amount of
0.365 g g.o ' due to the addition of Ru. Ru was found to help
curb the coke deposition by changing the surface reactions.’”
The coke formation is also related to the activity and stability of
the catalyst. The high activity and stability facilitate the instant
conversion of the feed into gaseous products, thus less coke
precursor will accumulate on the active sites. Consequently, the
coke resistance of the catalyst shows the same trend with the
catalyst activity and stability, decreasing as follows: 2Ru — 15Ni
> 2Ru > 15Ni. The carbon species formed on the catalyst were
further determined by TGA and the DTG profiles of the spent
catalysts are presented in Fig. 10. The positive peaks at low
temperatures are associated with the oxidation of Ni and the
negative peaks at about 600 °C are due to the coke combustion.
The peak area represents the amount of the formed coke on the
catalyst. It is shown that the coke amount decreases in the
following trend: 15Ni > 2Ru > 2Ru — 15Ni-750. The coke
combustion peaks of all the catalysts are centered at 600 °C
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originating from graphitic carbon,*® indicating a similar coke
formation mechanism.

Both the surface area and the pore volume of these coked
catalysts decreased to a much low level, indicating that a large
portion of pores is obstructed by the coke deposition after the
durability test. The pore volume of the coked catalyst decreases
in the following trend: 2Ru — 15Ni > 2Ru > 15Ni, which are
attributed to the various coke depositions of the three catalysts.
The pore size distribution of the fresh, coked, and decoked
catalyst is shown in Fig. 6. Compared to the fresh catalysts, the
pore diameter of the coked catalysts shifts to larger values,
indicating that the small-sized pores are blocked by the coke
deposition, meanwhile, some large-sized pores are formed.
After the decoking procedure, the surface areas increase but are
still lower than those of the fresh catalysts. As shown in Fig. 6,
the proportion of small-sized pores in the decoked catalyst is
less than that of the fresh catalyst, while the large-sized pore is
more, indicating that a portion of the small-sized pores
collapses, forming some larger ones during the reaction and
calcination process. This process is irreversible, leading to the
sintering of the active metals on the catalyst.

3.2 Effect of loading sequence of active metals

The effect of the loading sequence of active metals on the
catalytic performance of the bimetallic catalyst was investigated
by loading the active metals sequentially (15Ni — 2Ru, 2Ru —
15Ni) and simultaneously (2Ru < 15Ni). The pore size distri-
bution of the catalysts with various loading sequences is shown
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Fig. 6 Pore size distribution of the fresh, coked, and decoked catalysts. (a) 15N, (b) 2Ru, and (c) 2Ru — 15Ni.
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yield. On the contrary, above 625 °C, 2Ru — 15Ni shows better
catalytic performance than 15Ni — 2Ru. This may be explained
by the sintering of Ni during the reaction, which reduces the
formed Ni-Ru clusters. It is reported that the high activity and
stability of NiRu bimetallic catalyst is owing to the formation of
Ni-Ru clusters.* For the 15Ni — 2Ru catalyst, as shown in
Scheme 1a, the first loading of Ni obstructs the small-sized pore
and the Ni-Ru cluster mainly forms on the surface of Ni. The
reactants can be easily adsorbed on the more active Ni-Ru sites,
thus 15Ni — 2Ru shows better performance at low tempera-
tures. However, at high temperatures, Ni with a large loading
amount will undergo sintering, which leads to the low disper-
sion of the Ni-Ru sites. On the contrary, for 2Ru — 15Ni, as
shown in Scheme 1b, the first loading of Ru makes the Ni-Ru
cluster mainly form in the small-sized pore and the sintering of
Ni cannot affect the dispersion of Ni-Ru sites significantly.
Although the coverage of Ni will lead to the difficult diffusion at
low temperatures, showing a worse performance than 15Ni —
2Ru, the maintained Ni-Ru sites play a crucial role in catalyzing
the reaction at high temperatures, thus 2Ru — 15Ni shows
a much higher hydrogen yield (58.3%) than that of 15Ni — 2Ru
(48.7%) at 650 °C. However, the simultaneous loading catalyst
2Ru < 15Ni shows the lowest activity because portions of the
formed Ni-Ru sites are covered by a large amount of Ni before
the reaction, as shown in Scheme 1c. Therefore, the loading
sequence of 2Ru — 15Ni is best fitted for the steam reforming
reaction owing to the maintenance of the formed Ni-Ru sites at
high temperatures.

Fig. 7 (a) Pore size distributions of the reduced catalysts; (b) yields of
i N 7

hydrogen, carbonaceous gas, and oil in the steam reforming of xylene o NNco B CH, 77 co,
under various reaction temperatures over (1) 15Ni — 2Ru, (2) 2Ru — 1004 L 60
15Ni, and (3) 2Ru < 15Ni. Reaction conditions: WHSV = 20.8 h~?, S/C Q f‘§ §
~34,10 MPa. g MW

< 80 \& §

g S\ §

2 §& 0
in Fig. 7a. No significant distinction is observed in their pore g o7 &7 : )
distribution. However, 2Ru — 15Ni maintains more small-sized g : "g ,,,,,, r30 &

. . g : > =

pores centered at 9 nm than 15Ni — 2Ru and 2Ru < 15Ni, £ 404 % S

= -
indicating that the loading sequence affects the proportion of 5 é 2
small-sized pores. The first loading of Ru to the catalyst can “_S 20 é L 10
inhibit the further penetration of Ni to the small-sized pores, E %
which may be favorable to the adsorption of reactants on the 0
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catalyst. As shown in Fig. 7b, the loading sequence of the active 0 6 12 18 24

metals significantly affects the activity of catalysts at different
temperatures. For the sequentially loading catalysts, below
600 °C, 15Ni — 2Ru shows better catalytic performance than
2Ru — 15Ni, with much higher oil conversion and hydrogen
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the Ni surface
2 A
o N
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Fig. 8 Yields of hydrogen, carbonaceous gas, and oil in the steam
reforming of xylene as a function of time on stream over the catalyst
calcined at (a) 1100 °C, (b) 1000 °C, and (c) 750 °C. Reaction condi-
tions: WHSV = 20.8 h™%, §/C = 3.4, 650 °C, 1.0 MPa.
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Scheme 1 The possible state of Ni—Ru clusters on the catalyst of (a) 15Ni — 2Ru, (b) 2Ru — 15Ni, and (c) 2Ru < 15Ni.
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Table 2 Coke amount, BET surface area, and pore volume of the catalysts with various calcination temperatures

Surface area (m* g~ ")

Pore volume (cm?® g~ 1) Coke (g gear V)

Catalyst

2Ru — 15Ni - 750 °C Fresh 151
Coked 65.5
Decoked 74.6

2Ru — 15Ni - 1000 °C Fresh 83.5
Coked 71.5
Decoked 82.5

2Ru — 15Ni - 1100 °C Fresh 61.6
Coked 51.6
Decoked 60.2

3.3 Effect of support calcination

The 2Ru — 15Ni catalysts calcined at 750 °C, 1000 °C, and
1100 °C were tested at 650 °C for 24 h and the results are pre-
sented in Fig. 8. In the initial stage, the catalysts calcined at
750 °C and 1000 °C show high catalytic activity, with almost
complete oil conversions. The catalyst calcined at 1100 °C
shows low activity, with a conversion of only 79.8%. This is
related to the change of the porous structure on the support at
various calcination temperatures. As shown in Table 2, the
surface area and pore volume of the fresh catalyst decrease with
the increasing calcination temperature due to the collapse of
pores in the support. The fresh catalyst calcined at 750 °C has
a high surface area up to 151 m* g, which facilitates the
dispersion of active metals on the support. The low surface area
of the catalyst calcined at 1100 °C (61.6 m”> g~ ') leads to the poor
dispersion of active metals. Thereby, the catalyst calcined at
750 °C shows the best activity while the catalyst calcined at
1100 °C shows the lowest activity in the initial stage. Although
the surface area of the catalyst calcined at 1000 °C is lower (83.5
m? g ") than that of the catalyst calcined at 750 °C, the pores in
the catalyst calcined at 1000 °C still provide enough surface for
the dispersion of active metals. Therefore, the catalyst calcined
at 1000 °C still shows excellent activity in the initial stage.
Nevertheless, the catalyst calcined at 750 °C suffers from
a distinct activity drop along with the reaction time and shows
the lowest oil conversion and hydrogen yield after 24 h because
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of the pore collapse. In contrast, the catalysts calcined at
1000 °C and 1100 °C have much better stability, indicating that
the high calcination temperature enhances the catalyst stability.
As shown in Fig. 6¢, most of the small-sized pores in 2Ru —
15Ni calcined at 750 °C are lost during the reaction and cannot
be recovered by decoking, which leads to the coverage of the
active sites on the catalyst. However, high calcination temper-
ature can pre-collapse partial pores before reaction and
enhance the hydrothermal stability during the reaction. As
shown in Fig. 9, only a small number of pores in the catalysts
calcined at 1000 °C and 1100 °C are lost in the steam reforming
reaction, indicating that most of the small-sized pores are pre-
collapsed before reaction and this enhances the stability of
the support during the reaction. Therefore, the excellent
stability of catalyst calcined at 1000 °C and 1100 °C is owing to
the collapse of the small-sized pores before the loading of the
active metals at high temperatures. However, the high calcina-
tion temperature decreases the surface area, leading to a low
dispersion of the active metal, which is unfavorable to the
catalytic activity. The catalyst calcined at 1000 °C well balances
the active metal dispersion and the support stability, showing
the highest activity and stability. The coke formed on the cata-
lyst after the durability test is shown in Table 2. Consistent with
the results of the durability test, 0.365 g gcat’1 of coke is formed
on the catalyst calcined at 750 °C, while only 0.166 g g... ' of
coke is observed on the catalyst calcined at 1000 °C. The
excellent coke resistance of the catalyst calcined at 1000 °C is
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Fig. 9 Pore size distribution of the fresh, coked, and decoked catalysts calcined at (a) 1000 °C and (b) 1100 °C.
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Fig. 10 DTG profiles of the spent catalysts after durability tests.

attributed to its high dispersion of active metals as well as the
excellent stability of the support. As shown in Fig. 10, the carbon
combustion peaks of all the samples are centered at 600 °C,
which is associated with graphitic carbon,®® revealing that the
calcination temperature of the support has no significant
influence on the carbon formation mechanism. After decoking,
most of the obstructed pores in the catalysts calcined at 1000 °C
and 1100 °C are recovered, while the surface area of the catalyst
calcined at 750 °C decreases from 151 m® g ' to 74 m> g,
indicating that the catalyst stability is poor and many pores are
lost under the severely hydrothermal environment.

4. Conclusions

The bimetallic catalyst 2Ru — 15Ni/La,03;-MgO-Al,0; with
high activity and stability in the steam reforming of xylenes was
developed. The 15Ni catalyst has an advantage in catalyzing the
reaction below 600 °C while the 2Ru catalyst has an advantage
above 600 °C. The bimetallic 2Ru — 15Ni catalyst well
combines the advantages of 15Ni and 2Ru, showing much
higher activity than the monometallic catalysts, owing to the
synergic effect between Ni and Ru. Both the two monometallic
catalysts lost their activity after a 24 h durability test while the
bimetallic catalyst shows excellent stability with the least coke
formation. This indicates that the synergic effect between Ni
and Ru not only improves the catalytic activity but also
strengthens the catalyst stability. By analyzing the compositions
of the unreacted oil, it is shown that o-xylene has the lowest
reactivity due to the electronic and steric effects. Besides the
steam reforming reaction, the demethylation and C-C bond
cracking also occur. 15Ni — 2Ru shows better activity below
600 °C, while 2Ru — 15Ni shows much better activity above
600 °C because of the agglomeration of Ni-Ru clusters caused
by the Ni sintering. The high calcination temperature
strengthens the catalyst stability by pre-collapsing the small-
sized pores but decreases the dispersion of the active metals.
The catalyst calcined at 1000 °C well balances the active metal
dispersion and support stability, showing the highest activity,
best stability, and least coke formation. The carbon formed on
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the catalysts pertains to graphitic carbon and no significant
changes in the carbon species are observed over various
catalysts.
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