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ARTICLE INFO ABSTRACT

Keywords: ZSM-5 zeolite coating supported on SiC foams was prepared by a precursor dispersion-secondary growth method
ZSM-5 and the resulting structured ZSM-5/SiC foam catalyst was used for the proof-of-concept study of catalytic bio-oils
SiC foam upgrading (i.e. deoxygenation of the model compounds of methanol and anisole) in reference to ZSM-5 catalyst
Bio-oils upgrading pellets. A layer of ZSM-5 coating with inter-crystal porosity on SiC foams was produced by curing the zeolite
Coke ,fom_latmn . precursor thermally at 80 °C. The use of SiC foam as the zeolite support significantly improved transport phe-
Deactivation mechanism . .. . .
Process intensification nomena compared to the packed-bed using ZSM-5 pellets, explaining the comparatively good catalytic perfor-
mance achieved by the structured ZSM-5/SiC foam catalyst. In comparison with the ZSM-5 pellets, the ZSM-5/
SiC foam catalyst showed 100.0% methanol conversion (at the weight hourly space velocity, WHSV, of 8 h™")
and 100.0% anisole conversion (at WHSV =5 h™1) at the initial stage of the processes, while only about 3%
were obtained for the ZSM-5 pellets, under the same conditions. Based on the comparative analysis of the
characterisation data on the fresh and spent catalysts, the deactivation mechanisms of the ZSM-5/SiC and the
ZSM-5 pellet catalysts were explained. The process intensification using SiC foam to support ZSM-5 improved the
global gas-to-solid mass transfer notably, and hence mitigating the pore blocking due to the carbon deposition on

the external surface of supported ZSM-5.

1. Introduction

Bio-oils from the fast pyrolysis of biomass have the potential to be
converted into fuels and chemicals, addressing the issues associated
with the usage and shortage of fossil fuels [1], especially environmental
ones such as airborne particulates, carbon dioxide (CO,), sulphur
oxides (SOy) and nitrogen oxides (NO,). Theoretically, bio-oils are CO5
neutral, as well as containing much less bonded sulphur and nitrogen
than fossil fuels. Thus, using bio-oils can significantly reduce the
emissions of hazardous air pollutants [2]. However, bio-oils from bio-
mass pyrolysis cannot be used directly due to their undesired proper-
ties, such as high water content, high viscosity, high ash content and
low chemical stability [3]. Additionally, bio-oils are complex mixtures
of oxygenated compounds with a high oxygen content of ca. 38 wt.%,
leading to the corrosion issues and low efficiency as fossil fuel derived
oil replacements. For example, bio-oils derived from pyrolysis of wood
only have heating values of 16—19 MJ kg™ *, and are, therefore, in-
effective energy carriers compared to the heavy petroleum fuel oils with
a heating value about 40 MJ kg_l [4]. Therefore, without the removal

* Corresponding authors.

of a large amount of oxygen from bio-oils [2], it is difficult to realise
their potential as alternatives for fossil fuel and feedstock [5,6]. Thus,
there is considerable interest in developing technologies to upgrade the
bio-oils such as catalytic hydrodeoxygenation, HDO [7,8], deoxygena-
tion, decarboxylation, decarbonylation and cracking [2,9-15]. After
removing oxygen, bio-oils can be used efficiently for heat and power
generation, as value-added platform chemicals (e.g olefins [16,17]) or
as transportation fuels [18]. For example, acetic acid can be catalyti-
cally converted to acetate or acetyl species, then upgraded into me-
thane (CH,) via decarboxylation or decarbonylation [19], and ethylene
can be produced directly from acrolein (doubly dehydrated glycerol)
via decarbonylation reactions over fluid catalytic cracking (FCC) cata-
lysts [15].

HDO technology uses precious metal catalysts such as ruthenium
and palladium and a large amount of hydrogen at elevated pressures up
to 20 MPa [7,8]. Instead, catalytic deoxygenation and cracking reac-
tions of bio-oils employs economic zeolites (e.g. ZSM-5 and zeolite Y) as
the solid acid catalysts [1,2,13,14,20] and is operated at atmospheric
pressure without the requirement of hydrogen, making it attractive
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concerning the costs and safety. In zeolites, the Bronsted acid sites
promote the deoxygenation and cracking reactions via the carbonium
ion mechanism to produce the highly deoxygenated compounds such as
aromatic oils and hydrocarbons [2,13]. ZSM-5 zeolite is one of the
common cracking catalysts for upgrading bio-oils, producing high
yields of desired hydrocarbons because of its particular three-dimen-
sional medium-sized channel topology [2,7,11,13,14,21]. However, in
practice, ZSM-5 zeolite is usually used as pellets in the packed-bed
configuration. The pelletisation of ZSM-5 reduces the effective reaction
surface and accessibility to active sites due to flow maldistribution
[22,23], resulting in severe catalyst deactivation during bio-oil up-
grading (e.g over 30 wt.% of the wood-derived bio-oil remained as
cokes over HZSM-5 [24], and the coke deposition at 12.15 wt.% was
measured after the deactivation of HZSM-5 in the upgrading of bio-
mass-derived bio-oils in the vapour phase [25]). Also, due to the high-
pressure drop across the packed bed, the mass transfer between zeolite
particles (within the pellets) is also restricted. A typical example is
methanol-to-propylene (MTP) process over ZSM-5 pellets, in which the
diffusion of propylene (i.e. the main product) is hindered within the
zeolite pellets packing, promoting consecutive reactions such as oligo-
merisation and cyclisation [26,27]. Besides, as MTP is highly exo-
thermic, the undesirable ‘hot spot’ is formed easily due to the inefficient
heat transfer and then rapidly deactivates the zeolite catalyst
[22,26,28-30].

Coating the zeolite on appropriate matrices (i.e. one of the struc-
tured zeolite catalysts) can provide good access of reactants to active
sites and improve the transport phenomena, and hence enhance the
efficiency and stability of the catalyst [22,26,31]. Therefore, structured
zeolite catalysts can be good candidates for intensifying the catalytic
upgrading of bio-oils. Structured open-cell foams, especially silicon
carbide (SiC) foams, are good catalyst supports for process intensifica-
tion due to their intrinsic (e.g high thermal conductivity of SiC [30])
and structural properties (e.g. high open porosity and irregular pore
structure [32-34]). These intrinsic pore structures generally promote
the global mass transfer across the foam beds [26,32,33]. Besides, by
rationally engineering the layer of catalyst, the local mass transfer
across the catalyst coating layer on foam can be improved as well.

Zeolite coatings have been supported on SiC foams using various
preparation methods including dip- coating [28,30,31] and direct hy-
drothermal synthesis [26,35,36], which all have advantages and dis-
advantages. For example, dip-coating is relatively simple, but it re-
quires inert binders which may reduce the accessibility to the active
sites in the zeolite [28,30]. Hydrothermal synthesis promotes the for-
mation of pure zeolitic phases with good adhesion [35,36], but the
deposition phenomena under hydrostatic conditions are prone to pro-
duce non-uniform coatings, even pore blocking [26]. Although the
seed-facilitated secondary growth method can promote the selective
growth of zeolites on foam supports [34,37], the resulting dense coating
with intergrown zeolite crystals may impose additional mass transfer
resistance during application due to the low porosity and accessibility.
Accordingly, the difference among resulting zeolitic coatings is man-
ifest in the porosity of coating layer (e.g inter-crystal and intracrystal
pores), crystal orientation, adherence strength (between coating and
support), the degree of coverage and coating thickness [38], as well as
the acidic characteristics of the coating.

In continuous-flow catalysis, a highly accessible zeolitic phase in the
coating is preferred to reduce the diffusion resistance [39-41]. We have
recently proved that the presence of inter-crystal pores in the zeolite
coating contributes to the improved accessibility to the active phase,
and thus benefiting the mass transfer and catalysis [30]. Zeolite pre-
cursor (i.e. amorphous aluminosilicate) was used as the binder to dip-
coat ZSM-5 zeolite on SiC foams and subsequently converted to a zeo-
litic phase using a vapour-phase transport method (using steams con-
taining tetrapropylammonium hydroxide, TPAOH) to create inter-
crystal porosity [30]. A precursor dispersion-secondary growth method
has been developed for preparing zeolite coating on SiC foams
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[26,31,42]. In the preparation process, the conversion of zeolite pre-
cursors into zeolite phases is via dissolution-recrystallisation in the
secondary growth synthesis [43-45], as illustrated in Fig. S1. It is
proposed that the property of the precursor and the treatment of the
dispersed precursor play important roles in the dissolution-re-
crystallisation process, thus affecting the properties of the coated zeo-
lite. For example, an amorphous silica gel precursor was more bene-
ficial than a semi-crystallised precursor to form a homogeneous coating
of zeolite because the dissolution step was facilitated by the amorphous
silica gel [42]. The heat treatment of zeolite precursor (i.e. the curing of
the precursor on SiC foams) is another factor which influences the
dissolution step because further phase change of the precursor may
occur during the curing process. However, there is no study about the
effect of precursor heat treatment temperature on the zeolite coating.

In this paper, we present the study of the effect of precursor thermal
treatment temperature on the morphology of zeolite coatings on the
surface of SiC foams. The resulting ZSM-5/SiC foam catalyst and a re-
ference catalyst (ZSM-5 pellets catalyst) were subsequently tested for
catalytic upgrading bio-oils (using methanol and anisole as the model
compounds [46-48]) to compare the catalytic performance. A combi-
nation of nitrogen (N,) physisorption, ammonia temperature-pro-
grammed desorption (NH3-TPD) and thermogravimetric analysis (TGA)
was used to compare and contrast the ZSM-5/SiC foam catalyst and
ZSM-5 catalyst pellets (as-prepared and used ones) regarding their pore
texture and acidity properties to understand their deactivation beha-
viours.

2. Experimental
2.1. Materials and synthesis of ZSM-5/SiC foam catalysts

Methanol and anisole (analytical grade) were purchased from
Sinopharm Chemical Reagent Co., Ltd and used as received. Cylindrical
SiC foams [26,31] (i.e. the structured catalyst supports) were used in
the study (diameter =25 mm, length =50 mm) with the open-cell
porosity of 60% and an open-cell diameter of about 1.5 mm (Fig. S2).
The structural properties of bare SiC foams used in this work are
summarised in Table S1.

The zeolite precursor (i.e. the silica gel or silicalite-1 seeds) was
prepared using the conventional hydrothermal synthesis with a reaction
mixture of tetraethoxysilane (TEOS, Sinopharm Chemical Reagent Co.,
Ltd), tetrapropylammonium hydroxide (TPAOH, 50% aqueous solution,
China Haohua Chemical Group Co., Ltd), and deionised water (molar
composition of TEOS:TPAOH:H,0 = 1:0.32:29) at 130 °C for 3 and 8 h,
respectively. The precursor gel was dispersed on SiC foams by dip-
coating (5 min under sonication). Then the precursor gel modified SiC
foams were blown by air for a few seconds to remove the residual gel
within the cellular structure and subsequently thermally treated in air
for 12 h at 30, 80 and 200 °C (in a convective oven), respectively.

The secondary growth solution was prepared with a molar compo-
sition of Si:Al(NO3)3:TPAOH:H,0 = 1:0.025:0.112:108. The mixture of
TEOS, TPAOH and H,O was aged at room temperature under stirring
for 3 h and AI(NO3); was then added. After stirring for 24 h, the aged
secondary growth solution was transferred into a stainless-steel auto-
clave with a PTFE liner and the precursor modified SiC foam was im-
mersed in the solution to allow the crystallisation at 175 °C for 48 h.
The resulting samples were washed in deionised water at 100 °C under
sonication for 40 min. The samples were dried at 100 °C for 12 h and
calcined in a muffle furnace (temperature programme room tempera-
ture to 600 °C at 1 °C min ! then held at 600 °C for 6 h, to remove the
template. The weight of the supported zeolite on SiC foam was de-
termined by weighing the mass difference of the structured catalyst
before (the dry foams) and after the synthesis (the calcined ZSM-5/SiC
foams), showing that about 9.5 wt.% of ZSM-5 coating was supported
on SiC foams. Both the supported ZSM-5 (on SiC foams) and ZSM-5
pellet have a theoretical Si/Al ratio of 40. The Si/Al ratio of the ZSM-5
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layer supported on SiC foam was analysed by SEM-EDX, showing the
ratio at ~ 30 (Fig. S3).

2.2. Characterisation of materials

X-ray diffraction (XRD) patterns were recorded on an X-ray dif-
fractometer (Rigaku, D/max-2500/PC) using CuK,; (k = 1.5406 i\)
radiation at 50 kV and 200 mA. Morphologies of samples were observed
using the scanning electron microscopy (SEM; Zeiss, SUPRA 35,
Germany). Nitrogen (N,) adsorption-desorption analysis of catalysts
was performed at —196.15 °C using a Micromeritics 3Flex Surface
Characterization Analyser. Before the measurement, the catalysts (150
mg) were degassed at 350 °C under vacuum overnight. The specific
surface area of materials was calculated using the
Brunauer-Emmett-Teller (BET) method. Ammonia temperature-pro-
grammed desorption (NH3-TPD) was performed using a Micromeritics
AutoChem II 2920 chemisorption analyser to measure the strength and
concentration of acidic sites in zeolites. Before the analysis, about 100
mg catalyst was pre-treated at 550 °C for 1 h and then cooled down to
50 °C under Helium (He). Then, a gas mixture of NH3 in He (10%:90%)
was introduced at 30 cm® min ~! to saturate the catalyst followed by the
purge of pure He (60 cm® min~') at 100 °C for 2 h to remove the
physically adsorbed NHj;. Finally, the desorption of chemisorbed NHj3
was enabled by heating the catalyst from 100 °C to 600 °C with a
heating rate of 10 °C min~! under He flow (30 cm® min~') and the
desorbed NH3; was monitored by a gas chromatography (GC) equipped
with a thermal conductivity detector (TCD). Thermogravimetric ana-
lyses (TGA) of the spent catalysts were carried out using a Discovery
TGA 550 analyser (TA Instruments) under air (flow rate = 50 mL
min~!) from 100 °C to 700 °C (at a heating rate of 10 °C min~1).
Differential scanning calorimetry (DSC) thermal analysis of the spent
catalysts (around 100 mg) was performed using a TA DSC 2500 ca-
lorimeter under N, (flow rate = 50 mL min~ %) from 100 °C to 395 °C
(at a heating rate of 10 °C min ). The variation of the open-cell por-
osity of the SiC foam before and after the deposition of ZSM-5 coating
was measured using the displacement method (i.e. the measurement of
water volume replaced by foams at room temperature). The reduction
of the open-cell porosity of the foam after the coating synthesis was
estimated as ca. 4% (from 60% to 56%).

2.3. Catalytic upgrading of bio-oil model molecules

The catalytic performance was evaluated using a fixed bed reactor
at 400 °C and atmospheric pressure. In each run, the catalyst, ie. the
structured ZSM-5 on SiC foam catalyst (about 19 g total weight with ca.
9.5 wt.% of ZSM-5 coating layer, approximately 1.8 g zeolite) or 1.8 g
ZSM-5 pellets, was packed in the reactor for the catalytic reactions. A
thermocouple was affixed inside the reactor at the same position of the
catalyst bed. Before the reaction, the catalyst bed was held at 400 °C for
0.5 h under N, (240 mL min ~!). The reactant (methanol or anisole) was
fed by a peristaltic pump at different flow rates (0.15-0.45 mL min~*,
with a constant N,/reactant volumetric ratio at 800) and vaporised
before entering the reactor. All pipelines were maintained by a heating
tape at 180 °C to avoid condensation. The reactants/products from the
reactor were analysed online using gas chromatography (GC, Agilent
7890A) equipped with a flame ionisation detector (FID) and an HP-
PLOT/Q capillary column (fused silica ID =0.32 mm and length = 30
m). Peaks were identified by comparing their retention times to the
reference standards, and the determination of percentage compositions
was based on peak area normalisation method [49]. The determination
of substrate conversion and product selectivity was provided in the
Supporting Information (SI). The weight hourly space velocity (WHSV,
h™1) is defined as the ratio between the reactant mass flow rate and the
mass of the ZSM-5 catalyst. The determination of coke formation from
each experimental run was measured by weighing the catalyst before
and after the reaction. The mass balance of the catalytic anisole
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Fig. 1. XRD patterns of zeolite precursors by hydrothermal synthesis after 3 h
(red line: predominantly amorphous silica gel along with some crystalline
phases, i.e. silica with the amorphous diffraction peak at 22° 26 [52]) and 8 h
(blue line: crystallised silicalite-1 seeds with the characteristic MFI structure at
about 7.9, 8.8°, 23.1°, 24.0° and 24.5° 20) (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article).

upgrading process was estimated at about 90% (SI).

3. Results and discussion
3.1. ZSM-5/SiC foam catalyst with inter-crystal porosity

ZSM-5 precursors were synthesised at 130 °C. Previous research
showed that amorphous silica was the main phase of the precursor
when the synthesis time was < 5 h, while MFI seeds were formed with a
synthesis time of > 7 h [42]. Therefore, 3 and 8 h were used in this
work to prepare the ZSM-5 precursors for the surface modification of
SiC foams. XRD (Fig. 1) and SEM results (Fig. 2a) show that the
amorphous precursor gel was obtained after three-hour synthesis,
whereas silicalite-1 seeds were formed by extending the synthesis time
to eight hours (Figs. 1 and 2c), which is consistent with the results for
the previous study [42]. For ZSM-5 coating originated from the crys-
tallised seeds (Fig. 2c) dispersed on SiC foam, a dense layer of inter-
grown ZSM-5 crystals was observed, as shown in Fig. 2d. During the
secondary growth synthesis, the well-crystallised seeds (Fig. 2c) grow
directly into a layer of intergrown and interlocking crystals on the
surface of SiC foam under the hydrothermal conditions [50,51]. When
the precursor gel (Fig. 2a) was used to be dispersed on SiC foams, ZSM-
5 coating with randomly orientated crystals (2 X 5x15 pm®) was
formed accordingly after the secondary growth synthesis, in which
inter-crystal voids were present, as shown in Fig. 2b. The dense zeolite
layer may impose mass transfer resistance between the tightly packed
crystals in continuous-flow catalysis. In this work, to ensure good mass
transfer, a synthesis time of 3 h was preferred to produce amorphous
silica gel which was served as the zeolite precursor for preparing ZSM-5
coating on SiC foams, improving the inter-crystal porosity of coatings.

After the modification of SiC foams with the precursor gel, thermal
treatment was applied to cure the precursor dispersion to enhance the
interaction between the support and precursor. Three curing tempera-
tures of 30, 80 and 200 °C were studied in this work, showing that the
temperature of the thermal treatment affected the morphology of the
supported zeolite precursor (Fig. S4). Such changes suggest that phase
change of the dispersed precursor, i.e. further crystallisation, occurred
to some extent during curing, depending on the temperature used. The
resulting ZSM-5 coatings on SiC foams (after the secondary growth
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Fig. 2. Morphologies by SEM for (a) ZSM-5
precursors hydrothermally synthesised after 3
h and (b) the corresponding ZSM-5 coatings on
SiC foams after the secondary growth synth-
esis; Morphologies by SEM for (c) ZSM-5 pre-
cursors hydrothermally synthesised after 8 h
and (d) the corresponding ZSM-5 coatings on
SiC foams after the secondary growth synth-
esis.

Fig. 3. SEM images of ZSM-5/SiC foam catalysts synthesised with zeolite precursors cured at (a) 30 °C; (b) 80 °C and (c) 200 °C; (d) a cross-section of the ZSM-5/SiC

foam catalyst (precursor heat treatment at 80 °C) and (e) its ZSM-5 coating layer.

synthesis at 175 °C for 48 h) were characterised by SEM, as depicted in
Fig. 3, showing different coating morphologies as well. It was found
that the thermal treatment of the precursor at 80 °C was appropriate to
enable the transformation of the dispersed zeolite precursor into a
continuous layer of crystalline coating on the surface of SiC foams.
Conversely, only discrete ZSM-5 crystals were formed by the zeolite
precursors which were treated thermally at 30 °C and 200 °C.

The influence of the thermal treatment temperature (of the dis-
persed zeolite precursor on SiC foams) on the morphology of the

zeolitic coatings can be explained by the dissolution-recrystallisation
mechanism [26,42]. The low temperature of 30 °C used for treating the
precursor was too mild to further crystallise the zeolite precursor during
the curing (Fig. S4a). Therefore, in the secondary growth synthesis, a
fast dissolution of the precursor into the liquid phase occurred, facil-
itating the crystal growth in the liquid phase instead of on the surface of
SiC foam (Figs. 3a and S5). When a high temperature of 200 °C was
applied to the precursor, its full crystallisation was promoted during the
thermal treatment (Fig. S4c), which might make the dissolution of the
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crystallised precursor (into the secondary growth solution) difficult. In
this case (with the thermally treated precursor at 200 °C), since there
was a low concentration of silica near the surface, recrystallisation was
unlikely to occur in the precursor layer. Therefore, discrete ZSM-5
crystals were formed due to the fully crystallised seeds (which were
produced by treating the precursor thermally at 200 °C). Conversely, for
the zeolite precursor thermally treated at 80 °C, an optimal rate of
dissolution and recrystallisation could be achieved. At the initial stage
of the secondary growth synthesis, the dispersed precursor on SiC foams
dissolved under the alkaline condition at 175 °C, concentrating the local
silica source, and hence promoting the uniform formation of nuclei on
the SiC surface and, subsequently, a full coverage of ZSM-5 crystals on
the SiC foam [53] (Fig. 3d). The ZSM-5 zeolite coating with highly
crystalline phases (Fig. S6) via the compatible dissolution-re-
crystallisation route is different from that prepared by the seed-medi-
ated secondary growth. The former promoted the formation of inter-
crystal pores (which may be beneficial to the gas-to-solid mass transfer
Fig. 3e), whereas the latter tended to produce the morphology of in-
tergrown and dense coating (Fig. 2d). In conclusion, the ZSM-5/SiC
foam sample, whose zeolite precursor was thermally pre-treated at 80
°C, was selected as the candidate structured catalyst for the catalytic
study because the high-quality zeolite coating as formed on the surface
of SiC foams, theoretically, facilitating the catalysis.

3.2. Comparative catalytic study of catalysts in upgrading bio-oil model
compounds

A comparative study of methanol upgrading to hydrocarbons (at
400 °C) over the ZSM-5/SiC foam catalyst and the ZSM-5 pellets cata-
lyst was performed with the results shown in Fig. 4. During the ex-
periment, methanol was firstly dehydrated into dimethyl ether and
water, followed by the production of hydrocarbons from the equili-
brium mixture of the two oxygenates (i.e. methanol and dimethyl ether)
[54]. Since dimethyl ether was always simultaneously present during
the process and in near equilibrium with methanol [55], it is considered
to be at an equivalent concentration to the unconverted methanol in
this work. At WHSV of 8 h™, the ZSM-5/SiC foam catalyst shows the
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comparatively high conversion of methanol from ~100% to ~55%
over 270 min on stream. In addition to the high activity, it also shows
high selectivity to light olefins (Co—C4), around 50-55% at WHSV of 8
h™' (Fig. 4c). Aromatic hydrocarbons were also produced in the me-
thanol upgrading process, mainly were xylenes and styrene. Conversely,
the ZSM-5 catalyst pellets show the relatively poor catalytic perfor-
mance concerning the methanol conversion, ie. 1.5-4.5% at 8 h7,
though most of the products were light olefins as well (Fig. 4b and
Fig. 4d). By considering the mass percent of the zeolite phase on the
ZSM-5/SiC foam catalyst (i.e. about 9.5 wt.%), the textural properties of
the supported ZSM-5 phase on SiC foams and the bulk ZSM-5 pellets are
comparable (as shown in Table S2). Therefore, the enhanced catalytic
performance achieved by the ZSM-5/SiC catalyst can be attributed to
the improved global mass transfer rate in the foam bed, which has been
proved by our previous work [56]. It is suggested that the advantages of
using the ZSM-5/SiC foam catalyst include (i) the high open porosity of
cellular foams as well as the stochastic cells in the foam matrix en-
hances global mass and momentum transfers due to the improved axial/
radial mixing and low-pressure drop [32-34,56] and (ii) the zeolite
coating with the inter-crystal porosity facilitates the local mass transfer
in the catalyst layer. On the other hand, the restricted mass transfer
across the ZSM-5 catalyst pellets suppresses the methanol conversion
and causes the polymerisation of hydrocarbons (i.e. coking) [26,30].
Anisole is one of the typical oxygenated aromatic compounds de-
rived from lignin. It exists in the aromatic compounds mixtures of bio-
oils. In addition, anisole is much more refractory than the aliphatic
oxygenates in bio-oils [46,57]. When the ZSM-5 catalyst pellets were
used for anisole upgrading, at WHSV of 5 h™!, the system showed in-
significant activity to crack anisole, i.e. 2.9% conversion at 30 min on
stream then thereafter the catalyst completely deactivated. When the
ZSM-5/SiC foam catalyst was used instead, at WHSV of 5 h™%, the in-
itial conversion of anisole was significantly improved to 100%, as
shown in Fig. 5. The ZSM-5/SiC foam catalyst lost its activity gradually
during the operation and deactivated completely after 210 min on
stream with the conversion dropped to zero. In the conversion of ani-
sole via upgrading reactions, the major products were aromatic oxy-
genated compounds, such as methylanisole isomers and phenols.
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Fig. 5. Anisole conversion as a function of ToS at WHSV of 5 h~! over the ZSM-
5/SiC foam catalyst.

Table 1
Hydrocarbon compositions as a function of ToS at WHSV of 5 h™" over the ZSM-
5/SiC foam catalyst during anisole upgrading.®

Products Composition [%]

30 min 90 min 150 min
C1-C4 hydrocarbon 35.69 53.02 35.36
C5 hydrocarbon 2.89 5.29 0
Non-aromatic C6 hydrocarbon 5.70 7.52 5.09
Benzene 37.24 28.22 53.20
Toluene 8.41 4.17 6.35
Xylene 6.85 0 0
Styrene 3.22 3.27 0

? The composition is with respect to the produced hydrocarbons and calcu-
lated by Eq. S2.

Hydrocarbons were the minor products and its distribution in the
conversion of anisole over the ZSM-5/SiC foam catalyst were present in
Table 1. The composition of all the products identified by in-line GC is
present in Table S3. At 30 min, the main products identified by GC were
benzene and C1-C4 hydrocarbons. Previous research [58] has found
that anisole reacts easily through the cleavage of unimolecular CH3-O
bonding, giving rise to the formation of methyl and phenoxy radicals
together with the production of benzene and C1-C4 hydrocarbons.
Polyphenolics might be produced at this stage [59], however, they were
unable to be quantified due to the limited separation efficiency of the
GC column used. At 90 min, the production of phenol increased sig-
nificantly, whilst the yield of hydrocarbons decreased. Further increase
of the yield of phenol and cresols was measured when reaction pro-
ceeded toward the catalyst deactivation. Possible explanations for the
formation of C1-C4 hydrocarbons and methylbenzenes have been dis-
cussed in literature. Zhang et al. [60] proposed that hydrocarbons (i.e.
alkanes and olefins) are potentially produced from methyl group
polycondensation in anisole decomposition, and Pecullan [61] showed
that hydrocarbons such as CH4, CoH,4 and C,Hg are formed from radi-
cals (e.g. methyl radical) produced pyrolytically. Additionally, hy-
drogen generation in anisole upgrading (via anisole pyrolysis [58,62],
phenol pyrolysis [61] and/or the polycondensation reactions in anisole
decomposition [60]) could also be the reason for the formation of
C1-C4 hydrocarbons and methylbenzenes.

Previous work (upgrading of anisole over HY and HZSM-5 powders)
[57,63] suggested that the deactivation of the catalysts during the
conversion of anisole was mainly because of the condensation of anisole
on the catalyst surface rather than the formation of polyaromatic coke.
The intrinsic pore size of ZSM-5 (ca. 0.54 nm) limits the intracrystalline
diffusion of anisole molecules. Therefore, anisole was prone to
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condensate on the surface of ZSM-5 crystals during the reaction [59],
which possibly applied to both ZSM-5/SiC foam and pelleted bulk ZSM-
5 catalysts. Accordingly, the condensation of anisole would block the
access to acid catalytic sites in the ZSM-5 crystalline phase resulting in
the fast deactivation of the ZSM-5 catalysts. In comparison to the ZSM-
5/SiC foam catalyst, the packed bed consisting of ZSM-5 pellets has a
relatively poor global mass transfer, leading to a fast deactivation in
this study. DSC analysis of the two deactivated catalysts from this work
was carried out, and the results are shown in Fig. S7. Both catalysts
showed an endotherm peak at 165 °C due to the pyrolysis of anisole,
which is consistent with the previous findings [57,63], indicating the
similar nature of the coke formed on the two catalysts in the catalytic
anisole cracking.

The catalytic performance of the ZSM-5/SiC foam catalyst in the
upgrading of methanol and anisole was affected adversely by the space
velocity (WHSV). For methanol upgrading, when the WHSV was in-
creased to 12 h™', the conversion dropped from an initial value of
~94% to ~28% after 270 min on stream (Fig. S8). However, in the
case of anisole upgrading, the catalyst was immediately deactivated at
WHSV of 10 h™'. These findings are consistent with the report from
Prasomsri et al. [57]. At a relatively high WHSV, i.e. a larger amount of
anisole passing through the catalyst bed, more anisole molecules are
likely to condense on the surface of the catalyst and hence causing a
faster deactivation.

3.3. Deactivation of ZSM-5/SiC foam and ZSM-5 pellets catalysts

In zeolite catalysis, including bio-oils upgrading, the catalyst can be
deactivated by active sites blocking and/or pore blocking [64]. The
active sites blocking is due to the intrinsic nature of the zeolite catalyst,
which can potentially be mitigated by engineering the local physical
and chemical environments of the zeolitic framework [29]. The pore
blocking is due to the formation of large amounts of carbonaceous
species on the external surface of the catalyst, hindering the accessi-
bility of active sites on the microspore surface. The pore blocking can be
prevented to some extent by improving the global fluid-to-solid mass
transfer steps. As anisole is a refractory model compound of bio-oils and
severe deactivation was measured for the two catalysts under study, the
deactivation of the ZSM-5/SiC foam catalyst and the ZSM-5 catalyst
pellets in anisole upgrading was therefore further investigated. Ad-
ditionally, it is worth noting that the water generated by the reactions
may also cause the deactivation of the zeolite catalyst. Previous re-
search showed that the water generated in situ caused the deal-
umination of ZSM-5 zeolites at the reaction temperature of about 400
°C, and hence resulting in a decrease in the porosity and acidity of ZSM-
5 zeolite [65]. Future research into this aspect is also needed.

The results of TGA of the spent catalysts from anisole upgrading are
presented in Fig. 6. It shows that the weight loss of the two samples
from 100 to 700 °C under air (after the activation of the catalysts at 100
°C for 2 h to remove the physisorbed water). The spent ZSM-5 pellets
show the total weight-loss of ca. 5.0 wt.% at the end of TGA < 600 °C,
whereas the weight loss of about 0.3 wt.% was measured for the spent
ZSM-5/SiC foam catalyst, which is significantly less than the ZSM-5
pellets. The considerable difference in the total weight loss of the spent
catalysts is consistent with the catalytic results, i.e. the relatively high
activity and stability of ZSM-5/SiC foam catalyst in the anisole up-
grading, indicating the global mass transfer in the ZSM-5/SiC foam
catalyst was enhanced significantly, mitigating the coke formation.

The coke formation on the catalysts is expected to cause the dete-
rioration of their textural structures, such as due to the pore blockage,
which can prevent the access of reactants to active sites, lowering the
catalytic activity [66]. Therefore, the effect of coke formation on the
textural property of the spent catalysts was studied by N, physisorption
in reference to the relevant fresh catalysts and the results are shown in
Fig. 7 and Table 2. Both the fresh catalysts present the typical type I
isotherm, confirming the microporous nature of the catalysts (for the
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Fig. 6. TGA of the spent ZSM-5/SiC foam catalyst and ZSM-5 pellets catalyst
from the catalytic anisole upgrading.

ZSM-5/SiC foam catalyst, it refers to the supported zeolite coating).
After the reaction, the performance of N, physisorption of the two spent
catalysts declined manifestly, especially for the spent ZSM-5 pellets, as
evidenced by the reduced BET surface area of the spent catalysts in
comparison to the fresh catalysts, i.e. from 34 to 17 m? g~ * for the ZSM-
5/SiC foam catalyst and from 386 to 85 m? g~ ! for the ZSM-5 pellets.
The spent catalysts suffered a partial loss of micropores due to coke
formation on the catalysts. The losses of micropore areas are calculated
by the t-plot method for the spent catalysts as shown in Table 2. About
39% loss on the micropore area was measured for the spent ZSM-5/SiC
foam while ca. 71% loss for the spent ZSM-5 pellets. The severe
blockage of micropores in the spent ZSM-5 pellets is also confirmed by
the analysis of the differential and cumulative micropore size dis-
tributions (as shown in Fig. S9).

The NH3-TPD analysis also reveals the effect of deactivation on the
acidic property of the catalysts, as shown in Fig. 8 and Table 3. All
catalysts exhibited two typical desorption peaks related to the weak
(< 200 °C) and strong acidic sites (> 300 °C), respectively. In com-
parison to the concentration of the weak acidity, the presence of strong
acidity in the fresh catalysts is relatively strong which agrees well with
previous findings [67]. For cracking reactions, the weak acidic sites are
believed to be of no catalytic importance, while the strong acidic sites
are usually associated with the ammonia desorption from the Brgnsted
acid sites, being the main catalytic centres for deoxygenation reactions
[60]. After deactivation, there are no significant changes measured for
the concentration of weak acidity in the ZSM-5/SiC foam catalyst, while
the number of strong acid sites dropped by about 60%. For the ZSM-5
pellets, the deactivation caused the decline of both strong (by 47%) and
weak acidotic sites (by 49%) in the spent catalyst.

-+ Fresh ZSM-5/SiC foam

151
(a) -+ Spent ZSM-5/SiC foam
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5[.,:}::2-
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Miiller et al. reported that the ZSM-5 zeolite deactivation at the
initial stage of reactions (i.e. the methanol to olefins reactions) was the
result of the blockage of Brgnsted acid sites in the framework rather
than the coke-induced pore blocking (which impedes the access of re-
actants to pores) [64]. Accordingly, the deactivation of the ZSM-5/SiC
foam catalyst in the current system was likely due to the blockage of
active sites, which is supported by the partial preservation of micro-
porous structure, the comparably significant loss of strong acidity and
the preservation of weak acidity (no catalytic importance). Conversely,
for the ZSM-5 catalyst pellets, they might experience both deactivation
mechanisms, especially the coke-induced pore blocking, according to
the characterisation results discussed above. The poor mass transfer (i.e.
the gas-to-solid and interparticle transfer) in packed beds using the
catalyst pellets promoted fast carbon deposition on the surface of the
pellets, resulting in the reduction of the accessibility to catalytic sites.
Therefore, the comparatively better anti-deactivation performance of
the zeolite/SiC foam catalysts is ascribed to the improved global mass
transfer compared to the conventional pelletised zeolite catalysts. The
spent ZSM-5/SiC foam catalyst can be regenerated by calcination (at
550 °C for 4 h). Anisole conversion by the regenerated ZSM-5/SiC foam
catalyst was about 100% at WHSV of 5 h™ over a reaction time of 30
min.

4. Conclusions

SiC foams have great importance in the field of heterogeneous
catalysis and catalytic reaction engineering for process intensification.
Based on the developed dispersion-based method, we presented the
results of the ZSM-5 coating morphology on SiC foams by means of
varying the zeolite precursor heat treatment (curing) temperature. The
curing of the zeolite precursor on SiC foams at 80 °C was the most
favourable process to obtain the high-quality ZSM-5 coating on SiC
foams with the inter-crystal porosity. Proof-of-concept of using the
structured ZSM-5/SiC foam catalyst for upgrading bio-oils was made.
Comparative catalytic upgrading of bio-oil model compounds (i.e. me-
thanol and anisole via deoxygenation reactions) over the ZSM-5/SiC
foam catalyst and ZSM-5 pellets catalyst was performed. The structured
ZSM-5/SiC foam catalyst showed comparatively superior catalytic
performance than the ZSM-5 pellets regarding the conversions of me-
thanol and anisole and the selectivity to light hydrocarbons. The cata-
lyst deactivation was analysed by TGA, N, physisorption and NH3-TPD
techniques, aimed at explaining the deactivation behaviours of the two
catalysts. It was concluded that the enhanced mass/momentum trans-
fers across the foam catalyst suppressed the deactivation due to carbon
deposition on the external surface of the supported ZSM-5 coating ap-
preciably. Conversely, the packed bed configuration using the ZSM-5
pellets suffered from both the blockage of active sites and micropores.
Structured foam catalysts hold the promise for the future upgrade of
industrial zeolite catalysis with still much room for improvement re-
garding the engineering of zeolite coating layers (e.g. the rational
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Fig. 7. N, adsorption-desorption isotherms of the fresh and spent (a) ZSM-5/SiC foam catalysts and (b) ZSM-5 catalyst pellets.
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Table 2
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Specific surface areas of the fresh and spent ZSM-5/SiC foam catalyst and ZSM-5 pellets catalyst".

External surface area® [m? External surface area loss

Sample BET surface area [m? Micropore area” [m? ¢~ '1  Micropore area loss [%]

g7 g [%]
Fresh ZSM-5/SiC foam catalyst 34 23 - 11 -
Spent ZSM-5/SiC foam catalyst 17 14 39 3 73
Fresh ZSM-5 catalyst pellets 386 271 - 115 -
Spent ZSM-5 catalyst pellets 85 78 71 7 94

@ The information for ZSM-5/SiC foam catalyst is with respect to the total mass of the ZSM-5/SiC foam catalyst.

> By the t-plot method.
¢ By the subtraction of the micropore area from the BET surface area.
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Fig. 8. NH;3-TPD spectra of the fresh and spent (a) ZSM-5/SiC foam catalysts and (b) ZSM-5 pellet catalysts (the absolute TCD signal is only related to the zeolite
contents in the catalysts rather than the total mass of the catalysts, especially the ZSM-5/SiC foam catalyst).

Table 3
Analysis of NH3-TPD data for ZSM-5/SiC foam catalyst and ZSM-5 pellets®.

Catalyst Peak temperature of Weak acidic Strong acidic
desorption [°C] sites [mmol sites [mmol
g7l g
First Second peak
peak
Fresh ZSM-5/SiC 169 307 0.005 0.020
foam catalyst
Spent ZSM-5/SiC 169 307 0.005 0.008
foam catalyst
Fresh ZSM-5 pellets 190 371 0.089 0.219
Spent ZSM-5 pellets 190 371 0.045 0.119

% With respect to the total mass of the ZSM-5/SiC foam and ZSM-5 pellets
catalysts.

design of porous and catalytic properties) and their interplay with the
foam support geometry.
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