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a b s t r a c t

The balance between metal and acid sites directly affects the preparation of high-performance cracking
catalysts with high heat sink and low coking. Nevertheless, how to control acid-metal sites balance and
its relationship with cracking performance are reported scarcely. In this work, a series of Pt/Al2O3-SiO2

dual sites catalysts with different metal to acid active sites ratio (CM/CSA) were constructed by ethanol-
assisted impregnation method and the impact on n-decane cracking under supercritical conditions was
systematically and deeply investigated. The results showed that the conversion and carbon deposition
increased gradually with varied CM/CSA and reached the balance at CM/CSA of 0.13. The proper ratio CM/CSA
(0.13) can balance the deep dehydrogenation coking over metal active sites and high heat sink of cracking
over acid active sites, the chemical heat sink reaches amazing 1.75 MJ/kg and carbon deposition is only
22.03 mg/cm2 at 750 �C. Meanwhile, the few metal sites at low CM/CSA and the few strong acid sites at
high CM/CSA are the main factors limiting the cracking activity. Low CM/CSA limit the activation of CeH
bond and deep dehydrogenation of coking precursor, resulting in relative low cracking activity and
carbon deposition, while high CM/CSA limit the activation of CeC bond and increase the deep dehydro-
genation. In this contribution, design and construction of metal-acid dual sites can not only provide the
technical solution for the preparation of high heat sink and low coking cracking catalyst, but also deepen
the understanding of the cracking path of hydrocarbon fuel.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Supersonic vehicles cruising at Mach 5 or higher speed is sub-
jected to the tremendous aerodynamic and combustion heat that
exceeds the suffertibility of structure materials (Zhu et al., 2018;
Tian et al., 2021; Feng et al., 2020). In this case, on-board endo-
thermic hydrocarbon fuels (EHFs) acting as propellant and coolant
circulate in the parallel cooling microchannel on the wall of
airframe to absorb the excess heat (Shang et al., 2019). Simulta-
neously, EHFs crack into low-carbon olefins and hydrogen to
improve the combustion efficiency (Song et al., 2020). In order to
y Elsevier B.V. on behalf of KeAi Co
achieve higher speed and longer period of flight, higher heat sink
(heat absorption capacity) and lower carbon deposition are
required during the cracking process. Higher heat sink derives from
high conversion and olefin selectivity during EHFs cracking, but it
inevitably leads to produce more carbon deposition. The contra-
diction between high heat sink and low carbon deposition in the
cracking process has been the research focus. Catalytic cracking can
regulate the reaction pathway via adjusting the intrinsic properties
of catalyst, such as acid and metal sites, then enhance the chemical
heat sink as well as decrease carbon deposition, so that it attracts a
great deal of attention (F.Q. Chen et al., 2022; K. Chen et al., 2022;
Xiao et al., 2022).

CeC bond of EHFs is activated on the strong acid sites to form
highly reactive carbenium ion intermediates, ulteriorly crack into
smaller hydrocarbon (Hou et al., 2017a). Solid acid catalysts, such as
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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zeolites and acid oxides, were widely used for catalytic cracking of
EHFs owing to the strong and adjustable surface acidity (Dong et al.,
2018). Wang et al. (2017) investigated the cracking of methyl-
cyclohexane over different acidic amorphous SiO2-Al2O3 compos-
ites, and found that the heat sink over Rh/60% SiO2-Al2O3 at 675 �C
reached 3.09 MJ/kg due to strong Lewis acid sites. He et al. (2023)
synthesized ZSM-5 with high acid density to improve n-pentane
cracking conversion and modified the acidic characteristic to in-
crease the light olefins selectivity. Although the reaction pathway
can be controlled through the regulation of acidity to improve
chemical heat sink, more carbon deposition can be generated un-
controllably, covering the active site and shortening the catalyst
life. Incorporation of active metals, such as Gd, Co, Ni, Ag, Pd, Au, Pt,
etc. (Long et al., 2020; Kim et al., 2015; Hou et al., 2017b; Ye et al.,
2019) to form dual sites catalysts is deemed to effectively height-
en the cracking heat sink, olefin selectivity and decrease carbon
deposition. Hou et al. (2017b) have reported that the regenerated
Ag-ZSM-5 for n-pentane cracking reached 69% olefines selectivity,
being higher than ZSM-5 (55%) due to appearance of newmetal site
(Ag species) and lowered apparent activation energy for breakage
of CeH bond. Ye et al. (2019) have investigated the enhancement
effects of metal sites (Pt, Pd, Au) in EHF (decalin) cracking, espe-
cially Pt at 675 �C, in terms of decalin conversion (22.3e50.7%), heat
sink (2.18e2.62 MJ/kg) and olefins selectivity. Hence, the role of
metal incorporation in EHFs cracking can be ascribed to dehydro-
genation active sites, which boost the fracture of CeH bond (Hou
et al., 2018). Kim et al. (2015) have reported that the Gd can in-
crease the Lewis acid sites of ZSM-5 zeolite and inhibit the for-
mation of complex aromatic coke. Although the synergistic
catalysis of metal sites and acid sites could improve the heat sink
and conversion, some unfavorable effects still exist in dual sites
catalysts for EHFs cracking (Kim et al., 2015; Musselwhite et al.,
2015): (a) the side reactions to produce carbon deposition, such
as cyclization, aromatization and oligomerization, etc., would take
place at excess strong acid sites; (b) the alkenes generated by
dehydrogenation of alkanes on metal sites may be adsorbed by acid
sites and polymerize to form coking precursors; (c) alternatively,
the olefins produced by b-scission on the acid sites are adsorbed by
the metal sites and further dehydrogenated to produce coke. In
short, excess acid sites or metal sites would result in carbon
deposition, and increase of metal loading will would contribute to
sintering. Accordingly, to solve the conflict between high heat sink
and carbon deposition of n-decane cracking over metal-acid dual
sites catalysts and make full use of dual sites, it is necessary to
regulate the balance between acid and metal sites on the prereq-
uisite of appropriate amount of acid site.

Many researches have also reported the coordinated regulation
of metal-acid dual sites and effect of metal-acid sites balance on
hydrocarbon isomerization (Mendes et al., 2020; Samad et al.,
2016). Wang et al. (2019) have reviewed the effect of metal-acid
dual sites balance on isomerization of n-alkanes, claiming that
ideal balance is beneficial for improving the function of metal sites
as well as lowering the cost of preparation. Lyu et al. (2019) have
studied metal-acid dual sites balance in forms of variation of metal
to acid sites ratio (CM/CA) over Ni/SAPO-11 via changing the additive
amount of Ni, found that turnover frequency increased with CM/CA
until a plateau (CM/CA z 0.19). Samad et al. (2016) have prepared a
series Pt/Al-Si dual sites catalysts with wide CM/CA for n-heptane
isomerization via varying content of Pt. From the above, a simple
approach to control CM/CA of dual sites catalyst is loading different
content of metal (Musselwhite et al., 2015). Metal-acid sites balance
in dual sites catalysts have been reported in researches of hydro-
carbon isomerization, but the regulation of dual sites high-
performance catalysts and the impact of dual sites balance on su-
percritical cracking have been studied scarcely. Here, typical acidic
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oxides (SiO2-Al2O3) was selected to load varying content of Pt by
impregnation method using ethanol as solvent, which can alleviate
the influence of impregnation process on certain properties of
support. Thus, a series of dual sites catalysts with different CM/CA
were successfully prepared and characterized. Meanwhile, the
impact of metal-acid dual sites balance on catalytic cracking of EHF
in microchannel reactor was investigated over these catalysts. The
correlation between metal-acid sites balance (CM/CA) and catalytic
cracking performance, in the forms of the heat sink, gas yield and
carbon deposition, was established. Moreover, cracking reaction
pathway was also analyzed, this study may shed new light on
designing highly active dual sites cracking catalysts and the better
comprehension for metal-acid sites balance.

2. Materials and methods

2.1. Catalyst and coating preparation

Ethanol was chosen as the solvent in view of its weak surface
tension and better reducing properties, which can effectively pro-
mote the dispersion of particles. Various content of Pt, including
0.35, 0.71, 1.0, 1.5 and 2.0 wt%, loaded onto 30 wt% SiO2-Al2O3
support by incipient-wetness impregnation method were denoted
as P0.35Al-Si, P0.71Al-Si, P1.0Al-Si, P1.5Al-Si and P2.0Al-Si, respectively.
In a typical process, 12 g SiO2-Al2O3 powder was added into Pt
precursor [Pt (NO3)2$6H2O] ethanol solution with continuous
30 min stirring at room temperature (RT). The obtained catalyst
stood for the overnight at RT, then water bath at gradient temper-
ature (50, 70, 90 and 120 �C), finally the powder was calcined at
550 �C for 3 h. More details of reagent used were presented in
Supplementary Materials.

Catalyst coating in microchannel reactor was prepared by wash-
coating method in our previous work (Zhang et al., 2021) using
inorganic adhesive without catalytic activity. The length and inner
diameter (I.D.) of the stainless-steel reaction tubes (SUS 316 L) are
800 and 2 mm, respectively. Catalyst weight on each reaction tube
is 0.2 ± 0.02 g. As-obtained coating was reduced at 600 �C for 1 h
under H2 flow, then ultrasonic oscillation test was performed to
ensure that the shedding rate is less than 2%.

2.2. Catalyst characterization

The physiochemical properties of catalysts were characterized
by multiple characterization techniques. Textural properties, BET
surface area (SBET), total pore volume (Vtotal) and mean pore radius
(Rm) were measured by N2 adsorption-desorption. Crystal states of
catalysts were detected by X-ray diffraction (XRD). The practical
metal loading is determined by X-ray fluorescence (XRF). X-ray
photoelectron spectroscopy was applied to investigate the chemi-
cal state of Pt and content of surface elements according to bind
energy of Pt 4d5/2 and corresponding area. Content of reducible Pt
over catalysts was obtained by H2 temperature programmed
reduction (H2-TPR). Particle size and dispersive state of Pt metal
over the catalysts were acquired by transmission electron micro-
scopy (TEM). The accessible Pt metal sites (CM) of catalysts were
studied via CO chemisorption after reduction. Meantime, the states
of CO chemisorbed on metallic Pt were investigated by Fourier
transform infrared spectroscopy using CO as probe molecule (CO-
DRIFTS). The number and distribution of acid sites were deter-
mined by NH3 temperature programmed desorption (NH3-TPD).
The Brønsted and Lewis acid sites of catalysts were measured by in
situ DRIFTS of adsorbed NH3. In addition, the number of active acid
sites (CA) is defined as the number of strong acid site because only it
boosts hydrocarbon fuel cracking. Experimental details of charac-
terizations were described in Supplementary Materials.
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2.3. Catalytic reaction test

Catalytic cracking of n-decanewas carried on the tubular reactor
under supercritical conditions (3.5 MPa and above 345 �C). Prior to
the test, N2 (99.99%) purges the system for removing oxygen and
residual fuel. As shown in Fig. S1, n-decane (1.0 g/s) is pumped into
system via high pressure constant flow pump. The fuel flowing
through preheat section is heated to 450 �C by AC transformer
(metal tube as heating resistance), then enters the microchannel
reactor with catalytic coating and fuel temperature was controlled
at 600e750 �C with interval of 50 �C. The cracking products of
different temperature point was cooled through water-condenser
then separated into liquid and gaseous products that were
analyzed by gas chromatography (PerkinElmer, Germany); The
liquid phase products flowed out of the bottom end, and the liquid
phase products were collected for 3 min at each temperature point
and weighed to calculate the gas yield. Average amount as well as
oxidizability of coke was obtained by temperature programmed
oxidation (TPO) using an IR detector. Specific analysis conditions
were presented in Supplementary Material. Catalytic cracking
performance, in the forms of chemical heat sink (Hc, MJ/kg), gas
yield (Xd, %) and average amount of coke (Mc, mg/cm2) were
calculated by following equations, Eq. (1), Eq. (2) and Eq. (3),
severally.

Hc ¼ Hs � Hp ¼ Pout � Ploss
qm

� Hp ¼ UI � Ploss
qm

� Hp (1)

Xd ¼ qm � Rm
qm

� 100% (2)

Mc ¼ mc

Ai
¼ mc

pdL
(3)

wherein, Hs is total heat sink, Pout is output power (W), Ploss is
power loss (W) and obtained without fluid, U is alternating voltage
(V), I is alternating current (A), qm is mass flow rate (g/s), Hp is
physical heat sink (MJ/kg). Rm is cracking residual liquid (g/s), mc is
mass of coke (g), d is I.D. of reactor (2 mm) and L is last 50 mm of
reactor.

In order to guarantee the repetition of experimental results,
each catalyst was evaluated under same conditions at least twice
with relative error less than 3% and the average value was pre-
sented in this work. Meanwhile, Table S2 listed the uncertainty of
the data measurement process. In addition, the fitting and calcu-
lation of the heat loss is shown in the Supplementary Materials.
3. Results and discussion

3.1. Influence of Pt loading on structure and morphology

The P0.35Al-Si, P0.71Al-Si, P1.0Al-Si, P1.5Al-Si and P2.0Al-Si cata-
lysts are synthesized by loading different Pt content, and the actual
Table 1
Textural parameters, actual Pt content, particle size for catalysts.

Catalysts Actual Pt contenta, wt% SBET, m2/g Vtotal, c

P0.35Al-Si 0.353 152.8 0.495
P0.71Al-Si 0.720 158.3 0.460
P1.0Al-Si 1.007 158.9 0.429
P1.5Al-Si 1.536 157.9 0.457
P2.0Al-Si 2.083 160.5 0.451

a Determined by XRF.
b Obtained by TEM.
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Pt content is listed in Table 1. Obviously, the Pt content of the cat-
alysts is consistent with the design value. In order to prove that the
textural properties were affected rarely by ethanol-assisted
impregnation method, N2 adsorption-desorption isotherms and
pore size distribution of SiO2-Al2O3 are tested and shown in Fig.1(a)
and (b). All the isotherms presented type IV isotherms with same
hysteresis loop (type H3) according to the IUPAC classification and
the most probable pore diameter concentrated upon about 4 nm.
The BET specific surface area (SBET), total pore volume (Vtotal) and
average pore radius (Rm) for these catalysts are summarized in
Table 1. There are minor changes in these parameters, indicating
that the addition content of active metal Pt did not significantly
influence the textural properties of support. Moreover, the SBET and
Vtotal are larger than 150 m2/g and 0.4 cm3/g, respectively, which
can provide enough place for cracking reaction. Fig. 1(c) displayed
the crystal structure of catalysts. The 2q values located at 39.8o,
46.2o and 67.4o are attributed to characteristic peaks of Pt (111),
(200) and (220) crystal faces (Zhang et al., 2021). Pt (200) and (220)
characteristic peaks overlap with two peaks (JCPDS 77-0396) of
Al2O3. The relative intensity of Pt (111), thus, is calculated, as pre-
sented in Fig. 1(c1). Apparently, there is a surge of the relative in-
tensity when Pt loading content is 1.5 wt%. Correspondingly, it can
be seen from Fig. 1(d) that Pt uniformly dispersed on the P0.35Al-Si,
P0.71Al-Si and P1.0Al-Si, while obvious Pt particle aggregation occurs
on the surface of P1.5Al-Si and P2.0Al-Si catalysts. The particle size
distribution of each catalyst was estimated by measuring at least
300 Pt particles from TEM images, as depicted in Fig. 1(d). As well,
the average Pt particle size is fitted to be 1.70 ± 0.42, 1.71 ± 0.57,
2.04 ± 0.48, 2.27 ± 0.52 and 3.10 ± 0.75 nm, ascribing to P0.35Al-Si,
P0.71Al-Si, P1.0Al-Si, P1.5Al-Si and P2.0Al-Si catalysts, respectively.
The Pt dispersion determined by CO chemisorption was calculated
with assumptions that one accessible Pt sites can adsorb one CO
molecule (Lee et al., 2017). Pt dispersion dropped with Pt loading:
P0.35Al-Si (40.0%) > P0.71 Al-Si (38.2%) > P1.0Al-Si (35.2%) > P1.5 Al-Si
(32.1%) > P2.0 Al-Si (29.9%). Apparently, Pt particle size grew while
dispersion decline with the Pt loading content increase.
3.2. Metal active sites (Pt NPs) over catalysts

Catalytic cracking activity of supported catalysts normally relies
on geometry, electronic state and the number of active Pt sites.
HAADF, EDX mapping and HRTEM of P0.71Al-Si catalyst were
implanted in Fig. 2(a). Obviously, the Pt dispersed on the support
equably. The lattice fringe spacing of 2.26 Å is indexed as the
exposed Pt (111) facet. The Pt nanoparticles (NPs) shows a distinct
hexagon profile, corresponding to cuboctahedron structure of Pt
NPs, which was also observed in the other research (Tuo et al.,
2021; Chen et al., 2020). The Pt NPs geometrical structures
include cuboctahedron, cube, sphere and truncated octahedron, as
well as the particle geometry hardly impact the concentration of
sites (Kale and Christopher, 2016). Due to symmetrical structure of
cuboctahedron, CO molecule adsorbed on the half is schematically
shown in Fig. 2(b). Cuboctahedron shape model contains Pt (111)
m3/g Rm, nm Particle sizeb, nm Pt dispersion, %

5.48 1.70 40.0%
5.81 1.71 38.2%
5.39 2.04 35.2%
5.78 2.27 32.1%
5.62 3.10 29.9%



Fig. 1. (a) N2 adsorption-desorption isotherms of Pt/Al-Si catalysts. (b) Pore size distribution of catalysts. (c) XRD patterns of P0.35Al-Si, P0.71Al-Si, P1.0Al-Si, P1.5Al-Si and P2.0Al-Si
catalysts. (d) TEM images and corresponding Pt particle size distributions.
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(9-fold coordination) and (100) (8-fold coordination) terrace atoms
corresponding to well-coordinated sites (WC) as well as edges (7-
fold coordination) and corner (6-fold coordination) atoms com-
bined to under-coordinated sites (UC) (McCarthy et al., 2012).
Meantime, the CO adsorbed on different active sites would display
disparate vibration stretch frequency. The chemical state of Pt NPs
on the catalysts, therefore, was determined by CO-DRIFTS at the
range from 2000 to 2100 cm�1 (Fig. 2(c)). The peak can be decon-
voluted into three peaks at 2081, 2072 and 2048 cm�1, corre-
sponding to collective oscillation of CO molecule linearly adsorbed
on the WC, UC and highly under-coordination (UC) sites, respec-
tively (Lundwall et al., 2010). Firstly, the amount of CO adsorbed
increases gradually due to more active Pt active sites, being
consistent with CO chemisorption results. Secondly, the fraction of
WC sites (at 2081 cm�1) rises with the Pt loading, this may be
closely relative to growing Pt particle size (Sun et al., 2021) and
intensity variation for characteristic peak of Pt (111) plane in XRD
results proved this. In the research (Hammer et al., 1997), because
of more charge transfer to CO from Pt UC sites, the adsorption
energy of CO on the Pt UC sites is 0.5e1.0 eV higher than that onWC
sites. Meantime, Ludwig et al. (2006) have reported that the
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coordination unsaturated step sites (UC) in contrast to terrace sites
(WC) are in favor of dissociation of Hydrogen, according to ReaxFF
results. Namely, the hydrogen production is more toilless on the UC
sites rather on the WC sites during the cracking (Sun et al., 2021).
Thus, different ratio of UC sites on the catalyst will lead to the
difference of dehydrogenation activity.

To clarify the interaction between metal Pt active sites and
support, H2-TPR technology was employed, as shown in Fig. 2(d).
For each curve, an obvious peaks are presented centralized at
228 �C, which belong to reduction of PtOx to Pt. The reduction peak
can be resolved into three peaks, as shown in Fig. S2 (for P0.35Al-Si),
indicating dissociative, weak interacted and strong interacted PtOx

species, respectively. However, reduction peak temperature over
each catalyst shifts scarcely, suggesting that only the subtle differ-
ence of interaction between reducible PtOx and support for these
catalysts exists. Thus, XPS characterization of Pt/Al-Si catalysts was
executed to further demonstrated the electronic state of Pt species
on the surface of catalyst with different Pt loading content. The XPS
characteristic peak of Pt is Pt 4f, but the corresponding bind energy
region was covered by the characteristic peak (Al 2p, 70e78 eV) of
Al. Here, photoemission line of Pt 4d5/2 was detected and depicted



Fig. 2. (a) HAADF, EDX mapping and HRTEM of P0.71Al-Si catalyst. (b) Schematic diagram of CO adsorbed on sites with different coordination. (c) DRIFTS spectra of CO adsorbed on
catalysts. (d) H2-TPR profiles of catalysts. (e) Fitting curves of the XPS peaks of Pt 4d5/2 on catalysts.
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in Fig. 2(e). Each energy spectrum can be deconvoluted into three
parts corresponding to Pt4þ, Pt2þ and Pt0 species, locating at
binding energy of 317.3e317.9, 314.9e315.7 and 312.3e312.8 eV,
severally. The detailed bind energy and surface Pt/Al content were
summarized in Table S1. The ratio of Pt/Al on the surface of catalysts
increased with the enhanced Pt loading. Interestingly, the bind
energy for three Pt states of P0.35Al-Si, P0.71Al-Si and P1.0Al-Si shift
to higher value compared with P1.5Al-Si and P2.0Al-Si. This can be
explained by that the interaction between Pt species (PtOx and Pt0)
on the surface and support weaken with increased Pt particle size
(Zhang et al., 2020). Due to the interaction, the electron of metal Pt
transferring to the support formed positively charged Ptdþ, which is
beneficial to dehydrogenation (Tuo et al., 2021). These character-
izations provide convincing evidence that the active site type and
electronic state of Pt NPs on the catalyst with low loading is more
favorable to dehydrogenation selectivity in contrast to high-loading
catalyst. However, CO chemisorption and CO-DRIFTS characteriza-
tions demonstrated that the number of active Pt sites (CM) increases
with the enhanced loading content and the values are listed in
Table 2. Apart from the active Pt sites, acidity is another crucial
factor, especially strong acid sites, influencing the catalytic cracking
behavior, being discussing later.

3.3. Insights into the acidity of catalysts

To get insights into acidity of Pt/Al-Si catalysts, the NH3-TPD
profiles are presented in Fig. 3(a). There are two well-resolved
peaks at 100e400 �C and above 400 �C, respectively, assigned to
the weak and strong acid sites (Zhang et al., 2020). The specific
amount of weak (CWA) and (CSA) acid sties for catalysts is calculated
by fitting the NH3 desorption peaks, peaks I and II are attributed to
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weak acids and peak III to strong acids, and the results are listed in
Table 2. The variation of total acid site amount (CA), consistent with
CSA and acid site density basically is that the amount gradually
declines with increased Pt loading. Strangely, the CWA, CSA and CA of
P1.5Al-Si are slightly lower than that of P2.0Al-Si, possibly caused by
Pt selective occupation on the acid sites. It seems that the gap of
acid site amount (CA and acid site density) between the different
catalysts is relatively little. The acidity of SiO2-Al2O3 composite
oxide derives from Al species rather than Si due to the absence of
outer empty orbital and H atom (balance structural charge) on the
Si (Pieta et al., 2010). Hence, the acid property is considerably
dependent on different coordination modes, including AlO2, AlO3,
H [AlO4], H2 [AlO5] and H3 [AlO6], on account of various hybridi-
zation forms of Al atom outer orbitals. Three-coordinated AlO3 and
four-coordinated H [AlO4] structures as representative Lewis (L)
and Brønsted (B) acid sites respectively were schematically
described in Fig. 3(b). The B acid site on the surface of four-
coordinated Al is the active bridged hydroxyl (�OH) which can
provide a proton to reactant. At the same time, dehydroxylation of
H [AlO4] transform to unsaturated cationic L acid site AlO3 (electron
acceptor), which can despoil the electron of reactant. The active
metal component would consume the B acid site Hþ on [AlO4]�

aftermetal deposition, exhibiting electron-deficient Ptdþ (Gao et al.,
2015). Kwak et al. (2009) also have declared that Pt species can
anchors on the coordinatively unsaturated Al sites. Thus, the acidity
decrease with increased Pt loading is on account of occupation on
acid sites by Pt.

To further test the thermal stability of B and L acid sites, in situ
DRIFTS of adsorbed NH3 spectrums from 100 to 350 �C were ac-
quired and presented in Fig. 3(c). The bands at 1175, 1330 and
1625 cm�1 are assigned to the asymmetric and symmetric NeH



Table 2
Quantitative results of surface acid sites and average carbon deposition (Mc) for catalysts.

Samples Acid sites, mmol NH3/ga Acid site density, mmol NH3/m2c CM, mmol/g CM/CSA CM/CA Mc, mg/cm2

CWA CSA CA

P0.35Al-Si 0.630 0.294 (31.8%)b 0.924 6.05 7.24 0.0246 0.0078 18.75
P0.71Al-Si 0.700 0.206 (22.2%) 0.906 5.72 14.08 0.0683 0.0155 23.09
P1.0Al-Si 0.698 0.145 (17.2%) 0.843 5.31 18.18 0.1256 0.0216 22.03
P1.5Al-Si 0.655 0.078 (10.2%) 0.733 4.90 25.28 0.3243 0.0345 28.39
P2.0Al-Si 0.694 0.080 (10.3%) 0.774 4.82 31.96 0.4008 0.0413 27.53

a CWA is the sum of peaks I and II, and CSA is peak III.
b Value in parenthesis presents the percentage of strong acid sites.
c Acid site density ¼ adsorbed NH3/specific surface area.
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bending vibration of NH3 adsorbed on the L acid sites, and that at
1455 and 1685 cm�1 are attributed to asymmetric and symmetric
NeH bending vibration of NH4

þ linked to the B acid sites
(Auepattana-aumrung et al., 2021). However, in situ DRIFTS of
adsorbed NH3 cannot accurately quantify the amount of B and L
acid sites. Here, the variation of corresponding peak area with
temperature determines the strength of B and L acid sites. The in-
tegrated peak area for each temperature is depicted in Fig. 3(d). It is
notable that the intensity of peak ascribed to the B acid site
(Fig. 3(d2)) drops sharper than that belong to L acid sites (Fig. 3(d1))
with the increased temperature, demonstrating that the NH3 spe-
cies linked to the L acid sites is more difficult to desorb than that
attached to B acid sites. After metal loading, the specific effect of
metal sites on the in-situ DRIFTS of adsorbed NH3 peak intensity of
B acid and L acid sites has not been thoroughly studied, so it is
difficult to explain the reasons for the change trend in this paper.
The ratio (CM/CSA) of the number of active Pt sites (dehydrogena-
tion) to the amount of strong acid sites (CeC fracture) is presented
in Table 2. Without doubt, the CM/CSA and CM/CA increased with
increasing Pt loading due to enhancement of CM and basically
constant CA.
3.4. Cracking activity of Pt/Al-Si

Catalytic cracking performance, expressed as chemical heat sink
and gas yield, for catalysts with different loading was compared in
Fig. 4(a). Thereinto, the chemical heat sink was obtained by total
heat sink deducting the physical heat sink, which is acquired by
SUPERTRAPP procedure of NIST. The change of chemical heat sink is
closely related to the variation of gas yield. It is obvious that the
chemical heat sink and gas yield increased with the temperature.
Particularly, the increment of chemical heat sink and gas yield is
faster when the temperature reaches 650 �C. This is because of
liquid cracking products further cracking into micromolecular gas
products, indicating that the initial cracking temperature of liquid
cracking products is about 650 �C. The reactor is the catalytic
coating tube with inner diameter of 2 mm and the mass flow rate is
large flow velocity of 1 g/s, so that the catalysis occurs on the inner
wall of the tubular reactor and the main body of the fluid is still
thermally cracked. The chemical heat sink and gas yield for n-
decane cracking with these catalysts enhanced vastly in contrast to
thermal cracking, especially at high temperatures, indicating that
the addition of catalyst boost the cracking reaction depth. At 750 �C,
the chemical heat sink and gas yield changed in the order of P2.0Al-
Si (1.801 MJ/kg, 78.2%) z P1.5Al-Si (1.811 MJ/kg, 79.0%) z P1.0Al-Si
(1.75 MJ/kg, 78.5%) > P0.71Al-Si (1.678 MJ/kg, 75.5%) > P0.35Al-Si
(1.546 MJ/kg, 72.7%) > TC (1.402 MJ/kg, 67.1%), and TC represents
thermal cracking without adding catalyst. Nevertheless, there is no
significant increase in the gas yield of n-decane cracking basically
when the Pt loading content reaches 1.0 wt%. As the increase of
metal sites and the decrease of acid sites, dehydrogenation is more
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obvious during the cracking process, but the gas yield changed
scarcely, because the gas yield is calculated according to the mass
fraction of residual liquid and dehydrogenation obviously has little
effect on it.

Although products of hydrocarbon fuel cracking under high
temperature is too complicated to analyze, they are still presented
in Fig. 4 to provide as a reference. The components of catalytic
cracking residual liquid were classified into five categories, olefins,
aromatics, cycloalkanes, i-paraffins and others, as shown in
Fig. 4(b). It is obvious that themass fraction of olefins and aromatics
raised with elevated temperature while the mass fraction of others
decreased. The aromatics were regarded as one kind of chromato-
graphically detectable coking precursor. And the typical photos of
residual liquid under corresponding temperature are shown in
Fig. 4(b1). Clearly, with the temperature elevating, the color of
liquid changes from transparent to dark brown, which is due to
enhancive content of coking precursor. Average amount of coke for
different catalysts was listed in Table 2. The Mc of thermal cracking
is 12.43 mg/cm2. In contrast, the Mc over these catalytic coating is
more than that over bare tube, which is related to the that the
higher cracking depth is accompanied with coking and the active
sites (metal and acid) would result in coking side reaction. The Mc

increased with gas yield increase when the CM/CSA below 0.13. The
carbon deposition (22.03 mg/cm2) and activity reached balance at
CM/CSA of 0.13, while the carbon deposition increased at CM/CSA
above 0.13 due to deep dehydrogenation coking.

It is known from the literatures (Zhou et al., 2014) that the
content of hydrogen and alkenes in the gas phase products is
closely related to the heat sink and the amount of coking during
fuel cracking reaction. Fig. 4(c) and (d) showed that the changing
trend diagram of the relationship between gas yield of each catalyst
and selectivity of target products (alkenes/H2 selectivity). In this
work, alkenes selectivity of gaseous products was indexed as the
ratio of alkenes and hydrogen to alkanes (ene þ H2/ane). The al-
kenes selectivity first increases severely and then decreases slightly
with the gas yield (or the reaction temperature), as depicted in
Fig. 4(c). Alkenes and hydrogen main derive from b-scission and
dehydrogenation reaction, indicating that the corresponding frac-
tion increase when the secondary reaction occurs at high gas yield.
Meantime, there is no clear variation regularity of the eneþ H2/ane
among different catalysts due to commixture of thermal and cat-
alytic cracking products in the mini-channel coating reactor. In
addition, the H2 selectivity of different catalysts are shown in
Fig. 4(d), which first sharply decrease and then decrease slightly
with the gas yield (or the reaction temperature), and the lowest H2
selectivity reached about 2.5% at 650 �C. This trend is mainly due to
the CeH bond of n-decane breakage occurs mainly on the catalysts
surface at 600 �C, while the CeC and CeH bond breakage occurs
simultaneously at 650 �C and above 650 �C. The proportion of CeH
bond breakage decreases and then tends to be stable as the tem-
perature gradually increases, so the H2 selectivity appears a low



Fig. 3. (a) NH3-TPD profiles for the Pt/Al-Si catalysts. (b) Schematic diagram for acid sites states on the surface of Pt/Al-Si catalysts. (c) In situ DRIFTS of adsorbed NH3 spectrums for
catalysts. (d) Relative intensity of L (d1) and B (d2) acid sites.
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point at 650 �C and then slightly increases.
4. Effect of metal-acid sites balance and corresponding
mechanism

The balance between dehydrogenation and CeC fracture func-
tionwas estimated by the ratio of active Pt metal sites to strong acid
sites (CM/CSA), as demonstrated in Table 2. The monofunctional
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cracking catalysts in our previous work can be regard as a reference
(Hou et al., 2018). On the one hand, Pt supported alkaline MgO
catalyst with only metallic sites exhibited the worse cracking ac-
tivity in contrast to Pt supported acidic oxides, such as weakly
acidic SiO2 (0.33 mmol NH3/g). On the other hand, the SiO2-Al2O3
with only acid sites (0.52 mmol NH3/g) contributes to lower n-
decane cracking activity than 0.71 wt% Pt loaded SiO2-Al2O3. In this
work, to correlate the CM/CSA with catalytic cracking performance,



Fig. 4. (a) Chemical heat sink and gas yield for catalysts under different temperatures. (b) Mass fraction of olefins, aromatics, cycloalkanes and i-paraffins in the liquid products. (c)
The ratio of alkenes þ H2/alkanes in gaseous products for different catalysts. (d) H2 selectivity in gaseous products vs. gas yield for different catalysts.

Fig. 5. Effect of metal-acid sites balance on the gas yield (a) and gas product distribution (b) at 600 �C over Pt/Al-Si catalyst with different CM/CSA.
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gas yield of n-decane cracking at 600 �C over dual-sites catalysts as
a function of CM/CSA was provided in Fig. 5(a). Actually, the
contribution of catalytic cracking to gas yield at low temperature is
greater than that at high temperature. At the same time, the
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primary cracking of n-decane occurred at low temperature without
products further cracking. Hence, the gas yield and products for
these catalysts at 600 �Cwere selected to detailly discuss themetal-
acid sites balance effect of dual-sites catalysts on hydrocarbon
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cracking. Firstly, there was a negative correlation between the CM
and the CSA that as the CM elevating
(7.24 < 14.08 < 18.18 < 25.28 < 31.96 mmol/g), the CSA, drops
gradually (294 > 206 > 145 > 78 z 80 mmol/g). Then, the gas yield
increased graduallywith varied CM/CSA and reached a plateau at CM/
CSA of 0.13, implying that the active Pt species play a significant role
in cracking. The carbon deposition exhibited similar trend with gas
yield over catalysts with different CM/CSA. When CSA remained
almost constant (c.a. 80 mmol NH3/g), although CM increased from
25.28 to 31.96 mmol/g, the gas yield changed hardly. this suggests
that the cracking activity cannot be enhanced through enhancing
the CM when the CSA reached low value. Mentioned change trend is
consistent with the traditionally dual-sites catalysts for hydro-
isomerization (Jiao et al., 2020), which can be explained by that the
reaction rate was limited by the Pt metal sites at low CM/CSA and
strong acid sites at high CM/CSA. Thus, both the number of metal
sites and strong acid sites of dual-sites catalysts are important, and
either higher or lower is not appropriate. Only when the proportion
(CM/CSA) reaches a balance (0.13), the dual-sites catalyst can func-
tion to the greatest extent and reduce the cost. In addition, the
effect of textural properties as well as Pt particle size of a series of
dual-sites Pt/Al-Si catalysts on hydrocarbon cracking can be
ignored according to the above discussion.

To further investigate the effect of electronic state of metal sites
and metal-acid sites balance on cracking reaction pathway, the
gaseous product distribution at 600 �C was analyzed, as listed in
Fig. 5(b). The gaseous products primarily consist of hydrogen (H2),
methane (C1), ethane (C2), ethylene (C2

¼), propane (C3), propene
(C3¼), butane (C4) and butene (C4¼). Thereinto, C1, C2 and C2

¼ are the
main products and molar fraction is higher than 15%. The conver-
sion of n-decane cracking under low temperature (600 �C) is rela-
tively low, so the cracking pathway is unimolecular proton cracking
rather than bimolecular reaction and side reactions. The possible
cracking pathways for small molecule gaseous products (�C4) of n-
decane cracking over dual-sites Pt/Al-Si catalyst are presented in
Fig. 6. Here, n-decane molecule obtains proton from the strong acid
site to generate pentacoordinated carbenium (C10H23

þ ). Normally,
carbenium can form on different carbon (C) of n-decane molecule
(n-C10H22), but it is easier to form secondary carbenium than pri-
mary carbenium. The detailed cracking process is as follows:

(1) Protolytic cracking (ProC): Unimolecular proton cracking of
the reaction aee in Fig. 6 can generate H2, C1, C2, C3, C4
molecules and corresponding tricoordinated C10H21

þ , C9H19
þ ,

C8H17
þ , C7H15

þ , C6H13
þ carbenium, which would further crack

into C3H7
þ and C4H9

þ carbenium. One pathway is that
hydrogen transfer (H-tran) reaction between the above car-
benium and n-C10H22 to produce new tricoodinated C10H21

þ

carbenium and corresponding alkanes (C3 and C4). Another
pathway is deprotonation reaction that generate C3

¼ and C4¼

alkenes and recover B acid sites.
(2) b-scission (b-Sci): Pentacoordinated C10H23

þ carbenium may
undergo b-scission of the reaction feh in Fig. 6, that is, the
CeC bond between b�C and ionic carbon (a�C) breaks into
C2
¼, C3

¼ and C4¼ alkene molecules and C8H17
þ , C7H15

þ , C6H13
þ

carbenium, respectively, and these carbenium would un-
dergo the reaction in Eq. (1).

(3) Dehydrogenation (Dehy): Two adjacent carbons (C) of n-
C10H22 are adsorbed by Pt sites on the catalyst, and their CeH
bonds are activated and broken, then, hydrogen (H2) is ob-
tained by mutual bonding of two H atoms. On the one hand,
the removal of the H atoms forms a double bond between the
two C atoms and the H atom on the secondary carbon is more
likely to be removed than the H atom on the primary carbon
to produce 2-decene. If both n-decane and 2-decene are near
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the strong acid site on the catalyst, the 2-decene molecule is
more likely to form carbenium, this would reduce the reac-
tion energy barrier for the rate-determining step (carbenium
formation), which is one of the main ways to improve
cracking activity of n-decane on a bicenter catalyst. On the
other hand, the CeC bond between the two C atoms after the
removal of H atoms continue to be activated and broken on
Pt sites to produce C2¼ and C8H16

¼ alkenes. In addition, oligo-
merization, isomerization, cyclization, aromatization, dehy-
drogenation and other side reactions of carbon deposition
are not described here.

Each cracking gas phase product is linked to one or several re-
action pathways, and it is difficult to calculate the contribution of
reaction pathways to the final gas phase product distribution.
However, it is possible to make a qualitative analysis of the reaction
pathway. Hou et al. (2017a) have investigated that reaction mech-
anism for n-hexane cracking on HZSM-5 zeolite catalyst, found that
cracking products can reflect the relative activity of CeC bond or
CeH fracture on the catalyst. It is also found that the approximate
order of CeC or CeH bonds break is 3#C�4#C (C3, C3¼) > CeH (H2,
C3
¼) > 2#C�3#C (C2, C4

¼) > 3#C�2#C (C2¼, C4) > 1#C�2#C (C1, C5
¼). It can

be seen from Fig. 5(b) that the relative content sequence of gaseous
products from n-decane cracking is
C2
¼ > C2 z C1 > C3

¼ > C3 z C4 > H2 > C4
¼. Through the theoretical

analysis of the above reaction pathways, some basic reaction
pathways of n-decane cracking into gaseous products are summa-
rized in Table 3. The relative content of alkenes is higher than that
of alkanes among the molecules with carbon number of 1, 2 and 3
in the gaseous products. This indicates that the reaction rate of b-
Sci and low-carbon carbenium deprotonation is faster than that of
unimolecular proton cracking and low-carbon carbenium H-
transfer. C2 alkane is formed by proton cracking with the elimina-
tion of the 2#C�3#C bond and C1 alkane is formed by proton
cracking with the elimination of the 1#C�2#C bond. There is no C1

þ

and C2þ hydrogen transfer reaction due to high energy barrier.
Combined with the gas phase products distribution, it can be
inferred that the active order of CeC bond or CeH bond elimination
reaction is 2#C�3#C > 1#C�2#C > 3#C�4#C > 4#C�5#C > CeH.

It can be seen from Fig. 6 that the H2 is produced by dehydro-
genation of the active metal Pt sites and unimolecular proton
cracking on the strong acid sites. The relative content of H2 in-
creases with the augmentation of metal-to-strong acid sites ratio
(CM/CSA). However, there is no significant difference in the relative
content of H2 under each CM/CSA. On the one hand, when CM/CSA is
low, there are more strong acid sites on the catalyst, leading to
increase in the proportion of C10H22 cracking into C10þ and H2 by
unimolecular proton cracking. At the same time, the small size of Pt
nanoparticles, high proportion of UC sites and partial positive
charge Ptdþ on the surface of the catalyst are favorable for dehy-
drogenation, but the number of active metal sites is insufficient. On
the other hand, when CM/CSA is high, the number of active metal
sites for dehydrogenation is abundant, but the chemical state of Pt
nanoparticles is less favorable and H2 production is little by
unimolecular proton cracking at strong acid sites. In general, the
content of H2 increases with the increase of CM/CSA, indicating that
the number of active metal Pt sites on the catalyst surface is the
main factor affecting the dehydrogenation activity, followed by the
chemical state of Pt.

When CM/CSA is 0.02, the relative content of C1, C2, and C2¼ in the
gas phase is basically the highest, but H2 is the least, which is due to
the largest number of strong acid sites on the catalyst, the 2#C�3#C
bond and 1#C�2#C bond elimination unimolecular proton cracking
and b-Sci continue to occur.With the increase of CM/CSA, the relative
content of C1, C2, and C2

¼
first decrease and then increase, the



Fig. 6. The possible pathways of n-decane cracking reaction over dual-sites Pt/Al-Si catalyst.

Table 3
Possible reaction pathways for n-decane cracking at 600 �C over Pt/Al-Si catalyst.

Product Reaction pathway Product Reaction pathway

C2¼ C10
þ / C8þ þ C2

¼ (b-Sci) C4 C10
þ / C6

þ þ C4 (ProC)
C2 C10

þ / C8¼ þ C2
¼ þ H2 (Dehy) C4

þ þ C10 /C10
þ þ C4 (H-tran)

C10
þ / C8þ þ C2 (ProC) H2 C10

þ / C8
¼ þ C2

¼ þ H2 (Dehy)
C1 C10

þ / C9þ þ C1 (ProC) C10
þ / C10

þ þ H2 (ProC)
C3¼ C10

þ / C7þ þ C3
¼ (b-Sci) C3¼ C10

þ / C6
þ þ C4

¼ (b-Sci)
C3
þ /C3¼ (Deprotonation) C4

þ /C4
¼ (Deprotonation)

C3 C10
þ / C7þ þ C3 (ProC)

C3
þ þ C10 /C10

þ þ C3 (H-tran)
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possible reasons are speculated as follows: when CM/CSA is 0.07, the
number of strong acid sites decreased by 88 mmol/g, which slow the
rate of unimolecular proton cracking and b-Sci for elimination of
2#C�3#C bond and 1#C�2#C bond, even though the metal sites
increased by 6.84 mmol/g, it could not offset the effect of the
decrease of strong acid sites. When CM/CSA is 0.13, the increase of
metal sites can promote the formation of 2-decene molecules, and
the formation of alkylene carbenium is easier to boost the reaction
for production of C1, C2, and C2¼. When CM/CSA continues to increase,
the number of strong acid sites decreases to about 80 mmol/g. Even
if the number of metal sites increases, the reaction rate for pro-
duction of C1, C2, and C2

¼ decrease, this is similar to the variation of
n-decane conversion with CM/CSA of dual-sites catalyst.
5. Conclusion

In this work, the impact of metal-acid sites balance over Pt/Al-Si
dual-sites catalysts on efficient cracking of supercritical n-decane
2890
was investigated via changed Pt loading. The balance results of high
heat sink of n-decane cracking and carbon deposition from deep
dehydrogenation over catalyst over appropriate metal-acid sites
was obtained by regulating CM/CSA. The amount of strong acid sites
decreases with the increase of Pt loading due to the interaction
between Pt species and surface acid groups. when CM/CSA is 0.13,
the chemical heat sink is 1.75 MJ/kg and average carbon deposition
is 22.03 mg/cm2. The gas phase products and cleavage reaction
pathway were analyzed in detail, and the sequence of CeC or CeH
bond elimination reaction was deduced that is
2#C�3#C > 1#C�2#C > 3#C�4#C > 4#C�5#C > CeH. Additionally, a
quantitative correlation between the metal-acid sites balance and
catalytic cracking activity was built.
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