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ABSTRACT: Utilization of sustainable biomass to produce jet fuel range hydrocarbons is imperatively needed to mitigate CO2
emissions and to liberate the over-reliance on fossil resources. Using propanal as the feedstock, an excellent jet fuel range
hydrocarbon yield (81.7%), high conversion (ca. 100%), and purity (85%) were achieved over a novel dual-bed Cu/SiO2−TiO2||Ni/
ZSM-5 catalyst at low temperature and pressure in only one reactor. The intrinsic active site requirement was further investigated by
multitechniques including density functional theory calculation, quantitative CO2/NH3-temperature-programmed desorption/
diffuse reflectance infrared Fourier-transform spectroscopy, high-resolution transmission electron microscopy, and thermogravi-
metric analysis−mass spectrometry. Results showed that for the upstream bed catalyst (Cu/SiO2−TiO2), the Ti−O site pair and Ti
Lewis acid site were crucial for enolate formation, carbon-chain growth, and ring closure reactions, which can be altered by the
calcination temperature. The synergy between the site strength and number led to a volcanic relationship between acidity/basicity
and the intermediate yield. In addition, the downstream bed Ni/HZSM-5 catalyst promoted the hydrodeoxygenation reaction
toward hydrocarbon formation.

KEYWORDS: jet fuel range hydrocarbons, active sites, tandem reaction, dual-bed catalyst, deactivation

■ INTRODUCTION

Fuel and chemicals synthesized from sustainable biomass via
pyrolysis to bio-oil and further catalytic upgrading harbor
tremendous potential in the circular economy for future
biorefinery practices.1 This is urgently needed for biojet fuel
production from the lignocellulosic biomass feedstock to meet
the CO2 emission reduction target. Fast pyrolysis of biomass
following a catalytic vapor upgrading is a promising route for
bio-jet and diesel fuels.2 The high price of biofuels is now the
main hurdle for the commercial applications,3 and higher
carbon yield is required to reduce the production cost of the
biofuels. In the condensable compounds from the pyrolysis
vapor or condensed bio-oil fractionations, there is a large
fraction of small oxygenates containing aldehydes, ketones,
alcohols, acids, furans, and anhydrosugars.4 These compounds
are very reactive and could be utilized to generate value-added
chemicals. They can be separated from heavy fractions via
aqueous phase extraction to decouple the complexity of bio-oil

upgrading.5 However, in the catalytic vapor upgrading, these
oxygenates are normally hydrogenated to form light hydro-
carbons, which lowers the carbon yield of biofuels and
increases the production cost of biofuels.6 Aldol condensation
and ketonization of the light oxygenates can be applied to
convert them to long-chain oxygenates,7,8 where the aldol
condensation reaction can increase the carbon number via
intramolecular oxygen removal as water and simultaneous C−
C coupling reactions. The resultant long-chain oxygenates can
undergo a subsequent hydrodeoxygenation to yield fuel range
hydrocarbons.9,10
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Because of the complexity, aldol condensation and/or
ketonization and oxygen removal reactions usually take place
in two cascading reactors as proposed by Dumesic et al.,11 such
as using Pd/ZrO2 and Pt/Al2O3−SiO2 in upstream and
downstream reactors, respectively. Tandem reactions including
aldol condensation, ketonization, and hydrodeoxygenation in
one reactor could provide an attractive alternative for the
production of low-cost biojet fuels. A dual-bed catalyst strategy
can efficiently combine the different functions of catalysts,
which is quite promising to fulfill the cascade reactions in only
one single reactor at low temperatures to simplify the process.
Catalysts play a crucial role in the production of low-cost

biofuels by catalytic fast pyrolysis processes. The catalyst
activity, selectivity, and stability and the cost of catalysts have
been identified as the main factors contributing to the
production cost of biofuels.6 Highly active, stable, and selective
catalysts toward hydrocarbons with carbon numbers higher
than 8 (i.e., C8+) are essential for low-cost production of biojet
and diesel fuels. However, the rational design of catalysts
requires the fundamental understanding of the active sites and
mechanistic insights for aldol condensation in tandem with
hydrodeoxygenation. For the single bed catalyst, Iglesia et al.12

first reported that Cu in the Cu/SiO2−TiO2 physically mixed
catalyst is beneficial to improve the thermodynamic stability
for condensation reactions.10 They found that acidic-α
hydrogen removal and the subsequent reaction between
enolate and carbonyl could yield a chain growth intermediate,
which rapidly dehydrates to form α-β-unsaturated enal or
enone.13−17 In addition, they also proposed that Ti4+ is used to
stabilize enolates and the O2− atom is used to aid in hydrogen
abstraction. Even though the necessity of intermediate strength
and site distance were pointed out as key factors for aldol
condensation on TiO2, the specific role and optimization of
different acidic and basic site types and the corresponding
relationship between acidic−basic sites and chain growth
performance are still not clear.
When the oxygenate intermediate is formed, hydrodeoxyge-

nation of oxygenates to aromatic hydrocarbon for jet fuel
production requires both metal and acid sites for hydro-
genation and oxygen removal to water18 and aromatization,19

respectively. Thus, hydrogenolysis, entailing hydrogenation
and dehydration and further dehydrogenation to aromatics via
hydrogen-transfer and trans-alkylation reactions, is of crucial
importance.7,20 Conventional HZSM-5 zeolites and their
modified forms are known for the dehydration reaction via a
strong Brønsted acidic function from the Al−O−Si frame-
work.21 The jet fuel range hydrocarbon yield can be 50% at
400 °C using the propanal feedstock.8,22,23 However, the
deactivation of HZSM-5 is severe because of coke
formation.24−26 Superior yield, as well as enhanced stability,
requires the fundamental understanding of active site require-
ment, which is highly desired to facilitate the atom-economic
and tandem conversion of light oxygenates to valuable
hydrocarbons in the emerging biorefinery concept.
In this study, high yield (81.7%) and purity (85%) of jet fuel

range aromatic hydrocarbons were obtained from propanal in
one single reactor with a dual-bed configuration (Cu/SiO2−
TiO2||Ni/ZSM-5) at low temperature and pressure, which
offers a significant advantage over existing catalyst systems.
The site requirement and reaction pathways for the conversion
of light oxygenates were investigated by multitechniques
including density functional theory (DFT) calculation,
quantitative CO2 and NH3-diffuse reflectance infrared Fourier

transform spectroscopy (DRIFTS)/temperature-programmed
desorption (TPD), high-resolution transmission electron
microscopy (HRTEM), thermogravimetric analysis−mass
spectrometry (TGA-MS), Fourier transform infrared spectros-
copy (FT-IR), N2 physisorption, and X-ray diffraction (XRD).
Active site strength and site numbers were manipulated by
changing the calcination temperature of the TiO2 catalyst and
the Ni loading of the downstream HZSM-5 catalysts. The
relation between the acid strength/type and jet fuel production
rate was also elucidated. Moreover, the product stability, active
sites, and reaction routes were also confirmed by the time-
based analysis over 72 h. The fundamental insights into active
sites unlock the potential to accommodate the structural
complexity of the dual-bed catalyst system toward jet fuel
production.

■ EXPERIMENTAL SECTION
Preparation of Catalysts. The upstream Cu/SiO2−TiO2 catalyst

composed of the physical mixture of Cu/SiO2 and TiO2 with a weight
ratio of 1:1. Cu/SiO2 with a Cu loading of 5 wt % was synthesized by
the conventional incipient wetness impregnation method, followed by
drying overnight at 30 °C and calcination in air at 300 °C for 6 h
dwelling time. The oxide catalyst was reduced at the same
temperature in the presence of H2 to yield the metallic Cu. The
TiO2 (P25) sample was purchased from Sigma-Aldrich (99.9%) and
calcined in air (oxidative atmosphere) at different temperatures of
120, 350, 400, and 450 °C. The heating rate applied was 1 °C/min,
and the dwell time was 4 h. NH4ZSM-5 was purchased from Zeolyst
International (CBV 3024E, SiO2/Al2O3 = 30) and calcined at 500 °C
for 6 h in static air (2 °C/min) prior to Ni impregnation. Ni/HZSM-5
(0.5 g) with Ni loading ranging from 0.5 to 20 wt % was also prepared
by the incipient wetness impregnation method. The Ni-impregnated
catalysts were calcined at 400 °C for 6 h in static air (2 °C/min) and
reduced at 500 °C (10 °C/min) in a H2 and N2 flow of 50 mL/min
and passivated in 1 wt % O2 (50 mL/min) in helium at room
temperature for 30 min.

Characterization of Catalysts. N2 adsorption−desorption
isotherms were determined on Micro metrics Trister 3000 at a liquid
nitrogen temperature of 77 K for both fresh and spent catalysts. XRD
measurements were taken using Bruker D8 ADVANCE (Cu Kα
radiation, k = 0.15418 nm, 40 kV, 120 mA). HRTEM was performed
on the JEOL JEM-2100F and JEM-ARM200F instruments operating
at 200 kV. TEM examination of the spent catalyst was carried out
using JEOL 2100, operated at 200 kV at the NTNU/SINTEF TEM
Gemini Centre with an Oxford X-Max 80 EDX-instrument. For TPD
experiments, 0.2 g of catalysts was used. In the TPD characterization,
the TiO2 samples were activated in helium (100 mL/min) at different
temperatures by 10 °C/min increase and kept for 3 h. The TiO2
samples calcined at different temperatures were named T120, T350,
T400, and T450. For Ni/HZSM-5 catalysts, they were degassed for 1
h in flowing helium (200 mL/min) under the activation/reduction at
400 °C10 and then cooled to 300 K for CO2 adsorption and 100 °C
for NH3 adsorption, respectively.

18 Carbon dioxide was adsorbed on
the reduced catalysts by exposure to 10 mol % CO2 in helium (100
mL/min) for 30 min. Ammonia adsorption was performed in a similar
manner as CO2 adsorption, except that adsorption was done at 100
°C and a 1 mol % NH3 in He gas mixture. Residual CO2 and NH3
were removed by purging the catalyst with helium (200 mL/min) at
35 and 100 °C for 2 h, respectively. Desorption of CO2 and NH3 was
performed by heating the catalyst at a rate of 10 °C/min under
flowing helium (50 mL/min) from 100 to 800 °C for NH3 and 300 to
850 °C for CO2. The Ni-based catalysts (HZSM-5, 0.5Ni/HZSM-5,
10Ni/HZSM-5, and 20Ni/HZSM-5) were reduced by flowing
hydrogen (100 ml/min) for 2 h at 400 °C at a heating rate of 10
°C/min before TPD analysis. The signals of CO2 (m/e = 44) and
NH3 (m/e = 17) were recorded by online MS and thermal
conductivity detector (TCD). The quantification of the acid and
the basic amount is based on a volumetric calibration of CO2 and
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NH3 adsorbed. The spent catalyst was characterized by TGA-MS
using a Netzsch STA 4496 thermal analyzer system at a heating rate of
10 °C/min under the air atmosphere. The air and argon atmosphere
was applied with a protective argon flow of 75 mL/min as well as an
air flow of 25 mL/min. The IR spectra were recorded using a Nicolet
iS50 IR spectrometer. All samples for the analysis were prepared and
pressed in an evacuated die for 1 min. The data were obtained in an
attenuated total reflection mode with a resolution of about 2 cm−1.
The CO2/NH3 absorption was explored by a DRIFTS experiment
using a Nicolet Magna-11 550 spectrometer. For NH3 and CO2

DRIFTS, 0.08 g of sample was pretreated at 120 °C under argon for 2
h in a stainless chamber, followed by cooling down to 30 °C prior to
recording the background spectrum. All the DRIFTS spectra were
recorded at 30 °C with a spectral resolution of 8 cm−1 and an
accumulation of 32 scans. Thereafter, the sample was exposed under
10% CO2/Ar at 10 mL/min for 80 min or 7% NH3/Ar at 10 mL/min
for 50 min. The spectra were collected continuously during the
process.
Catalytic Testing. In a typical process, 1.0 g of Cu/SiO2−TiO2

and 1.0 g of Ni/HZSM-5 of 100−150 mesh size were used as an
upstream and downstream bed, respectively. The catalysts were tested
in a fixed bed reactor with an inner diameter of 15 mm for all
experiments at 0.1 MPa and 300 °C. Prior to the reaction, the
upstream and downstream catalysts were reduced in situ with a 50%
hydrogen in nitrogen at a total flow of 50 mL/min for 4 h at 300 and
400 °C, respectively. In dual-bed experiments, propanal liquid was fed
to the reactor using a syringe pump N1000 with a typical flow of 0.48
mL/h for the dual-bed system. The feedstock (propanal, 0.63 bar,
from Sigma-Aldrich, 99.9%) was mixed with hydrogen (0.22 bar,
99.9%) and nitrogen (99.9%) at the inlet of the reactor and flow into
the catalyst bed. The reactant, gas phase, and condensed products
were measured by gas chromatography (Agilent 6890) using a phenyl
methyl siloxane capillary column (Agilent HP-5, 40 m, 320 μm ID,
0.25 μm film) connected to the FID/TCD detector and mass
spectrometer (MSD 5977 E). Definitions of space velocity, propanal
conversion, yield, and product selectivity are as follows: the WHSV is
based on the total weight of the catalyst.

WHSV
mass flow rate of feed (g/h)

mass of catalyst (g)
=

(1)

Conversion 1 mol of carbon of unconverted propanal

propanal in organic phase

= −

− (2)

Carbon based yield
mol of carbon in organic phase

mol of carbon in feed
100%= ×

(3)

Carbon based product distribution in organic phase
mol of carbon in a product

mol of carbon in all products
100%= ×

(4)

Purity
mol of jet fuel range hydrocarbon

mol of all products in organic phase
100%= ×

(5)

Computational Details. DFT calculations were undertaken by
the Vienna ab initio simulation package (VASP). Generalized gradient
approximation based on the Perdew−Burke−Ernzerhof (PBE)
formalism functional was used to calculate the electron exchange
and correlation energy. The core electron interactions were
determined by the projector-augmented wave method. An anatase
TiO2(101) cluster model was built because of its high thermody-
namical stability and naturally exposed ability.12 Bader charge analysis
was implemented with a fast algorithm to determine the atomic
charges of C, H, Ti, and O. The core charge density was used in the
partitioning experiment.27,28 The charge density difference of the
propanal adsorption was calculated as Δρ(r) = ρtotal(r) − ρsurface(r) −
ρoxygen(r), where ρtotal(r), ρsurface(r), and ρoxygen(r) are the electron
density of the whole adsorbed system, surface, and oxygen,
respectively.

■ RESULTS AND DISCUSSION
Active Site for C9-Cyclic Ketone Intermediate For-

mation from Propanal. Using propanal as the feedstock, the
catalytic performance of the single bed Cu/SiO2−TiO2, dual-
bed Cu/SiO2−TiO2||Ni/ZSM-5, and physically mixed catalysts
were evaluated at low temperature (300 °C) and 0.1 MPa.
Total conversions (100%) are observed for the three catalysts.
However, the dual-bed catalyst shows a significantly boosted
jet fuel range hydrocarbon yield (81.7%), better than the
physical mixture catalyst (59.0%) and the single bed Cu/
SiO2−TiO2 catalyst (12.3%), as shown in Figure 1a. This is
mainly because there is a significant reduction of the gas-phase
product yield from 27% (physically mixed catalysts) to 3.6%
(dual-bed catalyst) and 1.3% (Cu/SiO2−TiO2) (Table S1,
Supporting Information). In addition, the C6−C12 oxygenates
greatly decrease from 84% (Cu/SiO2−TiO2) to 14.7% (dual-
bed catalyst) and 11.6% (physically mixed catalysts). The

Figure 1. Jet fuel range hydrocarbon yield for a dual-bed Cu/SiO2 (0.5 g)−TiO2 (0.5 g)||Ni/HZSM-5 (1.0 g) catalyst and reported catalysts (a);
carbon-based conversion and product distribution in the organic phase on the Cu/SiO2−TiO2 (0.5 g/0.5 g) catalyst at different calcination
temperatures for aldol coupling of propanal (b). Reaction conditions: a temperature of 300 °C, 1/WHSV of 0.83 h based on the total weight of the
catalyst, a propanal partial pressure of 0.63 bar, a hydrogen pressure of 0.22 bar, a total pressure of 1.0 bar, and a TOS of 5 h.
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reason for the superior performance of the dual-bed Cu/SiO2−
TiO2||Ni/ZSM-5 catalyst is that the propanal first contacts the
upstream Cu/SiO2−TiO2 catalyst, yielding higher chain
growth (mainly C9 ketone) and preventing the side reaction
(olefin generation via direct dehydration of propanal) over Ni/
HZSM-5. It should be noted that the dual-bed catalyst also
shows better performance than the reported catalysts in terms
of jet fuel yield.8,22,23

To elucidate the intrinsic active sites, the upstream bed
(Cu/SiO2−TiO2) and downstream bed (Ni/HZSM-5) cata-
lysts were investigated separately. It was previously reported by
Iglesia et al. that Cu/SiO2−TiO2 showed good aldol
condensation performance.12,29 The TiO2 sites with acidic
and basic sites are active toward aldol condensation, and Cu
sites with a hydrogenation function can improve the forward
reaction, making aldol coupling irreversible and preventing the
prevalent thermodynamic obstacles in the aldol reaction.10

However, there are distinct acidic and basic sites on TiO2, and
the intrinsic requirements for this reaction are still not clear.
Therefore, the different active sites for the condensation
reaction were manipulated by varying the passivation temper-
ature of TiO2 to modify the surface Lewis acid and basic site
properties of the catalyst.
The physicochemical properties of the dual-bed Cu/SiO2−

TiO2||Ni/ZSM-5 catalyst were first characterized by XRD and
N2 physisorption (Supporting Information, Figures S1 and

S2). The XRD patterns (Figure S1) of the upstream Cu/
SiO2−TiO2 catalyst have Cu(111), (200), and (220) peaks
located at 43, 50, and 70°, respectively, indicating the Cu
polycrystallinity character (PDF 00-044-0706).30,31 For TiO2
calcined at different temperatures, they exhibited similar
phases, such as anatase phase at 25, 48, and 65° (PDF 00-
002-0387) and rutile peaks at 27, 36, and 55° (PDF 00-002-
0494).32 The results suggest that the calcination at relatively
low temperatures does not change the material phase. In
addition, the XRD pattern of the downstream Ni/HZSM-5
coincides with the reported typical MFI structure of ZSM-5,
and Ni(111) and Ni(200) are observed at 45 and 52°,
respectively (PDF 04-016-1090).33−35 With the increase of Ni
loading, the Ni peaks are more intense. Figure S2 shows the
porous structures of different catalysts. According to the
IUPAC classification, the isotherms of samples show that
HZSM-5, SiO2, and TiO2 are microporous, mesoporous, and
nonporous materials, respectively. Moreover, part of Cu and
Ni could reside in the pores of the support, as confirmed by the
decrease of the pore volume.
The effect of calcination temperature of TiO2 (P25) on the

conversion and product distribution in the propanal coupling is
illustrated in Figure 1b. The nearly complete conversions are
observed by all the Cu/SiO2−TiO2 catalysts calcined at
different temperatures (100, 350, 400, and 450 °C). The net
product selectivity for secondary C9 oxygenates17 (2,3,4,5-

Figure 2. CO2 (a,c) and NH3 (b,d) DRIFTS and TPD spectra on TiO2 calcined at different temperatures and (e) carbonate modes of adsorbed
CO2 species on TiO2 (P25, calcined at 350 °C).
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tetramethyl-2-cyclopenten-1-one, 2,3-dimethyl-1,3-heptadiene,
2,4-dimethylheptanal, and propyl-2-methyl valerate) show a
volcanic relationship with the calcination temperature. The
corresponding carbon-based yields are 55, 59, 48, and 38% for
TiO2 calcined at 100, 350, 400, and 450 °C, respectively. The
optimum product distribution is obtained at a calcination
temperature of 350 °C. Besides C9 oxygenates, the primary
product is C6 oxygenates (2-methyl-pentanal, 2-methyl-
pentenal, and propyl propanoate) formed via aldol con-
densation and esterification pathway from propanal through
the enolate intermediate mechanism.7 The amount of Cu/SiO2
remained constant based on the earlier work of Iglesia et al.12

Figure 1b clearly shows that the calcination temperature of
TiO2 significantly changes the product yield. The effects of
calcination temperature on the catalyst properties are then
probed using CO2 and NH3-DRIFTS/TPD.
Normally, the adsorption of propanal and the formation of

enolate require bifunctional Lewis basic and acid site pairs.12,13

The basic and acidic properties of TiO2-350 °C were examined
using CO2 and NH3-DRIFTS, respectively. TiO2 is a reducible
metal oxide made of Ti4+ cations (Lewis acid sites) and O2−

anions (Lewis basic sites) on the surface and in the bulk.
Therefore, CO2 is either adsorbed on the oxygen or titanium
atoms known as basic and acidic sites, respectively,36 because
the oxygen atoms of CO2 are weakly basic, while the carbon is
acidic. Figure 2a shows the CO2-DRIFTS results from the
TiO2-350 °C sample pretreated under Ar at 120 °C and
exposed to the CO2/Ar mixture at 30 °C from 2 to 80 min.
The increased intensities are attributed to the increased
amount of the adsorbed species on the TiO2 surface and gas-
phase CO2 in the diffuse reflection chamber. The observed
bands in Figure 2a are consistent with the previously reported
results,37−41 where the bicarbonates (BCs): 1617, 1202 cm−1;
bridge bidentate carbonates (BBCs): 1296, 1723 cm−1;
chelating bidentate carbonate (CBC): 1243, 1675 cm−1;
monodentate carbonate (MDC): 1501, 1457, 1296 cm−1 and
carboxylate carbonate (CC): 1565, 1698 cm−1 are observed,
and their structures are shown in Figure 2e. The formation of
BC requires interaction between CO2 and TiO2 surface OH
(weak base site); CBC and BBC require participation of either
adjacent cationic site and surface oxygen or both (Ti4+−
O2−),36,37 and finally, MDC and CC require one surface
oxygen (O2−, strong base sites). The identified DRIFTS peaks
illustrate the active sites evolved with different strengths, as
equally reported by Leoń and Faba et al. BC represents weak
acid pairs,37,42 MDC and CC represent strong acid pairs, and
CBC and BBC represent medium-strength acid−base pairs.
Furthermore, the acidic site’s type for TiO2-350 °C was also

examined by NH3-DRIFTS. The NH3-DRIFTS adsorption
mode on reducible metal oxide can be classified into (i) H-
bonded NH3 on oxidative sites: 3310 and 3396 cm−1; (ii)
Lewis acid-bonded NH3: 1550 and 1600 cm−1; and (iii)
Brønsted acid-bonded NH3: 1410, 1420, and 1680 cm−1.43 In

Figure 2b, two major peaks are observed at a lower frequency
(1500−1700 cm−1) and higher frequency (3200−3500 cm−1)
representing the bending mode and N−H and O−H stretching
vibration between H from NH3 and surface oxygen,
respectively. No peak is observed for Brønsted acid sites.44

Furthermore, CO2-TPD and NH3-TPD were then used to
determine the site’s quantities and strength of the basic/acidic
sites on TiO2. The TPD curves are deconvoluted by the best
model fitting to the Gaussian distribution.
Figure 2c,d illustrates the deconvoluted spectra of CO2-TPD

and NH3-TPD for TiO2 calcined at different temperatures.
The CO2 desorption profile strength in Figure 2c can be
grouped into three major regions: weak (50−150 °C, BC),
moderate [200−400 °C, bidentate (bridge and chelating)],
and strong (>400 °C, monodentate and carboxylate) according
to previous works.45−47 The weak basic site is ascribed to BC
with a peak maximum within 100−150 °C. This weak peak
shifts to higher temperatures as the calcination temperature
increases. The thermal stability order of adsorbed CO2 species
on TiO2 is CC) ≈ MDCs > BBCs > CBCs ≈ BCs.38 The
medium basic sites were dominant and ascribed to (i) BBC
(Ti−O) and (ii) CBC (Ti) on metal cations.42,48−50 Finally,
two minor peaks representing the strong basic site were
observed as MDC and CC at ca. 500 and 650 °C, respectively.
The detailed site counts for the samples based on TPD are
summarized in Table 1.
Based on the site number obtained from the TPD results in

Table 1, the dominating site pair is medium site form, that is,
Ti and Ti−O sites on TiO2 surfaces, which is in accordance
with the literature.12 It can be seen from Table 1 that the
bridge (BBC, Ti−O) and chelating (CBC, Ti) bidentate sites
on TiO2 calcined at 100 °C showed the basic site amount of
0.247 and 0.064 mmol/gcat, respectively. The determined site
ratio for Ti/Ti−O decreases from 3.9 and remains stable at 2.4
and drops to parity at 1.2 ratios for TiO2 calcined at 100, 350,
400, and 450 °C, respectively. This reveals that the Ti sites are
dominating in TiO2 (p25) at low calcination temperatures,
while Ti−O is formed at the higher calcination temperatures.
This agrees well with the reported observation that Ti−OH
groups are converted to Ti−O in the anatase phase as the
temperature increases and consistent with the reported thermal
stability of adsorbed CO2 on oxides such as TiO2.

51,52

Furthermore, Figure 2d shows NH3-TPD for the TiO2 catalyst
calcined at different temperatures. As inferred from NH3-
DRIFTS, the two intense chemisorbed peaks are Ti Lewis acid
sites and O−H stretching vibration from the surface oxygen.53

The lower temperature peak at about 200 °C originates from
the physisorbed NH3 or ammonium ions,54 and the desorption
peak at 350 and 650 °C is ascribed to Ti Lewis acid sites and
O−H stretching vibration from the surface oxygen, respec-
tively.44 The determined Ti Lewis acid site count (Table 1)
decreased from 0.46 to 0.17 mmol/gcat with increasing
temperature from 100 to 450 °C. The Ti Lewis acidic sites

Table 1. Physico-Chemical Properties of the TiO2 Catalysts from CO2/NH3-TPD

basic sites modes acidic sites
total sites
(mmol/g)

catalysts BC CBC (Ti) BBC (Ti−O) MDC CC O−H stretching vibration of oxygen site Ti2+ Lewis acidity site basic acidic

TiO2-100 °C 0.010 0.247 0.064 0.011 0.025 0.06 0.46 0.36 0.51
TiO2-350 °C 0.007 0.094 0.039 0.017 0.011 0.02 0.26 0.17 0.28
TiO2-400 °C 0.006 0.085 0.036 0.007 0.008 0.00 0.23 0.15 0.2
TiO2-450 °C 0.008 0.029 0.025 0.006 0.004 0.00 0.17 0.11 0.18
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account for over 89% of all acidic sites. This reduction in the
Lewis acid sites is congruent to total surface area declines as
the calcination temperature increases. Therefore, the total
accessible site for NH3 titration also decreases and resulted in a
decline in the total sites with respect to the increase in the
calcination temperature.
The catalytic consequence of the catalyst properties varied

by the calcination temperature for the C−C coupling reactions
of propanal via aldol condensation was then analyzed by
correlating the number of the Ti and Ti−O sites to the
catalytic performance. Based on product distribution in Figures
1 and 3 and also the results of Iglesia,12 the simplified reaction
pathways including the chain growth and termination steps are
proposed and presented in Scheme 1. Cn* represents the
surface intermediate with a carbon number of n (n = 3, 6, 9,
12). Cn oxygenates and Cn hydrocarbons are the lumped
oxygenates (including aldehydes, alcohols, and ethers) and
hydrocarbons (including alkenes and alkanes) with the carbon
number of n. rOn

and rHn
are the formation rate of the lumped

oxygenates and hydrocarbons. For the chain growth, the
adsorbed propanal first undergoes chain growth via self-
condensation through C3-enolate to yield C6. The as-formed
C6 further undergoes cross-condensation with C3-enolate to
yield C9. Finally, C12 oxygenates17 are formed from cross-
condensation between C3-enolate and formed C9. Herein, the
subsequent cyclization reaction of linear oxygenates to cyclic

Figure 3. Net rC6−C3
and rC9−C3

site time yield as a function of the (a) number of Ti, (b) Ti−O site pairs, and site time yield as a function of (c)
vicinal Lewis acid sites (Ti4+) and (d) O−H stretching vibration of the oxygen site over Cu/SiO2−TiO2 catalysts. Reaction conditions: a
temperature of 300 °C, 1/WHSV of 0.83 h, a propanal pressure of 0.63 bar, a H2 partial pressure of 0.22 bar, a total pressure of 1.0 bar, and a TOS
of 5 h. (e) DFT calculation of propanal adsorption and Bader charge analysis on TiO2(101).

Scheme 1. Chain Growth and Termination Pathways in
Propanal Conversion, Where Cn (n = 3, 6, and 9)
Represents the Carbon Chain with n Carbon; rOn

and rHn

Represent the Molar Formation Rate (Site Time Yield) of
Cn Oxygenates; and rHn

Denotes the Dehydration−
Hydrogenation or Hydrogenolysis Formation Rate of Cn
Hydrocarbons; [C3] and [H2] Stand for the C3
Intermediates and Hydrogen; Solid and Dashed Arrows
Represent Carbon Chain Growth and Chain Termination,
Respectively
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ketone results in a higher yield of C9 ketone and thereby
terminates the chain growth. For each intermediate, two steps
terminate the products either through Cn oxygenates via
desorption or Cn hydrocarbons via hydrodeoxygenation.
The chain growth rates of C3 self-condensation and cross-

condensation of C6 and C9 chains, namely, rC3−C3
, rC6−C3

, and

rC9−C3
, can be obtained from the formation rates of individual

compounds in eqs 6−8. The coefficients in equations represent
the stoichiometric requirements for each one of these
condensation steps.

r r r r
6
9

9
12C C C C C3 3 6 9 12

= + +−
i
k
jjj

y
{
zzz (6)

r r r
9

12C C C C6 3 9 12
= +− (7)

r rCC C9 3 12
=− (8)

where r6, r9, and r12 are the formation rates of lumped
oxygenates and hydrocarbons with a carbon number of 6, 9,
and 12, respectively. It should be noted that r is the site time
yield rather than a truly kinetic rate used in the present work.
To elucidate the requirement of the active site for the

reaction, rC6−C3
and rC9−C3

were correlated to the dominating
sites, that is, Ti (CBC) and Ti−O (BBC) site numbers, as
shown in Figure 3a,b, respectively. In Figure 3a,b, the rates
linearly increase with increasing number of Ti and Ti−O sites
until reaching their maximum values of 350 °C calcination
temperature for rC6−C3

and rC9−C3
.

The results in Figure 3a,b suggest that both sites are
required for the carbon coupling reactions. The Ti pairs are
involved in the chain growth step by stabilizing the enolate for
the surface reaction between enolate and adsorbed propanal.
The kinetic relevant step of the reaction, according to Iglesia et
al., involves the step for enolate formation from propanal. This
step requires Ti−O pair where O in TiO2 abstracts the acidic
hydrogen at the alpha position in propanal.12 Because the main
product of our results is C9 whose formation involves the Ti−
O and Ti sites than only the Ti−O site, a linear relationship as
observed for both sites was expected. However, a balance
between Ti and Ti−O sites is required for effective chain
growth probabilities. We must admit that to grow the carbon
chain the Ti site and Ti−O are mutually inclusive. However, a
higher Ti number results in a significant decrease in the site
time yield because of a higher acid site number as observed
from TiO2 calcined at 100 °C.
In addition, the possible role of Ti Lewis acidity in the

formation of the intermediate is examined by correlating the
formation rates of products with the vicinal Ti Lewis acidic
sites and O−H stretching vibration of oxygen sites in Figure
3c,d. The formation rates of cyclic ketone (2,3,4,5-tetramethyl-
2-cyclopenten-1-one) and C9 hydrocarbons (2-ethyl-5,5-
dimethyl-1,3-cyclopentadiene and 2,4-dimethyl-1-heptene)
increase almost linearly with increasing number of the vicinal
Ti Lewis acid sites before it reaches 0.26 mmol/gcat, while the
rate correlates poorly with the O−H stretching vibration of the
oxygen site. In addition, the site number of O−H stretching
vibration of the oxygen site is much smaller (almost 1/10)
than that of vicinal Ti Lewis acidic sites. It suggests that the
vicinal Ti Lewis acid sites catalyze the dehydration and
cyclization reactions (formation of cyclic ketone) and the
hydrogenation−dehydration reaction (formation of hydro-

carbon from oxygenates), which is in good agreement with
the literature.44,55,56 However, a further increase in the vicinal
Ti Lewis acid site led to a slight decrease in the site time yield
of cyclic ketone and hydrocarbons. This is because the acidic
strength is weaker on TiO2 calcined at 100 °C (Figure 2). The
maximum activity corresponds to TiO2 calcined at 350 °C.
Based on the above results, the reaction pathway for the C9-

cyclic ketone formation from propanal was proposed (Scheme
2). The kinetic relevant steps for the formation of C9-cyclic

ketone can be classified into three steps: step (a), adsorption
and removal of alpha hydrogen to form enolate; step (b),
surface C−C coupling reaction between enolate (C3 and C6)
and adsorbed propanal; step (c), rapid cyclization of aldol-
derived species into C9-cyclic ketone in the presence of H2 and
Cu/SiO2−TiO2. The proposed steps a and b are similar to
those reported by Iglesia et al.12 In step 1 and step 2 in Scheme
2, the enolate formation involving abstraction of acidic
hydrogen at the alpha position was indicated as the kinetic
relevant step in the aldol condensation reaction.10 Our DFT
calculation (Figure 3e) reveals that the electronegative oxygen
(−0.07 eV) in propanal adsorbed on the Lewis acidic site of Ti
and the basic site of adjunct O could attract the alpha
hydrogen. The Ti site aided in the stabilization of the adsorbed
enolate, which is consistent with the experimental observation
where the activation of propanal requires Lewis acid and base
pairs (Ti−O), as shown in Scheme 2.
Moreover, this phenomenon explains well that the chain

growth activity depends not only on the Ti−O and Ti site
numbers but also on the Ti−O and Ti site strength. High
basicity of the site is preferred, and a lower basic strength of
Ti−O results in a lower attraction ability of alpha hydrogen
and thus a lower activity. In addition, a relatively strong Ti
Lewis acidic site stabilizes the adsorbed species better. In steps
b and c, the Ti and Ti−O site pairs are required for the C−C
coupling through the surface reaction between enolate and
alkanals (C3+). The basic site of O in Ti−O is saturated by H
after the activation of propanal, which allows adsorption of
propanal on the vicinal Ti site (step c in Scheme 2).
Adsorption of propanal activates the α carbon and promotes
the C−C coupling reaction between the adsorbed enolate and
propanal. This forms aldol species (3-hydroxy-2-methylpenta-
nal), while the vicinal Ti sites catalyze the dehydration of H2O
in the C6 condensation intermediate and release basic site
(steps 4 and 5 in Scheme 2). The O in the OH group of 3-
hydroxy-2-methylpentanal adsorbed on the Lewis acidic site of
Ti, and the basic site of adjunct O could attract the alpha
hydrogen, which promotes dehydration (steps 6 and 7 in
Scheme 2). Desorption of water and products from Ti−O and
Ti finalized the catalytic cycle. The Ti acidic sites are required
for the adsorption of C6 alkenal and thereby stabilize the

Scheme 2. Possible Reaction Pathways for the Carbon
Coupling Reaction between C6 Alkanal and Propanal To
Yield C9-Cyclic Ketone
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enolate for chain growth. In step c, the formed C6, 2-methyl-2-
pentenal, adsorbs on the Lewis acid sites (k9), where the Ti−O
and Ti sites aid in the reaction between C3-enolate and the
adsorbed C6, yielding C9 alkanal via aldol condensation
reaction (steps 10−13 in Scheme 2). Furthermore, the final
product is formed on the Lewis acid sites via methyl transfer
and isomerization to C9-cyclic ketone via 1−5 ring closure on
the Lewis acidity. It has been reported that it is easy to cleave
ethyl groups than the methyl group based on the stability of
the carbonium ions.57 Therefore, the vicinal Ti site redraws
electrons from the oxygen via an electrophilic attack. This aids
in the trans-alkylation/isomerization reaction toward 2,3,4,5-
tetramethyl-2-cyclopenten-1-one. C9 alkanal quickly undergoes
cyclization to form a C9-cyclic ketone (C9H14O) and
significantly terminates the chain growth via the vicinal Ti4+

site.
Active Sites for Hydrodeoxygenation of Cyclic

Ketone Intermediate to Aromatics. The tandem reactions
were studied using a dual-bed (upstream: Cu/SiO2−TiO2||
downstream: Ni/HZSM-5) catalyst in a single packed bed
reactor to convert the cyclic ketones to aromatics. It is found
that jet fuel range aromatics (C7−C12) are the dominating
products, and detailed product distribution is tabulated in
Tables S1−S7. The relationship between the Ni content and
product yield is indicated in Figure 4a. In terms of net jet fuel
range aromatic formation, the downstream Ni/HZSM-5
catalyst is more active than HZSM-5. The site requirements
and reaction mechanism for the conversion of C9 ketone to
aromatics were examined by altering the bifunctionality
(metal−acid site) via increasing the Ni content on HZSM-5.

The addition of Ni on HZSM-5 in the downstream increased
the formation of aromatics. The best jet fuel range aromatic
yield of 81.7% was obtained over the 20 wt % Ni/HZSM-5
catalyst.
To probe the effects of Ni loading on the formation of

aromatics from C9-cyclic ketone, the acidic properties of
HZSM-5 and 20% Ni/HZSM-5 catalysts were studied by NH3-
DRIFTS and NH3-TPD, respectively. In Figure 4c,d, the bands
at 1153, 1255, and 1624 cm−1 are ascribed to Lewis acid sites,
while 1519 and 1734 cm−1 are attributed to Brønsted acid
sites.54,58 NH3-TPD was then used to quantify the number and
strength of the Lewis and Brønsted sites (Figure 4b). The
amount of absorbed NH3 increases with exposure time for
both HZSM-5 and Ni/HZSM-5. However, the impregnation
of Ni on HZSM-5 led to the disappearance of the Brønsted
peak at 1464 cm−1. This indicates that some of the Brønsted
protons have been selectively replaced by Ni ions. NH3-TPD
spectra of HZSM-5, 0.5Ni/HZSM-5, 10Ni/HZSM-5, and
20Ni/HZSM-5 are shown in Figure 4b. Two peaks are
observed on HZSM-5, where the peak at 200−220 °C is
ascribed to physisorbed NH3 and that at 400−420 °C is
ascribed to the Brønsted acidity, while no visible Lewis acid
sites were observed in the NH3-TPD thermogram.59,60 In
contrast, three peaks are observed at 200, 350, and 420 °C for
Ni-impregnated samples.61 The newly formed 350 °C peak
based on the deconvolution is associated with Lewis acidic
sites because of Ni modification; however, similar peaks have
been assigned to Ni species in accordance with previous
reports.61 The total acidity increases with higher Ni loading on
the support (HZSM-5), which is similar to the previous report

Figure 4. Effects of Ni loading on 5 wt %Cu/SiO2 (0.5 g)−TiO2 (350 °C; 0.5 g)||Ni/HZSM-5 (1 g) product yield (a). Reaction conditions: 1/
WHSV of 5.2 h based on the total weight of the catalyst, the hydrogen pressure of 0.39 bar, the propanal pressure of 0.21 bar, the temperature of
300 °C, and the total pressure of 1.0 bar, and the Ni loading for the physical mixture is 20 wt %; NH3-TPD spectra for different Ni/HZSM-5
catalysts (b); DRIFTS spectra of absorbed NH3 on (c) HZSM-5 and (d) 20Ni/HZSM-5 catalysts exposed to a flow of 500 ppm NH3/Ar (50 mL/
min) at 150 °C for different times.
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on Zn/HZSM-5.62,63 The increase in the Ni loading results in
the 45.5% decline in the Brønsted sites at 20 wt % Ni loading,
suggesting that Ni selectively occupies some Brønsted acidic
sites.
The effects of the inherent Brønsted acidity and the induced

Lewis acidity were correlated with the jet fuel range
hydrocarbon yield. Figure 5 shows the relationship between
Brønsted acid sites and Lewis acid sites to the net jet fuel range
aromatic yield obtained through tuning Ni loading. HZSM-5
catalyzes the reactions toward aromatics. The jet fuel yield
decreases linearly with more Brønsted acid sites (Figure 5a),

while the jet fuel yield correlates positively with the Lewis sites
as the Ni loading increases (Figure 5b). These results indicate
that the Lewis acid created by the addition of Ni mainly
contributed to the enhanced activity for hydrogenation as well
as possibly dehydration and aromatization reactions. In this
sequence reaction, the C9-cyclic intermediate possibly under-
goes hydrogenation from the reduced Ni sites and further
dehydration from the acidic Lewis sites.9 On the zeolites with
higher Ni loading, a larger number of Lewis acid sites, a smaller
number of Brønsted sites, and a higher jet fuel yield suggest a
much higher activity over the Ni-added catalyst compared to

Figure 5. Relationship between Brønsted acid sites (a) and Lewis acid sites (b) to the jet fuel range hydrocarbon yield for HZSM-5, 0.5, 10 and 20
wt % Ni/HZSM-5, (0.5 g) Cu/SiO2-(0.5 g) TiO2−Ni/ZSM-5 (1 g). Reaction conditions: 1/WHSV of 5.2 h, a hydrogen pressure of 0.39 bar, a
propanal pressure of 0.21 bar, a temperature of 300 °C, a total pressure of 1.0 bar, and a TOS of 12 h.

Scheme 3. Reaction Mechanism for Hydrogenation−Dehydration and Aromatization Chain Reactions on the Downstream Bed
Catalyst (Ni/HZSM-5)
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neat HZSM-5. Meanwhile, the Brønsted sites (possible
activator for dehydration and hydrogen-transfer reaction64)
have few hydrogenation−dehydrogenation sites for the hydro-
genolysis toward the aromatic formation, and thus, a lower jet
fuel yield is observed on HZSM-5 as compared to that on Ni/
HZSM-5. Herein, the bifunctional sites including Brønsted
sites from HZSM-5 and Lewis acidic sites formed via Ni
modification of the designed catalyst facilitated the jet fuel
range hydrocarbon generation.
The possible reaction pathway toward aromatization

catalyzed by Ni/HZSM-5 is proposed in Scheme 3. The
mechanistic pathway for the conversion of C9-cyclic ketone to
an array of aromatics (C7−C12) is based on observed products
(Tables S1−S7) via tuning Ni loading. The C9-linear alkanal is
not detected but reported as the main intermediate for the
formation of C1−C5 ring closure (k1).

7 This leads to the
formation of another intermediate, 2-ethyl-3,5-dimethyl-cyclo-
pentene-2,4-dione, which further undergoes isomerization and
alkyl transfer (k2) to the stable product, 2,3,4,5-tetramethyl-2-
cyclopenten-1-one, referred herein to as C9-cyclic ketone. The
C9-cyclic intermediate for jet fuel range aromatic generation is
quite similar to the results of Zhang et al. where jet fuel range
C8−C9 aromatic hydrocarbons were synthesized in high
carbon yield using C9 isophorone as a feedstock.65 In the
presence of hydrogen and Ni/HZSM-5, there is H2 adsorption

and H2 spillage (k3), followed by C9-cyclic ketone hydro-
deoxygenation to aromatics (mesitylene) via hydrogenation
(k4), dehydration (k5), and isomerization (k6) chain reactions.
The formed mesitylene further undergoes disproportionation,
alkyl transfer, and isomerization to xylene isomers and other
alkylated aromatics (k7). These reactions (dehydration,
isomerization, and aromatization) are mainly promoted by
the hydrogenation Ni site, Lewis acidic sites, and possibly
Brønsted acidity (H+). The presence of Ni on HZSM-5
enhances the performance compared with that on pure HZSM-
5.

Stability Analysis of the Dual-Bed System. The
formation of a jet fuel over the dual-bed catalyst system was
studied for 72 h period over the Cu/SiO2−TiO2||20 wt % Ni/
ZSM-5 catalyst, as shown in Figure 6. The mass balance for all
experiments is greater than 90%. Compared with the reported
state-of-the-art HZSM-5 catalyst which has a sharp decline in
activity, the dual-bed catalyst exhibited much better perform-
ance, that is, an almost 100% conversion over 72 h period.
However, there is still an increase in C9 oxygenates with a
gradual decrease in the jet fuel range aromatic yield. Based on
the above analysis, the C9 intermediate cannot be successfully
converted to aromatics, indicating that the deactivation is on
the downstream Ni/HZM-5 catalyst. Furthermore, multi-
techniques such as TGA, N2 physisorption, FT-IR, and

Figure 6. Stability analysis (a) and regeneration (in situ reduction at the reaction temperature) after 72 h on 5 wt % Cu/SiO2−TiO2 (350 °C)||20
wt % Ni/ZSM-5 as a function of time on stream; TGA (b); N2 physisorption (c); and FT-IR spectra (d) for the 12 and 72 h spent catalyst.
Reaction conditions: 1/WHSV of 5.2 h, a pressure of hydrogen 0.39 bar, a pressure of propanal 0.21 bar, a total pressure of 1.0 bar, and a
temperature of 300 °C.
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HRTEM were used to confirm the deactivation mechanism of
the downstream bed catalyst. In Figure 6a, the relative weight
loss from 130 to 600 °C represents the coke formation from 12
h for the Ni/HZSM-5 catalyst. Meanwhile, the coke content
observed for the downstream bed (Ni/HZSM-5) at 12 h and
72 h is 1.68 and 9.24 wt %, respectively. In addition, the
accessible surface area of the downstream Ni/HZSM-5 catalyst
has a 59% reduction in the BET surface area from 224 to 83
m2/g (Table S8). The pore volume also declines from 0.14 to
0.07 cm3/g, indicating a 50% decay. The reduction of pore
volume should be due to coke formation, causing pore-
blocking deactivation. FT-IR was further used to investigate
the properties of the hydrocarbon deposits on the spent
catalyst. For the downstream catalyst, a band is observed at
1600−1650 cm−1 at 12 h, which is assigned to polyalkenes. In
addition, branched alkanes are also observed at ca. 1380 cm−1.
Therefore, the coke for the downstream catalyst might be
mainly polyalkenes and branched alkane. Similar spectra are
observed for 12 and 72 h, but the signal for 72 h was more
intense. Moreover, the average Ni particle increases from 11
and 26 nm, as confirmed by the TEM results (Figure S3).
It can also be seen from Figure 6 that there is an increase in

the C6 oxygenate pool yield together with the reduction of C9
oxygenates, which indicates the slight deactivation of the
upstream Cu/SiO2−TiO2 catalyst. This also clearly demon-
strates that the propanal is converted to C6 and then C9
intermediate for subsequent jet fuel production. The mass of
coke or accumulated intermediates on the upstream bed (Cu/
SiO2−TiO2) at 72 h is 3.73 wt %. Compared with the
downstream bed catalyst, this smaller coke content for
upstream bed catalysts could be possibly due to its lower
acid sites. In addition, the coke causes the reduction of surface
area from 228 to 108 m2/g and the 55% decrease of pore
volume from 0.43 to 0.19 cm3/g (Table S9). The coke
properties are analyzed by FT-IR. At 72 h, there are two broad
bands at 1400−1450 and 1500−1550 cm−1, representing C−H
linear together with cyclic/linear C−H asymmetric stretching.
Without bifunctionality, the coke of the upstream bed catalyst
is conceivably by the intermediates (α−β unsaturated carbonyl
polymerization). In addition, there is also Cu aggregation from
22 to 30 nm. Although the dual-bed Cu/SiO2−TiO2||Ni/ZSM-
5 catalyst suffers from deactivation, it still shows the highest
catalytic stability compared with the reported results.8,22,23

This analysis of performance and deactivation offers a
promising avenue for the further enhancement of the catalytic
performance for jet fuel range hydrocarbon synthesis from light
oxygenates.

■ CONCLUSIONS
In this work, jet fuel range hydrocarbon is produced from
biomass-derived light alkanal in a single tubular reactor with
the dual-bed catalyst system, and a high yield of 81.7% and a
purity of 85% have been achieved. It is found that the required
kinetic steps such as enolate formation and surface chain
growth reactions are activated by Ti−O site pairs and Ti sites.
The combined Ti−O and −Ti structure is required during the
surface reaction step. This site is originated from the
combination of Ti−O and vicinal Lewis acid center from Ti.
TiO2 passivation at 350 °C gives an optimum C9-cyclic ketone
yield because of relatively balanced Ti and Ti−O site count as
well as an intermediate acid/base strength. Furthermore, the
active site for hydrodeoxygenation of the C9-cyclic ketone to
jet fuel range aromatics involves hydrogenation−dehydration

and aromatization chain reaction on Ni/HZSM-5. Thus,
increasing Ni loading led to a remarkable enhancement in
the jet fuel yield. These active site requirements are also
demonstrated by the time-based analysis of catalytic perform-
ance. This work is significant to the design of an efficient dual-
bed catalyst for the generation of jet fuel range hydrocarbons
from various biomass-derived light oxygenates.
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