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A B S T R A C T   

Heterogeneous zeolite/zeotype catalysts are attractive for converting renewable biomass-derived chemicals into 
transportation fuels by aldol condensation reactions, which provide a simple strategy to improve carbon 
numbers. Herein, Zr-doped aluminum phosphate (ZrAPO-5) were applied for efficient syntheses of diesel and jet 
fuel range C11, C12 and C16 intermediates from biomass-derived furfural (FF) and cyclohexanone (CH). Incor-
poration of Zr in the APO-5 framework facilitated the adsorption of the C––O groups of FF and CH and created 
more and stronger acid and base sites, which co-catalyzed the aldol condensation and facilitated the product 
yields. ZrAPO-5 (Zr/Al = 0.20) yielded up to 79.3% single aldol condensation product C11 or 80.7% double aldol 
condensation product C16 in the cross-aldol condensation of FF and CH under appropriate reaction conditions, 
and also realized 83.3% C12 yield in the self-aldol condensation of CH. In addition, the catalytic system displayed 
good to excellent yields of other value-added chemicals in aldol condensations of alternative carbonyl 
compounds.   

1. Introduction 

Catalytic conversion of renewable biomass to chemicals and poten-
tial fuels is a highly relevant topic for dealing with global challenges 
such as environmental preservation and the future energy demand.[1] 
Especially the synthesis of diesel and jet fuel range hydrocarbons from 
lignocellulose-derived platform compounds has drawn tremendous 
attention,[2,3] and one of the frequently adopted strategies to increase 
carbon numbers of biomass-derivatives for producing jet fuel (C9–14) and 
diesel (C12–20) is the aldol condensation of carbonyl compounds.[4] The 
reaction may occur between two ketones, two aldehydes or an aldehyde 
and a ketone. 

Furfural (FF) and cyclohexanone (CH) are platform chemicals with 
carbonyl groups which may be derived from xylose and aromatic ethers 
[5,6] though CH synthesized from the biomass-derived compounds is 
not widely used. The cross-aldol condensation between FF and CH can 
generate (E)-2-(furan-2-ylmethylene)cyclohexan-1-one (labelled C11) 
and (2E,6E)-2,6-bis(furan-2-ylmethylene)cyclohexan-1-one (labelled 

C16).[7] The self-aldol condensation of CH forms two isomers, [1,1’-bi 
(cyclohexylidene)]-2-one and [1,1’-bi(cyclohexan)]-1’-en-2-one 
(together labelled C12) (Scheme 1). All of the C11, C12 and C16 com-
pounds are fuel precursors with high volumetric energy density and high 
pour point.[7,8] 

In order to generate C–C bonds with carbonyl compounds, bases are 
typically exploited for the abstraction of α-protons to form the enolate 
intermediate required for the bond formation.[9] Accordingly, homo-
geneous basic catalysts (e.g., NaOH and Ca(OH)2) [10–12] and hetero-
geneous basic catalysts (e.g., earth alkali oxides, MgZr or MgAl mixed 
oxides and hydrotalcite) [13–16] have been widely used for the aldol 
condensation between FF and ketones. Although homogeneous basic 
catalysts show excellent activity and high selectivity for the desired 
products, several drawbacks remain during the synthesis, such as cata-
lyst/product separation and equipment corrosion.[9] Heterogeneous 
basic catalysts could circumvent these issues and are thus preferred, 
however, they are easily deactivated in the presence of furoic acid which 
can form as byproduct by base-catalyzed Cannizzaro reaction of FF.[7, 
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17,18] Moreover, retro-aldolization is also prone to take place in sys-
tems with strong base,[4] whereas medium-strength base is an effective 
active site for the aldol condensation.[14,19] Notably, acid catalyst sites 
are found most active for the consecutive dehydration of the aldol 
product to form C––C bonds.[20] 

Zeolite catalysts with unique shape selectivity as well as tuneable 
acidity and basicity have been introduced for FF aldol condensation. 
[21] For example, Kikhtyanin et al. applied zeolites with different 
framework structures (MFI, BEA, FAU and MOR) for the aldol conden-
sation of FF with acetone at 100 ◦C, however, FF conversions were low 
(<50 %) in all reactions.[22] Sn-doped MFI and Beta yielded much 
better performance in the same reaction at 160 ◦C with the smaller-pore 
Sn-MFI selectively producing C8 (61 % yield) and the larger-pore 
Sn-Beta generating both C8 (40 % yield) and C13 (11 % yield) with 
high reaction rate.[23] Hence, these studies suggest that metal-doped 
zeolites may offer both suitable acidity for aldol condensation and 
appropriate pore size for unique shape selectivity. Amorphous alumi-
nophosphates have also been used in the aldol condensation,[24] but 
their potential application as metal-doped zeolite/zeotype catalysts re-
mains elusive for such condensation and the relationship between zeo-
type structure and performance is poorly understood. 

In this study, large-pore (8.3 Å) Zr-doped aluminum phosphate 
(ZrAPOs) with different Zr loadings have been successfully synthesized 
using a simple hydrothermal method and applied for the cross-aldol 
condensation of FF (5.6 Å) [25] and CH (5.7 Å) [25] and self-aldol 
condensation of CH. High C11 yield (79.3 %) and C16 yield (80.7 %) 
were obtained for the cross-aldol condensation of FF and CH at 120 ◦C, 
whereas 83.3 % C12 yield resulted from the self-aldol condensation of 
CH at 140 ◦C. A combination of structural and spectroscopic charac-
terization together with elemental analysis demonstrated the successful 
replacement of P by Zr atoms in the framework sites, providing suitable 
acidity and basicity to promote the aldol condensations. Adsorption 
experiments and density functional theory (DFT) calculations unveiled 
that the introduction of Zr also activated the adsorption of C––O bonds 
of the substrates. Additionally, the best performing catalyst, i.e. ZrAPO 
(0.20), was demonstrated to be selective for the conversion of other 
aldehydes and ketones. 

2. Experimental 

2.1. Materials 

Phosphoric acid 85 % (H3PO4, ≥99.8 %), aluminum isopropoxide (Al 
(O-i-Pr)3, ≥ 98 %), triethylamine (Et3N, ≥99 %), zirconium acetate so-
lution in dilute acetic acid (15.0–17.0 wt% Zr), furfural (FF, 99 %), 5- 
methylfurfural (MFA, 99 %), 2,5-furandicarboxaldehyde (FCA, 97 %), 
benzaldehyde (≥99 %), m-tolualdehyde (97%), p-tolualdehyde (97 %), 
o-tolualdehyde (97%), acetone (≥99.5 %), 3-pentanone (≥99 %), 4-hep-
tanone (98 %), 5-nonanone (98 %), cyclopentanone (CP, ≥99 %), 
cyclohexanone (CH, ≥99.0 %), cycloheptanone (CHP, 99%), toluene 

(≥99.9 %), tetrahydrofuran (THF, ≥99.9 %), 1,4-dioxane (≥99.5 %), 
and decane (≥99 %) were purchased from Sigma-Aldrich. All chemicals 
were used as received. 

2.2. Catalyst synthesis 

The ZrAPO-5 catalysts were prepared as described elsewhere [26,27] 
using a gel composition of nZrO2:1Al2O3:1P2O5:1Et3N:45H2O 
(n = 0–0.1). Al(O-i-Pr)3 (14.30 g, 0.07 mol) was added to 23 mL 
distilled water and the mixture vigorously stirred (1000 rpm) for 0.5 h. 
Then a solution of 85% H3PO4 (8.07 g, 0.07 mol) in 5 mL distilled water 
was added dropwise and the resulting solution stirred for 1 h. Subse-
quently, designated amount of zirconium acetate solution (2.00–7.98 g, 
3.5–14 mmol) and Et3N (4.9 mL) were added slowly one by one with 
intermediate stirring (600 rpm) for 1 h, where after the solution was 
transferred to an autoclave which was tightly closed and kept at 180 ◦C 
under autogenous pressure and static condition for 48 h. After crystal-
lization, the autoclave was cooled to room temperature and the obtained 
product washed with distilled water several times, oven dried at 110 ◦C 
for 12 h and finally calcined at 550 ◦C for 7 h. ZrAPO-5 with Zr/Al = n 
was denominated as ZrAPO(n). For example, ZrAPO-5 with Zr/Al = 0.20 
(the ratio of the synthesis gel) was denominated as ZrAPO(0.20) (see 
Table S1 for Zr concentrations in the catalysts). APO-5 was synthesized 
by an analogous method without addition of the zirconium acetate 
solution. 

2.3. Catalyst characterization 

Powder X-ray diffraction patterns (XRD) were recorded at room 
temperature in transmission mode using Cu-Kα1 radiation from a 
focusing germanium monochromator and a Huber G760 Guinier in the 
2θ interval 3–100 ◦. The cell parameters of doped samples were refined 
with the FullProf-WinPLOTR software.[28,29] 

Brunauer-Emmett-Teller (BET) surface area and porosity analysis 
were evaluated by N2 physisorption performed at − 196 ◦C by a 
Micromeritics ASAP 2020 instrument. The samples were degassed at 
250 ◦C for 4 h before the measurement. Stotal was calculated by the BET 
method. Vmicro was estimated by the t-plot method. Vmeso was calculated 
by subtraction of the micropore volume from the total pore volume. 

X-ray fluorescence (XRF) spectra were measured on a PANalytical 
εpsilon3-XL instrument. Samples were prepared by fusing them into 
disks using a Claisse LeNeo fluxer oven. 

Ammonia and carbon dioxide temperature-programmed desorption 
(NH3-TPD and CO2-TPD) were performed on a Micromeritics AutoChem 
II 2920 apparatus. Initially, the samples (0.1 g) were exposed to He gas 
flow (25 mL/min) and heated up to 600 ◦C (10 ◦C/min ramp rate) for 
1 h followed by cooling to 100 ◦C. Then NH3/CO2 adsorption were 
carried out by purging with NH3/CO2-He gas mixture (1% NH3/He; 5 % 
CO2/He) for 1 h, where after physically adsorbed gas was removed by 
purging with He gas for 1 h. Desorption of NH3/CO2 was eventually 

Scheme 1. Strategy for the synthesis of C11, C12 and C16 fuel precursors with furfural (FF) and cyclohexanone (CH), which can be derived from biomass.  
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conducted in the temperature range 100/50–600 ◦C with a heating ramp 
of 10 ◦C/min and the amount of liberated gas quantified by a thermal 
conductivity detector (TCD) and calibration curves. 

X-ray photoelectron spectroscopy (XPS) of samples were performed 
ex-situ with a Thermo Scientific system at room temperature using AlKα 
radiation (1484.6 eV) and a spot size of 400 µm. A flood gun was used to 
reduce sample charging effects and the obtained spectra were further 
corrected by setting the C 1s binding energy at 284.8 eV. Data pro-
cessing was done using the Avantage 4.87 software. 

Fourier transformed infrared (FT-IR) spectra of fresh catalysts and 
catalysts with adsorbed FF or CH were recorded on a Perkin Elmer 100 
FT-IR Spectrometer equipped with a Universal ATR sampling accessory. 
The catalysts with adsorbed FF/CH were prepared by the following 
method before the measurements: Catalyst (50 mg), FF (96 mg, 1 mmol) 
or CH (98 mg, 1 mmol) and methanol (1 mL) were mixed and shaken 
vigorously for 5 min followed by oven drying at 80 ◦C for 2 h to remove 
the methanol. 

FF and CH temperature-programmed desorption (FF-TPD and CH- 
TPD) were performed on a Micromeritics AutoChem II 2920 appa-
ratus. The catalysts with FF/CH were prepared by the following method 
before the measurements: Catalyst (100 mg), FF (192 mg, 2 mmol) or 
CH (196 mg, 2 mmol) and methanol (1 mL) were mixed and shaken 
vigorously for 5 min followed by oven drying at 50 ◦C for 2 h to remove 
the methanol. Then the samples were transferred for the TPD analysis. 
Desorption of FF/CH was eventually conducted in the temperature range 
50–600 ◦C with a heating ramp of 10 ◦C/min. 

27Al and 31P magic-angle spinning nuclear magnetic resonance (MAS 
NMR) spectra were recorded on a Bruker AVANCE III HD spectrometer 
and operated at a magnetic field of 14.05 T equipped with a 4 mm CP/ 
MAS BBFO probe. 

Scanning electron microscopy (SEM) images of samples were recor-
ded on an AFEG 250 Analytical ESEM at 5 kV. 

2.4. Catalyst activity tests 

Cross- and self-aldol condensation reactions were conducted in 
15 mL ACE pressure tubes in an oil bath with a magnetic stirrer. A 
mixture of FF, catalyst and CH, or a mixture of CH and catalyst, was 
added to the tube and the tube placed in an oil bath (600 rpm) with a 
designated reaction temperature. After a specified reaction time, the 
tube was cooled to room temperature and a liquid sample of the reaction 
mixture diluted with acetone to 10 mL in a volumetric flask followed by 
analysis (decane as an internal standard) using gas chromatography- 
mass spectrometry (GC-MS) (Agilent 6850–5975 C) with GC flame- 
ionization detection (GC-FID) (Agilent 6890 N), both equipped with 
an HP-5MS capillary column (30.0 m × 250 µm × 0.25 µm). A mixture 
of H2 with a flow rate of 30 mL/min and N2 with a flow rate of 25 mL/ 
min was used as a carrier gas. The sample injection volume was 1 μL. 
The injection port temperature was 270 ◦C. The oven was temperature 
programmed to start at 40 ◦C for 1 min, ramp with 10 ◦C/min to 200 ◦C, 
ramp with 5 ◦C/min to 270 ◦C, and then hold at this temperature for 
5 min. The temperature of the FID was 270 ◦C. 

The calibration of all substrates and products was quantified based 
on the response factor method proposed by Scanlon and Willis.[30] The 
cross-aldol condensation products consisted of two possible geometrical 
isomers of C11 (cis and trans) and three of C16 (double cis, cis-trans, and 
double trans) (Fig. S1). Likewise, the self-aldol condensation products 
consisted of two possible structural isomers of C12 and three isomers of 
C18 (Fig. S2). All isomers were quantified together when calculating the 
selectivity and yield. 

2.5. Catalyst recycling test 

The reusability of ZrAPO(0.20) was examined for the cross-aldol 
condensation of FF and CH in the neat reaction system at 120 ◦C after 
1 h reaction. After initial reaction, the catalyst was collected via 

centrifugation (12,000 rpm, 5 min), washed with methanol and acetone 
twice (2 × 10 mL), respectively, followed by drying at 80 ◦C for 2 h 
before being reused. After three reaction runs, the catalyst was collected 
via centrifugation (12,000 rpm, 5 min), dried and calcined at 550 ◦C for 
4 h before being used in the next reaction run. The reusability of ZrAPO 
(0.20) in the analogous reaction system with toluene was examined at 
120 ◦C after 4 h reaction. After reaction, the catalyst was collected and 
washed by using the aforementioned method, and after the first two 
reaction runs the catalyst was also calcined. 

2.6. Theoretical calculations 

2.6.1. Models 
The bulk structure of APO-5 was adapted from the Material Project. 

[31] Considering the relative size of the catalyst pores and the FF and CH 
molecules, the primitive unit structure of 1 × 1 × 1 APO-5 was applied 
as the model. Note that in the unit cell of APO-5, all Al or P atoms have 
identical chemical environments. 

To simulate the ZrAPO catalysts in the experiments, one Zr atom was 
replaced with one P atom to form the Zr-doped APO-5 model and the 
structure was fully relaxed before adding adsorbates, ca. 0.08 Zr/Al 
molar ratio was used per unit cell in the model. The model of APO-5 was 
restructured a bit after Zr substitution due to the different chemical 
coordination of P and Zr atoms. 

2.6.2. DFT parameters 
Density functional theory (DFT) calculations were carried out using 

Vienna Ab initio Software Package (VASP).[32] The calculations 
employed the generalized gradient approximation (GGA) [33] in the 
form of the Bayesian error estimation functional with van der Waals 
correlation (BEEF-vdW) [34], which was reported to exhibit good 
description for the interaction between adsorbates and surfaces.[35,36] 
Moreover, Goncalves et al. recently benchmarked the accuracy of DFT 
functionals in zeolite catalysis and showed that BEEF-vdW displays good 
accuracy in quantifying adsorption strength of organic species in zeolites 
at GGA level.[37] 

The projector augmented wave (PAW) method [38] was applied to 
describe the interaction between the atomic cores and valence electrons. 
The geometries of both zeolites and adsorbates in the calculations were 
relaxed until the force on every atom was less than 0.02 eV/Å with a 
cutoff energy of 500 eV. Considering the bulk structure of the zeolite, a 
k-points set of 3 × 3 × 3 was applied in all calculations after the 
convergence test. The adsorption energy ΔE of CH or FF was calculated 
as below:  

ΔE = Etotal - Ezeolite - ECH/FF                                                                   

Where Etotal is the calculated total energy of adsorption system, Ezeolite 
is the calculated energy of the zeolite structure without adsorbates and 
ECH/FF is the calculated energy of the CH or FF molecules. 

3. Results and discussion 

3.1. Structure of catalysts 

XRD patterns of the synthesized APO-5 and ZrAPOs (Fig. 1a) 
confirmed that all materials possessed a well-crystalline AFI structure 
without impurities such as, ZrO2.[39–41] For the ZrAPOs were all 
distinctive peaks slightly shifted (several high intensity peaks shown in 
zoom), and when the peaks were used to calculate the unit cell volumes 
a positive relationship with Zr/Al ratios were found (Table S2 and 
Fig. 1b). The larger atom radius of Zr (0.59 Å) compared to that of Al 
(0.39 Å) and P (0.17 Å) expanded the unit cell volumes,[42] as also seen 
by comparing the calculated optimized structures of APO-5 with or 
without Zr doping (Figs. S3 and S4). Furthermore, nitrogen phys-
isorption confirmed both APO-5 and ZrAPOs to be microporous with 
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type I isotherms (Fig. S5), and the microporous volume was reduced 
while the mesoporous volume was enhanced with increased Zr loading. 
This also resulted in variations of surface area (Table 1), and indicated 
that some intercrystalline pores may have formed at high Zr loading 
(n > 0.15). 

SEM results showed that the morphology of the materials changed 
from hexagon prism-like shape with 3–4 µm particle size (APO-5) to 
around 18 µm spherical agglomerates made of rodlike shaped particles 
for ZrAPO(0.05) (Fig. 2a-c), which was likely caused by differences in 
pH of the gel [43] during synthesis induced by the varied zirconium 
acetate concentrations. EDX mapping further suggested a homogeneous 
distribution of elements in the ZrAPO samples (Fig. 2d-h). 

Characterization by XPS, FT-IR, solid-state MAS NMR and XRF were 
used to understand the state of Zr in the ZrAPOs. The reference ZrO2 
revealed by XPS (Fig. 3a) two distinct peaks at 181.0 and 183.4 eV 
assigned to Zr 3d5/2 and Zr 3d3/2, respectively. For the ZrAPOs, these 
peaks were shifted to higher binding energy (182.5 and 184.9 eV) 
implying the incorporation of tetrahedrally coordinated Zr atoms into 
the framework.[44,45] Additionally, in FT-IR spectra of the catalysts a 
shift of the Al-O-P band from 1108 cm-1 (APO-5) to 1074 cm-1 (ZrAPO 
(0.20)) (Fig. 3b) indicated the replacement of Al or P for Zr,[46] 
Furthermore, a new peak at around 3668 cm-1 assigned to terminal 
P-OH groups [47–49] appeared after the incorporation of Zr, which was 
also in line with results obtained by 27Al and 31P solid-state MAS NMR 
spectroscopy (Fig. S6), where a broad peak belonging to P-OH defect 
groups [47,50] was formed after the introduction of Zr with a positive 
area relationship to the metal content. Moreover, the Al/P molar ratio 
increased with increasing Zr loading (Table 1) indicating loss of P atoms 
during the substitution probably due to the replacement of P by Zr atoms 
in framework sites. This result is consistent with previous findings that P 
can be substituted by elements with valence from + 1 to + 5, while 
aluminium atoms can be replaced with atoms of valence + 1 to + 3.[51] 

To sum up, Zr atoms were successfully substituted in the framework of 
the ZrAPO catalysts presumable by replacing P atoms resulting in the 
formation of terminal P-OH groups (Scheme S1). 

3.2. Cross-aldol condensation of furfural and cyclohexanone 

Both APO-5 and ZrAPOs were catalytically active in the cross-aldol 
condensation of FF with CH (Fig. 4a) towards two main products; a 
first adduct (C11) and a second adduct (C16) obtained from the consec-
utive reaction of C11 and FF (Scheme 1). No intermediate C11 or C16 
alcohols were observed, indicating fast dehydration of these alcohols to 
α,β-unsaturated ketone products. Compared to APO-5 the ZrAPOs 
exhibited better catalytic performance resulting in both higher FF con-
versions and C11/C16 selectivities, and ZrAPO(0.20) displayed the 
highest catalytic activity which was probably related to its suitable 
acidity and basicity (vide infra).[52–54] Moreover, increased CH con-
centrations promoted the aldol condensation between FF and CH, while 
the aldol condensation of FF and C11 was suppressed leading to high C11 
selectivity and low C16 selectivity (Fig. 4b). Thus, an optimal CH:FF ratio 
of 1:10 in ZrAPO(0.20) catalyst resulted in 79.3 % C11 yield and 16.4 % 
C16 yield with 99.2 % FF conversion after 3 h of reaction. Notably, with 
FF:CH ratios lower than 1:2 a yellow solid product formed during re-
action, which might be precipitated C11 and C16 as also reported in 
similar studies.[7,55] The formation of this solid product reduced the 
interaction between the catalyst and the substrates thus like disrupting 
the reaction. 

The effect of solvents was further explored in the cross-aldol 
condensation reaction with the ZrAPO(0.20) catalyst. As shown in 
Fig. 4c, all the reactions with solvents led to lower FF conversion 
possibly due to the lower substrate concentrations obtained after dilu-
tion. Especially, water resulted in significant lower product selectivity as 
well as large carbon loss compared to the neat reaction system, which 

Fig. 1. (a) XRD patterns of APO-5 and ZrAPO catalysts, and (b) the relationship between Zr/Al ratio and cell volume in the catalysts.  

Table 1 
Physicochemical properties of the APO-5 and ZrAPOs catalysts.  

Sample Zr/Al ratioa Zr/P ratioa Al/P 
ratioa 

Stotal (m2/g)b Vmicro (cm3/g)b Vmeso (cm3/g)b Acidity (mmol/g)c Basicity (mmol/g)d 

APO-5 – –  0.95  197  0.07  0.11  0.0012  0.04 
ZrAPO(0.05) 0.04 0.04  0.93  184  0.06  0.13  0.24  0.17 
ZrAPO(0.10) 0.07 0.08  1.10  223  0.07  0.15  0.31  0.21 
ZrAPO(0.15) 0.13 0.16  1.17  224  0.05  0.21  0.42  0.28 
ZrAPO(0.20) 0.16 0.21  1.36  203  0.03  0.29  0.52  0.34  

a Determined by XRF. 
b Determined by N2 physisorption. 
c Determined by NH3-TPD. 
d Determined by CO2-TPD. 
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might be due to poor FF/product solubility [55] or side reactions such as 
polymerization and decomposition.[56] Noticeably, the use of 1, 
4-dioxane and toluene solvent increased the C16 selectivity and the 
lower CH concentration facilitated the consecutive condensation be-
tween FF and C11 giving rise to 80.7 % C16 yield in toluene. 

3.3. Catalyst recycling 

In recycling experiments, the ZrAPO(0.20) catalyst exhibited deac-
tivation in the neat reaction system after the first three reaction runs 
with only intermediate acetone/methanol washing, resulting in a 
decline in yield of C11 from 61.2% to 37.4% (Fig. 5a). However, the 
original catalytic performance restored completely in successive cata-
lytic runs after calcination. Oppositely, severe catalyst deactivation 

Fig. 2. SEM images of (a) APO-5, (b) and (c) ZrAPO(0.05) (inset: Computational models; P atom: yellow; Al atom: gray; O atom: red; Zr atom: light blue). (d)-(h) EDX 
mapping analysis on ZrAPO(0.05). 

Fig. 3. (a) Zr 3d XPS spectra of ZrO2 and ZrAPO catalysts. (b) FT-IR spectra of APO-5 and ZrAPO catalysts.  
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prevailed in the toluene system after washing as well as further calci-
nation resulting in significantly decreased C16 yield, while more C11 
product apparently formed (Fig. 5b). TG analysis of the used ZrAPO 

(0.20) catalyst in the two reaction systems showed a mass loss (6.8 and 
15.2 wt%, respectively) with broad peaks around 326 ◦C and 497 ◦C 
(Fig. S7). Moreover, the FT-IR spectrum of the used catalyst revealed 

Fig. 4. Catalytic results from cross-aldol condensation of FF and CH using (a) different catalysts (reaction conditions: FF (166 μL, 2 mmol), catalyst (50 mg), CH 
(515 μL, 5 mmol), 120 ◦C, 2 h), (b) different FF to CH ratios with ZrAPO(0.20) catalyst (reaction conditions: FF (166 μL, 2 mmol), ZrAPO(0.20) (50 mg), CH 
(1–20 mmol), 120 ◦C, 2 h or a3 h) and (c) different solvents with ZrAPO(0.20) catalyst (reaction conditions: FF (166 μL, 2 mmol), ZrAPO(0.20) (50 mg), CH (103 μL, 
1 mmol), solvent (1 mL) 120 ◦C, 4 h or a12 h). 

Fig. 5. Recyclability of ZrAPO(0.20) catalyst in the cross-aldol condensation reaction of FF with CH (reaction conditions: (a) FF (166 μL, 2 mmol), ZrAPO(0.20) 
(50 mg), CH (2060 μL, 20 mmol), 120 ◦C, 1 h; (b) FF (166 μL, 2 mmol), ZrAPO(0.20) (50 mg), CH (103 μL, 1 mmol), toluene (1 mL), 120 ◦C, 4 h). 

Fig. 6. Products formed by cross-aldol condensation of various carbonyl compounds using ZrAPO(0.20) catalyst (see Table S4 for reaction conditions).  
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bands around 1621 cm-1 (C––C stretching vibration) as well as 2940 and 
1461 cm-1 (C-H vibrations) (Fig. S8) along with reduced surface area 
and pore volume (Table S3). In both systems, the catalyst framework 
structure also remained the same after several calcinations as shown by 
XRD analysis (Fig. S9). Combined these results suggest that adsorption 
of organic species on active catalyst sites partly induced deactivation 
and pore blocking in both systems, which could be removed by calci-
nation (550 ◦C). For the toluene system, additional formation of poly-
merization products of FF might account for more severe deactivation. 

3.4. Substrate scope 

The ZrAPO(0.20) catalyst also showed very promising catalytic 
performance for cross-aldol condensation of other carbonyl compounds 
besides FF and CH (Fig. 6; see Table S4 for reaction conditions). For 
example, 77.6 % yield of 1 was obtained by the condensation of 5-meth-
ylfurfural and CH, which was similar to the C11 yield obtained with FF 
and CH, and 93.4% yield of 2 obtained from reaction of 2,5-furandicar-
boxaldehyde with CH at high CH concentration. Also aromatic alde-
hydes such as m-tolualdehyde, p-tolualdehyde, and o-tolualdehyde gave 
good yields (>70 %) with CH of the corresponding products 3, 4, 5, and 
6 after extended reaction time (24 h). The yield of 7 obtained with the 
alternative cyclic ketone cyclopentanone and FF was also similar to the 
C11 yield with FF and CH, while the corresponding yield of 8 with 
cycloheptanone was lower probably due to the larger ring size of 
cycloheptanone limited the reaction.[14] Open-chain aliphatic ketones 
provided lower yields than cyclic ketones despite prolonged reaction 
time as also reported in other studies,[57] and with FF and acetone was 
9 preferentially formed with the pore size of ZrAPO(0.20) in agreement 
with a previous study using Sn-Beta catalyst.[23] The lower product 
yields of 10, 11 and 12 (33–63 %) obtained with 3-pentanone, 4-hep-
tanone and 5-nonanone, respectively, was probably a result of the larger 
steric effects caused by the methyl, ethyl and propyl group in the 
α-carbon position [4] as well as lower reactivity of the α-carbon atom in 
the longer carbon chain.[58] 

3.5. Self-aldol condensation of cyclohexanone 

The APO-5 and ZrAPOs catalysts were also applied for the self- 
condensation of CH at 140 ◦C with larger amount of catalyst than 
used for the cross-condensation of FF and CH (Fig. 7). Two products 
formed in the systems; a first adduct (C12, Scheme 1) and a minor 
amount of a second adduct (C18) obtained from the consecutive reaction 
of C12 and CH. As for the cross-aldol condensation of FF and CH, all the 
ZrAPOs catalysts exhibited better catalytic performance than APO-5 and 

also here ZrAPO(0.20) provided the best catalyst performance, which 
after reaction optimization (increased catalyst amount and longer re-
action time) resulted in a C12 yield of 83.3 % with a 92.2 % CH 
conversion. 

3.6. The role of Zr in the aldol condensations 

FT-IR spectra of the APO-5 and ZrAPOs catalysts with pre-adsorbed 
FF or CH were recorded to get insight into the origin of the different 
catalytic performances. Surface adsorbed FF had a strong intensity of the 
v(C––O) stretching band, while the furan ring breath and v(C––C) 
stretching bands were much less intense (Fig. 8a), suggesting that the 
carbonyl group was the main adsorptive functional group of FF.[59,60] 
Moreover, an obvious red-shift of the v(C––O) band from 1668 to 
1663 cm-1 on APO-5 and to 1661 cm-1 on ZrAPO(0.20) was observed for 
the surface adsorbed FF, implying that the C––O group of FF was acti-
vated by the adsorption.[59,61] For the CH adsorption a red-shift of v 
(C––O) also suggested that CH interacted with the catalysts with the 
C––O functional group (Fig. 8b),[62] thus confirming that adsorption of 
the C––O group of both FF and CH on the catalysts promoted the aldol 
condensation. 

TPD experiments and DFT calculations were additionally carried out 
to evaluate the difference in adsorption strength of FF and CH on the 
APO-5 and ZrAPOs catalysts. FF-TPD and CH-TPD profiles (Fig. 9a-b) 
showed that the ZrAPOs had higher desorption temperature of both FF 
and CH than APO-5, suggesting that the presence of Zr faciliated the 
adsorption of FF and CH on the catalysts.[63] Meanwhile, the optimized 
FF and CH adsorption configurations and adsorption energies calculated 
for APO-5 and ZrAPO with FF and CH in the large 12-membered rings 
are depicted in Fig. 9c. For APO-5, both CH and FF had only relatively 
weak adsorptive interaction with the surface. In contrast, the molecules 
interacted stronger with the surface of ZrAPO with activated adsorption 
via the terminal O atom in C––O group resulting in larger adsorption 
strengths. Notably, FF displayed a twice as large adsorption energy 
enhancement (0.23 eV) compared to CH (0.11 eV) after Zr doping, 
implying that the Zr incorporation preferentially promoted adsorption 
of FF and thus cross-aldol condensation reaction of FF and CH rather 
than self-aldol condensation of CH, as also observed experimentally in 
Fig. 4a. 

3.7. The role of acidity/basicity in the aldol condensations 

Previous studies have shown that aldol condensations can be base- or 
acid-base co-catalyzed.[52–54] Herein, the FF consumption rate and C11 
and C16 formation rates had positive relationships with both acidity and 

Fig. 7. Catalytic results from CH self-condensation with (a) different catalysts (reaction conditions: CH (515 μL, 5 mmol), catalyst (100 mg), 140 ◦C, 48 h) and (b) 
different amounts of ZrAPO(0.20) catalyst (reaction conditions: CH (103 μL, 5 mmol), 140 ◦C, 48 h or a72 h). 
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Fig. 8. FT-IR spectra of APO-5 and ZrAPOs catalysts with pre-adsorbed (a) FF and (b) CH.  

Fig. 9. TPD profiles of APO-5 and ZrAPO catalysts with (a) FF and (b) CH. (c) The calculated adsorption energies (eV) of FF and CH on APO-5 (left) and ZrAPO (right) 
models. Color codes of the different atoms are inserted in the upper panel. 
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basicity of catalysts (Fig. 10a). Poisoning reactions with pyridine and 
benzoic acid led to decreased yield of both C11 and C16 products, 
implying that the cross-aldol condensation of FF and CH was catalyzed 
both by acid and base with ZrAPO(0.20) catalyst (Fig. 10b). 

NH3-TPD (Fig. 10c) revealed that APO-5 possessed only a low 
amount of weak acid sites (small peak at 164 ◦C; Table S5) consistent 
with the assumption that APO-5 is neutral. In contrast, the ZrAPO 

catalysts displayed much higher acid density and acid strength (larger 
peaks at 220–250 ◦C and 320–380 ◦C; Table S5), possibly due to ter-
minal P-OH and bridged hydroxyl groups, i.e., Zr-OH-Al.[48,49] Like-
wise, CO2-TPD results (Fig. 10d, Table S6) confirmed that the basicity 
and strength of the basic catalyst sites also increased, which might origin 
from the negatively charged lattice oxygen atoms (Zr-O--Al) after Zr 
incorporation.[64,65] Hence, the superior aldol condensation 

Fig. 10. (a) The correlation between acidity/basicity and FF consumption rate/product formation rate. (b) Poisoning reaction of cross-aldol condensation of FF and 
CH with ZrAPO(0.20) catalyst (reaction conditions: FF (192 mg, 2 mmol), ZrAPO(0.20) (50 mg), additive (100 mg), CH (2060 μL, 20 mmol), 120 ◦C, 2 h). (c) NH3- 
TPD and (d) CO2-TPD profiles of APO-5 and ZrAPO catalysts. 

Scheme 2. Possible reaction pathways for the cross-aldol condensation of FF with CH with ZrAPO(0.20) catalyst.  
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performance facilitated by the Zr incorporation was possibly due to the 
enhanced adsorption strength of substrates, and a combination of basic 
sites promoting α-proton abstraction of CH to form a carbanion inter-
mediate followed by reaction with the carbonyl group of the adsorbed 
FF, [13] and the presence of acid sites promoting the subsequent 
dehydration to form the products (Scheme 2).[4] 

4. Conclusions 

In this work, Zr-doped aluminum phosphates (ZrAPOs) with Zr 
substitution of P in the zeolite framework have been shown to promote 
the aldol condensation of FF and CH. The best catalyst ZrAPO(0.20) 
yielded up to 79.3 % C11 and 80.7 % C16 in the cross-aldol condensation 
of FF and CH and sustained high activity for five consecutive reactions 
run with intermediate calcination, which is superior performance to 
previously reported catalyst systems (Table S7). Furthermore, ZrAPO 
(0.20) proved generally applicable for the cross-aldol condensation of 
other ketones and aldehydes as well as for the self-aldol condensation of 
CH, where 83.3 % C12 yield with 92.2 % CH conversion was realized. 

Structure-performance relationship between Zr-doping and the pro-
moted reactivity was further established: 1) Both adsorption experi-
ments and DFT calculations demonstrated that the introduction of Zr 
enhanced the adsorption strength of FF and CH via the carbonyl group 
interacting with Zr, further facilitating the aldol condensation reactions, 
and 2) the correlation between reaction rate and acidity/basicity and 
poisoning reaction proved that increased acidity and basicity by Zr 
substitution in the framework of APO-5 co-catalyzed the aldol conden-
sation, facilitating the good yield of C11, C12 and C16. 

In perspective, this work introduces efficient routes for the synthesis 
of diesel and jet fuel range intermediates C11, C12 and C16 from FF and 
CH via metal-doped zeotype catalysis, which presents efficient avenues 
to convert biomass-derived feedstocks. 
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