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Abstract

Cyclopentadiene is an important intermediate that is widely used in the production of
useful chemicals, high-density aviation fuels and polymers. Conventional technologies
for the production of cyclopentadiene from fossil energies suffer from low yield and
selectivity. Therefore, the selective production of cyclopentadiene from renewable biomass
is highly expected. In this work, a series of metal phosphates were found to be effective
solid acid catalysts for the selective synthesis of cyclopentadiene from the dehydration of
1,3-cyclopentanediol, a platform compound that can be obtained from the aqueous phase
rearrangement of furfuryl alcohol followed by hydrogenation. Among the investigated
catalysts, lanthanum phosphate (LaP) exhibited the best performance. Over it, 100%
1,3-cyclopentanediol conversion and higher than 90% carbon yield of cyclopentadiene were
achieved at 473 K under atmospheric pressure. Based on the results of characterization, the
excellent performance of LaP catalyst can be rationalized by its higher amount of acid sites
and average pore size.

Keywords: 1,3-cyclopentanediol; cyclopentadiene; dehydration; solid acid catalyst;
lanthanum phosphate

1. Introduction

Due to the increase in social concerns about the environment, the substitute of fos-
sil energies with renewable, cheap, and abundant lignocellulose as the feedstock in the
manufacture of fuels [1-8] and chemicals [9-15] has drawn tremendous attention. Cy-
clopentadiene is a widely used intermediate in the production of numerous chemicals,
pharmaceuticals, polymers, and catalysts [16]. At the same time, it is also used as the feed-
stock in the manufacture of high-density aviation fuels (Such as JP-10, RJ-5, RJ-7, etc.) [17]
and fuel additives (e.g., methylcyclopentadienyl manganese tricarbonyl to improve combus-
tion efficiency and reduce engine knock in gasoline). Currently, cyclopentadiene is obtained
from coal or petroleum in very low yields (10-20 g ton~! from coal tar or ~14 kg ton~! by
the steam cracking of naphtha [18], which may limit its application in large scales. As a
solution to this problem, the exploration of new technologies for the selective synthesis of
cyclopentadiene with lignocellulose is highly expected [19-21]. Furfuryl alcohol is a chemi-
cal that has been manufactured in industrial scale from the hydrolysis/dehydration and
hydrogenation of hemicellulose, one of the three important components of lignocellulose.
In the recent work of our group [19,22,23], cyclopentadiene was selectively synthesized by
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the zeolite-catalyzed dehydration of 1,3-cyclopentanediol obtained by the aqueous phase
rearrangement and hydrogenation of furfuryl alcohol. Among the investigated zeolite
catalysts, H-form ultra-stable Y zeolite (H-USY) exhibited the best performance. Over it,
~80% cyclopentadiene yield was achieved when the reaction was carried out at 563-573 K
using ethyl acetate as the solvent [23]. As we know, the preparation of H-USY is compli-
cated. To fulfill the need of real application, it is still imperative to explore more efficient
new solid acid catalysts that can be easily prepared. In the recent literature [24-29], metal
phosphates were found to be effective solid acids for many dehydration reactions. To the
best of our knowledge, there is no report about the dehydration of 1,3-cyclopentanediol
over the metal phosphates.

In this work, zirconium phosphate (ZrP), cerium phosphate (CeP), aluminum phos-
phate (AIP), and lanthanum phosphate (LaP) were first reported as efficient catalysts for
the dehydration of 1,3-cyclopentanediol to cyclopentadiene. Among them, the LaP catalyst
prepared via a simple precipitation method demonstrated the best performance. Over it,
100% 1,3-cyclopentanediol conversion and higher than 90% carbon yield of cyclopentadiene
were achieved at 473 K under atmospheric pressure. To gain deep insight of the excellent
performance of LaP, we characterized the investigated catalysts by X-ray diffraction (XRD),
N,-physisorption, NH3z-chemisorption, and NHj-temperature-programmed desorption
(NH;3-TPD). Furthermore, we also checked the stability of LaP catalyst in the dehydration
of 1,3-cyclopentanediol to cyclopentadiene.

2. Results

First of all, we compared the catalytic performances of ZrP, CeP, AlP, and LaP for the
dehydration of 1,3-cyclopentanediol to cyclopentadiene at 473 K, a reaction temperature
that is lower than what we used for the zeolite catalyst (563-573 K) [23]. Based on Figures1
and 51-56 in Supporting Information, all of these catalysts are effective for the dehydration
of 1,3-cyclopentanediol to cyclopentadiene. Among them, the LaP catalyst exhibited the
best performance. Over it, evidently higher 1,3-cyclopentanediol conversion (100%) and
cyclopentadiene yield (91.2%) were achieved under the same reaction conditions.
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Figure 1. Conversions of 1,3-cyclopentanediol and the yields of different products over the investi-
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gated catalysts. Reaction conditions: 473 K, 1.25 g catalyst, flow rate of 7 wt% of 1,3-cyclopentanediol

in ethyl acetate = 0.04 mL min~!.

It is worth mentioning that cyclopentenol was also identified in the product from
the dehydration of 1,3-cyclopentanediol over the ZrP catalyst (see Figures S1, S7 and S8
in Supporting Information). Based on the reaction pathway proposed in Scheme 1, the
cyclopentenol was generated from the partial dehydration of 1,3-cyclopentanediol.
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Scheme 1. Reaction pathway for the generation of cyclopentenol and cyclopentadiene from the
dehydration of 1,3-cyclopentanediol.

Compared with the H-USY catalyst reported in our previous work [23], the LaP
catalyst has many advantages: (1) Easier preparation. As we know, the preparation of
H-USY contains many steps (such as the crystallization of Y zeolite, ion-exchanging with
ammonium salt solution, calcination, and dealumination). The preparation of LaP only
contains two steps (precipitation and calcination). (2) Lower operation temperature. In
our previous work, the H-USY was used at 563-573 K [23], while the LaP catalyst was
operated at 473 K. In real application, the lower reaction temperature means lower energy
consumption. To confirm the activity advantage of the LaP catalyst, we also studied the
activity of H-USY under the same reaction conditions. As we can see from Figure S9 in the
Supporting Information, the 1,3-cyclopentanediol conversion and cyclopentadiene yield
over the H-USY catalyst are evidently lower than those over the LaP catalyst. (3) Higher
cyclopentadiene yield. In this work, the cyclopentadiene yield over the LaP catalyst (91.2%)
is higher than those over the H-USY (~80%) under the optimized reaction conditions
(obtained at higher reaction temperature). All of these characters make LaP a promising
catalyst in future application.

To figure out the reason for the excellent performance of LaP, we characterized the
investigated catalysts by a series of technologies. From the results presented in Figure 2,
evident diffraction peaks were observed in the XRD pattern of LaP catalysts. According to
the standard JCPDS card (No. 032-0493), these peaks can be attributed to the crystal planes
of lanthanum phosphate with monoclinic structure. The XRD pattern of the CeP catalyst
is almost the same as that of the LaP catalyst, which can be comprehended by the similar
electronic structure and atomic radius of Ce and La. In the XRD pattern of the AIP catalyst,
three peaks were observed at 28.5°, 28.5°, and 30.9°. Based on the standard JCPDS card
(No. 50-0054), these peaks can be attributed to the (020), (211), and (107) crystal planes of
aluminum phosphate. In contrast, no evident peak was observed in the XRD pattern of
ZrP, indicating this catalyst is amorphous.
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Figure 2. XRD patterns of the metal phosphate catalysts.
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The Ny-physisorption and NHj3-chemisorption results were illustrated in Figure 3
and Table 1. According to IUPAC nomenclature, these catalysts exhibited H3-type
sorption isotherm. Notably, they also possessed relatively low specific surface ar-
eas and small pore sizes, indicating that the dehydration reaction predominantly oc-
curs on the external surface of the catalyst particles. As we can see from Table 1,
the average pore sizes of the investigated catalysts decreased in the order of LaP
(22.0 nm) > CeP (18.8 nm) > AIP (12.7 nm) > ZrP (6.4 nm). Meanwhile, it was
also noticed that the amount of acid sites of these catalysts decreased in the order of
LaP (0.159 mmol g_l) > AIP (0.105 mmol g_l) > CeP (0.060 mmol g_l) > ZrP (0.051 mmol g_l).
This sequence is consistent with the activity order of these catalysts in the dehydration of
1,3-cyclopentanediol to cyclopentadiene (LaP > AlIP > CeP > ZrP). The acid strengths of the
investigated catalysts were characterized by NH3-TPD. In line with conventional interpreta-
tion [30], desorption peaks observed in the temperature ranges 373-523 K, 523-673 K, and
>673 K are typically assigned to weak, medium-strength, and strong acid sites, respectively.
As shown in Figure 4, the NH3-TPD profiles revealed that the acid sites on the surfaces
of ZrP, CeP, LaP, and AIP catalysts mainly composed weak and medium-strength acid
sites. No evident relationship was noticed between the acid strengths of catalysts and
their activity in the dehydration of 1,3-cyclopentanediol to cyclopentadiene. Based on
the above information, we believed that the higher amount of acid sites and pore size
of the LaP catalyst may be the reasons for its better performance in the dehydration of
1,3-cyclopentanediol to cyclopentadiene.
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Figure 3. N, adsorption-desorption isotherm of metal phosphate catalysts.

Table 1. Specific BET surface areas (Spgt), the average pore sizes, and the amounts of acid sites of the
investigated catalysts.

Catalyst Spgr (m®>g-1)1  Average Pore Size (nm)!  Amount of Acid Sites (mmol g—1) 2

ZrP 8.5 6.4 0.051
CeP 359 18.8 0.060
AlP 17.9 12.7 0.105
LaP 30.8 22.0 0.159

1 Measured by Ny-physisorption. 2 Measured by NH;-chemisorption.
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Figure 4. NH3-TPD profiles of the investigated catalysts.

To fulfill the need of real application, we also checked the stability of the LaP catalyst
for the dehydration of 1,3-cyclopentanediol to cyclopentadiene. From Figure 5, it was
noticed that the yield of cyclopentadiene over the LaP catalyst slightly decreased after it
was used for about 25 h. At the same time, cyclopentenol (from the partial dehydration of
1,3-cyclopentanediol) was identified in the product, indicating the activity of LaP catalyst
decreased with the increase in time-on-stream.
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Figure 5. Conversion of 1,3-cyclopentanediol and the yields of different products over the LaP
catalyst as the function of time-on-stream. Reaction condition: 473 K, 1.25 g LaP, flow rate of 7 wt% of
1,3-cyclopentanediol in ethyl acetate = 0.04 mL min~ !,

To figure out the reason for this phenomenon, we characterized the fresh and used
LaP catalyst by a series of technologies. Based on the XRD results illustrated in Figure 6,
the LaP catalyst preserved its original structure even after being used for the dehydration
of 1,3-cyclopentanediol. Likewise, no evident difference in morphology was observed from
the SEM images of the fresh and used LaP catalysts (see Figure 7). Therefore, we cannot
attribute the deactivation to the crystal structure or morphology change in the LaP catalyst.
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Figure 6. XRD patterns of the fresh and used LaP catalysts.

Figure 7. SEM images of the (a) fresh and (b) used LaP catalysts.

Based on the Nj-physisorption and NHz-chemisorption results illustrated in Table 2,
an evident decrease in Sggr and the amount of acid sites were observed after the LaP
catalyst was used for the dehydration of 1,3-cyclopentanediol, which may be the reason for
the deactivation of the LaP catalyst. According to the thermogravimetric analysis coupled
with mass spectrometry (TG-MS) result of the used LaP catalyst (see Figure 8), the decrease
of Sper and the amount of acid sites can be rationalized by the carbon deposition generation
during the reaction. From the EDX spectra of the fresh and used LaP catalysts illustrated in
Figures 510 and S11 in the Supporting Information, we can see that the carbon content of
LaP significantly increased after it was used for the dehydration of 1,3-cyclopentanediol.
This result further confirms the formation of coke during the reaction.

Table 2. Specific BET surface areas (Sggt), average pore sizes, and the amounts of acid sites of the
fresh and used LaP catalysts.

Catalyst Sper (M2 g~1) 1 Average Pore Size (nm) ! Amount of Acid Sites (mmol g—1) 2
Fresh LaP 30.8 22.0 0.159
Used LaP 19.0 14.6 0.113

1 Measured by N,-physisorption. 2 Measured by NH;-chemisorption.



Catalysts 2025, 15, 1125 7 of 11

1.001 etant miz=44
0.95 —
s

- s
S 0.90 >

0.85- £

0.80

0.75-— T T T T T T T T

500 600 700 800 900 1000 600 800 1000
Temperature (K) Temperature (K)
(a) (b)

Figure 8. TG-MS result (a,b) of the used LaP catalyst.

As a solution to this problem, we regenerated the used LaP catalyst via in situ cal-
cination in air flow at 973 K for 4 h. It was found that the activity of LaP catalyst can be
returned to its initial value. This is advantageous in real application (see Figure 9).
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Figure 9. Conversion of 1,3-cyclopentanediol and the yields of different products over the LaP
catalyst as the function of time-on-stream. Reaction condition: 473 K, 1.25 g LaP, flow rate of 7 wt% of
1,3-cyclopentanediol in ethyl acetate = 0.04 mL min~!.

3. Materials and Methods
3.1. Materials

All materials were commercially available and used as received, unless otherwise
indicated. Dicyclopentadiene (96%), ethyl acetate (98%), La(NOj3)3-6H,0O, Ce(NOs3)3-6H,0,
AI(NOs3)3-9H,0, and Zr(NO3)4-5H,O were purchased from Aladdin Reagent Co., Ltd.
Shanghai, China. H3POy (85%) was supplied by Beijing Chemical Works, Beijing, China.
The 1,3-cyclopentanediol used in the dehydration step was homemade using the method
described in our previous works [19,22]. According to its NMR spectra illustrated in
Figure 512 in the Supporting Information, the 1,3-cyclopentanediol used in this work has
high purity. The cyclopentadiene used in the calibration was prepared by the retro-Diels—
Alder reaction of dicyclopentadiene at 433 K. Based on the GC chromatograms illustrated
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in Figure 513 in the Supporting Information, the cyclopentadiene has high purity. H-USY
zeolite (510, / Al,O3 molar ratio = 25) was purchased from Nankai University Catalyst Co.,
Ltd, Tianjing, China.

3.2. Preparation of Catalysts

Metal phosphates were obtained by a simple precipitation method. First, 4 mmol
of metal nitrate was dissolved in 150 mL of distilled water. Subsequently, 50 mL of
0.4 mol L~ H3POy solution was slowly added into the above solution dropwise. The
mixture was stirred at 313 K for 5 h and then aged overnight. The solids formed were
filtered, washed with distilled water to pH =7, and dried in an oven at 393 K for 4 h. Finally,
the solid was calcined at 973 K for 4 h and referred as LaP, CeP, AP, and ZrP catalyst.

3.3. Catalyst Characterization

The XRD patterns of the investigated catalysts were collected by an X'pert Pro, PAN-
alytical (Malvern Panalytical, Almelo, The Netherlands) using Cu K« = 1.5406 A. The
specific surface area, average pore size, and pore volume of the catalyst were determined
using a Micromeritics ASAP 2460 physical adsorption analyzer (Micromeritics Instrument
Corporation, Norcross, GA, USA). Prior to the analysis, the sample was pretreated at 383 K
under vacuum for 1 h, followed by a 6 h degassing at 623 K to remove various gases and
impurities adsorbed on the catalyst surface. The N, adsorption—desorption measurement
was conducted at 77 K liquid nitrogen temperature under a vacuum pressure of 10~ torr.
The specific surface area was calculated using the BET equation after completion of the
analysis. The method adopted for calculating the aperture distribution was the Barrett-
Joyner Halenda method. The thermogravimetric analysis (TGA) of used catalyst was
acquired by a Discovery SDT 600 thermogravimetric analyzer (TA Instruments, New Castle,
DE, USA). The acidities of the catalysts were characterized by NH; chemisorption and
NH; temperature-programmed desorption (NH3-TPD) using a Micromeritics AutoChem
II 2920 analyzer (Micromeritics Instrument Corporation, Norcross, GA, USA). For each
measurement, 0.1 g catalyst sample was employed. The sample was pretreated under
He flow (973 K) to desorb the moisture and impurities before measurement. After the
stabilization of baseline, NH3 pulses were introduced until the sample reached saturation
adsorption. The adsorption signals were detected by a thermal conductivity detector (TCD),
and the amounts of acid sites were calculated from the consumption of NH3. Subsequently,
TPD experiments were carried out in the temperature range of 373-1073 K at a heating
rate of 10 K min~! under He flow, and the desorption profiles were monitored by mass
spectrometry (at a m/z ratio of 15) (Agilent Technologies, Wilmington, DE, USA). The TEM
images of catalysts were acquired by a JEM-2100F field emission electronic microscope
(Japan Electron Optics Laboratory (JEOL) Ltd., Tokyo, Japan). The elemental distribution
of the catalysts was analyzed by a scanning transmission electron microscopy (STEM)
equipped with an energy dispersive X-ray spectroscopy (EDX) system.

3.4. Dehydration of 1,3-Cyclopentanediol

The dehydration of 1,3-cyclopentanediol to cyclopentadiene was conducted at 473 K
(as we can see from Figure S14 in the Supporting Information, this is the optimum reaction
temperature for the dehydration of 1,3-cyclopentanediol to cyclopentadiene over the LaP
catalyst) under atmospheric pressure in a fixed-bed reactor described in our previous
work [23]. For each test, 1.25 g metal phosphate catalyst was used, 7 wt% solution of
1,3-cyclopentanediol in ethyl acetate was fed into the reactor via an HPLC pump (Dalian
Elite Analytical Instruments Co., Ltd., Dalian, China) at a flow rate of 0.04 mL min 1. The
liquid products were collected, drained periodically and analyzed by an Agilent 7890B
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gas chromatograph (Agilent Technologies, Wilmington, DE, USA) equipped with an FFAP
capillary column (30 m, 0.32 mm ID, 0.5 mm film) and a flame ionization detector (FID).

4. Conclusions

LaP was found to be a highly effective catalyst for the selective dehydration of
1,3-cyclopentanediol to cyclopentadiene. Over it, 100% 1,3-cyclopentanediol conversion
and higher than 90% carbon yield of cyclopentadiene were achieved at 473 K under at-
mospheric pressure. Based on the characterization results, the excellent performance of
LaP catalyst can be rationalized by its higher amount of acid sites and average pore size.
During the activity test, carbon deposition may take place on the surface of LaP catalyst.
This problem can be solved by in situ calcination in air flow at its preparation temperature.
Taking into the many advantages of LaP (such as easier preparation, lower operation
temperature, and higher cyclopentadiene yield), we believe it is a promising catalyst in
future application.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/catal15121125/s1. Figure S1: GC chromatogram of the product
from the dehydration of 1,3-cyclopentanediol over the ZrP catalyst; Figure 52: GC chromatogram
of the product from the dehydration of 1,3-cyclopentanediol over the CeP catalyst; Figure S3: GC
chromatogram of the product from the dehydration of 1,3-cyclopentanediol over the AIP catalyst;
Figure S4: GC chromatogram of the product from the dehydration of 1,3-cyclopentanediol over
the LaP catalyst; Figure S5: Mass spectrogram of the cyclopentadiene from the dehydration of
1,3-cyclopentanediol; Figure S6: 'H and '3C NMR spectra of the cyclopentenol from the dehydration
of 1,3-cyclopentanediol over the ZrP catalyst; Figure S7: 'H and 3C NMR spectra of the cyclopentenol
from the dehydration of 1,3-cyclopentanediol over the ZrP catalyst; Figure S8: Mass spectrogram
of the cyclopentenol from the dehydration of 1,3-cyclopentanediol over the ZrP catalyst; Figure S9:
Conversions of 1,3-cyclopentanediol and the yields of different products over the LaP and H-USY
catalysts; Figure S10: EDX spectra of the fresh LaP catalyst; Figure S11: EDX spectra of the used
LaP catalyst; Figure S12: 'H and '3C NMR spectra of the 1,3-cyclopentanediol used in this work;
Figure S13: Gas chromatograms of the cyclopentadiene and dicyclopentadiene used in the calibration;
Figure S14: Conversions of 1,3-cyclopentanediol and the yields of different products over the LaP
catalyst as the function of reaction temperature.
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