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Abstract. TiO2–ZrO2 mixed oxides with different amounts of TiO2 were prepared by co-precipitation

method and used to synthesize 1-octadecene from 1-octadecanol. The results show that the doping of TiO2

leads to the formation of Lewis acid sites and Brønsted acid sites on the TiO2–ZrO2 mixed oxides. For

catalysts with TiO2 doping \ 3 wt.%, the catalysts are in an intermediate state from the monoclinic and

tetragonal zirconia crystalline phases to the amorphous form, and no Ti–O–Zr bond is formed. For catalysts

with TiO2 doping C 3 wt.%, an amorphous structure and Ti–O–Zr bond are formed. The crystalline phase of

metal oxides, amount and type of acid sites simultaneously affect the performance of the catalysts. The acid

sites on TiO2–ZrO2 mixed oxides with monoclinic and tetragonal zirconia crystalline phases have much lower

dehydration activity than those with an amorphous form. Lewis acid sites are responsible for both the

dehydration of 1-octadecanol to form 1-octadecene and the double carbon bond migration of 1-octadecene to

form 2-octadecene. Brønsted acid sites mainly catalyze the double carbon bond migration of 1-octadecene.

Keywords. Dehydration reaction; TiO2–ZrO2 mixed oxides; Ti–O–Zr bond; Acid sites.

1. Introduction

Linear a-olefins is an important organic raw material,

being used in polyolefin comonomers, detergents,

synthetic lubricants, etc.1,2 Dehydration of fatty alco-

hol is an effective way to convert biomass alcohol

(usually C8–C18 alcohol) into linear a-olefins.3,4

Dehydration catalysts for different alcohols mainly

include molecular sieves, CeO2, Al2O3, ZrO2, TiO2

and TiO2–ZrO2 mixed oxides.5–16 The catalytic per-

formance of TiO2–ZrO2 mixed oxides is higher than

that of ZrO2 or TiO2 because the interaction of TiO2

and ZrO2 leads to an increase in the BET surface area

and the amount of acid sites.17–20

Manrıquez et al.,15 prepared TiO2–ZrO2 mixed

oxides catalysts with different TiO2 content by sol-

gel method and used them to catalyze the dehydra-

tion reaction of isopropanol. They studied the effect

of Lewis acid sites on the dehydration behavior of

the catalysts but did not explore the effect of the

crystalline phase of the TiO2–ZrO2 mixed oxides on

the dehydration behavior. Vishwanathan et al.,19

prepared a series of amorphous TiO2–ZrO2 mixed
oxides by co-precipitation method and applied them
to dehydration of methanol to dimethyl ether. The
results showed that TiO2–ZrO2 mixed oxides cata-
lysts with amorphous form had more acid sites and
higher methanol conversion than the catalysts con-
taining monoclinic and tetragonal ZrO2 crystalline
phases. However, the dehydration of methanol to
dimethyl ether is an intermolecular dehydration
reaction, while the dehydration of fatty alcohol to a-
olefins is an intramolecular dehydration reaction. It
has been reported that the active sites for inter-
molecular dehydration of isopropanol were different
from those for intramolecular dehydration.15 There-
fore, further research is necessary to confirm whe-
ther TiO2–ZrO2 mixed oxides with amorphous
structure can be applied to the intramolecular
dehydration of fatty alcohol.

Also, TiO2–ZrO2 mixed oxides used for the

intramolecular dehydration reaction reported in the

above literature is dehydration of isopropanol to

propylene. The process of isopropanol dehydration to*For correspondence
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propylene does not generate internal olefin due to the

special molecular structure of propylene containing 3

carbon atoms. However, the process of long-chain

fatty alcohol dehydration to 1-olefin includes a side

reaction of the conversion of 1-olefin to 2-olefin,

which is catalyzed by acid sites different from those

catalyzing dehydration of fatty alcohol.21 It is unclear

which active sites on the TiO2–ZrO2 mixed oxide

catalyzes the conversion of 1-olefin to 2-olefin.

To illustrate the above problem, a series of TiO2–

ZrO2 mixed oxides with different TiO2 doping

content were prepared by co-precipitation method

and applied to the dehydration of 1-octadecanol to

1-octadecene. The effect of crystalline phase of

TiO2–ZrO2 mixed oxides, amount and type (Lewis

or Brønsted) of acid sites on the dehydration of

1-octadecanol to 1-octadecene and the conversion of

1-octadecene to 2-octadecene are focused in this

study.

2. Experimental

2.1 Catalyst preparation

The TiO2–ZrO2 mixed oxides were prepared by the

co-precipitation method, using Ti(SO4)2 (Aladdin

C 96%) and ZrOCl2�8H2O (Aladdin 98%) as precur-

sor material. Appropriate amounts of Ti(SO4)2 solu-

tion (0.5 mol/L) and ZrOCl2�8H2O solution (1.0 mol/

L) were mixed and the mixture was added dropwise

with the diluted NH3�H2O (wt = 25%), the pH value of

the mixed solution was adjusted to 9 and the solution

was aged for 4 h. The precipitate was separated from

the mixed solution and purified by deionized water.

Then the precipitate was dried in an oven at 110 �C for

12 h and heated to 400 �C at a rate of 1 �C/min for 4 h

in a muffle furnace. The catalyst was denoted as

xTiO2–ZrO2, where x represents the quality of TiO2

content. The preparation steps of ZrO2 and TiO2 were

the same as mentioned above.

2.2 Catalyst characterization

X-ray Power diffraction (XRD) was measured on a

Panalytical X’pert diffractometer using Cu Ka

(wavelength k = 0.154 nm) radiation operated at

40 kV and 40 mA, the spectra were scanned 5� to 90�,
and the scanning speed was 2 �C /min.

The texture properties information of the catalyst

such as the specific surface area, pore volume and pore

size were obtained with a Micromeritics ASAP 2460

analyzer at liquid nitrogen temperature. Before mea-

surements, the samples were degassed at 300 �C for

12 h under vacuum.

Laser Raman spectroscopy was performed using

50 mV air-cooled He-Cd laser with 325 nm on a HJY

LabRAM HR800 Raman spectrometer.

The acid sites were measured on the Nicolet Magna

550 infrared adsorption instrument. Prior to measure-

ment, the sample was dried at 110 �C for 12 h. Then

30 mg of the sample was compressed into self-sup-

porting pieces, and placed in an IR cell and treated

under vacuum at 300 �C. After cooling down to

120 �C, the catalyst was exposed to pyridine for 30

min. In the process of recording the infrared spectrum

of the sample, the infrared spectrum of the air was

used as the background. The sample was raised to

250 �C at a rate of 10 �C/min, and the spectrum was

collected after 5 min of desorption.

Elemental analysis was determined by Thermo

iCAP 7000 inductively coupled plasma emission

spectrometer. The 0.1 g sample was dissolved in the

mixed acid under heating and stirring conditions to

obtain the contents of Ti and Zr, and then the contents

of TiO2 and ZrO2 were obtained. The data collection

was done automatically by the computer.

The surface composition of the catalysts was cal-

culated by an X-ray photoelectron spectrometer (AXIS

ULTRA DLD). Al Ka (hm = 1486.6 eV) was used as

the excitation source, the C1s peak was employed as

an internal standard to revised electric charge effect.

The XPS fitting and peak integration were done using

XPSPEAK software.

2.3 Catalyst evaluation

The performances of the catalysts were carried out in a

stainless steel fixed-bed reactor. N2 was used as the

carrier gas, and the raw material (1-octadecanol) and

carrier gas flowed through the reactor tube from top to

bottom. The size of the reactor filled with the catalyst

is 10 mm 9 500 mm (U 9 L). 4 mL catalyst (20–40

mesh) was loaded in the reactor. There is a steel pipe

in the middle of the reactor, and a thermocouple is

inserted into the pipe to monitor the temperature of the

center of the catalyst. The dehydration reaction of

1-octadecanol was performed at atmospheric pressure,

and the carrier gas flow rate was 30 mL/min. After

slowly raising the reaction tube to the reaction tem-

perature, a pump was used to feed the liquid into the

reactor. The time to reach a steady-state was not less

than 24 h. The liquid-phase products were collected

in a low-temperature collector (10 �C) and a high-
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temperature collector (110 �C), and the products were

collected and analyzed every 24 h. The effluent gases

were analyzed on GC-950 chromatographs of Shi-

madzu using a Carbosieve-packed column equipped

with a thermal conductivity detector (TCD) and an

Al2O3 column equipped with a flame ionization

detector (FID). Liquid products were dissolved in CS2,

and analyzed offline by Shimadzu GC-2010 chro-

matography with a 30 m TMX-1 capillary column.

3. Results and Discussion

3.1 Crystal phase structure of the catalysts

The XRD spectra of ZrO2, TiO2 and TiO2-ZrO2 mixed

oxides catalysts with different TiO2 content were

shown in Figure 1a. For ZrO2, there are several

obvious diffraction peaks at 24.3�, 28.4�, 31.6� and

34.5� belonging to the monoclinic ZrO2 crystalline

phase (PDF#37-1484) and at 30.2� and 50.4� belong-

ing to the tetragonal ZrO2 crystalline phase (PDF#42-

1164).22 For TiO2, the diffraction peaks at 25.2�,
37.6�, 48.1� and 53.7� can be observed, which is

assigned to anatase crystalline phase (PDF#21-

1272).23,24 The crystalline phase of 1% TiO2-ZrO2 and

2%TiO2-ZrO2 are similar to that of pure ZrO2, which

were mainly monoclinic and tetragonal ZrO2 crys-

talline phases, but the intensity of the characteristic

peaks is gradually weakened. As TiO2 doping is more

than 3 wt.%, each TiO2–ZrO2 mixed oxide contains

only one broad peak, which indicates that crystalline

phase changes to amorphous form. According to cal-

culations, the crystal diameters of ZrO2, 1%TiO2–

ZrO2, and 2% TiO2–ZrO2 are 7.7 nm, 6.0 nm, and 5.6

nm, respectively. As TiO2 doping is more than 3 wt.%,

the crystal diameter cannot be obtained due to the

formation of an amorphous structure.

To further investigate, the interaction between ZrO2

and TiO2 were tested by Raman spectrum analysis (-

Figure 1b). Raman spectrum for ZrO2 contains peaks

at 178, 270, 336, 476, 634 and 754 cm-1, which are

assigned to monoclinic and tetragonal ZrO2 crystalline

phases.25–27 The Raman spectrum of TiO2 has no

obvious characteristic peaks. Catalysts with TiO2

doping of 3 wt.%, 10 wt.% and 20 wt.% all show a

Raman peak at 786 cm-1, which is a characteristic

peak of Ti–O–Zr bond.28,29 Although no Ti–O–Zr

characteristic peak was observed in the catalysts with

TiO2 doping of 1 wt.% and 2 wt.%, the characteristic

peaks of the monoclinic and tetragonal ZrO2 crys-

talline phases were weakened, which indicates that

they are in the intermediate state from the crystalline

phase to amorphous form.

3.2 Texture of the catalysts

The BET surface area (ABET), pore volume and

average pore diameter of TiO2-ZrO2 mixed oxides

with different TiO2 content were listed in Table 1.

ABET of the catalysts gradually increases with an

increase in TiO2 doping. It is worth noting that, though

no amorphous structure forms in 1% TiO2–ZrO2 and

2% TiO2–ZrO2 (obtained from Figure 1), the doping

of TiO2 significantly increases ABET of the catalysts.

This also indicates that 1% TiO2–ZrO2 and 2% TiO2–

ZrO2 were in the intermediate state from monoclinic

and tetragonal ZrO2 crystalline phases to amorphous

structure.

Figure 1. XRD profiles (a) and Raman spectra (b) of the catalysts.
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3.3 Chemical environmental characterization
of metal oxides on catalysts

X-photoelectron spectroscopy was performed to get

more information about the surface composition of the

catalysts. The XPS spectra of the catalysts are shown in

Figure 2, where Figure 2a and 2b, respectively revealed

the Zr 3d and Ti 2p binding energy spectrum. The spin-

orbit splitting of Zr is Zr 3d5/2 and Zr 3d3/2, and the spin-

orbit splitting of Ti is Ti 2p3/2 and Ti 2p1/2. Figure 2a

shows that for the catalysts with TiO2 doping\3 wt.%,

the values of Zr 3d binding energy are the same as those

of pure ZrO2, for the catalysts with TiO2 doping C 3

wt.%, Zr 3d binding energy shift to a higher binding

energy value, indicating the electron density around Zr

decreases. Figure 2b shows that for all the TiO2–ZrO2

mixed oxides, Ti 2p binding energy shift to a lower

binding energy value, indicating the electron density

around Ti increases. The movement of Zr 3d and Ti 2p

binding energy further indicates the interaction between

Zr and Ti.30–32 This result is in agreement with that

shown in Figure 1b.

Both Raman spectrum and XPS spectrum reveal

that intermediate state or amorphous structure forms in

TiO2–ZrO2 mixed oxides due to the interaction of

TiO2 and ZrO2. To further clarify whether the mixed

oxides composition on the surface and inside of the

catalyst is consistent, the peaks in XPS spectrum were

integrated and compared with the results obtained by

ICP test (Table 2). It shows the TiO2/(TiO2 ? ZrO2)

value on the surface is higher than that inside, indi-

cating that TiO2 is enriched on the catalyst surface.

3.4 Characterization of the surface acid sites
of the catalysts

To clarify the difference in the amount and type of

acid sites on the catalyst surface, the samples were

subjected to a Pyridine-FTIR test. The spectra are

given in Figure 3. No adsorption band is observed for

ZrO2, indicating the amount of acid sites on ZrO2 are

very small. Absorption bands around 1445, 1489 and

1608 cm-1 can be observed in 1% TiO2–ZrO2, 2%

TiO2–ZrO2 and 3% TiO2–ZrO2. In addition to the

above three bands, adsorption bands at 1540 cm-1 can

be observed in 10%TiO2–ZrO2 and 20%TiO2–ZrO2.

The adsorption bands at 1445 cm-1 and 1608 cm-1

are identified as Lewis acid, the adsorption band at

1540 cm-1 is identified as Brønsted acid, and the band

Table 1. Texture parameters of TiO2-ZrO2 mixed oxides with different TiO2 content.

Sample ABET/(m2 g-1) Pore volume v/(cm3 g-1) Average pore diameter d/nm

ZrO2 1341 0.09 3.2
1%TiO2–ZrO2 156 0.12 3.5
2%TiO2–ZrO2 185 0.19 4.2
3%TiO2–ZrO2 191 0.15 3.5
10%TiO2–ZrO2 199 0.19 4.7
20%TiO2–ZrO2 240 0.25 5.4
TiO2 137 0.22 6.4

Figure 2. Zr 3d (a) and Ti 2p binding energy spectra (b) of the catalysts.
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at 1489 cm-1 is assigned to the interaction of Brønsted

acid and Lewis acid.33–35

The number of Lewis acid and Brønsted acid sites

was calculated according to the adsorption band areas

in Figure 3, and the results were listed in Table 3.

Quantitative calculation of Lewis acid and Brønsted

acid is according to the literature.35,36 The molar

extinction coefficients of Lewis acid and Brønsted acid

follow the method of literature.37 The calculated

results are: e (1445) = 1.42 cm lmol-1, e (1540) =

1.88 cm lmol-1. The table shows that the number of

Lewis acid sites in the catalysts gradually increases

with an increase in TiO2 doping, while the Brønsted

acid sites is almost absent as the amount of TiO2 is 1–3

wt.%, and the Brønsted acid sites begin to appear and

continue to increase as the amount of TiO2 reaches

10%.

3.5 Catalytic performance of 1-octadecanol
dehydration

The conversion of 1-octadecanol and the selectivity of

product over the TiO2-ZrO2 oxides were summarized

in Table 4. The conversion of 1-octadecanol over

ZrO2 is very low. The conversion of 1-octadecanol

gradually increases (except that the value of 2% TiO2–

ZrO2 is slightly lower than that of 1% TiO2–ZrO2)

with an increase in TiO2 doping from 1 to 20 wt.%,

increasing from 8.7 to 99.9%. It is worth noting that

the conversion of 1-octadecanol sharply increases

from 19.8 to 79.2% with an increase in TiO2 doping

from 2 to 3 wt.%. Table 4 also shows that the selec-

tivity of 1-octadecene gradually increases with an

increase in TiO2 doping from 1 to 3 wt.%, but then

decreases with a further increase in TiO2 doping to

20 wt.%. The selectivity of 2-octadecene gradually

increases with an increase in TiO2 doping (except that

the value of 2% TiO2–ZrO2 is slightly lower than that

of 1% TiO2–ZrO2).

To illustrate the relationship between the acid sites

on the catalyst surface and the activities of the cata-

lysts, the yields of 1-octadecene, 2-octadecene and

total octadecene were plotted against the amount of

Lewis acid sites on the catalyst surface (Figure 4). For

1%TiO2–ZrO2, 2%TiO2–ZrO2 and 3%TiO2–ZrO2,

there are only Lewis acid sites and almost no Brønsted

acid sites on catalyst surface, while both 1-octadecene

and 2-octadecene were generated during the reaction,

as the doping amount of TiO2 was increased, both the

amount of Lewis acid sites and the yield of total

Table 2. Surface composition of the catalysts.

Catalyst

Binding energy E/eV TiO2/(TiO2 ? ZrO2)

Zr 3d5/2 Zr 3d3/2 Ti 2p3/2 Ti 2p1/2 XPS (%) ICP(%)

1%TiO2–ZrO2 182.3 184.6 458.5 464.4 1.34 0.98
2%TiO2–ZrO2 182.3 184.6 458.5 464.4 2.25 1.8
3%TiO2–ZrO2 182.4 184.8 458.5 464.4 3.35 2.7
10%TiO2–ZrO2 182.5 184.9 458.7 464.5 10.14 9.6
20%TiO2–ZrO2 182.8 185.2 458.9 464.6 20.15 19.2

Figure 3. Py-IR spectra of the catalysts.

Table 3. The acid amount of Lewis and Brønsted in the
samples.

Catalysts

Acid amount (lmol/g)

B L Total

1%TiO2–ZrO2 – 81 81
2%TiO2–ZrO2 – 93 93
3%TiO2–ZrO2 – 109 109
10%TiO2–ZrO2 31 148 179
20%TiO2–ZrO2 41 184 225
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octadecene gradually increase. This indicates that the

Lewis acid sites not only catalyze the dehydration of

1-octadecanol to 1-octadecene, but also catalyze the

conversion of 1-octadecene to 2-octadecene. With the

appearance and increase of Brønsted acid sites on the

catalyst, the yield of 1-octadecene gradually decreases

but the yield of 2-octadecene gradually increases. The

result indicates that Brønsted acid sites mainly cat-

alyze the double carbon bond isomerization, rather

than the dehydration of 1-octadecanol to 1-octadecene.

As shown in Figure 4, though there is a certain

amount of Lewis acid sites on 1% TiO2–ZrO2 and 2%

TiO2–ZrO2, the yields of 1-octadecene and

2-octadecene are small. As the amount of Lewis acid

sites increases, the yields of 1-octadecene and 2-oc-

tadecene of 3% TiO2–ZrO2 increase sharply, indicat-

ing that both the crystalline phase and acid sites affect

the performance of the catalyst. Although there is a

certain amount of acid sites on 1% TiO2–ZrO2 and 2%

TiO2–ZrO2 with monoclinic and tetragonal ZrO2

crystalline phases, their contribution to the perfor-

mance of the catalysts is small. The contribution of the

acid sites on 3%TiO2–ZrO2, 10%TiO2–ZrO2 and

20%TiO2–ZrO2 with an amorphous form to the per-

formance of the catalysts increases significantly.

4. Conclusions

With the doping of TiO2, the formed TiO2–ZrO2

mixed oxides gradually change from the monoclinic

and tetragonal ZrO2 crystalline phases to the inter-

mediate state (the amount of TiO2 is 1 wt% and

2 wt.%). For the TiO2–ZrO2 mixed oxides in an

intermediate state, the characteristic peaks of the

monoclinic and tetragonal ZrO2 crystalline phases are

weakened, but the Ti–O–Zr bond and amorphous

structure have not yet appeared. With a continuous

increase in TiO2 doping, the intermediate state chan-

ges to an amorphous phase (TiO2 dopingC 3 wt%) and

Ti–O–Zr bond is formed. Both the formation of the

intermediate state and that of amorphous structure lead

to a significant increase in ABET and in the amount of

acid sites.

The TiO2–ZrO2 mixed oxide catalysts show high

activity in the dehydration of 1-octadecanol to

Table 4. Catalytic conversion of 1-octadecanol and product selectivity of the catalysts.

Catalysts
Conversion

(%)

Selectivity (%)

1-
octadecene

Trans-2-
octadecene

Cis-2-
octadecene

Dioctadecyl
ether Stearaldehyde Others

ZrO2 8.7 43.3 4.7 2.2 0.6 4.6 44.5
1%TiO2–

ZrO2

22.4 44.4 7.7 7.0 6.3 0.5 34.1

2%TiO2–
ZrO2

19.8 55.8 5.8 5.1 0.4 4.1 28.9

3%TiO2–
ZrO2

79.2 67.3 12.8 13.5 0.1 0.3 6.5

10%TiO2–
ZrO2

83.9 61.9 15.3 16.8 2.7 0.2 3.1

20%TiO2–
ZrO2

99.9 51.5 24.5 18.2 0.0 0.4 5.4

Reaction conditions: Temperature: 300 �C, LHSV: 0.6 h
-1, N2 GHSV: 400 h-1, atmosphere pressure, Others: C1–C17

alkanes and alkenes

Figure 4. The relationship between the yield of total,
1-octadecene and 2-octadecene and the Lewis acid amount.
Total: the sum of 1-octadecene and 2-octadecene; 2-oc-
tadecene: the sum of trans-2- octadecene and cis-2-
octadecene.
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1-octadecene. The crystalline phase, amount and type

of acid sites comprehensively influence the perfor-

mance of the catalysts, the acid sites activity on TiO2–

ZrO2 mixed oxides in the intermediate state is quite

low, while that on TiO2–ZrO2 mixed oxides in amor-

phous form increases dramatically. The Lewis acid

sites on the TiO2–ZrO2 mixed oxides not only catalyze

the dehydration of 1-octadecanol to 1-octadecene, but

also catalyze the double carbon bond migration of

1-octadecene to form 2-octadecene, the Brønsted acid

sites mainly catalyze the double carbon bond migra-

tion from the first carbon to the second carbon.
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