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Abstract: The selective transformation of secondary alcohols to alpha-olefins is a challenging task
in heterogeneous catalysis, as is the case of 4-methyl-2-pentanol (4M2Pol) conversion to 4-methyl-1-
pentene (4M1P). Herein, the co-precipitated yttria-stabilized zirconia (YSZ) catalysts exhibit superior
performance to both bare and Y-impregnated ZrO2 in selective 4M2Pol dehydration. In order to track
the activity origin of YSZ, temperature-programmed desorption experiments using NH3 and CO2

are performed along with X-ray photoelectron spectroscopy. The conversion of 4M2Pol (max. 85%)
is proportional to weak acidity and inverse to medium basicity. In contrast, the selectivity of 4M1P
increases to 80% as the ratio of weak acidity to medium basicity is close to and exceeds the unity.
These indications corroborate that the balanced acid–base pair of YSZ leads to the selective formation
of 4M1P from 4M2Pol, which is caused by strong interaction between zirconia and yttria in the YSZ.
Additionally, the dehydration activity over YSZ of 4 mol% yttrium is sustained at 450 ◦C for 50 h.
Therefore, the YSZ, which is often used for electrocatalysis, is believed to be a promising catalyst in
the dehydration of 4M2Pol and, further, secondary alcohols.

Keywords: 4-methyl-2-pentanol; dehydration; alpha olefin; acid–base pair; yttria-stabilized zirconia

1. Introduction

Polymethylpentene (PMP) is a well-known thermoplastic polymer under the trade
name TPXTM, which exhibits low density, high melting point, excellent flexibility, and
high transparency [1,2]. The PMP is manufactured by polymerization of 4-methyl-1-
pentene (4M1P) that is conventionally derived from dimerization of propylene over a
well-known Ziegler–Natta catalyst [3]. As an alternative to producing the branched α-olefin
4M1P, the dehydration of 4-methyl-2-pentanol (4M2Pol) deserves practical consideration
because 4M2Pol can be synthesized from surplus acetone available in the chemical industry.
Thus, it has been a long-term and challenging subject to dehydrate 4M2Pol to 4M1P
selectively. Typical acid catalysts produce 4-methyl-2-pentene (4M2P) of cis and trans
isomers in large amounts, while 4-methyl-2-pentanone (4M2Pon) can sometimes be formed
by dehydrogenation of 4M2Pol. In this respect, the dehydration of 4M2Pol is such a good
model reaction in discerning the strength and density of acid and base sites in binary metal
oxides and their composites for the desired product distribution.

Cutrufello et al. [4] investigated the activity and product selectivity of zirconium,
cerium, and lanthanum oxides in 4M2Pol dehydration. When the ratio of surface acid
to base sites was close to the unity (nB/nA = 1), the 4M1P selectivity of around 80% was
achieved owing to the reaction progress via the E1cB mechanism. However, the larger
number of base sites (nB/nA > 1) promoted the dehydrogenation of 4M2Pol to 4M2Pon,
whereas the opposite case (i.e., nB/nA < 1) preferred the dehydration of 4M2Pol to 4M2P.
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The works on the activities of silica-supported CexZr1−x catalysts revealed that the addition
of Zr4+ to CeO2 significantly increased the conversion of 4M2Pol with the improved 4M1P
selectivity, resulting from the generation of acid–base surface sites [5,6]. However, the
selectivity of 4M1P over these catalysts was lowered by the increase in reaction temperature,
unlike the reactant conversion. This prompted to search for a new catalyst system for the
balanced acid–base pair leading to high 4M1P selectivity at high temperatures.

Yttria-stabilized zirconia (YSZ) has proved to be a promising material in the field of
electrochemistry because of its high ionic conductivity, high mechanical strength, and good
thermal stability [7,8]. The YSZ has been accessed as a heterogeneous catalyst but is not
well explored. Labaki et al. [9] examined the higher activity of CuO/YSZ catalysts in the
oxidation of propylene and toluene due to the oxygen vacancies of YSZ involved in the
oxidation mechanism catalyst. Vlasenko et al. [10] reported that the strong basicity and
weak acidity of YSZ contributed to the high selectivity of n-butanol in the Guerbet coupling
of ethanol. In glycerol stream reforming, the high performance of Ni-on-YSZ catalysts
was attributed to the easy reducibility of NiO and the higher concentration of medium
acid sites with fewer base sites compared to Ni/ZrO2 [11]. Despite these potentials of
YSZ in heterogeneous catalysis, there is a very limited number of reports to date, which is
the motive of this study to investigate the catalytic activity and properties of YSZ in the
dehydration of 4M2Pol to 4M1P.

Herein, YSZ catalysts with different yttrium contents are prepared by co-precipitation
and also by incipient wetness impregnation for comparison. The prepared catalysts are
evaluated in the dehydration of 4M2Pol at the temperature of 350, 375, and 400 ◦C. In
order to figure out the obtained catalytic performance, the density and strength of acid and
base sites are examined by temperature-programmed desorption experiments using NH3
and CO2 as probe molecule, which are thereafter correlated with the reactant conversion
and product selectivities. Furthermore, the electron densities of YSZ’s elements are char-
acterized to address the changes in Lewis acidity and basicity. Through a series of these
works, it can be addressed that the balanced acid–base pair of YSZ greatly contributes to
the selective activation of 4M2Pol to 4M1P owing to a strong interaction between zirconia
and yttria in the YSZ.

2. Results and Discussion
2.1. Physical Properties of YSZ Catalysts

From the results of N2 physisorption, the specific surface area was calculated by
the Brunauer-Emmett-Teller (BET) method. The BET surface area (SBET) of t-ZrO2 was
measured at 42 m2 g−1. The addition of 4% yttrium to t-ZrO2 (4YSZ) increased the SBET to
58 m2 g−1, and further addition of up to 30% yttrium (30YSZ) decreased in a linear fashion
to 18 m2 g−1 (Figure 1). The pore volume (Vp) was decreased for the co-precipitated
YSZ catalysts with higher yttrium contents. The co-precipitation generally results in
homogeneous mixing of metal elements, such as Zr4+ and Y3+ in this work, which was
confirmed in the field-emission scanning electron microscopy (FE-SEM) image of 20YSZ
(Figure S1a). Therefore, the observed decreases in SBET and Vp are caused by strong
interaction between Zr4+ and Y3+ due to charge imbalance. In contrast, the impregnated
catalysts 4Y/t-ZrO2 and 20Y/t-ZrO2 showed lower SBET and Vp than bare t-ZrO2 because
the yttria existed on the external surface of t-ZrO2 (Figure S1b) thereby blocking some pores
at the surface.
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Figure 1. BET surface areas and the pore volumes of the co-precipitated xYSZ (filled squares) and
impregnated xY/t-ZrO2 (open triangles) catalysts along with bare t-ZrO2 (open squares).

The crystallinity of the fresh YSZ catalysts was examined by X-ray diffraction (XRD)
analysis. The diffraction peaks of t-ZrO2 were detected at the 2θ angles of 30.3◦, 50.5◦, and
60.0◦. These peaks were identically found in the patterns of 4YSZ and 8YSZ (Figure 2a).
However, the major diffraction peak was shifted to a lower 2θ angle of 29.9◦ for 20YSZ and
30YSZ, indicating the formation of the cubic phase. The previous reports confirmed that the
YSZ with the yttrium content of higher than 8% exhibits the transition from tetragonal to
cubic phase because lattice distortion occurs by the incorporation of Y3+ into t-ZrO2 [12,13].
However, the diffraction peaks of monoclinic ZrO2 were additionally seen with no peak
shift of t-ZrO2 in the patterns of the impregnated catalysts 4Y/t-ZrO2 and 20Y/t-ZrO2
(Figure 2b). This suggests that the structure of t-ZrO2 is changed by the existence of Y2O3
at the surface of particles. Furthermore, the diffraction at 29.3◦ was found in the pattern
of 20Y/t-ZrO2, which was assigned to the cubic phase of Y2O3 (JCPDS card no. 89-5591).
Therefore, the co-precipitation leads to the well-mixing of Zr4+ and Y3+ in the oxide lattice,
unlike the impregnation.

2.2. Catalytic Dehydration Performance of YSZ Catalysts

The co-precipitated YSZ and impregnated Y/t-ZrO2 catalysts along with bare t-ZrO2
were tested in the continuous reactor for the dehydration of 4M2Pol. As the reaction
temperature increased from 350 to 400 ◦C, the conversion of 4M2Pol was improved for
all of the tested catalysts. Because the catalyst rank was unchanged at each temperature,
the catalytic activity and product selectivity at 400 ◦C were discussed. The t-ZrO2 showed
a 39% conversion of 4M2Pol with a low selectivity of 4M1P (20%) and high selectivity of
4M2Pon (78%). In the case of the impregnated catalysts, the conversion was declined to
29% and 27% for 4Y/t-ZrO2 and 20Y/t-ZrO2, respectively, whereas the opposite trend was
seen in the selectivity of 4M1P. This is the effect of Y2O3 located at the surface of t-ZrO2.
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and 30). (b) xY/t-ZrO2 (x = 4 and 20) and bare t-ZrO2. The dot lines marked in purple, green, blue,
and yellow represent the reflections of c-ZrO2, t-ZrO2, m-ZrO2, and c-Y2O3, respectively.

In contrast, 4YSZ and 8YSZ presented a much higher 4M2Pol conversion (ca. 80%
and 85%, respectively) than t-ZrO2 (Figure 3a), representing that the former catalysts are
intrinsically different from the latter, possibly because of the stabilization of t-ZrO2 by
the presence of yttria. However, the conversion of 4M2Pol over 20YSZ and 30YSZ was
decreased to 64% and 52%, respectively, which may be associated with the reduced textural
properties and other parameters of these catalysts. More importantly, the selectivity of 4M1P
over the co-precipitated YSZ catalysts was in the range of 75–79% at 400 ◦C (Figure 3b),
which was much higher than those over the impregnated Y/t-ZrO2 ones affording 4M2Pon
as the major product (Figure 3c). The favorable formation of 4M2Pon over Y/t-ZrO2 was
confirmed by the dehydration results at 350 and 375 ◦C (Figure S2). Moreover, the selectivity
of 4M1P over 20YSZ and 30YSZ was decreased by increasing the reaction temperature from
350 to 450 ◦C (Figure S3). The measured product selectivity manifests that the dominant
pathway is different over the YSZ and Y/t-ZrO2 catalysts. Generally, the conversion of
4M2Pol to 4M1P follows the E1cB mechanism, whereas 4M2P and 4M2Pon are formed
via E1 and dehydrogenation mechanisms, respectively. In other words, the distribution
of 4M2Pol dehydration products depends upon the acidity and basicity of catalysts. In
addition, the ratio of cis- to trans-4M2P was higher for t-ZrO2 and Y/t-ZrO2 than for
YSZ (Figure S4). Hattori [14] reported that the cis/trans ratio of 2-alkene was high for
base catalysts and close to the unity for acid catalysts. This allows speculating that the
impregnated Y/t-ZrO2 are more basic than the co-precipitated YSZ. When the conversion
of 4M2Pol was plotted against the selectivity of 4M1P from the results at 400 ◦C, all of
the YSZ catalysts were positioned at the upper right corner, unlike t-ZrO2 and Y/t-ZrO2
(Figure 3d). This indicates that the acid–base characters of the former catalysts are more
favorable to selective dehydration of 4M2Pol into 4M1P compared to the latter ones.
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Figure 3. Activity results in dehydration of 4M2Pol over the co-precipitated xYSZ (x = 4, 8, 20, and
30) and impregnated xY/t-ZrO2 (x = 4 and 20) catalysts along with bare t-ZrO2. (a) Conversion of
4M2Pol at 350, 375, and 400 ◦C. (b) Selectivity of 4M1P at 350, 375, and 400 ◦C. (c) Selectivity of
by-products such as 4M2P and 4M2Pon at 400 ◦C. (d) Plot to correlate 4M2Pol conversion with 4M1P
selectivity obtained at 400 ◦C.

Isothermal activity tests at 450 ◦C were performed with 4YSZ and 4Y/t-ZrO2. In the
tests for 50 h, 4YSZ showed stable performance, such as 82% conversion of 4M2Pol and
82% selectivity of 4M1P (Figure 4). However, the conversion of 4M2Pol over 4Y/t-ZrO2
was dropped from 50% to 33% at time-on-stream of 50 h, while the selectivity of 4M1P
was maintained at a low value of 35%. Furthermore, the diffraction patterns of the fresh
and spent catalysts were compared. The change in peak intensity was apparent on 20YSZ
and 30YSZ but not on 4YSZ and 8YSZ, of which thermal stability was ascribed to the
stabilizer role of yttria in YSZ [15]. In the case of the spent 4Y/t-ZrO2 and 20Y/t-ZrO2, the
phase transition from tetragonal to monoclinic ZrO2 and the formation of cubic Y2O3 were
observed. This explains the decrease in the conversion of 4M2Pol.
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2.3. Acid–Base Characters of YSZ Catalysts

The density and strength of acid and base sites were measured by temperature-
programmed desorption (TPD) experiments using the probe molecule of basic NH3 and
acidic CO2, where yttria (Y2O3) was prepared by precipitation for comparison. TPD pro-
files were deconvoluted by the Gaussian function, as shown in Figure 5. Among the
characterized catalysts, t-ZrO2 showed the smallest NH3-TPD profile at low temperatures
(Figure 5a), meaning the smallest and weakest acidity of t-ZrO2. The comparable acidity
was observed with 20Y/t-ZrO2 showing the formation of cubic Y2O3 particles (revealed
by XRD analysis). However, the acidity was increased by the addition of 4% yttrium into
t-ZrO2 via impregnation. This is likely caused by good dispersion of yttria particles at the
surface of t-ZrO2 and, accordingly, the possible formation of Y–O–Zr linkage, which was
confirmed in the NH3-TPD profiles of the co-precipitated YSZ catalysts with increasing the
yttrium content. The weak acidity was pronounced for 4YSZ and 8YSZ by incorporation of
Y2O3, and then the strong acidity was generated for 20YSZ and 30YSZ. Thus, the higher
the yttrium content, the larger the total acidity. Table 1 summarizes the calculated density
of acid sites in a unit of µmol m−2, where those of weak, medium, and strong acidity were
determined in NH3 desorption detected below 275 ◦C, between 275 and 550 ◦C, and above
550 ◦C, respectively, which refers to the reports on zirconia-based catalysts [16,17].

Table 1. Density of acid and base sites for all of the tested catalysts.

Catalyst Acid Sites (µmol m−2) Base Sites (µmol m−2)

Weak a Medium b Strong c Total Weak d Medium e Strong f Total

20Y/t-
ZrO2

0.06 - - 0.06 0.06 0.33 0.12 0.51

4Y/t-ZrO2 0.10 0.03 0.09 0.22 0.06 0.26 0.04 0.37
t-ZrO2 0.03 - - 0.03 0.05 0.20 - 0.25
4YSZ 0.25 0.06 - 0.31 0.09 0.05 - 0.14
8YSZ 0.30 0.01 - 0.31 0.11 0.06 - 0.17
20YSZ 0.24 0.16 0.02 0.42 0.09 0.09 - 0.18
30YSZ 0.14 0.20 0.13 0.47 0.08 0.11 0.01 0.19

a Desorption above 275 ◦C. b Desorption between 275 and 550 ◦C. c Desorption above 550 ◦C. d Desorption below
150 ◦C. e Desorption between 150 and 550 ◦C. f Desorption above 550 ◦C.
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Figure 5. TPD profiles of (a) NH3 and (b) CO2 for the co-precipitated xYSZ (x = 4, 8, 20, and 30) and
impregnated xY/t-ZrO2 (x = 4 and 20) catalysts along with bare t-ZrO2. The deconvoluted peaks are
distinguished by changing the intensity of red (a) and blue (b) colors from bright to dark with the
desorption temperature increasing.

The CO2-TPD profiles of t-ZrO2 and Y2O3 identified that the basicity of Y2O3 was
larger and stronger than that of t-ZrO2 (Figure 5b), which was in agreement with the report
of Paukshtis [18]. This finding was examined for 4Y/t-ZrO2 and 20Y/t-ZrO2, where the
strong basicity was increased by the larger presence of basic Y2O3 at the surface of t-ZrO2.
In contrast, the desorption of CO2 from YSZ catalysts was the major at temperatures of
lower than 550 ◦C. Additionally, the integrated area of CO2 desorbed per gram catalyst
decreased with the increase in yttrium content. However, the total basicity per unit surface
area increased for the YSZ with the higher yttrium content. The amount of CO2 desorbed
was used to calculate the density of base sites in a unit of µmol m−2 (Table 1), where the
quantitative determination of weak, medium, and strong base sites was based upon the
two distinct temperatures of 150 and 550 ◦C [16,17].

When the catalytic performance is considered in terms of the estimated values of
acidity and basicity, the selective formation of 4M1P over the co-precipitated YSZ catalysts
is associated with their weak and medium acid sites as well as weak and medium base
sites. The pyridine-chemisorbed Fourier-transformed infrared (FT-IR) spectra of 4YSZ and
4Y/t-ZrO2 revealed that Lewis acid sites, but not Brønsted acid sites, existed at the surface
of the two catalysts (Figure S5). Thus, X-ray photoelectron spectroscopy (XPS) analysis
was performed to distinguish the change of electron density using the core levels of Zr
3d, O 1s, and Y 3d, as presented in Figure 6. For comparison, the XPS spectrum of yttria
was also obtained. In the Zr core level of t-ZrO2, the peaks of Zr 3d3/2 and 3d5/2 were
detected at the binding energy (BE) of 183.9 and 181.5 eV, respectively [19,20]. They were
similarly observed in the spectrum of the impregnated Y/t-ZrO2 (Figure S6). However,
the co-precipitated YSZ showed the peak shift to higher BE by 0.3–0.4 eV compared to
t-ZrO2 (Figure 6a). This indicates the electron deficiency of Zr4+ centers that is equivalent
to the increased Lewis acidity of YSZ, which can explain the presence of weak and medium
acid sites in 4YSZ and 8YSZ. Meanwhile, the intensity of Zr 3d3/2 and 3d5/2 peaks was
decreased in the YSZ with higher yttrium contents, thus increasing the atomic ratio of Y/Zr
in the following order: 0.07 (4YSZ) < 0.13 (8YSZ) < 0.30 (20YSZ) < 0.41 (30YSZ). Therefore,
another Lewis acidity would come from Y3+ centers. Figure 6b presents the Y 3d3/2 and
3d5/2 peaks of Y2O3 at 158.5 and 156.2 eV, respectively [21], which was also found in the
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spectrum of 20Y/t-ZrO2 (Figure S6). They were weak in 4Y/t-ZrO2, 4YSZ, and 8YSZ,
although they shifted to higher BE. However, 20YSZ and 30YSZ exhibited larger peaks
along with the more BE shift, which was attributed to high substitution of yttrium in the
matrix of t-ZrO2 [12]. The XPS results observed in 20YSZ and 30YSZ indicate the formation
of strong Lewis acid sites that is in agreement with the high-temperature NH3 desorption.
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On the other hand, the peak of O 1s at 529.4 eV is usually assigned to the surface
lattice oxygen [22,23]. Such a peak was observed in the spectrum of t-ZrO2 (Figure 6c).
However, Y2O3 showed the signal of O 1s at a lower binding energy of 528.9 eV. This
indicates the electron-rich state of oxygen species in Y2O3, representing strong Lewis base
sites [12]. In addition, the shoulder peak in the core level of O 1s was clearly visible at
around 532 eV. This is assigned to the oxygen anion of the hydroxyl group of Y(OH)3, while
the peaks of Y 3d at 157.8 and 159.8 eV (Figure 6b) confirmed the existence of Y(OH)3 [21,24].
The oxygen species of Y(OH)3 functions as Lewis base sites [25,26]. In contrast, the peak
of O 1s was shifted to higher BE for the co-precipitated YSZ, which strongly suggested
that the strong basicity of Y2O3 was weakened by the well-mixing with ZrO2. This is in
good agreement with the NH3-TPD results of YSZ catalysts. Consequently, the acid–base
pair of YSZ catalysts is explained by the electron-withdrawing action responsible for the
increase in Lewis acidity of Zr4+ and Y3+ centers as well as the decrease in Lewis basicity of
oxygen anion.

2.4. Understanding of Active Sites of YSZ Catalysts for 4M2Pol Dehydration

Based on the density and strength of acidity and basicity measured by TPD experi-
ments, we attempted correlating them with the conversion of 4M2Pol. Figure 7 presents
that the conversion of 4M2Pol is greatly affected by the two parameters such as weak
acidity and medium basicity. The density of weak acid sites is in proportional relationship
with the catalytic activity, but that of total acid sites is not the case. This corroborates that
the weak acid sites play an important role in increasing the conversion of 4M2Pol. On
the contrary, the conversion of 4M2Pol is inversely related to the density of medium base
sites. This tendency is also seen in the density of total base sites because the contribution of
weak base sites is not large (Figure S7). Therefore, the reduced density of medium base
sites is preferable to the enhanced dehydration of 4M1Pol. When the above discussion
is considered together, the weak acidity and medium basicity of the co-precipitated YSZ
catalysts are key factors in activating the reactant 4M2Pol for the dehydration reaction.



Catalysts 2022, 12, 559 9 of 13

Catalysts 2022, 12, x FOR PEER REVIEW 8 of 12 
 

 

   
Figure 6. XPS spectra of the co-precipitated YSZ catalysts in the core levels of (a) Zr 3d, (b) Y 3d, 
and (c) O 1s. The spectra of t-ZrO2 and/or Y2O3 are added for comparison. 

2.4. Understanding of Active Sites of YSZ Catalysts for 4M2Pol Dehydration 
Based on the density and strength of acidity and basicity measured by TPD experi-

ments, we attempted correlating them with the conversion of 4M2Pol. Figure 7 presents 
that the conversion of 4M2Pol is greatly affected by the two parameters such as weak 
acidity and medium basicity. The density of weak acid sites is in proportional relationship 
with the catalytic activity, but that of total acid sites is not the case. This corroborates that 
the weak acid sites play an important role in increasing the conversion of 4M2Pol. On the 
contrary, the conversion of 4M2Pol is inversely related to the density of medium base 
sites. This tendency is also seen in the density of total base sites because the contribution 
of weak base sites is not large (Figure S7). Therefore, the reduced density of medium base 
sites is preferable to the enhanced dehydration of 4M1Pol. When the above discussion is 
considered together, the weak acidity and medium basicity of the co-precipitated YSZ 
catalysts are key factors in activating the reactant 4M2Pol for the dehydration reaction. 

 
Figure 7. Correlation of 4M2Pol conversion with the surface density of weak acid sites and medium 
base sites for xYSZ (filled squares), xY/t-ZrO2 (open triangles), and bare t-ZrO2 (open squares). 

Similar approaches were performed to determine the factors affecting the selectivity 
of the desired product 4M1P. Because this selectivity failed to be correlated with each 

Figure 7. Correlation of 4M2Pol conversion with the surface density of weak acid sites and medium
base sites for xYSZ (filled squares), xY/t-ZrO2 (open triangles), and bare t-ZrO2 (open squares).

Similar approaches were performed to determine the factors affecting the selectivity of
the desired product 4M1P. Because this selectivity failed to be correlated with each density
of acid and base sites listed in Table 1, the surface density ratios of acidity to basicity were
calculated and then correlated with the selectivity of 4M1P (Figure S8). As a result, the
ratio of weak acidity to medium basicity (denoted as nWA/nMB) turned out to show the
best fit to the 4M1P selectivity (Figure 8). In detail, the selectivity of 4M1P was increased
and then saturated above the nWA/nMB close to the unity. This is in partial accordance with
the report of Cutrufello et al. [4] that the 4M1P selectivity of around 80% was achieved
when the ratio of total acid and base sites was close to the unity, whereas the larger number
of total acid sites preferred the dehydration of 4M2Pol to 4M2P. The discrepancy with their
work would be attributed to our detailed analysis of the density and strength of acid and
base sites. In addition, the nWA/nMB was well correlated with the selectivities of 4M2P and
4M2Pon: as the nWA/nMB increased to 5, the former byproduct was more formed up to 20%
in a linear fashion, and the latter byproduct was less formed and (Figure 8). This means
that the nWA/nMB determines the selectivities of all the dehydration products. Therefore,
the product distribution in the dehydration of 4M2Pol relies on the balanced acid–base pair
of the co-precipitated YSZ catalysts.

Finally, the plausible reaction mechanism is discussed for the dehydration of 4M2Pol
to 4M1P, 4M2P, and 4M2Pon over the YSZ catalysts. The 4M2Pol adsorbed on the catalyst
surface undergoes the elimination reaction to 4M1P and 4M2P through E1cB and E1
mechanisms, respectively, and the dehydrogenation reaction to 4M2Pon. In the first step of
the E1cB mechanism (Figure 9), the oxygen and hydrogen atoms in the hydroxyl (–OH)
group of 4M2Pol are bonded to the Lewis acid sites (Zr4+) and Lewis base sites (O2−) on the
surface of YSZs while another base sites withdraw the most acidic α-hydrogen of the methyl
group, leading to the formation of an electron-rich carbanion intermediate. The electron in
this carbanion is transferred to adjacent carbon, followed by pushing the bonding electron
of the carbon toward the O bonded to Zr. Hence, the double bond is formed at the terminal
position like 4M1P (Hoffman product). In the case of the E1 mechanism, the formation of
4M2P occurs on the Lewis acid sites attracting the electron from the oxygen of hydroxyl
groups, followed by partitioning the electron of the C–H bond into the oxygen anion of the
metal oxide (Figure S9a). This sequence yields first a carbocation intermediate and then
4M2P. This is in accordance with the increased selectivity of 4M2P by virtue of the higher
weak acidity of the YSZ catalyst. On the other hand, the formation of 4M1Pon through
the dehydrogenation pathway takes place at Lewis base sites (O2−) on the surface of Y2O3
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rather than on the amphoteric surface of YSZ, where the hydrogen atom of the hydroxyl
group interacts with Lewis base sites involving the formation of carbanion and rupture of
C–H bond, finally releasing 4M2Pon and H2 (Figure S9b).
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3. Materials and Methods
3.1. Preparation of Yttria-Stabilized Zirconia

For co-precipitation, an aqueous solution of ammonium hydroxide (NH4OH, 25%) as
the precipitating agent was added dropwise to a 1.2 M aqueous solution of ZrO(NO3)2·xH2O
(≥97.0%, Strem Chemicals, Newburyport, MA, USA) and Y(NO3)3·6H2O (99.8%, Sigma-
Aldrich, Munich, Germany) under stirring at 400 rpm. Then, the suspension was aged at
70 ◦C for 90 min. The resulting precipitate was filtered and washed four times with distilled
water, followed by drying at 105 ◦C overnight. Finally, the dried sample was calcined at
750 ◦C for 5 h. This sample is named xYSZ, in which x is the yttrium content of 4, 8, 20, and
30 in a unit of mole percentage.

The conventional impregnation was performed to afford the catalysts yttria supported
on tetragonal zirconia. Thus, a NaOH solution of 0.24 M was added dropwise to a 1.2 M
aqueous solution of ZrO(NO3)2·xH2O under stirring at 400 rpm, followed by aging at
70 ◦C for 90 min, filtering, and washing four times with distilled water. Then, the sample
was dried at 105 ◦C overnight and calcined at 600 ◦C for 5 h to acquire tetragonal zirconia
(t-ZrO2). To the prepared t-ZrO2 (1 g), an aqueous Y(NO3)3·6H2O solution of 1.1 M was
impregnated. The resulting sample was dried at 105 ◦C for 12 h and calcined at 750 ◦C for
5 h. This catalyst is denoted as xY/t-ZrO2 (x = 4 and 20 in a unit of mole percentage).
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3.2. Dehydration Experiments

The dehydration of 4M2Pol was performed in a fixed-bed reactor connected with a
high-performance liquid chromatography (HPLC) pump, heating furnace, and sampling
port. The prepared catalyst powder was pressed, crushed, and sieved to a mesh size of
650–800. Then, this sample was placed in the middle of a stainless-steel tubular reactor
(10 mm inner diameter and 40 cm length). Prior to activity tests, the catalyst was pretreated
in a flow of N2 (122 cm3 min−1) at 500 ◦C for 2 h and then cooled to the desired reaction
temperature from 275 to 400 ◦C for temperature-programmed and isothermal tests. The
liquid reactant was fed at a flow rate of 0.03 mL min−1) to the reactor while the N2
flow was unchanged. The product stream was passed to a gas chromatograph (Agilent
Technologies 7890B, Agilent Technologies, Santa Clara, CA, USA) equipped with an HP-1
capillary column and flame ionization detector. The moles of the unconverted reactant and
formed products were measured and converted to determine the conversion of 4M2Pol
and product selectivities.

3.3. Characterization

XRD patterns were recorded with a Rigaku MiniFlex 600 diffractometer. The specific
surface area and pore volume were measured using a Micromeritics ASAP 2020 instrument
after degassing at 150 ◦C in a vacuum for 1.5 h. FE-SEM images were taken in a JEOL 8700F
microscope with an electron dispersive X-ray spectrometer. XPS analysis was performed
using a Thermo Fisher Scientific (Thermo Fisher Scientific, Waltham, MA, USA) K-alpha
spectrometer with a monochromatic Al Kα X-ray source operated at a voltage of 1486.6 eV
and pass-energy of 200 eV, where the binding energy was calibrated with the standard C 1s
signal of 248.6 eV. FT-IR analysis was conducted in a Thermo Nicolet 6700 spectrometer
equipped with an MCT-A detector. The adsorption of pyridine was performed at 100 ◦C for
10 min after pretreatment at 100 ◦C in a vacuum for 1 h, followed by vacuum degassing to
remove pyridine physisorbed. Pyridine-chemisorbed FT-IR spectra were taken in the range
of 1700 to 1400 cm–1. TPD experiments using NH3 or CO2 were conducted in a BELCAT-B
instrument coupled with a mass spectrometer. After pretreatment at 500 ◦C in He for 2 h, a
sample (550 mg) was cooled to 50 ◦C, exposed to a flow of 5% NH3/He or 5% CO2/He for
1 h, and purged in He for 30 min. Then, the sample was heated to 900 ◦C in a He flow of
30 cm min−1.

4. Conclusions

The co-precipitated YSZ catalysts were first explored to selectively dehydrate 4M2Pol
into 4M1P with a low abundance of 4M2P and 4M2Pon. The 4YSZ and 8YSZ exhibited the
4M2Pol conversion of higher than 80% and the 4M1P selectivity of 75–79% at 400 ◦C.
Moreover, the dehydration performance of 4YSZ at 450 ◦C was maintained for 50 h,
affording 82% conversion of 4M2Pol and 82% selectivity of 4M1P. The activity results
corroborate the great potential of the YSZ catalysts in the selective conversion of 4M2Pol
into 4M1P. This is attributed to the balanced acid–base pair of YSZ catalysts, unlike the
impregnated Y/t-ZrO2 catalysts. The TPD results examined that the homogeneous mixing
of Zr4+ and Y3+ in the matrix of YSZ increased the weak acidity and reduced the strong
base sites, which was supported by the measured XPS spectra. These features contributed
to the selective formation of 4M1P from 4M2Pol. However, the acid-catalyzed dehydration
to 4M2P and the base-catalyzed dehydrogenation to 4M2Pon occurred when the acid and
base sites were imbalanced. Consequently, the strong interaction between zirconia and
yttria in the YSZ is believed to induce the balanced acid–base pair favorable for the desired
transformation of secondary alcohol 4M2Pol into branched α-olefin 4M1P.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal12050559/s1, Figure S1: FE-SEM images and elemental mapping
images (O, Y, and Zr) of (a) 20YSZ and (b) 20Y/t-ZrO2, Figure S2: Selectivity of by-products such as
4M2P and 4M2Pon in 4M2Pol dehydration at (a) 350 ◦C and (b) 375 ◦C, Figure S3: 4M2P conversion
and product selectivity in 4M2Pol dehydration over (a) 20YSZ and (b) 30YSZ at 350 to 450 ◦C,
Figure S4: Ratio of cis- to trans-4M2P at 350, 375, and 400 ◦C over the co-precipitated xYSZ (x = 4, 8,
20, and 30) and impregnated xY/t-ZrO2 (x = 4 and 20) catalysts along with bare t-ZrO2, Figure S5:
Pyridine-chemisorbed FT-IR spectra of the catalysts 4YSZ and 4Y/t-ZrO2, Figure S6: XPS spectra of
the impregnated Y/t-ZrO2 catalysts in the core levels of (a) Zr 3d, (b) Y 3d, and (c) O 1s. The spectra of
t-ZrO2 and/or Y2O3 are added for comparison, Figure S7: Correlation of 4M2Pol conversion with the
surface density of total acid sites, weak base sites, and total base sites of xYSZ (filled squares), xY/t-
ZrO2 (open triangles), and bare t-ZrO2 (open squares), Figure S8: Correlation of 4M1P selectivity with
various surface density ratios. (a) Weak acidity to weak, medium, and total basicity. (b) Total acidity
to weak, medium, and total basicity for xYSZ (filled squares), xY/t-ZrO2 (open triangles), and bare
t-ZrO2 (open squares), Figure S9: Plausible mechanism on the conversion of 4M2Pol. (a) Formation
of 4M2P via E1 mechanism over YSZ. (b) Formation of 4M2Pon via dehydrogenation mechanism
over YSZ.
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