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ABSTRACT: A novel Sc,0;—SiO, catalyst was explored and evaluated for the upgrade T I
of ethanol and acetaldehyde to butadiene. Notably, the Sc,0;—SiO, catalyst with a Sc/Si
molar ratio of 0.06 demonstrated exceptional performance, exhibiting the highest
selectivity of 81.7% for butadiene alongside a selectivity of 10.2% for butanol. When the
Sc/Si ratio was increased to 0.3, the butanol selectivity increased to 30.0%. To elucidate

the underlying factors governing these results, detailed characterizations of the catalysts ~&- Hiel
Cu

structure and acidic—basic properties were conducted for the Sc,0;—SiO, materials. The ¢ Sc/;%:':io

analyses revealed that the higher percentage of strong acidic sites in total acidic sites was *\t;&,

conducive to higher butadiene yield, while the increased density of strong basic sites ¢
correlated with higher butanol selectivity.

-
1. INTRODUCTION Scheme 1. Mechanism of EtOH-to-Butadiene Conversion
Butadiene, a vital asymmetric synthetic intermediate, serves as Aldol OH
the foundation for synthesizing a plethora of polymers, ASon 2, /\O copdensaniop N
including synthetic rubber, plastics, and polyamides.' ™ With Ethanol Acetaldehyde Acetaldol ©
a global annual demand reaching 14.2 million tons in recent
years," butadiene plays a pivotal role in various industrial l-HzO
applications. Traditionally, butadiene is primarily obtained as a o rel(\l/{JI;:i/on
byproduct in the naphtha cracking process of the petrochem- NS — N0 NN,
ical industry, with over 91% of the world’s supply.” However, 1,3-Butadiene Crotlaleohol _~_ ) Crotonaldehyde
the decline in naphtha cracking due to the widespread OH
extraction of shale gas has led to reduced butadiene production
and escalated prices.” Consequently, there is a pressing need to have been thoroughly investigated and shown to exhibit high
explore alternative production routes. Recently, there has been catalytic performances. Additionally, it has been widely
a growing emphasis on the utilization of renewable natural reported that Ag, Cu, and Zn can be added to two-g(z)gr;}gonent
resources to address sustainability concerns. The upgrade of catalysts to prepare three-component catalysts.”™"™ The

presence of Ag and Zn enhances the conversion of EtOH to
AA, while Mg, Zr, and Ta primarily enhance the upgrade of
EtOH-AA to butadiene.

The direct upgrade of EtOH to butadiene involves a highly Thergfore, efficient pr'oduction of butadiene from E_tOH can
complex tandem reaction. Scheme 1 outlines the generally be aChleY"—d through either a one-step process using M,—
accepted mechanism for converting EtOH to butadiene:” ™"’ M,0,=SiO, catalysts (where M, represents Ag, Cu, and Zn,
(1) dehydrogenation of EtOH to acetaldehyde (AA), (2) and l\l/glzlcé)jo,zrﬁepresents MgO, Zr0,, ,Ta205’ HfOZ, and
condensation of two molecules of AA to form acetaldol via ;['203) ¢ oAr a éw o—steg gro)cess dusll\r/}gOM_lg.SéOz <:V?eie
aldol condensation, (3) acetaldol dehydration to crotonalde- | represents Ag Lu, and £n) an 2N, Catalysts
hyde, (4) upgrade of crotonaldehyde to crotyl alcohol through

ethanol (EtOH) to butadiene emerges as a promising
alternative, tapping into biomass-derived sources for butadiene
synthesis.

the Meerwein—Ponndorf—Verley (MPV) reduction, and (5) Received: November 7, 2024
crotyl alcohol dehydration to butadiene. Revised:  February S, 2025
Various catalyst systems have been developed for the Accepted:  February 7, 2025

conversion of EtOH to butadiene. These include MgO— Published: February 17, 2025
Si0,,”'°™'* 7r0,-Si0,,° 7' Hf0,-S$i0,," ™"’ and Y,0;—
Si0,,°"*" as well as Ta,05—SiO,-based catalysts’*~**, which
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(where M,0, represents MgO, ZrO,, Ta,O;, and Y,0;)
9772 In the two-step process, EtOH is first partially
dehydrogenated to AA over the M;—SiO, catalysts, and then
EtOH-AA is transformed into butadiene over the M,0,—SiO,
catalysts as the second step. Considering that EtOH can be
synthesized into AA with a selectivity of over 98%, the key to
achieving high selectivity in the EtOH upgrade to butadiene
lies in the development of highly selective catalysts for the
EtOH-AA upgrade into butadiene. Additionally, understanding
the underlying factors in the EtOH-AA upgrade to butadiene,
such as acidic—basic properties, is of significance to enhancing
butadiene selectivity.

In this work, we explore the catalytic activity of a novel
Sc¢,0;—Si0, catalyst for butadiene production from EtOH-AA.
Initially, we investigate the impact of the reaction parameters
and Sc/Si ratio on the catalytic activity. A high butadiene
selectivity of 81.7% was achieved, while the total selectivity of
butadiene and butanol exceeded 90%. Subsequently, to
elucidate the relationship between catalyst properties and
performance, the Sc,0;—SiO, materials with varying Sc/Si
ratios were prepared and characterized using various
techniques. The effect of acidic and basic properties on the
formation of butadiene and butanol was revealed.

2. EXPERIMENTAL SECTION

2.1. Materials and Chemicals. EtOH (HPLC, Fisher
chemical), AA (99.5%, Adamas Reagent Co.), scandium
chloride hexahydrate (ScCl;:6H,0, 99.99%, Sigma-Aldrich),
scandium oxide (99.99%, metals basis, Sigma-Aldrich), and
fumed silica (Si0,, WACKER HDK) were all used as received
without further purification. EtOH-AA is a mixture of EtOH
and AA, which are manually mixed in a weight ratio of 3:1.

2.2. Catalyst Preparation. The Sc,0;—SiO, materials
with varying Sc/Si molar ratios were prepared by using the
impregnation method with water as the solvent. The
preparation of the Sc,0;—SiO, material with a Sc/Si molar
ratio of 0.06 is presented as a typical example. 1.297 g of ScCl;-
6H,0 was dissolved in 50 g of water at 30 °C. Subsequently,
5.0 g of SiO, was slowly introduced to the obtained solution
under constant stirring. The resulting suspension was stirred
continuously at 80 °C until complete evaporation of water
occurred. Finally, the obtained composition was calcined at
500 °C for 3 h with a heating rate of 5 °C/min. The same
procedure was employed to prepare other catalysts.

2.3. Catalyst Characterization. Nitrogen (N,) adsorption
and desorption tests were performed by using a Micromeritics
ASAP 2020 HD 88 surface area and porosity analyzer. Prior to
these analyses, each sample underwent a pretreatment process
at 180 °C under vacuum for 10 h.

X-ray diffraction (XRD) measurements were conducted by
utilizing a Bruker diffractometer equipped with Cu radiation
(40 kV, 120 mA). Data acquisition was performed within the
20 range of 5—90°, employing an angular step size of 0.2°.

The acidic and basic properties of the catalysts were assessed
by using temperature-programmed desorption (TPD) with a
TCD detector. For each TPD measurement, 0.1 g of catalyst
was employed. The sample underwent pretreatment in a quartz
U-tube at 450 °C for 45 min under helium flow. Then, the
sample was cooled to 80 °C, and the probe gas (NH; or CO,)
was introduced into the quartz U-tube for 30 min. After
eliminating the physisorbed probe gas by evacuating the
catalyst at the same temperature (80 °C) for 45 min, the
temperature was ramped from 80 to 500 °C at a rate of 10 °C/
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min under a helium flow of 20 mL/min. Both the temperature
and TCD signals were recorded from 80 to 500 °C.

2.4. Catalytic Performance Evaluation. The upgrade of
EtOH-AA (75:25 wt %) to butadiene was conducted in a fixed
bed with a quartz reactor of 8 mm internal diameter under
atmospheric pressure (1 bar). The entire catalyst evaluation
system design is shown in Figure 1. It includes a feed pump,

<amy
Feed injection pump
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Preheater

Quartz tube reactor ------5&

Catalyst

Reactor Furnace

Switching valve

%
i ~

(FID) Heating tape s

Online GC

Figure 1. Schematic diagram of the catalytic reaction setup. MFC:
mass flow controller; P: pressure gauge.

carrier gas tank, preheating system, reaction system, and online
Gas Chromatography (GC) detection system. The reactor is a
transparent hollow quartz tube prepared by Beijing KaiDe
Quartz Co., Ltd. with a length of 300 mm, an inner diameter of
8 mm, and an outer diameter of 10 mm. Additionally, the
quartz tube is connected to the pipelines using polytetrafluoro-
ethylene ferrules. Helium was used as the carrier gas with a
flow rate of 6 mL min~". Typically, the catalyst (0.6 g) was first
loaded into the quartz reactor and heated to the reaction
temperature under nitrogen flow at S °C min~'. Then the
EtOH-AA mixture with a flow rate of 0.36 mL h™' (0.28 gh™")
was introduced into the reactor using a Longer injection pump
(LSP01-3A) purchased from Halma International Ltd. The
evaluation proceeded for 4 h in a continuous flow. The output
was kept at 180 °C and analyzed online through a Shimadzu
GC instrument equipped with a flame ionization detector and
an HP-PLOT-Q column. This setup could detect various
products, including ethylene, propylene, butadiene, butylene
isomers, diethyl ether, and C, compounds.

The conversion of EtOH-AA, the selectivity of products (S;),
carbon balance, and weight hourly space velocity (WHSV) are
calculated using the following equations

EtOH-AA conversion (%)

_ (nEtOH + nAA) B (nunreactedEtOH + nunreactedAA)

(Mgeom + Man)

X 100% (1)
n.
S (%) = -
(nEtOH + nAA) - (nunreactedEtOH + nunreactedAA)
X 100% (2)
Carbon balance (%) = Z S (3)
S1q— m +m
WHSV (g g lh 1) — EtOH ‘AA
Meatalyst Xt (4)
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where i includes ethylene, propylene, butadiene, butylene
isomers, diethyl ether, and C, compounds; n; presents the
amount of C moles of product i; m presents the mass of
catalyst or feed; and t presents reaction time.

3. RESULTS AND DISCUSSION

3.1. Influence of Sc/Si Ratio on Catalytic Activity for
the Sc,0;—Si0, Materials. Figure 2 and Table 1 exhibit the

(=
(=]

I 0112 conversion [JIlll Butadiene
[ »ropyicne

Bl 5ot [ Eiene
I Dicthy! ciner [ Butylene

80 |

Conversion and selectivity (%)

0.01

0.02 0.06

Sc/Si ratio

0.1 0.3

Figure 2. Influence of the Sc/Si ratio on catalytic activity. Conditions:
0.6 g of Sc,0;—SiO, catalysts at a reaction temperature of 330 °C
under atmospheric pressure using EtOH-AA (75:25 wt %) as a
feedstock, WHSV = 0.47 (g g”' h™").

influence of the Sc/Si molar ratio on catalytic activity for the
Sc,0;—Si0, materials. The conversion of EtOH-AA and the
selectivity of butadiene present a volcanic curve with the Sc/Si
ratio rising from 0.01 to 0.3. The best conversion of EtOH-AA
(28.7%) and selectivity of butadiene (81.7%) were obtained
when the Sc/Si ratio is 0.06. An enhanced Sc/Si ratio leads to
an obvious change in the product distribution. With increasing
Sc/Si ratio, the total selectivities of ethylene and diethyl ether
continuously decrease from 17.1% to 3.4%, while butanol
selectivity distinctly increases from 1.6% to 29.1%. The Sc/Si
ratio of 0.3 provides a high selectivity of butanol up to 30.0%.
The blank (no catalyst) and the SiO, support were also
performed under the same experimental conditions as the
Sc,0;—Si0, catalysts. In the absence of any catalyst, the
conversion rate was less than 1%. When SiO, was used as the
catalyst, the conversion rate increased to 3.5%, with a
selectivity of 88.1% toward crotonaldehyde and 11.9%
selectivity toward butanol. These results highlight that the
bare SiO, support itself has limited catalytic activity but does
contribute to some conversion. More importantly, the role of
Sc,0; was emphasized in significantly improving the catalytic
performance. The presence of Sc,O; on the SiO, support is

crucial for promoting the aldol condensation of AA and the
subsequent hydrogen transfer in the MPV reaction as well as
triggering the dehydration of crotyl alcohol to crotonaldehyde.

3.2. Influence of Reaction Temperature on Catalytic
Activity. The influence of the reaction temperature on
catalytic activity is presented in Figure 3 and Table 2.

=3
(=}
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Figure 3. Influence of reaction temperature on catalytic activity.
Conditions: 0.6 g of Sc,0;—SiO, (0.6) materials at a reaction
temperature of 330 °C under atmospheric pressure using EtOH-AA
(75:25 wt %) as a feedstock, WHSV = 0.47 (g g”' h™").

EtOH-AA conversion is controlled over the range of 20% to
30% by adjusting the WHSV. A raised reaction temperature
results in an enhancement in both ethylene selectivity and
diethyl ether selectivity along with a decreased selectivity of
butanol. In addition, the formation of ethyl acetate with a
selectivity of 6.1% is observed at a lower reaction temperature
of 300 °C, which results in a low carbon balance. The
selectivity of butadiene increases with the reaction temperature
rising from 300 to 330 °C and decreases upon the reaction
temperature rising to 380 °C. Thus, the optimized reaction
temperature is 330 °C, which provides the highest butadiene
selectivity.

3.3. Influence of WHSV on Catalytic Activity. The
influence of WHSV on catalytic activity was also investigated,
as presented in Figure 4 and Table 3. As WHSV increases from
024 g g_1 h™! to 0.64 g g_1 h™!, the EtOH-AA conversion
decreases steadily (from 44.6% to 22.6%). There is a clear
negative correlation between WHSV and the EtOH-AA
conversion because a higher WHSV results in a shorter
residence time of reactants on the catalyst surface. By reducing
WHSYV, the EtOH-AA conversion increases from 22.6% to
41.2%, resulting in a gradual increase in butadiene selectivity
from 77.9% to 81.7%. However, when the EtOH-AA
conversion exceeds 41.2%, the formations of byproducts such

Table 1. Influence of Sc/Si Ratio on Catalytic Activity”

selectivity (%)

Sc/Si ratio EtOH-AA conversion (%) butadiene butanol ethylene
0.01 20.1 69.9 1.6 8.5
0.02 25.3 76.4 5.7 5.1
0.06 28.7 81.7 10.1 2.0
0.1 20.8 71.9 19.4 19
0.3 19.8 63.3 29.1 1.7

propylene  diethyl ether butylene butadiene yield (%) carbon balance (%)
5.3 9.2 1.7 14.0 96.2
3.6 4.5 1.6 19.3 96.9
1.1 2.0 1.1 23.4 98.0
1.9 1.8 1.0 15.0 97.9
1.6 1.7 0.7 12.5 98.1

“Conditions: 0.6 g of S¢,0;—Si0, catalysts calcined at 500 °C with a reaction temperature of 330 °C under atmospheric pressure with EtOH-AA
(75:25 wt %) as a feedstock, WHSV = 0.47 (g g~' h™").
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Table 2. Influence of Reaction Temperature on Catalytic Activity”

selectivity (%)

reaction WHSV EtOH-AA
temperature (%) (ggth™) conversion (%) butadiene butanol
300 0.40 27.1 69.5 18.2
330 0.47 28.7 81.7 10.1
350 0.55 29.9 68.7 6.1
380 0.71 30.7 60.3 2.5

diethyl butadiene yield carbon balance
ethylene propylene ether butylene (%) (%)
1.0 2.6 0.4 0.6 18.8 92.3
2.0 1.1 2.0 1.1 234 98.0
8.8 5.0 5.3 39 20.5 97.8
13.3 6.1 7.0 7.5 18.5 96.7

“Conditions: 0.5 g of Sc,0;—Si0, (0.6) catalysts calcined at S00 °C under atmospheric pressure with Sc/Si ratio of 0.06 with EtOH-AA (75:25 wt

%) as a feedstock.

100
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Figure 4. Influence of reaction pressure on catalytic activity.
Conditions: 0.6 g of Sc,0;—SiO, (0.6) catalysts calcined at 500 °C
with a reaction temperature of 330 °C under atmospheric pressure
with EtOH-AA (75:25 wt %) as a feedstock.

as ethylene, propylene, and diethyl ether increase significantly,
which in turn reduces butadiene selectivity. This observation
indicates that the optimal conditions rely on achieving a
delicate balance between high EtOH-AA conversion and high
butadiene selectivity. The highest butadiene yield of 33.3% is
achieved at an EtOH-AA conversion of 41.2% and a butadiene
selectivity of 80.8%, corresponding to a WHSV of 0.32 g g™
h™.

3.4. Influence of Reaction Pressure on Catalytic
Activity. Figure 5 and Table 4 illustrate the influence of the
reaction pressure on the catalytic activity. As the reaction
pressure increases from 1 to 6 bar, the EtOH-AA conversion
decreases gradually from 28.7% to 25.8%. This change also
significantly alters the product distribution. Higher pressures
promote the formation of butanol, while reducing butadiene
production. The selectivity for minor products, including
ethylene, propylene, diethyl ether, and butylene, remains
relatively stable, with only slight variations.

100
- EtOH-AA conversion - Butadiene
- Propylene

- Butanol - Ethene
- Diethyl ether - Butylene

[}
(=)

Conversion and selectivity (%)

0 T f
1 3 6

Reaction pressure (Bar)

Figure 5. Influence of reaction pressure on catalytic activity.
Conditions: 0.6 g of Sc,0;—SiO, (0.6) catalysts calcined at 500 °C
with a reaction temperature of 330 °C with EtOH-AA (75:25 wt %)
as a feedstock, WHSV = 047 (g g~ h™").

3.5. N, Adsorption—Desorption. Figure 6 presents N,
adsorption—desorption isotherms and BJH pore size distribu-
tion curves for the Sc,0;—SiO, catalysts with varying Sc,0;
content. The isotherms resemble type IV adsorption isotherms
(IUPAC classification) with a hysteresis loop at higher relative
pressures (P/P, &~ 0.6—0.9), indicating the characteristics of
mesopores. All samples exhibit mesopores with pore diameters
centered at around 12—20 nm. Higher Sc,0; content results in
decreased adsorption capacity and pore diameter. The surface
area and pore structure of the Sc,0;—SiO, materials are
summarized in Table S. Notably, fumed silica demonstrates the
highest BET surface area (340.9 m> g”') and pore volume
(0.95 cm® g™'). As the Sc/Si ratio increases, both the surface
area and the pore volume of the Sc,0;—SiO, materials decline.

Table 3. Influence of WHSV on Catalytic Activity”

selectivity (%)

EtOH-AA conversion diethyl butadiene yield carbon balance
WHSV (gg™' h™") (%) butadiene butanol ethylene propylene ether butylene (%) (%)
0.24 44.6 72.4 4.6 8.5 3.8 4.2 3.1 32.3 96.6
0.32 412 80.8 6.3 3.4 3.1 2.5 2.8 33.3 98.9
0.47 28.7 81.7 10.1 2.0 1.1 2.0 1.1 234 98.0
0.56 258.3 79.3 11.5 2.1 1.3 2.2 2.1 20.1 98.5
0.64 22.6 78.9 11.6 1.9 1.2 1.8 1.8 17.8 97.2

“Conditions: 0.6 g of Sc,0;—SiO, (0.6) catalysts calcined at 500 °C with a reaction temperature of 330 °C under atmospheric pressure with

EtOH-AA (75:25 wt %) as a feedstock.
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Table 4. Influence of Reaction Pressure on Catalytic Activity”

selectivity (%)

reaction pressure EtOH-AA conversion

(bar) (%) butadiene butanol ethylene
1 28.7 81.7 10.1 2.0
3 27.4 77.5 12.9 1.6
6 25.8 75.6 15.2 1.5

diethyl butadiene yield carbon balance
propylene ether butylene (%) (%)
1.1 2.0 1.1 23.4 98.0
1.3 1.6 1.2 212 96.1
1.2 1.8 0.9 19.5 96.2

“Conditions: 0.6 g of Sc,0;—Si0, (0.6) catalysts calcined at S00 °C with a reaction temperature of 330 °C with EtOH-AA (75:25 wt %) as a

feedstock, WHSV = 0.47 (g g”' h™").
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Figure 6. (a) N, adsorption—desorption isotherms and (b) BJH pore
size distributions of the SiO, and Sc,0;—SiO, materials.

Table S. Surface Area and Total Pore Volume of the Sc,0;—
$iO, Samples

total surface area average pore total pore volume

catalysts (m* g™) diameter (nm) (cm® g™t)

Sio, 340.9 18.1 0.95

S¢,05—8i0, 336.8 17.9 0.93
(0.01)

$¢,0,—8i0, 2889 17.7 091
(0.02)

$¢,0,—8i0, 257.5 17.6 0.89
(0.06)

S6,05,-Si0, 216.3 17.4 0.86
0.1)

$¢,05,-Si0, 1932 12.6 0.79
(03)

The reduction is likely due to Sc,0O; partially obstructing the
surface pores of the silica support.

3.6. X-ray Diffraction. SiO,, Sc,0;, and Sc,0;—SiO,
materials with different Sc/Si ratios were analyzed by the
XRD technique, which was employed to detect the structural
information on these catalysts. The result is exhibited in Figure
7. A wide band at 20° is attributed to amorphous SiO,. No
peaks belonging to Sc,O; are observed for the Sc,0;—SiO,
materials with Sc/Si ratios of less than 0.1, indicating that the
Sc,0; has a high dispersion. With further increasing of Sc/Si
ratio to 0.3, the formation of crystalline Sc,0; was
demonstrated due to the presence of sharp peaks at 31.4°
52.5° and 62.5° ascribed to Sc,0; (JCPDS42-1463).>"

3.7. NH;-TPD and CO,-TPD. NH;-TPD and CO,TPD
were employed to characterize the properties of the acid and
base sites, respectively. The results are shown in Figure 8.

No NH; desorption peak can be observed in the fumed
silica, which indicates that the acidic sites of Sc,0;—SiO,
catalysts originate from the addition of Sc. In order to further
investigate the density and strength of the acidic sites, the
NH;—TPD bands were divided into three peaks: weak acid
sites (180 °C), medium acid sites (235 °C), and strong acid
sites (325 °C), as shown in Figure 8a. Distribution and density
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Figure 7. XRD patterns of the SiO,, Sc,03; and Sc,0;—SiO,
materials.

of acidic sites were analyzed and are presented in Table 6. An
increased Sc/Si ratio leads to increased densities in weak and
total acid sites. The density in medium and strong acid sites
rises with the Sc/Si ratio rising from 0.01 to 0.1 and declines
upon further rising to 0.3. The proportion of strong acid sites
in total acid sites exhibits a volcanic curve and has the highest
value at a Sc/Si ratio of 0.06.

The CO,-TPD bands were also deconvoluted to three
desorption peaks: weak basic sites (200 °C), medium basic
sites (285 °C), and strong basic sites (345 °C). The results are
presented in Figure 8b and Table 7. Density of total base sites
increases first and then decreases with the Sc/Si ratio
increasing, obtaining the highest value at a Sc/Si ratio of
0.02. Density of strong base sites continuously rises with the
Sc/Si ratio increase from 0.01 to 0.3. Especially, as the Sc/Si
ratios increase to 0.1 and 0.3, the Sc,0;—SiO, catalysts are
dominated by strong base sites.

SiO,, as a neutral support material, typically does not possess
a significant density of acidic or basic sites. While surface
hydroxyl groups are present on silica, they are relatively weak
and do not exhibit strong acidic or basic properties. This is in
contrast to materials such as Sc,0;, which can introduce both
acidic and basic sites when incorporated into the silica matrix.
The Sc,0;—Si0O, catalyst shows enhanced acidic and basic site
densities due to the presence of Sc,0;, which modifies the
surface properties of the silica support.

3.8. Effect of Catalyst Acid—Base Property on
Catalytic Activity. Results from the catalytic performance
reveal that an optimal Sc/Si ratio of 0.06 provides the best
EtOH-AA conversion (25.8%) and butadiene selectivity
(81.7%). An increased Sc/Si ratio led to decreased selectivities
of ethane and diethyl ether and an increased selectivity of
butanol. Combined with results from the acid—base property,
it is observed that acid and base properties are closely related
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Figure 8. (a) NH;-TPD patterns and (b) CO,-TPD patterns for the Sc,0;—SiO, materials.

Table 6. Strength and Density of Acid Sites for the Sc,0;—SiO, Materials

density of acidic sites (umol g™")

catalysts

Sc,0,—Si0, (0.01)
Sc,0,—8i0, (0.02)
Sc,0,—8i0, (0.06)
S¢,0,—8i0, (0.1)
Sc,0,—8i0, (0.3)

weak (80 °C)
8.0
10.5
11.0
21.3
57.2

medium (235 °C)
11.8
20.9
313
434
43.0

strong (325 °C)
7.7
15.2
40.1
51.7
32.1

total density (umol g™*)

percentage of strong acid sites (%)

27.2
46.6
82.4
116.4
132.2

28
33
49
44
24

Table 7. Strength and Density of Base Sites for the Sc,0;—

SiO, Materials

density of basic sites (umol g™)

to the butadiene formation and butanol formation, respec-
tively.

The relationship between acid—base property and activity is
illustrated in Figure 9. The formations of butadiene, ethane,

catalysts (2‘(’]"(‘;3‘3‘@ (fgsegi})‘én) ( ;;rsoﬁ}% ) t?;iglegﬁilt)y and diethyl ether are not directly relevant with total acid
_— _— density because the increase of total acid density does not
Sc,0;,=Si0 0 8.0 0.0 13.0
C(ZO.SI_) e - ’ ’ 5 cause an increased formation of these products. The formation
$¢,05—Si0, 106 10.9 0.0 205 of butadiene is affected by both the strength and density of
(0.02) acid sites, as exhibited in Figure 9a. The Sc,0;—SiO, material,
SczgagSiOz 82 94 2.0 19.6 which has the greatest percentage of strong acid sites among
s (6 )S'O 00 . -0 92 the total acid sites, achieves the highest conversion of EtOH-
0(20.13) e ’ i ’ ’ AA and the best selectivity for butadiene, thus giving the
8¢,0,-S5i0, 0.0 2.4 122 14.6 highest butadiene yield. Different kinds of acid sites are
(03) originated from the different coordination between Sc and the
50 50
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Figure 9. Relationship of (a) butadiene yield and acid property and (b) butanol selectivity and base property.
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support. It indicates that an appropriate coordination between
Sc and the support contributes to a butadiene formation and
enhances butadiene selectivity.

The high butanol selectivity even up to 30% was observed. It
was reported that the upgrade of EtOH to butanol is catalyzed
by base sites.”>** In this work, as presented in Figure 9b, the
production of butanol is linked to both the density and
strength of the base sites. Selectivity for butanol is positively
associated with the density of strong base sites, rather than the
overall density of base sites. This indicates that strong base
sites play a key role in catalyzing butanol formation. The strong
base sites originate from the low dispersion of Sc,0; as
presented by the XRD result. The Sc,0;—SiO, catalysts with
high Sc/Si ratios are dominated by crystal Sc,0; species, as
demonstrated by the XRD patterns. It can be deduced that the
strong base sites originated from the lattice oxygen from crystal
Sc, 05 species.

Weak acid and weak base sites, however, are less effective in
driving these specific reactions and tend to lead to the
formation of side products such as ethene and diethyl ether. As
a result, the presence of weak acid and base sites can lower the
selectivity for butadiene and butanol. Summarily, the
distribution and strength of acid—base sites in the catalyst
directly influence the selectivity toward different products, with
high-intensity acid—base sites promoting butadiene or butanol
formation and weaker sites leading to the formation of
undesired byproducts.

4. CONCLUSIONS

In conclusion, the Sc,0;—SiO, material with a Sc/Si ratio of
0.06 has demonstrated remarkable efficacy in the upgrade of
EtOH-AA to butadiene, achieving a selectivity of 81.7% at 330
°C. The success of this catalyst can be attributed to its unique
structural and acidic—basic properties. The presence of a
higher proportion of strong acid sites facilitates the formation
of butadiene, while the increased density of strong basic sites
promotes the production of butanol.
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