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ABSTRACT: The aim of this research was to examine the effect of strontium content in the MgAIO catalyst for the catalytic
ethanol reaction on the product distribution. The structure of the catalysts and the actual amount of strontium on the catalysts were
verified using XRD and ICP techniques, respectively. The acid and basic strength characteristics of catalysts were examined using
NH;-TPD and CO,-TPD techniques, respectively. The strontium content was found to influence the textural properties and the
acidic and basic characteristics of the catalysts, leading to differences in product selectivity and ethanol conversion. The MgAlO
catalyst with 1.9 wt % strontium provided the maximum ethylene and butanol selectivity, probably due to the presence of
appropriate medium acidic and strong basic sites. All catalysts can efficiently produce ethylene by a dehydration reaction and
acetaldehyde by a dehydrogenation reaction. Acetaldehyde selectivity was dominant with increased strontium loading.

1. INTRODUCTION

There is currently a tendency toward environment preservation
that necessitates the development of new biodegradable
products created from biological molecules." It benefits in
fewer waste and pollution in the long run. As a result
bioethanol is attentively used as a crucial precursor for the
production of a variety of high-value biochemicals and fuels.
Bioethanol is ethanol derived from agricultural products or
agricultural wastes through biological processes. Several
reactions of ethanol can synthesize a variety of organic
chemicals, namely, acetaldehyde, ethylene, diethyl ether,
butanol, etc.”” Catalytic dehydration of ethanol at high and
low reaction temperatures yields ethylene and diethyl ether,
respectively.™® This reaction requires an acidic catalyst; the
hydroxyl group of an ethanol molecule is protonated by an acid
active site in the catalyst, leading to the formation of ethylene
and diethyl ether. Ethanol dehydrogenation produces
acetaldehyde, which prefers a basic catalyst. Acetaldehyde is
utilized as an intermediate in the production of important
chemicals such ethyl acetate.”® Butanol is also produced by
direct dimerization of two molecules of ethanol and/or by
Guerbet reaction. Dehydrogenation of a primary ethanol to
acetaldehyde, aldol condensation of acetaldehyde to acetaldol,
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dehydration of acetaldol to crotonaldehyde, and finally
hydrogenation of crotonaldehyde to form butanol are all
parts of the Guerbet reaction.”'’ These are fundamental
chemicals in a wide range of industries, namely, food, beverage,
cosmetics, petrochemicals, and others. Thus, developing
technologies will indeed be both safe to use and environ-
mentally friendly when all substances are manufactured from
bio-based raw materials.

The type of catalyst has the greatest impact on the product
formation of the ethanol reaction. The properties of different
types of catalysts vary, especially their acidic and basic features.
In previous research on ethanol reactions, heterogeneous
catalysts such as metal oxides,""'* zeolite,"’ hydroxyapatites
(HAP),"*"'° and activated carbon catalysts'”"®
tigated. The performance of the Mg—Al mixed oxide catalyst
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(MgAIO) produced by calcination of Mg—Al layered double
hydroxide precursors (Mg—Al LDH) in ethanol conversion
was also studied. The Mg—AIl LDH catalyst has a double layer
of Mg and Al metal cations with an anion structure between
them. The bifunctional cation and anion are both present in
this catalyst structure. However, MgAIO has an unstable
structure. It can revert to an LDH structure when exposed to
moisture after calcination due to its structural memory
property.'” The MgAIO catalyst is unique in that it does not
require a reducing procedure to generate an active site for
accelerating ethanol conversions, thus consuming less energy
and preparation time.

Metals were added to MgAIO catalysts to improve the
efficiency of ethanol conversion into higher-value products.
The acidic and basic properties of MgAIO catalysts were
altered by the addition of metals. Moreover, the type of metal
added to catalysts is related to product selectivity. Pd, Ag, Mn,
Fe, Cu, Sm, and Yb were added to the MgAl mixed oxide
catalyst derived from LDH precursors.”’ The Pd-modified
MgAIO had the highest butanol conversion and butanol yield
due to its high basic site content and optimum acidic/basic site
ratio. Pd-MgAIO had very high basic sites but less than Sm-
MgAIO, while Pd-MgAIO had less acidity than Fe-MgAIO,
Mn-MgAIO, Ag-MgAlO, and Cu-MgAlO. However, it had the
best catalytic activity. It is possible that the appropriate catalyst
should have an optimum basic/acidic ratio for the Guerbet
reaction. Furthermore, the addition of a second metal to a
mixed oxide catalyst can enhance the butanol production
performance. Palladium or indium metal was added to the
CuMgAIO catalyst.”' The Pd-CuMgAlO and In-CuMgAlO
catalysts had significant hydrogen transfer and basic site
content, which improved the catalytic activity of the MgAIO
catalyst. Palladium and indium metal on catalysts could help in
reducing the desorption temperature for strong basic and
strong acidic sites, leading butanol to be produced at a lower
temperature than pure CuMgAlO. The Sr-HAP catalysts
promoted the hydrogen transfer reaction in butanol synthesis
and the aldol condensation of acetaldehyde with remarkable
selectivity. It also prevented coke formation in the reaction.
The metal molar ratios in the structure of the strontium
phosphate hydroxyapatite catalyst were also studied.”””>* The
St/P molar ratios influenced the catalytic activity of the
hydroxyapatite catalyst and selectivity. Catalytic activity and 1-
butanol selectivity were better in Sr-HAP catalysts with larger
Sr/P molar ratios. As the Sr-P molar ratio increased, the
density of the relatively strong acidic and basic sites of the
catalyst increased with the density of the basic site being much
higher than that of the acidic site. High acidity and basicity
catalysts do not always result in high conversion and product
selectivity, while low acidity and basicity catalysts do not
always result in low conversion and product selectivity, but an
optimum ratio of acidic and basic functions is necessary for the
reaction.”>”>” The number of weak, medium, and strong acidic
and basic sites correlated with product selectivity as well.***’

The aim of this research is to investigate how strontium
loading on a MgAIO catalyst affects catalytic performance and
product selectivity in the ethanol reaction. The influence of
strontium content on the efficiency of the MgAIO catalyst was
also studied. The strontium-containing catalysts were synthe-
sized using an incipient wetness impregnation method and
characterized using various techniques. The reaction was
examined in a gas phase continuous fixed-bed microreactor.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. All of the starting reagents
including Mg(NO;),-6H,0, AI(NO;);-9H,0, Sr(NO;),,
NaOH, and Na,CO; were purchased from Sigma-Aldrich
Chemical Company, Inc. The magnesium aluminum mixed
oxide catalyst (MgAIO) was synthesized by a coprecipitation
method following a previously reported procedure.”® The
following procedure was started by coprecipitating Mg(NO5;),-
6H,0 and Al(NO;);-9H,0 in DI water, then slowly dropping
the coprecipitation solution into a sodium solution of NaOH
and Na,CO; with a pH control of 10, and keeping it at 65 °C
for 18 h to obtain the mixture solution in hydrotalcite structure
form. The MgAl layered double hydroxide (MgAl-LDH) was
obtained after washing the hydrotalcite solution with DI water
and drying it. The resultant solid was further calcined at 450
°C for 6 h to yield MgAl mixed oxide. Finally, strontium-
supported MgAIO catalysts were prepared by an incipient
wetness impregnation method with varying strontium per
MgAIO molar ratio and calcined at 450 °C for 6 h. The
catalysts were labeled Sr,-MgAlO, where x represents the
molar ratio of strontium to MgAIO.

2.2. Catalyst Characterization. X-ray diffraction (XRD)
was used to confirm the structure of catalysts. XRD was carried
out at 26 in a range of 10 to 80° with a scan speed of 0.5 s/
step. A N, physisorption method was performed to determine
the BET surface area, pore volume, and pore size of catalysts.
The catalysts were degassed at 150 °C for 3 h before analysis.
The basic and acidic characteristics of catalysts were measured
by temperature-programed desorption (TPD) on a Micro-
meritics Chemisorb 2750 automated system using CO, and
NH; as desorption gas, respectively. The catalyst was
preheated at 450 °C for 1 h under helium to eliminate
moisture and impurities, and then, CO, or NH; gas was
supplied until saturation was achieved. TPD was started at a
heating rate of 10 °C/min from 30 to 800 °C. The basic and
acidic characteristics of catalysts were computed and evaluated
using the results of CO,-TPD and NH;-TPD analysis.
Thermogravimetric analysis (TGA) with an STD analyzer
model Q600 was conducted in air at a heating rate of 10 °C/
min to examine the thermal decomposition of catalysts. The
thermal behaviors of catalysts were studied at temperatures
ranging from ambient temperature to 1000 °C.

2.3. Ethanol Reaction. The ethanol reaction was
performed in a fixed-bed continuous flow microreactor.
Typically, 0.1 g of Sr,-MgAIO catalysts was packed on the
quartz wool in the middle of the reactor, preheated at 200 °C
for 1 h in nitrogen at a flow rate of 900 mL/h, and then cooled
down to the specified reaction temperature before catalytic
study. The reaction was operated at temperatures ranging from
200 to 400 °C under atmospheric pressure at a weight hourly
space velocity (WHSV) constant of 3.1 h™". The products were
collected at the sampling point after samples were out of the
reactor, and the products were analyzed by gas chromatog-
raphy with a flame ionization detector (GC-FID) using a DB-S
capillary column. The following equations were used to
calculate the ethanol conversion, percentage selectivity of
products, and percentage yields of products:

Ethanol conversion

nethanol(in) - nethanol(out) % 100

X(%) =
( ) nethanol(in) (1)
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Percentage selectivity of products

n.
—— X 100

o, ()

Percentage yields of products

Si(%) =

Xethanol X Si

Y(%) =
%) 100 (3)
where 7, is the mole of product and ) #; is the total moles of
products based on carbon balance.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterizations. The catalysts featured
MgAIO-based structures with differences in the amount of
strontium impregnated into particles. The structure of each
catalyst was determined using the XRD technique, as shown in
Figure 1. The significant broad peaks at approximately 43 and

A 4 Mg0

O S0

@ Sr(OH),
A Sr(NO,),

Intensity (a.u.)

10 20 30 40 50 60 70 80
2-theta(°)

Figure 1. XRD patterns of catalysts: (a) MgAlO, (b) Sry,-MgAlO, (c)
Sro5-MgAIO, (d) Sr;-MgAIO, and (e) Sr,-MgAlO.

62° in the XRD pattern of the MgAIO catalyst without
strontium in Figure la were ascribed to a periclase MgO
phase,””*" which was formed during the calcination of MgAl-
LDH.**"** The MgO phase was also seen in the other catalysts
impregnated with strontium molecules. However, the Al,O;
phase was not observed because the MgO phase is more
crystalline than Al,O;, leading to a reduction in the peak of
ALO; and resulting in a peak overlap.””~*” The peak of
strontium oxide (SrO) and strontium hydroxide [Sr(OH,)]
was clearly detected when the molar ratio of strontium was
increased. Since the small strontium content could be well
dispersed over the catalyst surface, the XRD patterns of Sry ;-
MgAIO and Sr,-MgAIO catalysts in Figure 1b,c, respectively,
revealed a slight peak of strontium. The peaks of strontium
compounds were clearly observed in the XRD pattern of the
Sr,-MgAlO catalyst (Figure 1d). The strontium oxide (SrO)
phase formed during the calcination of MgAIO impregnated
with strontium nitrate [Sr(NO;),] at 450 °C was associated to
the sharp diffraction peaks on Bragg angles 20 of 25.6, 28.1,
32.5, 46.7, 51.1, 52.3, and 58.0°.3*7%" The presence of
strontium hydroxide [Sr(OH),] was suggested by the
characteristic peaks at 22.8, 38.3, and 40.1°, which seemed
possibly owing to hydration.”*” The sharp diffraction peaks of
both SrO and Sr(OH), in the Sr,-MgAlO catalyst indicated
the formation of high crystallinity. However, the addition of a
large amount of strontium led to the appearance of a St(NO;),
phase at 19.8°.*" It means that when a larger concentration of

Sr(NO;), was employed as a precursor, the calcination of the
nitrate compound was incomplete. The findings indicate that
the mixed oxide structure was verified in all of the catalysts.
Moreover, the morphology of all catalysts was investigated by
the SEM technique, and the SEM images of Sr,-MgAlO
catalysts are shown in Figure S1 in the Supporting Information.
The SEM images indicated that the addition of high weight
percent of strontium molecules caused the agglomeration of
particles.

The nitrogen adsorption—desorption isotherms of the
catalysts are shown in Figure 2. According to IUPAC, the

™
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Figure 2. N, adsorption—desorption isotherms of catalysts.

observed isotherm diagrams are a type IV isotherm, which is
related with the presence of mesoporous structures.”*’ The
curves of the adsorption—desorption isotherm exhibited a
hysteresis loop at high relative pressures. However, the
desorption lines of each catalyst varied, bringing about
differences in hysteresis loops, and the shape of which has
been associated with specific pore structures of the catalysts.
The MgAIO catalyst exhibited a type H3 hysteresis loop that
was coupled with plate-like particle aggregates, resulting in slit-
shaped pores.** The Sry1-MgAIO and  Sry5-MgAIO loop
displayed a perpendicular desorption branch, which is a typical
feature of type H2a loops. This is due to pore blockage in a
restricted range of pore necks. The hysteresis loops of Sri-
MgAIO and Sr,-MgAIO were comparable to type H2b also
involved in the pore blocking effect, but the size variation of
neck widths had become significantly greater.*”** The
isotherm shape of the catalyst with the highest quantity of
strontium resembled the smallest loop, indicating that the
interaction between the adsorbent and adsorbate was rather
weak and that the adsorbed molecules gathered on the surface
of the low porosity catalyst. So, when more strontium was
loaded on the catalyst, there was an increase in the pore
blockage. The results are in accordance with chemical
composition, specific surface area, pore size, and pore volume
of the catalyst, as presented in Table 1.

The molar ratio of strontium was modified from 0.1, 0.5, 1,
and 2 in catalysts with the same Mg and Al molar ratio of S:1.
ICP analysis confirmed the actual concentration of strontium
on the catalysts, and the actual weight percentage of
components in the catalysts was calculated and is given in
Table 1. With additional strontium in MgAIO, the BET surface

https://doi.org/10.1021/acsomega.3c03752
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Table 1. Chemical and Textural Properties of Catalysts

concentration of elements

(mg/L)“ weight” (%)
catalyst Mg Al Sr Mg Al Sr
MgAlO 5.06 1.00 83.4 16.6
Sry,-MgAIO 6.35 1.28 0.15 81.6 16.5 1.9

Srys-MgAIO 6.76 1.56 0.64 754 17.4 7.2
Sr;-MgAlO 6.78 1.43 1.16 724 15.2 12.4
Sr,-MgAIO 6.45 1.36 2.21 64.3 13.6 22.1

BET surface area (m*/g)

average pore volume (cm®/g)  average pore size (nm)

189.7 0.79 13.4
118.3 0.17 3.6
67.5 0.17 4.7
50.5 0.14 10.4
29.6 0.10 37.0

“Concentration and weight percent of elements in the catalysts were determined by the ICP technique.

Table 2. Amounts of Basic Sites and Acidic Sites Determined by the Temperature-Programmed Desorption Technique

basicity (umol/g)

acidity (umol/g)

catalysts W M S total W
MgAIO 117 16 89 222 191
Sto,-MgAIO 16 19 74 109 268
Sto.s-MgAIO 5 19 121 145 209
Sr;-MgAIO 0 3 112 115 274
Sr,-MgAlO 0 0 191 191 144

M S total total basicity/total acidity ratio
594 882 1667 0.13
34 1030 1332 0.08
0 1477 1686 0.09
2296 2570 0.05
0 2966 3110 0.06

area and average pore volume of catalysts would be reduced.
The highest surface area was 189.7 m*/g in MgAlO, while Sr,-
MgAIO had only 29.6 m?/g. These results were probably
caused by the large size of the strontium molecule blocking
pores and/or inducing cavitation in the catalyst.*® The average
pore size of catalyst was also reduced when catalysts were
impregnated with strontium. However, the pore size of Sr,-
MgAIO was considerably enlarged after impregnation with a
strontium molar ratio of 2 and calcination at 450 °C due to the
collapse of the MgAIO framework.*’

The acidic and basic sites of the catalyst have a significant
impact on the catalytic activity of the catalyst for ethanol
conversion. The acidity and basicity of the catalysts are shown
in Table 2 as determined with the NH;-TPD and CO,-TPD
techniques, respectively. The acidic and basic sites of catalysts
were resolved from room temperature until 800 °C, and they
were divided into three main types based on desorption
temperature: weak sites with a desorption temperature less
than 250 °C, moderate sites with a desorption temperature
between 250 and 400 °C, and strong sites with desorption
higher than 400 °C. MgAIO has a total basicity of 222 pmol/g,
whereas other Sr-impregnated catalysts have a lower total
basicity. Normally, isolated O>7, Mg*"-O*" pairings, and
hydroxyl groups (—OH) are three types of basic sites found
in MgAIO, catalysts. Strong basic sites are commonly
considered the isolated O®” of MgO crystallites, but the
addition of Al increases the relative concentrations of other
weak basic sites and the acidic site density.”*” The metal
addition alters the density of surface acidic and basic sites
along with the strength distribution of Mg AlO, catalysts. The
introduction of strontium reduced the total basicity of Sr,-
MgAIO catalysts, probably due to strontium compounds
covering the basic sites of MgAlO.”

The CO,-TPD analysis showed that when the strontium
content in the Sr-impregnated catalyst was increased, weak
basic sites drastically decreased. The medium basic sites were
slightly modified by Sr-impregnated catalysts with molar ratios
of 0.1 and 0.5, but they were dramatically decreased by higher
strontium loading. On the other hand, strong basic sites were
increased as a result of SrO providing strong basicity.”** Only

32778

strong basic sites were found on the catalyst with the highest
strontium content.

For the acidic property of catalysts, the weak acidic sites
were slightly modified by increasing the strontium content on
catalysts. However, for all Sr-impregnated catalysts, the
medium acidic sites were considerably reduced, whereas the
strong acidic sites and total acidity were enhanced. With the
exception of Sry;-MgAIO, no medium acidic sites were found
on the Sr-MgAIO catalysts. Thus, strontium addition
influenced the basic and acidic properties of catalysts,
particularly an increase in strong acidic and basic sites. Figure
3 also depicts the NH; desorption and CO, desorption profile
of all catalysts. The profiles that correspond to the acidity and
basicity of catalysts are shown in Table 2. When strontium was
added to the MgAIO catalyst, the NH; desorption and CO,
desorption profiles at the strong acidic and basic peak shifted
to a lower temperature. This might increase the product
selectivity at lower temperatures.”’

3.2. Catalytic Ethanol Reaction. To study the effect of
MgAIO catalysts with various strontium contents prepared by
impregnation and calcination without the reducing step, the
ethanol reaction was carried out at a reaction temperature
ranging from 200 to 400 °C under atmospheric pressure. It was
evaluated by determining the ethanol conversion, product
selectivity, and catalyst stability. The ethanol conversion from
various catalysts at different reaction temperatures is shown in
Figure 4. The ethanol conversion was promoted by increasing
the reaction temperature. The MgAIO catalyst converted more
ethanol than all of the Sr-MgAlO catalysts because the
addition of strontium to the catalyst changed its structure.
Strontium molecules clogged the pores and collapsed the pore
structure, resulting in a lower pore volume and surface area as
well as a larger pore width. At a constant reaction temperature,
the ethanol conversion of all catalysts was consistent with their
acidic and basic properties. When the ratio of total basic sites
to total acidic sites was increased, as indicated in Table 2,
ethanol conversion was increased.

Ethylene, acetaldehyde, diethyl ether, butanol, ethyl acetate,
acetic acid, and others such as acetaldol, crotonaldehyde, and
butanal are among the results of the ethanol conversion
through a multistep reaction using MgAlO and Sr,-MgAIO as a
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Figure 3. NH;-TPD and CO,-TPD analysis of all catalysts.
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Figure 4. Ethanol conversion over MgAlO and Sr-MgAlO with
different strontium contents.

catalyst. The product yield and selectivity over MgAIO and
MgAIO with varying strontium molar ratio at constant ethanol
and inert gas flow rates are presented in Figure 5 and Table 3,
respectively. The high ethylene yield was obtained with
MgAIO, Sry,-MgAlO, and Srys-MgAlO. However, a greater
strontium molar ratio led to a lower ethylene yield. The highest
diethyl ether was produced by the MgAIO catalyst. When the
strontium loading on the MgAIO catalyst was increased, the
yield of diethyl ether was significantly decreased until it
disappeared at the highest strontium content. In fact, the acid
strength and type of acid site mainly influence the activity of
catalyst in ethanol dehydration to ethylene and ether.
Dehydration of ethanol to ethylene generally necessitates a
large number of weak acidic sites and a small number of
medium strong acidic sites."”*” The best yield of ethyl acetate
was obtained with Sry;-MgAlO, but ethyl acetate was not
detected at a higher strontium content. Acidic site properties

Figure S. Product yields over MgAlO and Sr,-MgAlO with different
strontium contents.

are required for the formation of ethylene, diethyl ether, and
ethyl acetate. The NH;-TPD results suggest that increasing the
strontium content resulted in the absence of the medium acidic
site. On the other hand, the strong acidic site was significantly
increased. The excessive divergence of the weak, medium, and
strong acidic sites prohibited the formation of products.
Acetaldehyde was the predominant product on all of the
catalysts with the highest yield and selectivity, and it can be
produced at temperatures as low as 200 °C. The yield of
acetaldehyde increased as the reaction temperature increased.
In the case of strontium-modified catalysts, increasing the
strontium molar ratio increased acetaldehyde yield, possibly
due to increased strong basic sites. As shown in Figure 5, the
highest acetaldehyde yield was obtained with Sr,-MgAlO at a
reaction temperature of 400 °C. Di Cosimo et al. reported that
ethanol dehydration to acetaldehyde required both weak acidic
and strong basic sites."” However, an improper ratio of acidic
to basic sites on the catalyst may cause the accumulation of
acetaldehyde, which may prevent the production of other
products. The butanol production using MgAIO and Sr-
MgAIO catalysts requires a reaction temperature greater than
200 °C. The butanol yield of the MgAIO catalyst was
comparatively higher than those of all Sr-MgAIO catalyzed
reactions at temperatures over 350 °C. Meanwhile, Sry;-
MgAIO produced the best butanol yield at temperatures lower
than 350 °C. However, the butanol yield dropped as the
amount of strontium on MgAIO increased due to decreased
ethanol conversion. The addition of a small amount of
strontium to MgAIO could boost butanol production at lower
reaction temperatures by decreasing the temperature of the
desorption peaks for strong acidic and basic sites. This
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Table 3. Ethanol Conversion and Product Selectivity from Various Catalysts as a Function of Temperature

product selectivity (%)

catalysts Temp. (°C)  ethanol conversion (%)  ethylene  acetaldehyde  diethyl ether  ethyl acetate  acetic acid  butanol other
MgAIO 200 0.29 0 100.00 0 0 0 0 0
250 0.83 3.54 92.60 0 0 0 3.85 0
300 4.58 3.12 84.68 0.98 292 0 421 5.48
350 16.97 4.19 66.66 4.37 2.04 0 6.31 16.42
400 44.56 10.64 56.39 6.30 0.63 0 8.84 17.46
Sty ;-MgAIO 200 0.20 0 100.00 0 0 0 0 0
250 0.63 8.76 86.39 0 4.85 0 0 0
300 3.30 10.09 49.21 0 2.39 0 29.09 9.22
350 8.16 10.55 46.00 1.39 21.10 0 12.97 8.00
400 17.23 25.81 49.81 1.50 10.46 0 6.37 6.0S
Srys-MgAIO 200 0.05 0 100.00 0 0 0 0 0
250 0.25 4.68 95.32 0 0 0 0 0
300 343 3.19 95.41 0 0.24 0 0 1.16
350 6.94 7.74 76.38 0.59 0.23 7.12 1.95 5.98
400 17.09 24.67 56.48 0.55 0.30 9.31 3.65 5.04
Sr;-MgAIO 200 0.14 0 100.00 0 0 0 0 0
250 0.25 9.83 90.17 0 0 0 0 0
300 1.85 4.98 93.81 0 0 0 0 121
350 591 6.41 90.29 0 0 0.79 0.44 2.07
400 10.78 14.26 75.0S 0.98 0 5.07 0.74 3.89
Sr,-MgAIO 200 0.03 0 100.00 0 0 0 0 0
250 0.11 0 100.00 0 0 0 0 0
300 3.18 3.03 91.92 0 0 2.73 0 2.31
350 10.70 3.12 89.03 0 0 1.07 0 6.78
400 12.38 9.00 83.01 0 0 1.06 1.93 5.00

corresponds to the Sry;-MgAIO catalyst having the maximum
butanol and ethylene selectivity at lower temperatures
compared to the MgAIO catalyst. Furthermore, ethyl acetate
was generated at a lower temperature than when the MgAIO
catalyst was used. It may be stated that the introduction of
strontium to MgAIO catalysts plays an important role in the
ethanol transformation by accelerating the low-temperature
reaction.”’

As previously noted, the product formation depends on the
acidic and basic characteristics of the catalyst. In part of the
multistep ethanol conversion to butanol, the strong basic sites
promote the aldol condensation pathway of acetaldehyde
molecules, and the medium acidic sites probably promote the
dehydration step.” Although the acetaldehyde selectivity was
increased when the strontium molar ratio was raised from 0.1
to 2, the butanol selectivity was decreased. This might be
because increasing the strontium molar ratio strengthened the
strong basic sites of the catalysts but decreased the medium
acidic sites. Sr,-MgAIO catalysts with small amounts of
strontium were better suited to the acidity and basicity of
the catalyst for butanol generation. Sry;-MgAlO showed the
highest butanol selectivity of 29% at 300 °C. High strontium
on the catalysts decreased ethanol conversion and butanol
selectivity by causing an imbalance of medium acid and strong
basic sites as well as a drastic reduction in surface area and pore
volume. These catalysts mostly exhibited high amounts of
strong acidic and basic sites with no medium acidic sites. In
contrast, the strong acidic and basic sites most likely produced
acetic acid from ethanol.

However, the product selectivity of each product was
analyzed and compared with changing of basicity and acidity
properties of the catalyst when the strontium atom was loaded
on the MgAIO catalyst. It was possible to predict how basicity

and acidity properties of catalysts were suitable for each
product production. A suitable catalyst for ethylene production
should have acidic sites, especially weak and strong acidic sites.
Diethyl ether and ethyl acetate also required extremely acidic
sites, particularly medium acidic sites. Since medium acidic
sites were absent when strontium was loaded on the MgAIO
catalyst in molar ratios of 0.5, 1, and 2, diethyl ether and ethyl
acetate were not produced. The MgAIO catalyst had the
highest acetaldehyde selectivity, but the acetaldehyde selectiv-
ity was decreased with strontium loading on the MgAIO
catalyst because weak basic and medium acidic sites were
decreased and strong basic and strong acidic sites were
increased. Thus, acetaldehyde required weak and strong basic
sites and medium and strong acidic sites. For butanol, the
transformation of ethanol to butanol was a multistep reaction
consisting of the aldol condensation that required strong basic
sites and the dehydration step that required medium acidic
sites.”® The catalytic ethanol reaction test showed that the
result, as shown in Table 3, is related to the amounts of the
basic and acidic sites determined by the TPD technique. For
this result, the suitable catalyst for butanol production included
medium and strong basic sites and all weak, medium, and
strong acidic sites. Although the Sr,MgAlO catalyst did not
contain medium acidic sites, it was still capable to produce
butanol at high temperatures. In addition, the formation of
acetic acid needed strong basic and strong acidic sites.
Carbon deposition on spent catalysts was investigated by
thermogravimetric analysis at room temperature up to 1000 °C
in an ambient atmosphere. The percentage of weight loss and
percentage of derivative weight for all spent catalysts are shown
in Figure 6. The quantity of carbon deposition on catalysts
would be represented by the percentage of weight loss. The
elimination of moisture on catalysts caused weight loss in the
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Figure 6. Thermogravimetric analysis of spent catalysts: weight
and derivative weight (%/°C).

first region at room temperature up to 200 °C.>° Calcination of
the hydrotalcite structure produced the metal mixed oxide
structure. However, moisture can cause its structure to revert
to hydrotalcite. The weight loss at temperatures ranging from
200 to 450 °C was induced by dihydroxylation and
decarbonation of the hydrotalcite structure, which resulted in
the formation of metal oxide particles.’”®" The decoking
process is divided into three regions with temperatures ranging
from 200 to 1000 °C.>* The first region of decoking was soft
coke at temperatures ranging from 200 to 400 °C, while the
second region was hard coke at temperatures ranging from 400
to 600 °C. The last region, which ranges from 650 to 1000 °C,
was referred to as carbon deposition in catalyst pores. At
temperatures ranging from 200 to 450 °C, the percentages of
weight loss on MgAIO, Sr, -MgAIlO, Sr, s-MgAlO, Sr;-MgAlO,
and Sr,-MgAlO were found to be around 8.1, 15.4, 13.3, 7.3,
and 7.2%, respectively. During this temperature range, Sro ;-
MgAIO exhibited the highest percentage of weight loss. This is
attributed to both the transformation of the hydrotalcite
structure to metal oxide and decoking of soft coke. The soft
coke can be easily removed at low temperatures. The Sr,-
MgAIO catalyst shows the lowest percentage of weight loss at
temperatures ranging from 200 to 450 °C but the highest
weight loss at temperatures ranging from 400 to 600 °C and
650 to 1000 °C. Despite having the lowest percentage of
ethanol conversion due to pore blocking in the catalyst
structure and the unsuitability of the basic—acidic sites, Sr,-
MgAIO from 400 to 1000 °C might be ascribed to the
elimination of the residual Sr(NO,),, as proven by XRD
results, as well as the loss of coke deposits in pores. The
occurrence of more hard coke was attributed to Sr,-MgAIO
possessing the strongest acidic and basic sites. This finding
differs from that of Ogo et al. who discovered that the presence
of strontium on the hydroxyapatite catalyst benefited the
prevention of coke formation during the hydrogen transfer
conversion of 2-buten-1-ol to butanol.”* The results suggest
that butanol may be produced over the Sr-MgAIO catalysts in
various routes. When a proper quantity of strontium was
loaded onto the catalyst, it had good activity for the ethanol
reaction to butanol and reduced hard coke formation.

4. CONCLUSIONS

This research investigated the influence of strontium content
loading on MgAIO catalysts during ethanol conversion in a
continuous flow fixed-bed reactor with the reaction temper-
ature range of 200 to 400 °C. The strontium content was
discovered to have effects on the textural and chemical

32781

MgAIO catalyst produced the highest acetaldehyde yield at a
reaction temperature of 400 °C. Sry;-MgAlO showed the
highest ethylene selectivity at 400 °C and the highest butanol
selectivity at 300 °C. Diethyl ether, ethyl acetate, acetic acid,
and other C4 compounds were such little produced.
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