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Abstract

MgO-SiO, nanoparticle catalyst was prepared, characterized, and evaluated in a fixed-bed reactor for
ethanol conversion to 1,3 butadiene (BD) process (ETB). The prepared catalyst was characterized by
XRD, XPS, SEM, TEM, EDS, and BET techniques. The data obtained from the surface and bulk
characterizations of the prepared catalyst was used to correlate the catalyst morphology and surface
chemistry to its performance in ETB. This work investigates the effect of temperature, Hourly space
velocity, and water content on ethanol conversion and product selectivity. In addition, MgO-SiO, pellets
with size of 500 um was prepared and applied into the process to evaluate the impact of the catalyst’s
particle size on its efficiency. The catalyst stability was investigated at the optimum reaction conditions
for ten hours of the reaction. 1,3-butadiene selectivity of as high as 60% is achieved at the optimum
reaction temperature of 400 °C. This high selectivity was attributed to the catalyst’s high surface area
and surface functional groups. Increasing the reaction temperature increases the rate of ethylene
formation and, therefore, the selectivity for acetaldehyde decreases. Increasing the feed flow rate inhibits
the formation of BD and increases the acetaldehyde selectivity. The presence of water was found to be a
reducer agent to the BD selectivity due to its emphasis on acetone formation. This work investigated the
impact of reducing the MgO-SiO, catalyst particle size to the nanoscale and provides insightful
information about the correlation MgO-SiO, catalyst properties with its performance in converting
ethanol to BD.
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1. INRODUCTION

Ethanol is considered a valuable raw
material for the chemical industry due to
its broad conversion ability into commod-
ity chemicals such as 1,3- butadiene,
avoiding using petroleum derivatives [1,
2]. The process of ethanol conversion to
1,3-butadiene (BD) or ETB process has
attracted much attention due to its wide
involvement in various industrial produc-

tion processes such as synthetic rubbers,
polymer resins, and elastomers as well as
biofuel production [3]. This process is
getting increasing attention as an
alternative process to BD extraction from
naphtha cracking [4], which considers a
sensitive process that can cause a BD
shortage [5]. In addition, ETP is an
economically competitive process. It has
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several advantages in terms of ecology,
especially when utilizing ethanol-aqueous
mixtures synthesized by inexpensive
biomass processing, which considers more
profitable and environmentally friendly
than using C6 sugars as a source raw
material [6-8]. Specifically, the formation
of one mole of BD involves consuming
four moles of CO, in biomass
photosynthesis. Therefore, this process will
help to consume CO, and minimize its
high environmental level [9, 10].

Several kinds of catalysts were
investigated such as  ZnO-Al,0s3,
Ta,0s/Si0,, Mn/sepiolites, Zr(1.5 %),
Zn(05 %)/S|02 , CU(l%)-Zr(l%)-Zn(l
9%)/S10,, and later a better selective catalyst
based on MgO-SiO, was developed [11-
14]. The development of a more active
catalyst correlates to its composition and
the technology of its production [15, 16].
Specifically, the catalyst must contain
dehydrogenation (oxidation-reduction)
functional groups as well as acid-base
active sites in a ratio that is specified by
the  respective  properties of the
composition of the catalyst components
[17]. The partial dehydrogenation of
ethanol leads to the form of acetaldehyde
(AA)-ethanol  mixture, followed by
converting this mixture into BD [17]. The
literature shows that this type of catalyst is
best for this reaction due to the suitable
integration of strong basal sites, necessary
for ethanol activation, with medium-
strength acid sites required for the
dehydration alkenols to butadiene [1].

Using MgO/SiO, catalyst in the ETB
process results in a BD yield of 9-42%,
with selectivity between 30 to 84% °.
Washing or impregnating the MgO-SiO;
catalyst with NaOH to minimize the acidic
sites showed better BD yields [12]. Several
dopants such as zinc, manganese,
chromium, nickel, copper, and silver have
been investigated to enhance MgO-SiO,
catalyst performance and selectivity. Their
contribution in small amounts enhances the
activity and selectivity of the catalysts for
BD synthesis [3]. Some of these dopants

were found to have only limited
enhancement on the catalyst performance,
while  others showed considerable
improvement in the yield of BD [18, 19].

Although there is much work in this
field, there is still a lack of investigation
the impact of dropping the catalyst size to
the nanoscale on BD yield and selectivity.
Such a dropping would increase the
surface area available to the reaction and
increase the activity of the catalyst [20].
Thus, in this work, MgO-SiO,
nanoparticles have been synthesized and
characterized to evaluate their performance
in the ETB process. The results of this
investigation ~ provide insight into
information about the surface chemistry of
catalyst nanoparticles and their correlation
to the catalyst’s performance in the ETB
process.

2. MATERIALS AND METHODS
2.1. Materials and Catalyst Preparation
MgO/SiO, nanoparticles were prepared
by mixing 0.6 g of resorcinol (>99.5%,
Sinoreagent Company) with 0.84 £ 0.01 ml
of formaldehyde (>37% Sigma Aldrich)
and 12 =+ 0.2 ml of aqueous ammonia
(>28%, Sinoreagent Company). The
mixture was then added to a solution of
140 ml ethanol (>99.9 %, Sigma Aldrich)
and 20 ml deionized water. The mixture
was stirred continuously for five hours at
ambient temperature, followed by adding
25 ml of tetraethoxysilane (TEOS;
>28.4% SiO,, Sinoreagent Company) to
the solution. Then, the solution was stirred
for five minutes, followed by adding 2.5
ml of formaldehyde and 1.5 g of resorcinol
and Mg(NOs3),6H,O0 (>99%, Sigma
Aldrich) where the weight ratio of
Mg(NOs3), to TEOS was 50%. The mixture
was stirred for another two hours, and the
product was finally filtered, and washed
with ethanol and an unused spray bottle
was used to spray the solution on a glass
plate with dimensions of 250 x 250 x 3
mm?®. Then it was left to dry in air at 45 °C
overnight and calcined at 500 °C for four
hours. To evaluate the impact of the
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catalyst’s particle size on its efficiency, the
resulted powder was pressed under 15 bars
into tablets in the size of 500 um.

2.2. Characterization of Prepared
Catalyst

The bulk of the prepared catalyst was
scanned by powder X-ray diffraction
(XRD) using a Bruker D8 DaVinci system
diffractometer. Kratos Axis Ultra X-ray
photoelectron spectroscopy (XPS)
equipped with an Al Ka radiation source
was used to scan the surface of the
prepared catalyst. Catalyst composition
was identified by Energy Dispersive
Spectroscopy  (EDS).  The  surface
morphology and particle sizes of the
prepared catalyst were identified using a
transmission electron microscope (TEM,;
JEOL 1230) and a scanning electron
microscope (SEM; Hitachi S-4800) with a
Bruker EDS detector. The specific surface
area of the prepared catalyst was measured
using the Brunauer—Emmett—Teller (BET)
adsorption isotherm technique. Catalyst
powder or pellets were first degassed for
three hours at 110 °C. Then, the seven-
point BET isotherm method was used to
measure the surface area using N, gas as
the adsorbate using a Quantachrome
NOVA 4200e Analyzer. More details
about the instruments used in this work are
available  elsewhere  [21].  Diffuse
reflectance infrared Fourier transform
spectroscopy (DRIFTS) was used to
identify the hydroxyl group on the surface
of the prepared catalyst, and the spectra
were recorded in the range of 25004000
cm™. The procedure of preparing a solid
sample and scanning it by DRIFTS is
reported elsewhere [22].

2.3. ETB Process

The catalyst activity was evaluated using
the catalyst in the ETB process using a
fixed bed stainless steel reactor with a
continuous upstream flow with an inner
diameter and length of 2 and 85 cm,
respectively. The reactor is consisted of
two parts. The lower part is to evaporate

and preheated the feed to the desired
temperature, and the upper part is the
reaction section. Two heating tapes
(Isotherm International) with a two-meter
length and a power of 420 W for each were
used to heat the reactor to the desired
temperature. To control the temperature
and keep it constant at the desired level, an
indicator and controller (TIC) with a K-
type sensor were applied. The gases
produced from the reactor were analyzed
by an in-situ gas chromatograph (GC)
equipped with a CP-PoraPLOT QHT
column using an FID detector.

The reaction temperature was chosen in
the range 350-450 C under atmospheric
pressure based on the literature [3, 19, 23]
using 3.95 g of the prepared catalyst. The
bottom half of the reactor was covered by a
layer of quartz wool and then packed with
silica carbide (SiC, 150-400 mesh particle
size from Sigma-Aldrich). Then two rings
with multi nano-holes, which prevent
nanoparticles from passing through them
but allow for gases to do so were placed on
the top of SiC, and the catalyst powder was
inserted between them. The upper half of
the reactor was filled with more SiC,
which helps to prevent the thermal
decomposition of ethanol to acetaldehyde
[19]. Each experiment was duplicated, and
good reproducibility was observed. The
average values were considered.

Generally, some byproducts were
formed, such as acetaldehyde, ethylene,
trace amounts of carbon oxides, C;—Cg
hydrocarbons, and other C3—C, oxygenated
compounds. Therefore, carbon balance was
performed based on the total carbon
amount detected in the analysis, divided by
the total carbon used, and a good matching
was observed. Catalyst coking was not
observed.  Ethanol conversion  was
calculated as the mole percent of reacted
ethanol to the total ethanol moles fed to the
process. In contrast, the product yield was
calculated as the mole percent of the
ethanol converted to the product that was
fed to the process.
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3. RESULTS AND DISCUSSION
3.1. Catalyst Nanoparticle Character-
ization

The BET surface area analysis showed
that the synthesized catalyst has a surface
area of 442 (m? g'%). This high surface area
is probably provided by SiO,, [24] which
is confirmed by SEM images which
showed a lot of tiny SiO, particles that
covered each MgO particle, as seen in
Figure 1-a. The BET surface area of MgO-
SiO, pellets is 224 (m%.g™). EDS analysis
for the catalyst showed that Mg, Si, and O
concentrations in the prepared catalyst
were 22 wt %, 24 wt%, and 54 wit%,
respectively, which means that the total
percentage of MgO is 50%. Figure 1 (b-d)
shows the EDS analysis map of MgO-SiO,
catalyst where (b) is the distribution of
magnesium element, (c) silica element, and
(d) oxygen element. This map confirms the
homogeneity of the prepared catalyst.

Figure 1. (@) The SEM image of the
synthesized MgO-SiO, sample used to
generate the EDS images. EDS analysis
map of MgO-SiO, showing the distribution
of (b) magnesium element, (c) silica
element, and (d) oxygen elements.

To identify the surface chemical
composition, the catalyst sample was
scanned by XPS analysis (Fig. 2). The scan
of the Mg 1s region shows only one peak
at the binding energies of 1305 eV, which

indicates the existence of only one phase
of Mg in the form of Mg*" (Fig. 2a) [25].
The oxygen region analysis shows a wide
peak that can be fitted into two peaks, as
shown in Figure 2-b. The high-intensity
peaks centered at 531.1 eV are attributed to
the lattice oxygen, while the other peak
observed at 532.1 is assigned to the surface
hydroxyl group. A peak observed at 103.5
eV in the Si 2p region (Fig. 2c) is assigned
to Si** [26]. From XPS analysis, it can
conclude that MgO and SiO, are presented
in the composites with surface hydroxyl
groups. To confirm this conclusion,
DRIFTS analysis was used to scan the
catalyst powder in the hydroxyl region. As
shown in Figure 3-a, a wide peak centered
at a wavelength 3400 cm™ resulting
probably from adsorption of environmental
moisture is observed with two small peaks
at wavelengths 3717 and 3628 cm™, which
are assigned to surface hydroxyl groups
[27]. To confirm this assignment, the
sample was heated to 400 °C and scanned
by in-situ DRIFTS, where the wide peak
assigned to adsorbed water was minimized,
and that allowed the other two peaks
assigned to the hydroxyl groups to appear
clearly. Powder XRD scan of the prepared
catalyst (Fig. 3-b) shows a broad
diffraction peak at 22° (20) attributed to
amorphous silica with three sharp peaks
assigned to MgO, which indicates a good
crystalline for MgO particles [28]. The
medium calcination temperature used in
this work helped to avoid the formation of
MgSiO,, which could reduce the surface
area and lowers the catalyst activity, as
demonstrated by Zhu et al. [29]. In their
work, Zhu et al. found that increasing the
calcination temperature of the catalyst
increases its reactivity with an obvious
increasing in the acid-base sites. However,
they found that a higher calcination
temperature than 500 °C resulted in
minimized the selectivity towards BD with
the obvious formation of MgSiO, at 700
°C. From TEM images analysis (Fig. 3-c as
an example), the average projected area
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diameter of the catalyst particles before the
reaction was 45 (x 10) nm.
3.1. ETB Process

The catalyst activity was evaluated by
applying it in the ETB process and
investigating the impact of several
operating parameters on the catalyst’s
reactivity for ethanol conversion and
product selectivity. Fig. 4-a shows the
effect of the temperature on ethanol
conversion and product yields.

Il a 1305 b 531.1
N | Ma °© o
T "4
E \
NV 532.1
S \ -1
«‘(('A N OH
! '“"ff\'g-'n
y W
e |7. |7-... LALLAL LU L B N = ey rEN T I T 0 Y
Binding Energy Binding Energy
fa\/\ o\ /\
103, :
il c '«'? Si 2p
N | 'I
T |' l
E f
N | \
s |\
I [\
T i \
Y S M

Figure 2.' XPS analyéis of prepared MgO-
SiO; shows (a) Mg 1S, (b) O 1s, and (c) Si
2p regions.

BODDTNDPTD

2 s P

PR + *

W | i\ 9:

=

QO

>

s

|5 i"! J'* : (»'u 75 ’ 90

20 (deg.)

International Journal of Nanoscience and Nanotechnology

Figure 3. Characterization of prepared
MgO-SiO, catalyst(a) DRIFTS scan in the
range 2500-4000 cm™, (b) XRD, and (c)
TEM.

Acetaldehyde, BD, and ethylene were the
main products, and the other compounds
such as carbon oxides, ethyl acetate, and
acetic acid were barely detected due to
their low concentrations. As shown in Fig.
4-a, ethanol conversion over MgO-SiO;
catalyst was enhanced by increasing the
reaction temperature. The selectivity of the
desired product (BD) did not exceed 10%
at the lowest temperature, but it increased
with increasing temperature to reach its
maxim in value (60%) at 400 °C. The
further increase of temperature above 400
°C decreased the selectivity of BD and
acetaldehyde, while increasing the
selectivity towards ethylene and carbon
oxides due to the differences in the
thermodynamic of these processes as
reported in the literature [30, 31]. The
continuous increase in the ethylene
selectivity with persistence decreasing in
acetaldehyde selectivity with increasing
reaction  temperature indicates that
ethylene and acetaldehyde follow different
parallel competitive reaction pathways.
The difference in the reaction pathway is
due to the different types of active sites,
which are needed for these reactions.
Specifically, acidic sites are required for
the formation of ethylene, and basal sites
are required for the formation of
acetaldehyde. The optimum reaction
temperature of 400 °C was considered in
the following experiments investigating the
effect of the weight hourly space velocity
and water content.

Figure 4-b shows the effect of increasing
the flow rate of ethanol feeding to the
reactor from 0.01 to 0.04 (I. h™), which
resulted in increasing the weight hourly
space velocity (WHSV) from 2 to 4 (h).
Increasing the feed flow rate resulted in
decreased ethanol conversion and the
selectivity of BD, ethylene, and carbon
oxides. On the other hand, acetaldehyde
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selectivity increased with increasing the
feed flow rate. The reduction in ethanol
conversion with elevating the WHSV is
attributed to decreasing the contact time
[32]. The reduction in the selectivity of BD
and ethylene versus the increase in the
acetaldehyde selectivity with increasing
the feed flow rate confirms two
conclusions. First, the acetaldehyde forms
as an intermediate in the formation of BD,
and reducing the contact time limits the
further conversion of acetaldehyde to BD
[33]. Second, it confirms the previous
conclusion that ethylene forms in a
different path than acetaldehyde.

Figure 4-c shows the impact of diluting
the ethanol with water at the optimum
temperature and flow rate. Water presence
increases the ethanol conversion but
lowers the selectivity towards BD and
ethylene. At the same time, acetaldehyde
selectively increased with increasing water
content. In addition, acetone formation was
observed with increasing the water content.
The first step in the ETB reaction
mechanism is the ethanol dehydrogenation
to acetaldehyde. The suggested reaction
mechanism (Fig. 5) [34] assumes that
acetaldehyde forms crotonaldehyde by
aldol condensation, which in turn
hydrogenated by the hydrogen produced
during the dehydrogenation step of
ethanol, resulting in the formation of crotyl
alcohol which considers an intermediate of
BD . The last step is the dehydration
reaction which leads to forming BD. Thus,
the presence of water in the feedstock
limits the dehydration step, which results
in  preventing the conversion of
acetaldehyde to BD. Acetone formation is
due to the modification of the active sites
of aldol condensation by H,0O, resulting in
the process of keto-enol tautomerization of
acetaldehyde * *®. This result is agreed
well with that of Ochoa et al., who noticed
a poising effect for the water on the
catalyst, resulting in decreasing the BD
selectivity [1]. However, Zhu et al., found
that diluting ethanol with water in a low
percentage can increase the selectivity to

BD. In contrast, they found that the higher
water percentages, such as those used in
this investigation, reduce the BD
selectivity [29].
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Figure 4. Investigation of the impact of (a)
Temperature, (b) WHSV (h-1), and (c)
water content on the performance of the
prepared catalyst in ETB process.

The superior activity of the prepared
catalyst in this work compared with
literature is attributed to the morphology of
MgO-support interaction, as determined by
catalyst characterization. Specifically, the
heterogeneous ETB reaction that occurs
either on the Lewis or basal sites, resulting
from the interaction of MgO as a source of
basal sites with SiO,, which provides
Lewis sites. The presence of two hydroxyl
groups on the surface of the prepared
catalyst indicates the enrichment of the
catalyst surface with basal sites, which are
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very appreciative in this reaction. This
confirmed the importance of the catalyst
surface chemistry in its activity for BD

H H H
H— ,;: . (:; d Dehydrogenation - C‘/
H H 3
Ethanol Acetaldehyde
T
- ~ Dehydration —~ _—~
H._ B o | o . ———— -
R O IaEEEs © 45 H HzC >

H
1,3 Butadieno

production. This finding agrees with the
literature [29, 37].

OH

“OH

Crotyl alcohol

O
Aldol Condensation
~H ch)\/u“n

Acetaldol

Dohydratlonl

= CHa O

from Dehydrogenation —=_—" H

Crotonaldehyde

Figure 5. Proposed reaction mechanism of ethanol conversion to 1,3 butadiene

In addition, the high surface area
provided by the nanoparticle size plays an
essential role in the high reactivity of the
prepared catalyst. Reschetilowski et al.
reported achieving around 50% BD
selectivity using particle sizes between
200-400 pm [38]. Taifan and Baltrusaitis
reported 29.7% BD selectivity using pellet
sizes between 100-150 pm [39]. These
values are lower than that achieved in the
current work using nanoparticles. To
confirm the importance of the catalyst
particle size on the reactivity, the
synthesized powder was compressed to
pellets of the size 500 um and then applied
in the reaction at the optimal reaction
conditions. Figure 6 compares the
performance of the nanoparticles and
pellets in term of ethanol conversion and
BD selectivity for ten hours. As seen in
Figure 6, the performance of nanoparticles
is superior for BD production and ethanol
conversion. The higher reactivity of
nanoparticles than that of pellets is
probably due to the higher surface area
provided by nanoparticles. From Figure 6,
it can be seen both sample sizes have good
stability with time, where only 4-10% of
the selectivity was lost during the reaction
period. The loss in the catalyst reactivity is
probably due to the poising effect of
resulted water [1].
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Figure 6. Comparison of reactivity and
stability of MgO-SiO, nanoparticles and
pellets at 400 °C, WHSV=2 (h™), catalyst
weight = 3.95 g, and no water presence.

4. CONCLUSIONS

Characterization of prepared MgO-SiO,
by TEM and BET shows that dropping the
particle sizes to the nanoscale provides a
high surface area, which is a critical
criterion for any catalyst. XRD scan
confirms the good crystallinity of the MgO
phase while SiO, is in the amorphous
phase because of the medium calcination
temperature used, which helped to prevent
the formation of MgSiO, that could reduce
the surface area and lowers the catalyst
activity. The XPS and DRIFTS
investigations confirm the presence of two
hydroxyl groups on the surface which
enhances the basicity of the catalyst and
increases its activity in the ETB process,
which requires both basal and Lewis sites.
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In general, increasing the reaction
temperature increases the selectivity of BD
and ethylene, and ethanol conversion,
while decreasing the selectivity of
acetaldehyde which indicates that ethylene
and acetaldehyde are formed as byproducts
in different pathways. However, the further
increase of the temperature beyond 400 °C
reduces the selectivity of BD and
acetaldehyde and increases the selectivity
of ethylene. Increasing the feed flow rate
decreases the selectivity of both BD and
ethylene while increasing the selectivity of

pathways from ethylene, which is formed
as a byproduct. The presence of water in
the feedstock increases the acetone
formation rate, resulting in an increasing in
the total conversion of ethanol, but with
lower selectivity towards the formation of
BD.
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