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The low-temperature dehydration of bioethanol-to-ethylene is of great interest to reduce energy con-
sumption and achieve high product purities in the biorefinery and olefin industry. Thermokinetic con-
straints, however, lead to low ethylene selectivity at low temperature. In this work, we integrate a new
approach that combines a hierarchical acid H-form ZSM-5 (HZSM-5) with systematic catalytic testing to
study how the physicochemical modification of the surface and intermediate catalytic species affect the
ethanol-to-ethylene route at 225 °C. Four HZSM-5 zeolites were treated with OH species under basic
conditions (OH™) or solely with H,O. Kinetic evidence coupled to 2’Al-nuclear magnetic resonance, NHz-
temperature-programmed desorption and N, adsorption, as well as density-functional theory calcu-
lations, correlate ethylene selectivity with the appearance of new extra-framework Al(v) and Al(v)) species,
acting as Lewis acid-sites. The adopted approach allows us to experimentally unveil the cooperative
effect between Brgnsted- and Lewis-acid sites that seem to play a key role in ethylene formation from
ethanol at low-temperature via (i) a primary route via ethanol dimerization on neighboring Brensted-acid
sites to diethylether, which subsequently cracked on Lewis-acid sites to ethylene; (ii) a secondary route
via the direct ethanol dehydration on Brensted-acid sites. Theoretical calculations support the proposed
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catalytic cycle. These new insights shed light on the mechanism of ethanol-to-ethylene at low tempera-
ture, and on how the precise control over the strength of acid-sites and their population in HZSM-5
affects catalysis. This work progresses towards more active and stable catalysts, advancing into more

rsc.li/greenchem mature low-temperature technologies for the dehydration of bioethanol into sustainable ethylene.

substantially enhance the environmental benefits. Among
these compounds, ETY has broad industrial uses as a precur-

1. Introduction

In light of the current environmental issues, there is increas-
ing interest in transforming excess bio-ethanol (ET) into value-
added chemicals."” The world production of ET is expected to
increase from 125 to 138 metric million tons until 2026.% In an
effort to reduce CO, emissions, the upscaling of ET conversion
processes into valuable products such as bio-ethylene (ETY),
bio-diethyl-ether (DEE), bio-acetaldehyde or bio-hydrogen can
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sor for ethylene oxide, polyethylene or polyvinylchloride pro-
duction.” This makes the low-temperature bioethanol-to-ethyl-
ene route an environmentally friendly process at low energetic
cost, most importantly because it avoids C-C bond cracking
into CO,. Given the endothermic nature of the direct ET-to-
ETY route (eqn (1)), the challenge at low temperature is to find
new catalytic routes to ETY converting the intermediates
arising from the exothermic reactions (i.e. DEE; eqn (2)). This
suggests that catalytic proposals at low temperature will
require new intermediate pathways beyond an optimal balance
between the rates of the endo- and exothermic reactions
described in eqn (1)—(4).

CchHon — CH2 = CHZ + H20 AHzggK
= +44.9 k] mol ! (1)

2CH;CH,0H < (CH;3CH,),0 + H,O  AHjg¢
= —25.0 k] mol ™! (2)
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CH;CH,OH < CH3;CHO + H,0 AHjggx = +68.7 k] mol™

(3)

CH;CH,OH « CH4+ CO+H, AHjpgx = +49.0 k] mol™
(4)

The reported acid- or metal-based catalysts led to signifi-
cant amounts of DEE at <250 °C, while the endothermic ETY
production predominates at 300-500 °C. Dehydrogenation
reactions to acetaldehyde (eqn (3)) also occur above 500 °C,
while thermal decomposition or cracking of ET occurs at
higher temperature to produce biogas or syngas mixtures (eqn
(4)).>"® ETY selectivity can be controlled via adequate catalyst
surface features, reaction temperature, reactant space-velocity
or H,0 co-feeding. Few works achieved marked ETY selectiv-
ities below 225 °C, which is more interesting from energetic
and environmental perspectives.” Such mild conditions limit
ET degradation into coke or aromatics formation, as observed
for acid-catalysts such as HZSM-5 at temperatures around
350 °C."'" These latter conditions block catalyst micropores,
making their broad use unfeasible. It is thus important to
understand how to minimize the formation of coke and heavy
compounds via new routes and provide new insights into how
to maximize ETY rates from ET dehydration at low temperature.

Various solid catalysts such as transition metal oxides,'*"?
heteropolyacids,'*** zeolites'®'” and functionalized meso-
porous silicas'®'® were reported for ET conversion. Suitable
surface acidity and geometry are essential to promote ETY for-
mation. y-Al,O; with remarkable Lewis acidity was extensively
studied”'® and commercialized for the SynDol® process above
500 °C.” Its broad thermal stability and life cycle, however,
remain a veritable challenge. Several improvements were
explored for y-Al,0; by incorporating Fe oxides, SiO, or
MgO."*?*?!  gilico-alumino-phosphates  (SAPOs) exhibited
promising conversion and selectivity to light olefins (99.3%
and 98.4%, respectively) at 450 °C, but acid sites still suffer
from rapid deactivation."'®*° Mesoporous containers with
acid-functions (i.e. AI-SBA-15 and Al-MCM-41) are catalytically
more active.’>?** The expensive organic templating synthesis,
however, limits their broad industrial application. In turn, zeo-
lites such as Beta, Y, Mordenite, and Mobil Five (MFI) show
promising ET-to-ETY yields.'***® The modification of MFI-
type zeolites with noble metals (Ru, Rh, Pd, Pt, etc.'®), tran-
sition metals (Co, Ni, Cu, Fe, etc.'®?*??%), rare-earth elements
(Ce, La, etc.*"*"*?), or non-metals (P, Ga, etc.'*'**"?°) signifi-
cantly enhances ETY yields thanks to an increase in weak
acidity. These catalysts, however, lead to fast deactivation rates.
Among these zeolites, HZSM-5 zeolites possess a well-arranged
3D structure with attractive physiochemical properties such as
high surface area, diffusivity, tunable acidity and good hydro-
thermal stability.”> Many mechanistic and kinetic studies
attempted to elucidate their catalytic behavior for ethanol de-
hydration to ethylene.”®**7*” At temperatures slightly higher
than 260 °C, HZSM-5 usually exhibits ETY selectivity and
nearly complete ET conversion. However, such temperatures
and narrow micropores (~0.5 nm) facilitate pore-blocking.'®>®
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Several strategies are chosen to enhance ETY selectivity at low
temperature: bottom-up synthesis (i.e. nanomaterials prepa-
ration and soft/hard templating'’?®) and top-down modifi-
cation (ie post-treatment dealumination or
desilication"*#*974%) which involve the formation of larger
mesopores in ZSM-5 and a better control of their acid-site
nature, strength and population. ZSM-5 nanosheets exhibit
unique Brgnsted acid-sites (BAS) over high external surfaces,
which favor direct ETY formation.*® However, the acid ZSM-5
channels favor DEE formation.*® ZSM-5 channels at <100 nm
greatly improved coke-resistance, featuring stable ETY selecti-
vity at complete ET conversion.'” A dealumination treatment
by steam can selectively remove Al from the MFI framework or
transform Al(wv) in Al(vi), which allows controlling the strength/
amount of Lewis acid sites (LAS) with respect to BAS.”®*%*?
However, it usually modifies the MFI structure, particularly in
Al-poor HZSM-5 structures, making them vulnerable under
hydrothermal conditions (i.e. ethanol/H,O mixtures). In turn,
a desilication treatment in ZSM-5 offers better control of
enhanced mesopore formation and increase of weak acidity,
improving the ET to ETY pathway without damaging the MFI
framework."*®*> The hierarchization positively impacts the
interconnectivity in HZSM-5, improving the internal diffusion
of reactants/products through additional meso-channels. Even
when works on HZSM-5 zeolites bring acceptable improve-
ments in ETY selectivity and ET conversion and catalytic stabi-
lity at a low temperature (<250 °C), a deeper understanding of
these phenomena has still not been achieved. For example, the
reported modifications are usually carried out in aqueous
media.”*** There is, however, no consensus on how water
affects the surface characteristics of zeolites.?”*>*® To the best
of our knowledge, a systematic study on the role of water as a
function of ZSM-5 acidity is still not reported for the low-temp-
erature ET-to-ETY route. Thus, these synthetic strategies are to
be accompanied by a balanced strength and density of acid
sites, as well as the elucidation of the role of water and the
reaction temperature in catalysis.

The present study integrates a new approach that combines
the modification of acid MFI zeolites with systematic kinetic
analyses to provide new mechanistic insights into the ET-to-
ETY route at 225 °C. We report how controlling the surface
physiochemical properties of hierarchical HZSM-5 via OH-
treatment and catalytic intermediates affects the ET-to-ETY cat-
alysis underflow. While the usual zeolite modifications follow
NaOH treatments to achieve different desilication degrees,
here, we observe that marked catalytic consequences can also
be achieved solely by treating with water, leading to the modifi-
cation of the AI** environment. These modifications aim at
unveiling and modulating the contribution of the OH content
(as in water or in NaOH) on the number and strength of acid
sites. The effect and role of such parameters at low tempera-
ture are scarce, especially as the origin of ETY yield enhance-
ment is not clear.** In an attempt to understand the effect of
water during the alkali treatment, we also have water-treated
parent HZSM-5 in the ex situ liquid- or in situ vapor-phase.
Systematic analyses by NH;-TPD (temperature-programmed de-
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sorption), N, sorption and *’AI-NMR (nuclear magnetic reso-
nance) spectroscopy correlate ETY with the appearance of new
extra-framework (EF) penta-coordinated Al(v) species emerging
from water treatment. The obtained insights would help
propose new catalytic pathways to ETY that explain the role of
water in ethanol dehydration or as a co-feed, as it occurs in
industrial bioethanol streams containing nearly 5% water.">*”
Such insights help propose a concerted Lewis- and Bregnsted-
acid catalytic contribution at low-temperature. This way, this
work aims to provide new perspectives to progress into the
design of low-temperature dehydration of bioethanol into
ethylene.

2. Experimental procedures

2.1. Reactants and starting zeolite materials

Four types of NH,-form ZSM-5 zeolites (with SiO,/Al,0; com-
mercial molar ratios of 23, 50, 80, 280) were purchased from
Zeolyst. The solids were transformed into H-form ZSM-5 by
calcination under synthetic air with a ramp of 1 °C min™" up
to 550 °C for 5 h. The following chemicals are used: sodium
hydroxide (NaOH, 99%) from Merck, ammonium nitrate
(NH4NOs3, 98.9%) from Acros Organics, NH;/He (5%) and N,
(99.9%) from Air Liquide, ethanol (C,HsOH, 99.8%) from
PanReac, and in-house deionized water.

2.2. Zeolite modification

The alkaline treatment of all H-form ZSM-5 zeolites was per-
formed in an aqueous solution using NaOH solutions with two
different concentrations (0.1 M, 1.0 M), two distinct tempera-
tures (65 °C, 85 °C) and two treatment times (30 min, 60 min).
In a typical experiment, about 3 g of the sample was vigorously
stirred in the target NaOH solution at a given concentration,
temperature and time. Subsequently, the alkaline solution was
quenched by inserting the flask in ice-water. The solids were
recovered by filtration and contacted with deionized H,O in
subsequent steps. The as-obtained powder was treated under
static air at 100 °C and converted into ammonium forms by
three consecutive exchanges in 30 mL NH,NO; (1.0 M). The
solids were then transformed into H-form ZSM-5 by following
air treatment in Section 2.1. Samples were named HZ(y)
_x_OH, where y refers to the SiO,/Al,0; molar ratio and x_OH
refers to the initial NaOH molar concentration in solution.

The modification by water in H-form ZSM-5 was similarly
performed but in the absence of NaOH: treatment at 65 °C by
aging the HZSM-5 powder under stirring in deionized water
for 30 min. The samples named in-synthesis (flask solution)
were filtered and treated overnight under static air at 100 °C
and treated with synthetic air underflow at 1 °C min™" and
kept at 550 °C for 5 h. The samples named in-reactor were
treated once the sample was placed in the reactor bed. These
samples were treated under analogous conditions (65 °C) but
under flowing water (0.04 mL min~"), and subsequently
treated underflow of synthetic air at 100 °C for 5 h and at 1 °C
min~" until 550 °C for 5 h.
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2.3. Catalyst characterization

The parent and treated HZSM-5 zeolites were examined by
complimentary techniques to evaluate their elemental compo-
sition, texture, acidity and local chemical environment. Si and
Al contents were determined by Inductively Coupled Plasma
Optic Emission Spectroscopy (ICP-OES) using an OPTIMA
2000 OV apparatus (PerkinElmer). Prior to the analysis, about
50 mg of each sample was dissolved in an acid mixture (3 mL
HNO; and 2 mL HCI) at 180 °C (30 min) using a microwave
digestor Ethos1 (Milestone). The textural properties in solids
were evaluated by N, physisorption at —196 °C, using an auto-
mated TriStar II plus apparatus (Micromeritics). Prior to each
analysis, about 100 mg was degassed for 24 h under vacuum
at 300 °C. The data were collected and treated using the
MicroActive Software.

The total acidity was evaluated by NH;-TPD using an
Autochem II instrument (Micromeritics). Typically, 0.15 g of
each zeolite was charged in a quartz cell and pre-treated in He
(20 mL min™") at 500 °C (10 °C min~") for 1 h. After this, the
sample was cooled to 100 °C in He and treated with 40 mL
min~' 10% NHj/He for 2 h. Subsequently, the sample was
treated for 2 h with 20 mL min~" He at 100 °C to remove the
weakly adsorbed NH;. The NH;-TPD profile was recorded by
heating the sample up to 750 °C (10 °C min~"), while acid-
sites were quantified using a TCD detector. A blank test was
used as a reference, while the TCD signal was calibrated to the
corresponding NH; concentration range.

The coordination Al species in the framework of chosen
HZSM-5 samples were analyzed by *’Al MAS-NMR using an
Avance III 400 MHz NMR spectrometer (Bruker). *’Al nuclei
were studied at resonance frequencies of 104.3 MHz by using a
single-pulse n/2 excitation and a repetition every 0.5 s. Before
the measurements, the samples were exposed in a desiccator
to saturated vapors of Ca(NO3), solution at room temperature
overnight. Hydrated powder of Al(NO;); was used as an exter-
nal reference for the *’AI-NMR spectra. The 2D multiple-
quantum MAS-NMR analyses were also performed over
samples loaded with tri-methylphosphine oxide (TMPO) that
was used as the probe molecule.

Fourier-transform infrared (FTIR) analysis was performed
using a Nicolet iS50 spectrometer. The chosen samples were
firstly calcined ex situ at 500 °C (5 h) and then compressed
into a fine selfsupporting disc (~13.875 mg cm ).
Subsequently, they were introduced into the infrared cell and
in situ heated at 350 °C and evacuated at 10~ mbar overnight
to remove moisture. After cooling under vacuum to room
temperature, an FTIR spectrum was immediately recorded in
the region of 4000-600 cm™" using a resolution of 4 cm™" and
128 scans. After background subtraction, the FTIR spectra
were normalized for comparison.

2.4. Testing setup and catalytic evaluation

The catalytic performance in ET dehydration was evaluated at
225 °C using an automated plug-flow reactor set-up. The reac-
tion temperature was controlled by a K-type thermocouple in
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and acid properties of four parent H-form ZSM-5 zeolites and
their counterparts modified in alkaline solution. As shown by
the changes in weak and strong acid-site content, the alkaline
treatment, even at very dilute NaOH concentration, clearly
alters surface physicochemical characteristics. Such treatment
does not show considerable changes in the textural properties
for 0.10H samples (as for pore size, volume or surface area)
with respect to parent materials (Fig. S1, A-Dt). However, the
opening of mesopores becomes more pronounced in the HZ
(80) zeolite treated with a high OH concentration (1.0 M,
Fig. S1, E and Ff). The measured SiO,/Al,O; ratio, however,
decreased by nearly up to 50% for HZ(23) and HZ(50) samples,
whereas this decrease is less prominent for samples contain-
ing a larger SiO,/Al,O3 ratio (up to 40% for HZ(80) and 7.3%
for HZ(280). This is consistent with previous findings report-
ing the effects of OH™ concentration on the extent to which Si
atoms are extracted from zeolite frameworks.>*>’ Indeed, the
data in Table 1 confirm that such desilication degree is more
pronounced for aluminosilicate structures with higher instabil-
ity, as it occurs for samples with higher number of Al atoms
exchanged in the Si-framework.

The ratio between weak (WAS) and strong (SAS) acid-sites is
derived from the integration of deconvoluted NH;-TPD profiles
(Fig. S271). Both parent and OH-treated samples contain two
distinct peaks at 100-300 °C (assigned to WAS) and at
300-600 °C (assigned to SAS).*® Low OH™ concentrations (0.1
M) are sufficient to duplicate the WAS content in HZ(23) and
HZ(50) samples, while their SAS is essentially unaffected by
such treatment. The number and strength of surface acid-
species, namely Lewis - (L) and Brensted - (B) acid sites, are
caused by the presence of Al species in Si-frameworks.>® While
B sites originate from the formation of H sites by charge com-
pensation of AI** exchanged in Si** species, L sites originate
from the electron sharing ability of Al species coordinated
with OH species in distinct (IV, V) arrangements. The negli-
gible changes in SAS contents for HZ(23)_0.10H and HZ(50)
_0.10H can be attributed to the absence of new Si**-Al*
bonds leading to new H' species. The WAS sites, present as L
sites, however, arise as desilicated samples uncover Al species
that were not accessible in parent zeolites. This leads to an
increase in the formation of new Al(5)-OH species with
marked characterization and catalytic performance differences
(as discussed later in Section 3.2.1).

On the other hand, aggressive OH™ treatments (1.0 M) lead
to marked a desilication degree in HZ(23) and HZ(50) and
drastically reduce the population of both surface acid types
(Table 1). This is attributed to the partial dissolution of the
zeolitic framework, leading to a disordered structure without
the ability to form H" species or yield accessible weaker Al(6)-
OH species. Such alkaline conditions, however, are necessary
to observe significant changes in acid-site content for samples
with a higher SiO,/Al,0; ratio, as it occurs for HZ(80). In this
case, HZ(80)_1.00H enhances WAS by a factor 2.4 and SAS by a
factor of 1.4 with respect to its parent HZ(80) sample. The HZ
(280) sample barely shows any changes in the acid-site content
(even at OH™ contents up to 2.0 M), indicative of the large
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hydrothermal stability of such Si-rich samples even under very
alkaline conditions.

3.1.2. Ethanol (ET) catalytic dehydration on parent and
OH-treated samples. HZ and their OH-treated derivatives
(using NaOH) were tested using pure ET underflow at 225 °C.
The products formed under these conditions were exclusively
ethylene (ETY), diethylether (DEE) and water (H,O). Such
product distribution is facilitated by the low reaction tempera-
ture that avoids the decomposition of reaction intermediates
into lighter molecules (CH;CHO, CH,, CO, eqn (3) and (4)) or
the growth of light olefins (ETY) into undesired large oligo-
mers. Fig. 1 shows ET conversion (Xgr, eqn (5)) and DEE or
ETY selectivity (Spgg, Sery) neglecting the contribution of H,0
as the product in the §; term (eqn (6)). The estimates of
C-basis selectivity intend to have a preliminary assessment of
the contribution of HZ samples in direct catalytic routes into
ETY (eqn (1)) or DEE (eqn (2)) from ET. The data in Fig. 1 are
obtained under stable catalytic performance, indicative that
plotted conversion and selectivity values are representative of
the intrinsic activity of each catalyst in the fresh form (i.e. the
data in Fig. 1 do not reflect any catalyst deactivation). Xgr
values in Fig. 1 show an increasing trend with the Al content
(as for HZ(23)), indicating that kinetically relevant ET conver-
sion into DEE or ETY is dependent on the number of active
acid sites. Such an Xgr trend is consistent also for OH-treated
samples, as an increase in both WAS and SAS species (0.10H
samples, Table 1) slightly enhances ET conversion up to 60%.
Sery values, however, significantly increase when samples are
treated with OH. This is especially marked for HZ(23)/(50) at
low OH concentration (0.10H), whereas HZ(80) requires
harsher treatments to observe detectable changes in Sgry.
Given the acid-content shown in Table 1, the ET conversion
seems rather independent of the modification from parent to

80+

SDEE’ SETY (%)

40

XET’
L

" Parent 0.1 OH 1.0 OH Parent 0.1 OH 1.0 OH Parent 0.1 OH 1.0 OH Parent 0.1 OH
HZ(23) HZ(50) HZ(80) HZ(280)

Fig. 1 Conversion of ET (blue), selectivity of ETY (green) and of DEE
(red) provided by parent HZSM-5 catalysts and by their counterparts
treated in alkaline solution (values estimated at steady-state of reaction
(5-6 h)). Test conditions: 225 °C, 1 bar, WHSV = 35.7 h™%.
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desilicated samples, but ETY selectivity seems directly influ-
enced by an increase in the nature and population of acid-
sites. Even when Sgry is dependent on Xgr, indicative of a
certain character of ETY originating from secondary surface
visits (discussed in Section 3.2.3), the changes in Xgr (48% to
60% as for HZ(23)) between parent and OH-treated samples do
not seem sufficient to explain the marked Sgry differences
(40% to 85% as for HZ(23)). This suggests that such Sy differ-
ences may be attributed to changes in surface features from
contacting zeolites with OH species in solution.

The Sgry changes in Fig. 1 seem to be more affected by a
variation in WAS content rather than in SAS. Fig. 2 shows Sgry
for parent and OH-treated samples, each at a similar Xy value,
as a function of the WAS content. The rigorous comparison at
such Xgr values intends to neglect the kinetic contribution of
the ET-derived product concentration in promoting secondary
reactions at distinct Xgr, as shown in Section 3.2.3. Trends
for the parent or OH-treated samples correlate with the WAS
content (Fig. 2). At given WAS contents, however, all OH-
treated samples show an increase of 20-40% in Sgry with
respect to parent samples. This indicates that WAS content
cannot be used as the sole descriptor to explain the observed
ETY selectivity differences (Fig. 2), suggesting that H-form
ZSM-5 zeolites suffer a physicochemical modification from OH
in solution that cannot be elucidated from NH;-sorption data.
Given that OH-treated materials originate in different parent
materials, with the consequent divergence in the degree of
modification, but follow the same trend with the WAS content,
the data in Fig. 2 indicate that OH-treatments have a larger

100
) HZ(23)_0.1 OH
80
HZ(50)_0.1 OH OH treated
samples
b HZ(80)_1.0 OH
A
60 -
S :
& ] Parent
(2] 40 - HZ(280)_1.0 O samples
20
0 T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Density of WAS (mmoINH3'gCal-1)

Fig. 2 Correlation between the ETY selectivity (at similar ET conversion)
and the density of WAS for parent (purple) and OH-treated (green)
HZSM-5 catalysts tested at 225 °C, 1 bar, WHSV = 35.7 h™t. Sgry data are
obtained under stable catalytic behaviors.
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influence (i.e. form more new active species) in samples with a
higher Al content (HZ(23), HZ(50)). This indicates that such
OH-contact predominantly leads to the modification of the Al
environment. In contrast, if new active species (such as Si-OH
derived from OH™ in solution) were formed, samples with
more abundant Si atoms (HZ(80)_1.00H, HZ(280)_1.00H)
would have deviated from the trends shown in Fig. 2 (which is
not the case). Observed catalytic consequences from OH-treat-
ments provide the chance to propose new reaction pathways
beyond the direct routes (eqn (1) and (2)), which could presum-
ably be affected by the unexplored catalytic phenomena (new
Al-OH species, diffusional effects, cooperative catalysis, etc.).
In doing so, it is expected that the presence of H,O in syn-
thesis or in ET dehydration may seemingly affect the catalytic
surface and the behavior of zeolites towards ETY formation.

3.2. Effect of H,O treatment on HZSM-5 during ET
dehydration

3.2.1. Characterization of H,O-modified HZSM-5 samples.
In order to understand the contribution of H,O in alkaline
treatments, samples with distinct Al content (HZ(23) and HZ
(80)) were also treated in the absence of NaOH (using only H,O
under stirring at 65 °C, 30 min). Elemental analyses indicate
that the measured SiO,/Al,O; ratio remains nearly intact for
HZ(23)_H,0 and HZ(80)_H,O (21.9 vs. 22.6 and 71.2 vs. 72.2,
respectively). Likewise, the textural properties of HZ(23)_H,O
remain practically the same as HZ(23)_0.10H (Fig. S1, A and
Bt), which suggests that low OH concentrations (0.1 M) or the
sole use of H,O results in similar modifications of HZ(23)
surface features. Besides, the NH;-TPD profiles of H,O-treated
zeolites show a significant increase in their surface acid-site
content (Fig. 3). This change is more pronounced for WAS
than for SAS, as reflected by the two peaks centered at about
200-220 °C and 400-450 °C, respectively. A Gaussian deconvo-
lution of each curve indicates that the HZ(23)_H,O sample
shows an increase of 19% in its WAS population with respect
to its parent, whilst the SAS content remains relatively intact.
An analogous modification was observed for HZ(23)_0.10H,
indicating that zeolites with large Al contents are easily hydro-
lyzed to uncover new Al species, thus leading to distinct WAS
acid-content. The HZ(80)_H,O sample, however, predomi-
nantly shows an increase in WAS (0.13 mmol WAS per g) but
still lower than those achieved by HZ(80)_1.00H (0.17 mmol
WAS per g), indicative of the harsh alkaline conditions
required by HZ(80) to observe significant changes in acid-site
content.

To unveil the consequences of H,O-treated Al-species in ET
dehydration, solid-state >’Al MAS-NMR analyses were per-
formed for HZ(23)_H,O and HZ(80)_ H,O zeolites and their
parent counterparts. The >’Al MAS-NMR spectra (Fig. 4A and
B) clearly indicate that parent HZ(23) and HZ(80) samples
feature two signals: an intense peak centered at chemical
shifts of 51 ppm and a small peak centered at —3.7 ppm. The
first one corresponds to tetra-coordinated Al(v) and the
second one to hexa-coordinated Al(vr).*> Al(v) coordination is
mainly reported as a precursor for the formation of Si-OH-Al
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bridging generated via the substitution of Si** by AI** in the
HZSM-5 framework, which leads to the appearance of B acid-
sites. It is widely accepted that B in HZSM-5 are generated by
H' protons to compensate for the deficit of charges in the
zeolite framework caused by Al(1v) species.®®®* The difference in
the signal intensity between tetra-coordinated Al(iv) and hexa-
coordinated Al(vi) is indicative of the B acid-site content in
HZSM-5, which as expected is more pronounced for HZ(23).
The treatment with H,O leads to both qualitative and quanti-
tative changes in Al coordination (Fig. 4A-D). The spectra for
HZ(23)_H,0 become less intense but very broad and non-sym-
metrical, due to the overlapping of signals related with new Al
(6) species. The Gaussian deconvolution of this curve reveals
the existence of additional extra-framework (EF) Al(wv), Al(v)
and Al(vi) species. In situ FTIR spectra presented in Fig. 5
confirm a significant increase in the intensity of the bands
at 3663 cm™' for HZ(23)_H,O, which is mainly attributed
to partially hydroxylated EF-Al(5)-OH species acting as
Lewis sites.®®> The other bands (observed between
3740-3780 cm™'), which are generally attributed to the pres-
ence of different types of isolated silanol Si-OH groups, while
the peak at 3611 cm™" belongs to isolated bridged Si-O(H)-Al
groups, remain practically in the same order of intensity. The
apparition of new EF-Al(iv) and EF-Al(v) species might be
caused by the interactions of bulk Al(iv) species with H,O and
their transformation into Al(6)-OH species after calcination,
since a considerable decrease in the Al(v) peak intensity is
observed. These EF-Al(wv) species may also act as B sites on
amorphous silica-alumina and zeolites,*® while EF-Al(v) and
EF-Al(v1) originate from the hydroxylation of Al(wv) and Al(vi),
respectively, leading to new surface L sites.®* In turn, HZ(80)
_H,0 features a substantially different tendency, as its spectra

3650 | Green Chem., 2023, 25, 3644-3659

slightly widen at 51 ppm, whilst the shift at —3.1 ppm remains
unchanged. Such negligible changes also occur due to the low
Al content. The changes in the Al environment (Fig. 4A-D)
may be related to an increase of WAS (NH3-TPD, Fig. 3), but
based on the two distinct Sgry trends observed in Fig. 2, not
all the new Al(5)-OH species seem to contribute to the appear-
ance of new acid-sites, whilst they could have positive catalytic
consequences during ETY formation. Based on the probability
that higher Al contents lead to more abundant and detectable
changes in the Al environment, HZ(23)_H,O is expected to
show catalytic consequences during ET dehydration, as shown
in the following.

3.2.2. Performance of H,O-treated HZSM-5 catalysts for
ethanol dehydration. In an attempt to understand the catalytic
effect of OH-treatment in HZSM-5 (Fig. 1 and 2), the data in
Fig. 6 expect to shed more light on the possible catalytic con-
tribution of the new Al(5)-OH species formed by contacting
HZ(23) with H,O. Fig. 5A-E show ET dehydration data for HZ
(23) treated with H,O, either under stirring out of the reactor
(in-synthesis) or under continuous flow in the reactor (in-
reactor). Such treatments are performed at different tempera-
tures (65 °C, liquid-phase; 225 °C, steam) and with or without
calcination under flowing air. The comparison of Sgry for
water (Fig. 6A) and steam (Fig. 6B) indicates enhanced ETY for-
mation when HZ(23) is contacted with H,O in the liquid-phase
(65 °C) than in the vapor-phase (225 °C). According to the left
panel in Fig. 6A, the water-treatment itself does not boost HZ
(23) catalytic activity but requires air treatment at 550 °C (i.e.
2 h) to promote a surface hydroxylation with catalytic benefits.
This is not the case for steam treatment at 225 °C, as Sgry
drops in the absence of a calcination step at higher tempera-
ture. Such conclusions are confirmed in Fig. 6C, indicating

This journal is © The Royal Society of Chemistry 2023
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27Al 3QMAS-NMR data for HZ(23) and HZ(23)_H,O respectively.

that HZ(23) treatment with liquid-water at 65 °C and a sub-
sequent calcination at 550 °C for more time (5 h) lead to a con-
siderable increase in both Xgr and Sgry. This suggests that
high temperature treatments under steam may lead to struc-
tural dealumination,”®*"** leading to changes in surface
acidity. Solvating conditions underwater at 65 °C, however,
lead to milder surface changes but with positive catalytic
benefits. Similar conclusions are obtained when such treat-
ment occurs in-reactor (Fig. 6D). Even when Sgpy values
depend on Xgr (discussed in Section 3.2.3), the Sgry differ-
ences between water-treated + calcined samples and their
parent precursors in Fig. 6 can mostly be attributed to a
change in the surface physicochemical features and not to a
kinetic effect. Such data in Fig. 6 provide conclusive evidence
of the role of water in modifying the catalyst to favor the for-
mation of ETY with respect DEE from ET.

This journal is © The Royal Society of Chemistry 2023

The Xgr and product selectivity data in Fig. 6E, obtained by
co-feeding ethanol with water at 225 °C, confirm the positive
effect from water. Even when such water (gas-phase at 225 °C,
Fig. 6E) is equivalent to the steam conditions shown in
Fig. 6B, the minor water-concentration or the presence of
ethanol species does not result in negative catalytic conse-
quences towards ETY. In contrast, Sgry increases from 40%
(pure ethanol, Fig. 1) to 60% (5% water in ethanol, Fig. 6E) at
similar Xgr, suggesting that co-fed water molecules may have a
positive kinetic effect in inhibiting possible ethylene side-reac-
tions, leading to higher Sgry values. It is worth noting that
ethanol dehydration conversions of around 50-60% (as shown
in Fig. 1) already produce substantial amounts of water, but
such conditions do not lead to similar catalytic consequences
as observed in Fig. 6E, as discussed later. This indicates the
relevance of the partial pressure of water in the feed,*>°® even
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Fig. 5 Normalized FTIR spectra of the OH-region for fresh parent HZ
(23) and HZ(23)_H,O samples evacuated in situ at 350 °C (overnight)
after ex situ calcination at 500 °C (5 h).

when the adsorption of the ethanol reactant may differ from
water (Section 3.3). Overall, the Sgry data shown in Fig. 6
suggest catalytic benefits from water via catalyst modification
or kinetic contributions, which justifies the use of nearly 95%
ethanol feeding in ethanol-to-ethylene in industry."”® Such
water effects, when compared to the catalytic consequences
observed for solids treated with 0.1-1.0 M NaOH in synthesis
(Fig. 1), corroborate the relevance of OH™ species in solution
for tuning HZSM-5 surface properties with low Si/Al contents.
Some H,O dissociation may be favoring the apparition of new
Al-OH sites, as suggested by *’AI-NMR (Fig. 4) and confirmed
by FTIR analysis (Fig. 5). Such catalytic observations, however,
are still inconclusive on the preferential routes to ETY (direct
or indirect) that predominate for such H,O-treated samples.
Thus, the control over H,O dissociation to OH™ and H;0" over
BAS and/or LAS, and its role in metals cation modification is
part of the ongoing research using wet ion-exchange and dry

View Article Online
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melt-infiltration of different acidic species (i.e. Al, Ce, La, P,
Cs, etc.) into H-ZSM-5.

A similar water-treatment in HZ(80) yields analogous Xgr
and Sgry values (Fig. S37) as for HZ(80)_0.10H (Fig. 1), indicat-
ing that low OH concentrations in solution (~10~7 M) are not
sufficient to promote desilication with quantitative contri-
bution to form ETY. This confirms that such high SiO,/Al,0;
samples require harsher OH-concentrations to open new poro-
sity by reaching new Al sites and to generate significant
changes in Sgry (observed in Fig. 1, Fig. S1E and F;T discussed
in section 3.2.3). These insights seem to be in good agreement
with NH,;-TPD (Fig. 3) and *’Al MAS-NMR (Fig. 4), indicating
that OH-treatment modifies both acid features and Al-environ-
ment in samples containing a low Si/Al ratio (HZ(23)), with the
apparition of new EF-Al(wv), EF-Al(v), and EF-Al(vi) species,
and leads to detectable catalytic consequences (Fig. 6). Thus,
the catalytic differences between OH-treated HZ(23) and HZ
(80) do not seem to strictly relate to the nature or type of acid-
or Al(§)-OH sites, as they all originate in the same type of Si*"
or AI** species, but to their number on each catalyst surface.
Among such sites, the contribution of water is mostly reflected
in the considerable appearance of EF penta-coordinated Al(v)
and EF hexa-coordinated Al(vi) species in HZ(23), which seem
to be the origin of new L sites. The kinetic evidence between
the parent and OH-treated samples allows an initial approxi-
mation to elucidate the origin of ETY from ET under studied
reaction conditions, as discussed next.

3.2.3. Main conversion pathways for ET-to-ETY. Fig. 7
shows Sgry values as a function of Xgr, obtained by varying the
weight hourly space velocity (WHSV 17.9-89.1 ggr gcar * h™Y)
by adjusting the ET flow at the reactor inlet, for parent HZ and
OH-treated zeolites. Such Sgry data are obtained under stable
catalytic conditions, indicating that their interpretation is not
influenced by the deactivation of active species that could lead
to changes in space velocity (if this latter were defined per H"
site instead of per catalyst mass). As expected from Fig. 2,
parent and OH-treated materials present significant Sgry
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Fig. 6 Evolution of ET conversion (Xg7), and selectivity to ETY (Sgry) and DEE (Speg) as a function of TOS for: (A) HZ(23) treated with water at 65 °C
and in situ calcined; (B) HZ(23) treated in situ with steam at 225 °C; (C) HZ(23) treated with water at 65 °C and calcined ex situ, (D): HZ(23) treated
with water at 65 °C and calcined in-reactor; (E) HZ(23) (only in H+-form) catalytic activity using 95%/5% ethanol/water as the feed. All data shown

for 225 °C, 1 bar total pressure and WHSV = 35.7 h™*.
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differences at a given Xgr. Such Sgry values, however, mostly
extrapolate to a Sgry of nearly 20% as Xgr approaches zero.
Such intersection value reflects the probability for ET to
convert into ETY via the direct route in the first surface
sojourn (eqn (1)). In contrast, such extrapolation also reflects
the predominant formation of DEE (nearly 80%) in the first
surface visit. The slopes observed for all Sgry data (Fig. 7),
however, indicate the chance to form ETY in secondary surface
visits. These secondary reactions occur as the reaction pro-
ducts from primary visits desorb and later re-adsorb in a
second interaction with the catalyst surface (irrespective of
whether this occurs in the same catalyst particle or not). These
effects are especially evident at high Xgr, conditions that lead
to high DEE concentrations. In all cases, Sgry increases with
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Xer, indicating that such secondary ETY originates in reactions
derived from DEE. In addition, it is evident that OH-treated
samples present bigger slopes than their parent counterparts,
indicating that the kinetic effects from such secondary visits
become more pronounced when surfaces contain Al(5)-OH
sites. In the absence of other ET dehydration products, the
data in Fig. 7 thus suggest the formation of ETY from ET
through a DEE molecule as the intermediate, as discussed
next using DEE as the reactant.

Fig. 8 shows the evolution of DEE conversion, and ETY and
ET selectivity as a function of TOS for parent HZ(23) and HZ
(80) and those OH-treated samples with detectable kinetic
effects. In order to simplify the interpretation of data, even
when H,0 is detected as the product, the estimates in Fig. 7
neglect H,O in the selectivity term (eqn (6)). The nearly stoi-
chiometric ETY and ET amounts for HZ(23) shown in Fig. 8A,
as well as the absence of other dehydration products (in the
GC), suggest that ETY and H,O form first via DEE cracking
(eqn (8)) and subsequently via the macroscopic reverse of eqn
(2) to give ET from DEE and H,O (eqn (9)). Both eqn (8) and
(9) lead to eqn (10), which yields the observed stoichiometric
ET and ETY ratio shown in Fig. 8A.

(CH3CH,),0 « 2CH, = CH, + H,0 (8)

(CH3CH2)20 — CHz S CHZ + CH3CH20H (10)

Similar conclusions are obtained for DEE reactions onto
parent HZ(80) in Fig. 8C. The ETY and ET ratio, however,
slightly deviate from expected values from eqn (10), which may
originate from experimental errors. In contrast, the OH-treated
in both HZ(23) and HZ(80) lead to a considerable increase of
both Xpgg and Sgry. This reflects that the materials not only
have a significantly bigger number of DEE cracking sites
(emerging from OH treatment), but that these new sites also
inhibit the formation of ET from DEE (eqn (10)). This leads to
over-stoichiometric ETY/ET ratios, mostly evident for
HZ(23)_0.10H (Fig. 8B). These effects can only be attributed to

100
< 80 i J J
= o0
o Jeedssesiltssss R IRXZAZTTRTR I
m"” 60 - _ JaafAaA A, 40,444
N * * *00 * 0%9000g0%%00000
B 13888 8223888888 | 1. ] .
n *7 00000000000 ALAAARA, LAdAaa
I:J40- - J®eeee®e®®e®00e
a 1 IPVVVVVYY Y VYV VYN |
x 20 B - -
1A 1 B) 1 ©) 1 D)
0 T T T T T T T T T T T T T T T T
0.0 25 5.0 0.0 25 5.0 0.0 25 50 0.0 25 5.0
TOS (h) TOS (h) TOS (h) TOS (h)

Fig. 8 Conversion of pure DEE (Xpgg, red) and selectivity of ethylene (Sety, green, and of ethanol (Sgy, blue) as a function of TOS for: (A) HZ(23), (B)
HZ(23)_0.10H, (C) HZ(80), and (D) HZ(80)_1.00H catalysts. Test conditions: 225 °C, 1 bar and WHSV = 35.7 h™%.
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the presence of Lewis-acid type Al(6)-OH sites that inhibit the
adsorption of H,O through repulsive interactions during DEE
cracking into ET (eqn (9)), as discussed later from DFT inputs.
This seems to be a clear confirmation of the predominance of
DEE cracking reactions to give ETY when ET is used as the
feed (Fig. 1, 2, 5 and 6). This becomes even more evident when
such ET is co-fed with water (Fig. 6E). The proposal of a new
indirect or secondary pathway to form ETY from ET seems
thus related to the polarity of the molecules in the reaction
mixture and the ability of the surface to interact. Such a
hypothesis is assessed here through theoretical calculations
based on the adsorption of such molecules on Al-derived
species in HZSM-5 and the formation of kinetically-relevant
transition states, as discussed below.

3.3 Analysis of the reaction mechanism

Further DFT calculations have been performed in an attempt
to better understand the ET to ETY catalytic pathway over
different surface acid species on HZSM-5. The structures of
HZSM-5 (Fig. 9) were optimized according to the MFI’s topo-
logy, where the atomic proportion of Si:O:Al:H was set at
92:192:4:4, respectively (see the ESI for further structural
and coordination detailst).

According to previous reports®” there are four possible Al
positions in the ZSM-5 structure; T1, T2, T3, and T4 (in blue,
Fig. 9), which depend on the geometrical and elemental con-
figuration. Among these four positions, which are usually
altered under an aqueous medium,*® T2 was chosen as the
representative position for evaluating the interaction with ET,
DEE and ETY molecules under the possible presence of H,O.
This choice is supported by the fact that T2 sites are located at
the junction of three 10-membered rings, while T1 sites are
located at the junction of only two 6-membered rings and one
10-membered rings. This makes the T2 position more relevant

Fig. 9 The optimized periodic structure of HZSM-5 (atomic ratio Si/Al
~23, a = 20.615223 A; b = 20.430119 A and c = 13.716548 A, a =
90.0248; p = 89.76483; y = 90.05055). Yellow: Si; red: O; purple: Al;
white: protons.
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from a geometric perspective, and especially to assess the
adsorption of molecules with different steric and polarization
phenomena. The adsorption energy for individual molecules
was calculated at the T2 position, by considering two distinct
acid-sites: Brgnsted (B) and Lewis (L). The effects from OH-
treatment in HZSM-5 seem to be more noticeable in Al(5)-OH
species that relate to L sites, whilst OH or water-treatments are
not expected to affect B sites as the resulting species may not
be stable under the air-treatment (calcination) prior to
catalysis.

As shown in the Fig. 9, the adsorption of ET on the B site
involves lower energy (—0.8 eV) than for the rest of the mole-
cules. This lowest energy would allow adsorbed ET to preferen-
tially react through H-O bonding to be directly dehydrated
into ETY or dimerized into DEE. A similar trend is observed
for L sites, but with DEE molecules showing the lowest adsorp-
tion energy (—0.5 eV). This preferential adsorption of DEE over
L sites is a critical step for its subsequent conversion into ETY
(eqn (8)). The energies for H,O are nearly undetectable for B
sites and 0.29 eV for L sites, suggesting that both species do
not favor H,0 adsorption. Thus, the DEE-to-ET route on L sites
seems less favorable as it would require H,O species to adsorb
on neighboring sites to form ET from DEE + H,O (eqn (9)).
This indicates that adsorbed DEE species would preferentially
form ETY and H,O (eqn (8)) on L species with a certain polar
character, such as Al(5)-OH species. This would indeed
coincide with the non-stoichiometric ETY/ET ratio observed in
Fig. 8B, where DEE is converted in higher quantities into ETY
than in ET for OH-treated samples in comparison to parent
samples. Such preferential catalysis on L sites is here con-
firmed by DFT calculations that determine the energy to form
the kinetically-relevant transition states (TS) when DEE reacts
into ETY and ET. Fig. 10B shows the reaction coordinate
diagram for the ET — DEE — ETY route, which intends to
compare the critical TS for the DEE — ETY step. The energy
barrier for the TS on L sites is lower (0.99 eV) than that on B
sites (1.24 eV), indicative that such ETY formation from DEE is
favored on L sites featuring Al(6)-OH-like species. This would
still produce stoichiometric amounts of ETY and ET, but the
data in Fig. 10B clearly indicate the prevalence of such DEE
cracking reactions to form ETY on L sites in comparison to B
sites.

Based on the obtained experimental and theoretical
outputs, we suggest a cooperative mechanism between B and L
sites to produce ethylene from ethanol on HZSM-5 catalysts at
low temperatures. This is shown via two reaction routes
(Scheme 1):

(i) Primary: a sequential dimerization of two ET molecules
catalyzed by species adjacent to B sites to form a DEE inter-
mediate that is subsequently cracked on L sites to form ETY
and H,O.

(if) Secondary: a direct elimination of the hydroxyl group
from ET to form ETY and H,O on B sites.

Following Scheme 1, ET is adsorbed over acid B sites
(mainly Si-OH-Al) and dehydrated to form a surface-bound
ethoxy intermediate after interacting with an adjacent OH

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Identified routes for ET-to-ETY over HZSM-5 at low-temperature reaction via: (i) ET dimerization on neighboring sites on B species fol-
lowed by DEE cracking on L (primary route), and (ii) direct elimination of the hydroxyl group of ET on B (secondary route).

group. This intermediate is thermodynamically unstable,
leading to ETY by C-O cleavage and C= formation (secondary
route) or immediately dimerized with another adsorbed ET on
a neighboring similar site to form DEE (primary route).
Previous DFT calculations®® reported that ethoxy species can

This journal is © The Royal Society of Chemistry 2023

be converted into ETY and DEE over external and internal -OH
groups of the HZSM-5 framework, respectively. The abstraction
of ethoxy intermediates by O to form ETY requires an acti-
vation energy of more than 41 kcal mol™", while the formation
of DEE at low temperature from dimeric ET requires only
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25 kecal mol™.%° This difference, which is mainly attributed to
hydrophilic and acidic internal HZSM-5 channels,”® predomi-
nantly leads to DEE at low temperatures. These observations
were confirmed by the experimental data in the present work
(Fig. 7 and 8), revealing how DEE can re-adsorb on L sites
(more probably in the form of EF-Al(v)) after contacting with
H,O0. Subsequently, two C-O bonds in DEE are decomposed by
dehydration to form two ETY molecules in the gas-phase. This
ET — DEE — ETY route is considered here as the primary
route based on the experimental evidence using ET or DEE as
reactants and HZSM-5 catalysts with different B (as SAS) and L
(as WAS) contents, whilst the direct ET — ETY route seems to
be less predominant on the studied system.

4. Conclusions

The present work has shown experimental and theoretical evi-
dence of finding an optimal compromise between the surface
content of L sites, mainly as EF-Al(v) species, and of B sites as
Al-OH-Si species, for the catalytic conversion of ethanol into
ethylene at low-temperature on HZSM-5 catalysts. The control
over ethylene selectivity, for a given temperature, is predomi-
nantly affected by the Si and Al content on the parent sample
and by the OH-treatment conditions (temperature and time)
and the origin of such species (as from OH in an alkaline solu-
tion or water). Further calcination steps contribute to con-
ditioning and stabilizing robust Al(5)-OH bonds. Such treat-
ment consequences are also evidenced when water is co-fed
during the ET reaction, favoring ethylene formation. These
experimental observations are confirmed with theoretical
inputs, proposing a new catalytic route for the formation of
ethylene from ethanol via diethylether cracking. In summary,
this work provides compelling experimental and theoretical
insights into the role of water in the production of ethylene
from ethanol at low temperature, serving as the basis to set a
relevant landmark towards the design of efficient catalysts and
processes for the conversion of complex platform biomolecules
into value-added compounds.
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