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Abstract

Mixed alcohols are attractive oxygenated products of biomass-derived syngas because they may be
catalytically converted to a range of hydrocarbon products, including liquid hydrocarbon fuels. Catalytic
dehydration to form olefins is a potential first step in the conversion of C»-C; alcohols into longer-chain
hydrocarbons. We describe here the physical and chemical characterization along with catalytic activity
and selectivity of four Brgnsted and Lewis acidic catalysts for the dehydration of two mixed alcohol feed
streams that are representative of products from syngas conversion over K-CoMoS type catalysts (i.e.,
ethanol, 1-propanol, 1-butanol and 2-methyl-1-propanol). Specifically, a Lewis acidic Zr-incorporated
mesoporous silicate (Zr-KIT-6), a commercial Al-containing mesoporous silicate (AI-MCM-41), a
commercial microporous aluminosilicate (HZSM-5), and a commercial microporous
silicoaluminophosphate (SAPO-34) were tested for mixed alcohol dehydration at 250, 300 and 350 °C. The
zeolite materials exhibited high activity (>98% ethanol conversion) at all temperatures while the
mesoporous materials only displayed significant activity (>10% ethanol conversion) at or above 300 °C.
The turnover frequencies for ethanol dehydration at 300 °C decreased in the following order: HZSM-5 >
SAPO-34 > AI-MCM-41 > Zr-KIT-6, suggesting that Brgnsted acidic sites are more active than Lewis
acidic sites for alcohol dehydration. At 300 °C, SAPO-34 produced the highest yield of olefin products
from both a water-free ethanol rich feed stream and a Cs.-alcohol rich feed stream containing water. Post-
reaction characterization indicated changes in the Brgnsted-to-Lewis acidic site ratios for Zr-KIT-6, Al-
MCM-41 and HZSM-5. Ammonia temperature programmed desorption indicated that the acid sites of post-
reaction samples could be regenerated following treatment in air. The post-reaction SAPO-34 catalyst
contained more aromatic, methylated aromatic and polyaromatic compounds than its zeolite counterpart
HZSM-5, while no aromatic compounds were observed on post-reaction AI-MCM-41 or Zr-KIT-6
catalysts. Olefin yield at 300 °C over SAPO-34 (>95%) was comparable to published values for the
methanol-to-olefins process, indicating the potential industrial application of mixed alcohol dehydration.
Furthermore, the olefin product distribution over SAPO-34 was tunable by the composition of the alcohol
feed mixture.
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1. Introduction

In recent years, significant effort has been placed on the cost competitive production of transportation fuels
from non-food biomass [1-5]. The gasification of lignocellulosic biomass to produce syngas followed by
additional chemical transformations is one approach for producing hydrocarbons for chemical and fuel use
[6,7]. This process has also been referred to as indirect liquefaction [8]. A variety of products can be
produced from syngas, including hydrogen, alkanes, methanol, and mixed alcohols [9]. The methanol-to-
olefin (MTO) process is an industrial example of olefin production from syngas-derived methanol, but
suffers from limitations in the ethylene to propylene product ratio [10]. The MTO process is typically
operated between 450-525 °C and 34-345 kPa [11]. The ability to target precise ratios of a more diverse
olefin product would be advantageous for the downstream production of hydrocarbons with a greater
carbon number distribution via oligomerization.

Previous research from the National Renewable Energy Laboratory has demonstrated the ability to convert
biomass-derived syngas to a mixed alcohol product containing primarily ethanol, with lesser amounts of
methanol, 1-propanol, isobutanol, 1-butanol, methyl formate, ethyl formate, ethyl acetate, acetaldehyde,
and propionaldehyde [7]. Transforming a mixed alcohol product into liquid fuel-range hydrocarbons using
a moderate-temperature, low-pressure process remains a challenge. Catalytic dehydration is a potential first
step in the conversion of C,-C4 alcohols into longer-chain hydrocarbons. Following dehydration, the
resulting olefins can be oligomerized to produce naphtha and distillate fuels, providing an option for
producing hydrocarbons from syngas.

SAPO-34 is the preferred catalyst for converting methanol to ethylene and propylene [10,12,13], and has
demonstrated high activity for ethanol, 1-butanol and 2-butanol dehydration [14,15]. Other solid acid
zeolite catalysts such as HZSM-5 have also been studied extensively for alcohol dehydration reactions [16-
21]. In addition to zeolite materials, metal-containing mesoporous silica-based materials (e.g., Ni-MCM-41
and Zr-KIT-6) are capable of dehydrating a variety of alcohols to the corresponding olefin products [22-
26]. The nature of the acid sites (type and strength) has also been shown to effect alcohol dehydration
performance. Strong Brgnsted acidic zeolites often suffer from poor selectivity to desired products
[16,27,28] and are prone to coke deposition and short operable lifetimes [27,29,30]. There is evidence that
materials with lower Brgnsted to Lewis acid ratios exhibit higher selectivity and stability in alcohol
dehydration reactions [23,31]. Despite the extensive analyses of alcohol dehydration to olefins, a
performance comparison of zeolite and mesoporous silica catalysts for dehydration of mixed alcohols has
not been reported.

Here we report a comparison of the performance of a Lewis acidic Zr-incorporated mesoporous silicate [Zr-
KIT-6 (Si/Zr = 20)], a commercial Al-incorporated mesoporous silicate [Al-MCM-41 (Si/Al = 78)], and
two commercial zeolites (HZSM-5 and SAPO-34) for dehydration of mixed alcohols. Two mixed alcohol
feeds, representative of products of mixed alcohol synthesis from syngas over K-CoMoS type catalysts [7],
were tested between 250 and 350 °C. The mixed alcohol feeds were composed of varying concentrations of
ethanol, 1-propanol, 1-butanol, 2-methyl-1-propanol and water. Product selectivity and olefin yields
achieved from mixed alcohol dehydration are compared to those from the MTO process. Catalyst samples
were analyzed before and after reaction for evidence of coking, acid site modifications and crystalline
structural changes. The results suggest that olefin yields comparable to the MTO process are achievable at
lower temperature, and that the olefin composition is tunable by the alcohol feed composition.

2. Experimental Section
2.1. Catalyst Characterization

2.1.1. BET Surface Area. Nitrogen physisorption data were collected at -196 °C using a Quantachrome
Quadrasorb SI instrument. Samples were pre-treated under vacuum for 20 h at 200 °C. Surface areas were
determined using the Brunauer-Emmett-Teller (BET) method, and pore volumes were determined from the
adsorption isotherm data using the Barrett-Joyner-Halenda (BJH) method. For zeolite materials (SAPO-34
and HZSM-5), the P/Py range of 0.01 — 0.08 was used to determine the BET surface area. For mesoporous
silica-based materials (AI-MCM-41 and Zr-KIT-6), the P/Py range of 0.05 — 0.30 was used to determine the
BET surface area. Pore diameters for Zr-KIT-6 and Al-MCM-41 were determined from the adsorption



isotherm using the BJH method, by taking the maximum point on the plot of dV(log d) versus pore
diameter (d). For zeolite materials, the micropore sizes are reported based on the crystalline parent
structures of MFI (HZSM-5) and CHA (SAPO-34) zeolites according to the International Zeolite
Association Database of Zeolite Structures [32].

2.1.2. X-ray Diffraction. Powder X-ray diffraction (PXRD) data were collected using a Rigaku Ultima IV
diffractometer with a Cu Ka source using a D/teX Ultra high-speed detector. Diffractograms were collected
in the 20 range of 5 — 80 degrees at a scan rate of 5 °/min. Samples were prepared by supporting the
powdered catalyst onto a glass slide having a 0.5 mm recession and pressing with a glass slide to create a
uniform z-height. Small Angle X-ray Scattering (SAXS) diffractograms were collected in the 26 range of
0.5-4.0 degrees at a scan rate of 0.05 °/min and a scan width of 0.005 degrees using a scintillation counter.
The diffractometer was operated at 40 kV and 44 mA for PXRD and SAXS measurements.

2.1.3. Total Acid Site Titration: NH3-TPD. The total number of acid sites was determined by NH3
temperature programmed desorption (NH3-TPD) using an Altamira Instruments AMI-390 system with gas
flow rates of 25 mL/min. Catalyst samples (ca. 200 mg) were loaded into a quartz U-tube reactor and held
as a fixed bed between plugs of quartz wool. All catalyst samples were first heated to 500 °C at 2 °C/min in
10% Oo/Ar and held for 5 h. Following pretreatment, samples were cooled to 120 °C in flowing He and
then saturated with flowing 10% NHs/He for 3 h. Excess and/or physisorbed NH3; was removed by holding
the samples at 120 °C in flowing He for 0.5 h. NH3-TPD was performed by heating the sample from 120 °C
to 500 °C at 30 °C/min, and then holding at 500 °C for 0.5 h in flowing He. Desorbed NH3; was measured
with a thermal conductivity detector, and calibration was performed after each experiment by introducing
10 pulses of 10% NHs/He from a 5 mL sample loop into a stream of flowing He. The quantification of
surface sites was done assuming adsorption stoichiometry of one NH3z molecule per acid site [33,34].

2.1.4. Brgnsted and Lewis Acid Site Titration: Pyridine DRIFTS. The relative amounts of Lewis and
Brgnsted acidic sites were determined using pyridine adsorption diffuse-reflectance FT-IR spectroscopy
(py-DRIFTS), which was recorded on a Thermo Nicolet iS50 FT-IR spectrometer operating at 4 cm’!
resolution equipped with a Harrick praying mantis reaction chamber and Si windows. For analysis of fresh
catalysts, samples were loaded into the chamber and pretreated in flowing air at 2 °C/min to 500 °C for
zeolites and 10 °C/min to 500 °C for silica materials, and held at this temperature for 3 h. Post-reaction
samples were pre-treated in flowing nitrogen at their reaction temperature (250, 300, or 350 °C), and held
at this temperature for 0.5 h. After cooling to 150 °C, the sample was purged with nitrogen for 0.5 h, and
pyridine vapor was introduced. After 3 min of pyridine exposure, the sample was heated to 300 °C at 10
°C/min and held for 0.5 h under flowing nitrogen to remove excess and/or physisorbed pyridine. The
pressure throughout the pre-treatment, dosing, and desorption procedures was atmospheric. The absorption
bands near 1445 cm™! (Lewis) and 1545 cm™! (Bronsted) and their relative absorption coefficients (ep/er, =
0.76) were used to determine the relative Brgnsted/Lewis acidic site ratios [35,36].

2.1.5. Post-Reaction Organic Species: Solution '"H NMR. The amount of soluble organic material remaining
on the catalyst surface after reaction was determined using 'H NMR spectroscopy. Solution-phase 'H NMR
spectra were recorded using a Varian Inova 400 MHz spectrometer. Spectra were collected for 16 scans
with a pulse width of 4.8 usec, a recycle delay of 1 s. Post-reaction catalyst samples (ca. 100 mg) were
combined with solvent (1.0 mL of CDCl3) and an internal standard (5.0 uL. CH»Br») in a sealed sample vial.
The vial was sonicated briefly before being filtered directly into an NMR tube and analyzed for solubilized
organics.

2.1.6. Post-Reaction Organic Species: Solid-State NMR. Organic species remaining on the catalyst surface
after reaction were determined by solid-state NMR. Solid-state NMR spectra of catalyst samples were
acquired with a 200 MHz Bruker Avance III spectrometer equipped with a 4.7 T magnet. Resonant
frequencies were 'H=200.1 MHz and *C=50.3 MHz and a cross polarization magic angle spinning
(CPMAS) spectra was acquired with a 7.0 mm CPMAS probe and ZrO, rotors. A ramped CP pulse with
'H and *C fields matched at 48.0 kHz was applied with a contact pulse of 2.0 ms. Each spectra was
collected for 10 k or 30 k scans, in order to obtain spectra with a sufficient signal to noise ratio, with
MAS=5.0 kHz and a recycle delay of 2.0 s. Spectra were integrated to provide a relative distribution of
post-reaction species.



2.1.7. Elemental Analysis. Elemental analysis of post-reaction catalyst samples was performed by Galbraith
Laboratories, Inc. (Knoxville, TN) to determine the carbon and hydrogen content. A fresh AI-MCM-41
catalyst sample was also analyzed by inductively coupled plasma atomic emission spectroscopy to
determine if any impurities (e.g., Fe) were present.

2.2. Mixed Alcohol Dehydration

2.2.1. Materials. HZSM-5 (Si/Al = 15 mol/mol) was obtained from Nexceris. AI-MCM-41 (Si/Al =78
mol/mol) and SAPO-34 (Si/Al = 0.20 mol/mol) were purchased from ACS Materials. Zr-KIT-6 (Si/Zr = 20
mol/mol), a Lewis acidic large pore-cubic la3d mesoporous silicate, was synthesized as previously reported
[25]. All catalysts were pressed, crushed and sieved to an agglomerate size of 300-500 pm. For each
experiment, ca. 750 mg of catalyst was physically mixed with an appropriate amount of an inert, low
surface-area diluent, silicon carbide (SiC), to a volume equal to the isothermal zone of the reactor (3 mL).
The mass of SiC used ranged between 1.1 and 4.7 g due to differences in the bulk densities of the various
catalysts. The diluent was used to prevent channeling, to mitigate axial dispersion problems, and to
minimize temperature gradients in the catalyst bed.

2.2.2. Catalytic Testing: Mixed Alcohol Dehydration. Mixed alcohol dehydration experiments were
performed at 250, 300 and 350 °C in a downward-flow stainless steel tubular packed bed reactor (ID = 7.1
mm). The diluted catalyst was positioned in the isothermal zone of the reactor between quartz wool and
quartz chips. A four-point thermocouple centered in the catalyst bed was used to monitor reaction
temperature, which was maintained at +/- 0.5 °C. Feed and effluent tubing was heated to prevent
condensation of vapors.

Prior to reaction, all catalysts were activated in flowing air with heating to 500 °C at 2 °C/min. Catalysts
were held at 500 °C for at least 4 h before being brought to reaction temperature in flowing argon. Table 1
provides the molar composition of the two mixed alcohol feed mixtures studied. Mixed alcohol streams
were selected by estimating probable outputs from a commercial crude mixed alcohol reactor coupled with
separation and recycle operations [7,8]. An additional assumption was made that trace sulfides, aldehydes,
esters, and water, expected to exist in the mixed alcohol product, are removed, for purposes of elucidating
the impacts of mixtures of alcohols on conversion absent of competing reactions with other oxygenates
(denoted as ethanol rich mixture). An additional scenario, assuming incomplete removal of water and
partial recycle of ethanol to the mixed alcohol reactor to net higher yields of Cs;-alcohols, was used as a
second surrogate feed (denoted as Cs,-alcohol rich mixture). Liquid reactants were fed to the reactor using
a Waters nanoAcquity pump. Nitrogen and argon were used as the carrier gas and internal standard,
respectively. Experiments were run at three weight-hourly space velocities (WHSV). Each WHSV was held
for 2.5-3.0 h while gas samples were collected. Here, WHSV was defined as the total mass flow rate of
alcohol reactants in the feed divided by the catalyst mass. Before collecting gas samples, the system was
allowed to equilibrate for 20 min. At each WHSV condition, one inlet and two outlet gas samples were
analyzed via a gas chromatogram (GC). An additional outlet gas sample was taken for each WHSV and
analyzed with a mass spectrometer detector (MSD) to identify product species. The flow rates of the
nitrogen, argon and the alcohol feed stream were adjusted to vary the WHSV while keeping the mole
fraction (and hence partial pressure or activity) of the alcohol stream constant (2.3-2.5 mol%). The reactor
pressure relative to atmospheric pressure varied slightly as a function of WHSV, ranging from 21-83 kPa.



Table 1. Alcohol feed mixtures for mixed alcohol dehydration experiments.

Mole %
Component
Ethanol Rich Cs+-Alcohol Rich
Ethanol 98.8 64.4
1-Propanol 1.17 27.0
1-Butanol 0.0148 5.31
2-Methyl-1-Propanol 0.0123 2.57
Water - 0.720

2.2.3. Product Analysis. An online GC/MS (Agilent GC 7980A/5977 MSD) was used to sample hot inlet
feeds and outlet product gases for quantitative analysis. The GC/MS was equipped with a flame ionization
detector for quantification of hydrocarbons and oxygenates, a thermal conductivity detector for
quantification of permanent gases and water and a MSD for compound identification. The GC/MS was
calibrated using gas and liquid standards containing reactant and product compounds of known
concentration. Gas standards were purchased from Air Liquide and liquid standards were prepared
gravimetrically. For most experiments, mass balances closed to 100 +/-10%. The alcohol conversion, Xj,
was calculated according to equation (1):

X, = MnizRouti, 1000y )

Nin,i

where 7i,; and 7.,; represent inlet and outlet molar flow rates for alcohol i, respectively. Inlet molar flow
rates were calculated according to equation (2):

. Min,tot*Xini
Tini = intot*Xin,i (2)
’ FWin

where 7, 10, 1S the total mass flow rate at the reactor inlet, x;,;is the mole fraction of alcohol i and FW;, is
the formula weight of the inlet stream. Outlet molar flow rates were calculated according to equation (3):

. Tout, Ar*Xout,i
Nouti = —_ (3)

Xout,Ar

where Xou,; and Xq.4- are the mole fractions of alcohol i and argon in the outlet. Argon was used as an
internal standard such that the outlet molar flow rate, 7,4 Was assumed to equal the inlet molar flow rate
as defined by equation (4):

nout,Ar = flin,Ar (4)

Conversions were only calculated for ethanol and 1-propanol in the ethanol rich feed experiments because
1-butanol and 2-methyl-1-propanol concentrations were below the detection limit of the GC. Similarly, 2-
methyl-1-propanol was below the detection limit of the GC in the Cs;-alcohol rich experiments. Carbon
selectively to products, S;, was calculated via equation (5):

cini

Si_

= Sem ¥ 100 4)
where ¢; and n; represent concentration and carbon number, respectively, for individual oxygenate and
hydrocarbon products. The product carbon yield, Y;, for each species was calculated according to equation
(6):

Y, = Xr*S5; %100 6)



where Xris the total carbon conversion defined by equation (7):

XT — flc,in‘ hc,out (7)

flc,in
where 7., and 7.0, represent inlet and outlet molar flow rates of carbon in reactant species.

2.2.4. Catalytic Testing: Ethanol Dehydration Kinetics. Intrinsic kinetic studies were performed with a
fixed bed reactor and the temperature was controlled and monitored to achieve a steady-state temperature
of 300.0 £ 0.2 °C. The reactor effluent line was connected to a HP 5890 GC equipped with a ZB-WAX
column configured for online analysis. In order to obtain finite conversions even at high space velocities,
the SAPO-34 and HZSM-5 samples were diluted with inert silica sand (Sigma-Aldrich) in a ratio of 20:1 by
weight, silica to catalyst. The catalyst samples were pretreated for 5 h at 500 °C in flowing air (from Zero
Air Generator, Matheson). Ethanol (absolute, > 99.5%, Acros) was pumped with an ISCO syringe pump,
then vaporized in a heated line and mixed with flowing nitrogen (Matheson). The mixed gas stream was
then passed through the fixed bed, and directed to the GC for analysis. Catalyst loading and total mass
flow rates were varied to adjust WHSV and ethanol conversion. The ethanol concentration was maintained
at 1.5 mol%. The turnover frequency (TOF) based on steady-state ethanol conversion was calculated
according to equation (5):

WHSV
Xethanol

—_—%
_ MWethanot
TOFethanol - (5)
ANH3

where WHSYV is the weight-hourly space velocity of ethanol, MWeihanor is the molecular weight of ethanol,
Xemanol 18 the steady-state ethanol conversion and Axgs is the acid site density in umol/g of the fresh catalyst
as determined by NH3-TPD. Equation (6) was used to calculate TOFs based on ethylene or diethyl ether
production:

WHSV
Xethanol *S i

TOF; = MW gthanol 6)

ANH3

where S; is the fractional carbon selectivity and i is either ethylene or diethyl ether.

3. Results and Discussion
3.1. Structural and Chemical Catalyst Characterization: Pre Reaction

The SAPO-34 and HZSM-5 zeolite materials exhibited surface areas in the typical range of 400-600 m*/g,
with characteristic pore volumes (Table 2). For the AI-MCM-41 and Zr-KIT-6 materials, the characteristic
type IV isotherms were observed, indicative of mesoporosity and accompanied by a narrow pore size
distribution (Supporting Information Figure S1). As expected, the mesoporous AI-MCM-41 and Zr-KIT-6
exhibited greater surface areas and pore volumes than the zeolite materials.



Table 2. Surface area (Sger), pore volume (Vp), and average pore diameter (d,) of catalysts determined by

N; physisorption.
SBET Vo dp
Catalyst

(m*/g) (cm¥/g) (nm)

Zr-KIT-6 770 1.4 9.8

Al-MCM-41 1020 1.3 3.5
SAPO-34 590 0.014 0.50*
HZSM-5 430 0.20 0.63*

“Pore size according to crystallographic data [32]

SAXS and PXRD patterns for the pre-reaction catalyst samples are shown in Figures 1 and 2, respectively.
SAXS patterns were collected to probe nano-scale features (i.e., ordered mesopores) that are observed at
lower 26 values compared to peaks at larger 20 values, which correspond to crystal lattice spacing. The
SAXS pattern of the Zr-KIT-6 catalyst displayed an intense peak at 260= 0.9 ° with a subtle shoulder at 26=
1.0 ° (Figure la). These two peaks are indicative of the (211) and (220) reflections, confirming a well-
ordered mesoporous structure with cubic la3d symmetry [25,37,38]. The broad peak observed in the range
of 20-30 ° in the XRD pattern for Zr-KIT-6 corresponds to amorphous silica; however, there were no
reflections corresponding to crystalline ZrO» or ZrSiOy4 phases, which suggests that the Zr species are well-
dispersed in the amorphous silica matrix [37]. These results corroborate previously reported data on Zr-
KIT-6 [25,37]. The XRD pattern for AI-MCM-41 also displays a broad peak between 20-30 ° without any
crystalline alumina phases, as expected for amorphous AI-MCM-41 (Figure 2b). The SAXS pattern
displays a broad peak at 2.0 ° similar to patterns for metal-incorporated MCM-41 found in the literature,
indicating some degree of mesoporosity [38]. The zeolites, SAPO-34 and HZSM-5, do not have
mesoporous-type features and thus did not display any major peaks in their SAXS patterns (Figure 1c and
1d). The XRD patterns for SAPO-34 and HZSM-5 matched their JCPDS reference files (00-055-0829 and
00-037-0359, respectively). Peaks in the small angle diffractograms at 26 values of 1.4 ® and 2.3 ° (or 1.1 °
and 1.7 ° due to minor adjustments to the Rigaku instrument) are background peaks from the glass tray
used to support these materials during X-ray experiments (Figure S2).
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Figure 1. Small angle scattering patterns for fresh (a) Zr-KIT-6, (b) AI-MCM-41, (c) SAPO-34 and (d)
HZSM-5 catalysts. Reference diffraction patterns are shown where available (black lines). Peaks in (c) at
20=1.4 ° and 2.25 ° are due to the glass support slide.
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Figure 2. Powder X-Ray diffractograms for fresh (a) Zr-KIT-6, (b) AI-MCM-41, (c) SAPO-34, and (d)
HZSM-5 catalysts. Reference diffraction patterns are shown where available (black lines).

3.2. Acid Site Characterization: Pre-Reaction

The measured values for total, Brgnsted, and Lewis acidic sites are presented in Table 3. The SAPO-34
catalyst could not be analyzed using py-DRIFTS since the pyridine probe molecule is too large to fit into
0.5 nm pores [39]. The NH3-TPD profiles for HZSM-5 and SAPO-34 resembled literature reports,
exhibiting two peaks in the range of 200-500 °C (Figure S3) [40,41]. The total acid site value for HZSM-5
was similar to the theoretical value of 1050 pmol/g for this material. In contrast, the total acid site density
for SAPO-34 was greater than the theoretical value of 1480 umol/g. However, the calculated value does not
take into account any Brgnsted sites generated from surface P-OH groups. The measured value of 1700
pmol/g corresponds to 12% of the P atoms providing an acidic P-OH. The fresh AI-MCM-41 contained
0.55 wt% Al 0.2 wt% Ca, and 0.08 wt% Fe as determined by ICP, with a Si/Al ratio of 78. The AI-MCM-
41 material exhibited a weak TPD signal, and a low overall acidity of 264 umol/g. The aluminum
incorporation is primarily responsible for the enhanced acidity of AI-MCM-41. The incorporation of Zr into
a silica framework of KIT-6 results in an acidic material that exhibited one broad peak in the TPD profile
corresponding to 785 pmol/g. The Brgnsted versus Lewis nature of the acid sites differs greatly between
the HZSM-5 zeolite and the mesoporous materials (py-DRIFTS plots shown in Figure S4). HZSM-5 is
predominantly Brgnsted-acidic, having a B/L molar ratio of 13.25. In contrast, the mesoporous catalysts are
predominantly Lewis-acidic, having low B/L molar ratios of 0.03 and 0.11. In addition, the higher-
temperature NH3 desorption peak of HZSM-5 compared to Zr-KIT-6 is indicative of stronger acid sites
(Figure S3).



Table 3. Acid site characterization on fresh, activated catalysts from NH3-TPD and py-DRIFTS.

Total Acid Brgnsted Lewis
Catalyst Sites r];?i:) Sites Sites
(nmol/g) (umol/g)  (umol/g)
Zr-KIT-6 785 0.11 78 707
Al-MCM-41 264 0.03 8 256
SAPO-34 1700 n/a* - -
HZSM-5 998 13.25 928 70

2py-DRIFTS data for SAPO-34 unavailable because the pyridine probe molecule is too large to fit into 0.5
nm pores [39]

3.3. Mixed Alcohol Dehydration

3.3.1. Ethanol Conversion. The ethanol conversion as a function of WHSV and time-on-stream (TOS) for
each experiment is plotted in Figure 3. At 250 °C, the AI-MCM-41 and Zr-KIT-6 catalysts displayed low
activity (<10% ethanol conversion). The ethanol conversion for both catalysts was dramatically higher at
and above 300 °C, and increased as the space velocity was decreased. Both HZSM-5 and SAPO-34
displayed high activity in all experiments (ethanol conversion >98%). HZSM-5 and Zr-KIT-6 have
comparable numbers of total acidic sites (Table 3), but HZSM-5 was significantly more active at 250 °C
suggesting that the Brgnsted acidic sites of HZSM-5 are more active than the Lewis acidic sites of Zr-KIT-
6.
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Figure 3. Ethanol conversion in mixed alcohol dehydration experiments as a function of time-on-stream
and WHSYV for experiments with the ethanol rich alcohol feed at (a) 250 °C, (b) 300 °C, (c) 350 °C, and (d)
with the Cs.-alcohol rich feed at 300 °C for each catalyst.

3.3.2. Product Yield. The carbon yield to unbranched olefins (e.g., ethylene, propylene, trans-2-butene),
branched olefins (e.g., isobutylene, 2,3-methyl-1-butene), unbranched paraffins (e.g., ethane, propane,
butane), branched paraffins (e.g., isobutane, 2-methylbutane, 2,3-dimethylbutane) and diethyl ether at 300
°C and WHSV 0.32 h'! are presented in Figure 4a and 4c for the ethanol rich and Cs.-alcohol rich feeds,
respectively. Products with five or more carbons were grouped together as Cs, and other byproducts (e.g.,



methanol, propanal, carbon monoxide and carbon dioxide) were included as ‘other’. Similar groupings
were made in Figure 5 for data at 250 and 350 °C. Total product yield at 300 °C was highest for the zeolite
catalysts (>98%) and lowest for the mesoporous silica-based catalysts (<65%, Figure 4a). Due to low
ethanol conversion, the total carbon yield over the mesoporous materials at 250 °C was less than 10%
(Figure 5a-b); however, all catalysts displayed total product yields greater than 98% at 350 °C (Figure 5c-
d). Total product yield was maintained at >98% at all temperatures over HZSM-5 and SAPO-34. Table 4
presents the TOF for each catalyst from ethanol dehydration kinetics experiments. Based on TOFs for
ethanol conversion, the intrinsic dehydration activity of the catalyst acidic sites followed the order: HZSM-
5> SAPO-34 > AI-MCM-41 > Zr-KIT-6. Due to the high activity of HZSM-5, the lowest achievable
conversion in the ethanol dehydration kinetic experiments was 34% and thus the TOF presented for HZSM-
5 may be an under-prediction of the intrinsic ethanol dehydration activity (Figure S5). Differences in
product selectivity were also observed in kinetic experiments with ethanol. Of particular interest is the
significant selectivity to diethyl ether observed over SAPO-34 (Table 4 and Figure S5). No diethyl ether
was observed over SAPO-34 in mixed alcohol dehydration experiments (Figures 4 and 5), though the level
of ethanol conversion was significantly higher.
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Figure 4. Carbon yield for mixed alcohol dehydration experiments at 300 °C and WHSV = 0.32 h''from
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Table 4. Intrinsic ethanol dehydration kinetic parameters at 300 °C.

TOF (s1): TOF (s)): TOF (s7)): Ethanol
Ethanol Ethylene Diethyl Ether =~ Conversion
Conversion Production Production (%)
Zr-KIT-6 0.0019 0.0015 0.00039 6.9
Al-MCM-41 0.0064 0.0035 0.0035 6.9
SAPO-34 0.028 0.019 0.0087 7.4
HZSM-5" 0.73 0.60 0.13 34

“Lowest achievable ethanol conversion was 34%

The two mesoporous silica-based materials, Zr-KIT-6 and AI-MCM-41, exhibit similar product selectivities
in ethanol-rich feed experiments at 300 °C despite different total product carbon yields, and both catalysts
form diethyl ether in non-negligible quantities (Figure 4a). Selectivity to unbranched olefins increased with
temperature over the mesoporous catalysts. In ethanol-rich feed experiments at 300 °C, SAPO-34 also
displayed high selectivity to unbranched olefins (Figure 4a) while HZSM-5 displayed higher selectivity to
paraffin products. The yield of unbranched olefins was only 46% over HZSM-5 at 300 °C, whereas the
yield of branched and unbranched paraffins was 25% and 7.5%, respectively. SAPO-34 was the only
catalyst that did not form diethyl ether in significant amounts. As temperature increased, the yield to
unbranched paraffins increased over SAPO-34. In addition, the yield to propylene and butenes also
increased with temperature. Over HZSM-5, yield to unbranched olefins decreased as temperature was
increased, while the yield to diethyl ether and paraffin products increased. By inspection of Figure 5b and
5c, the most drastic yield increases over HZSM-5 were observed in propane, butane and isobutane. Despite
significant decreases in ethylene yield, the yield to propylene increased with temperature.

The product yields from both mixed alcohol feeds at 300 °C are shown in Figure 4. The total product yield
(i.e., total alcohol conversion) increased over Zr-KIT-6 (47% to 58%) and AI-MCM-41 (60% to 83%)
when water and higher alcohol concentrations were increased, as shown in Figure 4c-d. Ethanol conversion
increased over AI-MCM-41 and decreased over Zr-KIT-6 (Figure 3b and 3d). Conversions of 1-butanol and
1-propanol were >99% in all cases. Total product yield remained near 100% over the zeolite materials in
the Cs;-alcohol rich feed experiments. Over SAPO-34, there was a slight increase in the yield to paraffins
(i.e., propane) when water and higher alcohol concentrations were increased (Figure 4). As will be
discussed further in Section 3.3.4, the product distribution over SAPO-34 appeared to be directly related to
the composition of the mixed alcohol feed stream. For HZSM-5, product yield to unbranched olefins and
diethyl ether decreased while yield to unbranched and branched paraffins increased (Figure 4a and 4c). The
decrease in the yield to unbranched olefins was attributed primarily to the decreased yield to ethylene,
while the increase in yield to paraffins was ascribed to the increased yield to propane, butane, and
isobutane. However; in general, the product distribution of HZSM-5 was not as sensitive to the composition
of the mixed alcohol feed as SAPO-34.

3.3.3. Mixed Alcohol Dehydration: Discussion. The observed shift in product selectivity with ethanol
conversion over AI-MCM-41 and Zr-KIT-6 agrees with literature reports suggesting that diethyl ether is an
intermediate product in ethanol dehydration to ethylene [23]. The greater carbon yield over AI-MCM-41
was an interesting result considering that it contains less than 35% of the total acid sites of Zr-KIT-6, as
determined by NH3-TPD (Table 3). The NH3-TPD profiles suggested that AI-MCM-41 possessed a greater
concentration of strong acid sites than Zr-KIT-6 as evidenced by the desorption peaks at temperatures
above 400 °C (Figure S3). The position of the Lewis-bound pyridine adsorption band in the py-DRIFTS
spectra (Figure S4) is also an indicator of acid site strength [42,43]. The A-MCM-41 Lewis peak is located
at a higher wavenumber (1455 cm™) than the Zr-KIT-6 Lewis peak (1445 cm™), indicative of a
qualitatively stronger Lewis acidic site. Thus, AI-MCM-41 had higher strength Lewis acidic sites than Zr-
KIT-6. This difference in acidic site strength may be responsible for the observed activity. The higher TOF
of AI-MCM-41 also validates the higher total carbon yield and alcohol conversion observed in 300 °C
mixed alcohol dehydration experiments compared to Zr-KIT-6 (Figures 3 and 4). Previous work from



Haishi et al. [23] with AI-MCM-41 (Si/Al = 237 mol/mol) materials in ethanol dehydration experiments
has shown high yield to ethylene, and observed diethyl ether formation at moderate ethanol conversions.
The data presented here corroborates these literature results. The higher total product yields over the
mesoporous materials in Cs.-alcohol rich feed experiments agree with previously reported results on the
dehydration reactivity order of alcohols over AI-MCM-41 (Figure 4). Haishi et al. [23] found that higher
alcohols (2-propanol, 1-butanol, 1-propanol) were more easily dehydrated at lower temperature over Al-
MCM-41. The order of reactivity of the higher alcohols was consistent with the stability of the
carbocations, which led the authors to suggest a reaction mechanism proceeding through a carbocation
intermediate as opposed to the diethyl ether intermediate proposed for dehydration of ethanol to ethylene in
the same work [23].

The product distribution observed over HZSM-5, including a high yield to butane, isobutane and Cs.
hydrocarbons, may suggest a mixed alcohol dehydration mechanism similar to the mechanism for
methanol/DME-to-hydrocarbons over zeolites (Figure S6) [44-46]. Zeolite catalysts have been shown to be
effective for methanol/dimethyl ether conversion to a variety of hydrocarbons, including olefins, aromatics,
and branched alkanes [45-48]. The product distribution in these processes is dependent on operating
conditions and zeolite type [45]. A methanol/DME-to-hydrocarbons type mechanism involving coupled
aromatic and olefin production cycles may explain the invariance of product selectivity with feed
composition in mixed alcohol dehydrations over HZSM-5, in which product desorption from the catalyst
surface is independent of feed species and occurs before further methylation to higher carbon products [44].
Thus, increasing the concentration of higher alcohols would not be expected to increase yield to higher
hydrocarbons.

Based on ethanol conversion (Figure 3a), the zeolite catalysts were active at lower temperatures compared
to mesoporous materials. The mixed alcohol dehydration data were supported by the TOF data, where the
Brgnsted acidic zeolites were shown to be more active for ethanol dehydration than the Lewis acidic silica-
based materials (Table 4). As mentioned previously, Zr-KIT-6 and HZSM-5 possess similar acid site
densities, but differ in the acid site strength and type (B/L = 0.11 and 13.25, respectively; Table 3). The
TOF data imply that Brgnsted acidic sites are more active for ethanol dehydration than Lewis acidic sites.
Considering the dramatically higher dehydration activity of HZSM-5 compared to Zr-KIT-6, this
conclusion can be extended to mixed alcohol dehydration. The ethanol TOF values also suggest that
HZSM-5 is more active for ethanol dehydration than SAPO-34. There is evidence that the Brgnsted acidic
sites of HZSM-5 are stronger than those of SAPO-34 [49]. This difference in acidic site strength likely
contributed to the observed difference in the ethanol dehydration TOF between HZSM-5 and SAPO-34.
This result is corroborated by Zhang et al. [17], in which HZSM-5 was found to be more active for ethanol
dehydration than SAPO-34. Diethyl ether was observed in the intrinsic ethanol dehydration study, but not
in the mixed alcohol dehydration studies over SAPO-34. There is literature evidence of intermolecular
alcohol dehydration to form the corresponding ether dimer over both Brgnsted and Lewis acidic sites [50-
52]; however, the exact mechanism for diethyl ether formation and its role in overall ethanol dehydration
mechanism over SAPO-34 remains unclear.

SAPO-34 produced unbranched olefins with high yield at all temperatures in ethanol rich feed experiments;
however, the yield to paraffins and Cs. olefins increased slightly as reaction temperature increased (Figure
4a-b and Figure 5a-d). Temperature also affects olefin selectivity over SAPO-34 in the MTO process,
although higher ethylene selectivity is achieved at higher temperatures [53]. The carbon yield over HZSM-
5 had a much stronger dependence on reaction temperature in the ethanol rich feed experiments than
SAPO-34, despite similar ethanol conversions at all temperatures. At 250 °C, HZSM-5 displayed >85%
yield to olefin products (Figure 5a) yet less than 30% yield at 350 °C (Figure 5a and 5c). At all
temperatures, SAPO-34 dehydrated the ethanol rich feed stream with higher yield to olefin products than
HZSM-5. With naphtha and distillate-range hydrocarbons as a desired final product, C,-C,4 olefins are the
most desirable products from a mixed alcohol feed because of the potential to oligomerize. Thus, while
HZSM-5 exhibited the highest yield to higher carbon number products (Figure 4b), the low yield to olefins
was undesirable.

Previous research has demonstrated that both HZSM-5 and SAPO-34 are capable of dehydrating ethanol to
ethylene with greater than 90% selectivity; however HZSM-5 was shown to be more selective at lower



temperature than SAPO-34 [17]. Despite high ethanol conversions over HZSM-5 in every experiment
(>98%, Figure 3), changes in WHSV and temperature did result in changes to the observed product yields
(Figure S7). Olefin production over HZSM-5 was favored at lower temperatures and higher WHSV. The
total olefin yield over SAPO-34 was independent of WHSV. As mentioned earlier, the product yield over
HZSM-5 may be described by a mechanism similar to that of methanol/DME to hydrocarbons. Previous
reports suggest the selectivity to light olefins in the methanol-to-hydrocarbons process using HZSM-5 is
optimized at low conversion/high WHSV [54]. The data presented here further suggest that light olefin
yield over HZSM-5 is maximized at higher WHSVs.

3.3.4. Comparison to MTO. The methanol-to-olefins process has been demonstrated at the semi-
commercial scale [10] and uses SAPO-34 as the primary catalyst [12,15,55,56]. The MTO technology was
developed to produce ethylene and propylene with high yield and tunable ratios [10]. Yields to ethylene
and propylene approaching 90% have been achieved in the UOP/Norsk Hydro process [57], with process
temperatures ranging from 450-525 °C and pressures ranging from 34-345 kPa [11]. Bench-scale processes
using modified SAPO-34 catalysts have achieved olefin yields near 95% at 450 °C [13]. In comparison, we
observed olefin yields of 95% using mixed alcohols at 300 °C (Figure 4c). In the MTO process, the
ethylene-to-propylene ratio is adjusted by process operating conditions, but is bounded between 0.5 and 1.5
[55,57]. In the Cs;-alcohol rich feed experiments the molar ratio of ethanol to propanol was 2.38 and the
molar ratio of ethylene to propylene after dehydration over SAPO-34 was between 2.32 and 2.82 depending
on WHSYV (Table 5). In addition to achieving comparable olefin yields at lower temperature, mixed alcohol
dehydration over SAPO-34 may also offer the ability to produce olefins in a much wider range of ratios
based on the composition of the feed stream, which is dictated by the separation and recycle strategies
coupled with the mixed alcohol synthesis process. For example, mixed alcohol feeds may have ethanol to
propanol molar ratios near 3.25 under the assumptions made for the Cs;-alcohol rich feed stream regarding
moderate post-synthesis product stream refining [7]. Table 5 suggests that the ethylene to propylene
product ratio is strongly dependent on the alcohol feed mixture, reaction temperature, and to a lesser degree
the WHSV. As such, reaction temperature and refining the synthesized mixed alcohol feed stream to tune
its composition may enable control of the olefin distribution following dehydration. The strong dependence
of the ethylene to propylene ratio on the ethanol to propanol feed ratio over SAPO-34 suggests alcohols
were directly dehydrated to olefins, and that the hydrocarbon pool chemistry of the MTO process [45,58]
did not play a major role.

Table 5. Ethylene to propylene ratio in mixed alcohol dehydration experiments over zeolite catalysts.

Ethanol: Ethylene:Propylene in Product (mol/mol)
Temperature . 1-Propanol
©C) Feed Mixture in Feed Catalyst
(mol/mol) WHSV = 0.64 h! 0.32 !
13h
SAPO-34 42.1 39.6 36.9
250 °C Ethanol Rich 84.1
HZSM-5 23.2 16.0 9.30
SAPO-34 27.1 17.3 14.3
300 °C Ethanol Rich 84.1
HZSM-5 5.63 3.10 1.54
- SAPO-34 2.82 2.53 2.32
300°c  C-Alcohol 2.4
Rich HZSM-5 2.75 1.70 1.03
SAPO-34 13.8 10.3 7.8
350 °C Ethanol Rich 84.1

HZSM-5 1.08 0.757 0.711




3.4. Structural and Chemical Characterization: Post-Reaction

3.4.1. X-Ray Diffraction. Post-reaction SAXS and PXRD patterns are shown in Figures 6 and 7
respectively. A reference diffraction pattern is given for quartz (JCPDS 00-002-0278) in Figure 7a and 7b,
and a reference diffraction pattern for graphitic carbon (JCPDS 00-041-1487) is given in Figure 7b as trace
amounts of these diluents are likely present in the post-reaction catalyst samples. Reference cards for SiC
were omitted for simplicity since reflections associated with SiC phases represented only minor
contributions in post-reaction samples. All major features of the PXRD patterns are retained in the post-
reaction samples. The PXRD and SAXS data do not suggest any changes to catalyst micro- and meso-
structures as a result of exposure to mixed alcohols at temperatures between 250 and 350 °C and up to 10 h
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Figure 6. Small angle scattering patterns for post-reaction catalysts. (a) Zr-KIT-6, (b) AI-MCM-41, (c)
SAPO-34 and (d) HZSM-5. Fresh catalyst scattering patterns are shown for reference. Peaks at 1.4 ° and
2.3°%in (c-d), or 1.1 ° and 1.7 ° in (b), are due to the glass tray and are not indicative of mesoporous

features.

4.0



Intensity (a.u.)

Intensity (a.u.)

~
=3
~

300 °C - Cs,-Alcohaol Rich 300 °C - Ca,-Alcohol Rich
— 350 °C — 350°C
— 300 °C — 300°C
— 250 °C — 250°C
— Fresh ) — Fresh
1 Quartz = 1 Quartz
& 1 Graphite
A A Py kk_fk
w
=
\_/\g i 8 %
A =
o
.|.||||| ‘ ‘.|.|||||
| I | I I I I | I | I I I I
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70
20 (degrees) ( d) 20 (degrees)
300 °C - Cs,-Alcohaol Rich 300 °C - Ca,-Alcohol Rich
— 350 °C — 350 °C
— 300 °C — 300 °C
— 250 °C — 250°C
— Fresh —_ — Fresh
=
=
W T S . T Z N 1
—l_h_‘.n_—.ﬁ.l._k A k. E "
Z A
-—LLA_LI_JN—AJJ‘._JL_* =
T T T L T T T T T T
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70
20 (degrees) 20 (degrees)

Figure 7. Powder X-Ray Diffractograms for post-reaction catalysts. (a) Zr-KIT-6, (b) AI-MCM-41, (c)
SAPO-34 and (d) HZSM-5. Quartz (SiO», black lines) and Graphite (C, red lines) reference diffraction
patterns are shown for (a) and (c).

3.4.2. Post-Reaction Organic Species. Based on the feed stream flow rates and conservatively assuming
each condition was held for 2 h, the maximum amount of carbon remaining on post-reaction samples would
be 1.75 g. Solution phase 'H NMR allows for identification and quantification of soluble organic species,
including known coke precursors such as hexmethylbenzene (HMB) [59]. Water and components of the
alcohol feed (i.e., ethanol, 1-propanol, 1-butanol) were found in most post-reaction '"H NMR spectra. Other
organic species were present in negligible amounts (e.g., HMB < 0.007 wt%) on several samples. No other
organic species were identified in solution-phase NMR samples.

Solid-state '*C NMR was used as a complementary technique for identifying compounds remaining on the
catalyst surface after reaction and those that may not have been detected by solution phase 'H NMR. Table
6 presents *C solid-state NMR data integrated by functional group and presented as a percentage of total
integrated area, as '*C solid-state NMR data is typically only semi-quantitative. Spectra and functional
group '*C NMR shift assignments are provided in Figure 8. The alkene functional group chemical shift is
typically assigned between 100-150 ppm [60], and may overlap with aromatic compounds. The light
olefins produced in the experiments of this work were unlikely to remain on the post-reaction catalyst
surface. Thus it is improbable alkenes contributed to the functional group integrations of HZSM-5 and
SAPO-34 catalysts. Alcohols, esters and alkanes remaining on the catalyst surface after reaction are likely
adsorbed reactants and reaction products; however, aliphatic carbons of alkylated aromatic species are also
found in the alkane functional group range and were likely present in the '*C NMR spectra of the post-
reaction SAPO-34 samples. Further evidence for the contribution of these aliphatic carbons of alkylated
aromatic species is given in the elemental analysis discussion below. By inspection of Figure 8, the signal-

80



to-noise in the NMR spectra of HZSM-5 samples decreased as the reaction temperature increased. The
signal-to-noise for the HZSM-5 is low at higher temperature due to unknown paramagnetic impurities in
the samples. Experimental parameters, sample volumes, number of scans (30k), and acquisition times for
all data presented in Figure 8 were similar. In an attempt to improve the signal-to-noise, the 300 °C and 350
°C post-reaction samples from the ethanol rich feed were collected for additional scans, 75k and 86k scans
respectively. No appreciable increase in signal-to-noise was observed. Higher reaction temperature led to
more aromatic compounds relative to the total integrated area of SAPO-34 samples. The aromatic
contribution over HZSM-5 was invariant with reaction temperature. Alkyl aromatic species have been
shown to control olefin selectivity over SAPO-34 in the MTO process, yet lead to the formation of
polycyclic aromatic species and deactivation as a result of pore blockage [61]. Deactivation in mixed
alcohol dehydration may be less severe due to lower reaction temperatures (<300 °C) compared to those
generally used in the MTO process (>400 °C) [55,61].

Table 6. Solid-state '3C NMR results: functional group integrations.

Functional Group (%), [chemical shift (ppm)]

Temperature Ketones & Carboxyl Aromatics  Alcohols Alkanes
Catalyst ?o 0 Feed Mixture Aldehydes, (16 5_19)(;]’ & Alkenes & Esters, [0-55] ’
[190-220] [100-165] [55-95]
250 Ethanol Rich - - - 62.3 37.7
300 Ethanol Rich - - - 64.3 35.7
Zr-KIT-6 .
300 Cs4-Alcohol Rich - - - 59.7 40.3
350 Ethanol Rich - - - 68.8 31.3
250 Ethanol Rich - - - 66.7 333
300 Ethanol Rich - - - 70.6 29.4
Al-MCM-41 .
300 Cs4-Alcohol Rich - - - 64.4 35.6
350 Ethanol Rich - - - 74.8 25.2
250 Ethanol Rich - - 28.6 - 71.4
300 Ethanol Rich - - 59.3 - 40.7
SAPO-34 )
300 Cs4-Alcohol Rich - 1.0 52.8 - 46.3
350 Ethanol Rich - - 87.5 - 12.5
250 Ethanol Rich - - 324 - 67.6
300 Ethanol Rich - - 30.0 - 70.0
HZSM-5" .
300 Cs4-Alcohol Rich - - 18.7 - 81.3
350 Ethanol Rich - - 33.9 22.0 44.1

* Signal-to-noise was low
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Figure 8. Solid-state NMR spectra for post-reaction catalysts run at (a) 250 °C, (b) 300 °C and (c) 350 °C
with the ethanol rich feed stream and (d) with the Cs;-alcohol rich feed at 300 °C. Function group regions

are show below (c) for reference.

The results from the elemental analysis of the post-reaction catalyst samples are presented in Table 7. The
hydrogen to carbon molar ratio (H/C) is presented alongside carbon and hydrogen weight percentage in
Table 7. The post-reaction mesoporous materials contained comparable amounts of carbon and hydrogen.
Given the NMR results and the high (>3) H/C ratio, it is probable that the carbon and hydrogen present on
these post-reaction samples was due to residual alcohols and water. Water likely inflated the hydrogen to
carbon molar ratio, resulting in H/C ratios above that of ethanol (H/C = 3). A decrease in the carbon content
at 350 °C may be the result of greater alcohol desorption as the reactor was cooled from the higher reaction
temperature. The post-reaction SAPO-34 catalyst contained the most carbon at a given reaction
temperature, and had lower H/C ratios (<2.4) than the post-reaction mesoporous materials. SAPO-34 also
had the smallest pores (Table 2), thus larger carbonaceous compounds that could leave the pores of HZSM-
5, Zr-KIT-6 and AI-MCM-41 may not have escaped the pores of SAPO-34. The low H/C ratio, combined
with the solid-state NMR data, suggested the carbon was aromatic in nature. HZSM-5 also displayed high
carbon content and low H/C ratios in all but the 350 °C sample. In light of the elemental analysis of post-
reaction HZSM-35 catalyst samples, the '*C solid-state NMR data seem to indicate the presence of an
unknown paramagnetic impurity in the sample that is interfering with the NMR signal intensity as
discussed previously. Alcohol functional groups were not detected in solid-state '3*C NMR of post-reaction



SAPO-34 samples, thus alcohol desorption is not an explanation for the decrease in carbon content with
higher reaction temperature. Given the solid-state NMR data, it is plausible that alkylated aromatics made
up a larger percentage of detected compounds at lower reaction temperatures. Alkylated single-ring
aromatic compounds are known to form in the pores of SAPO-34 during the MTO reaction [12,61,62] and
the solid-state '3C NMR data suggests aliphatic carbons constitute a larger percentage of detected carbon
containing compounds on lower reaction temperature samples. Increasing the Cs, alcohol and water
concentrations in the feed stream did not affect the detected carbon content of the 300 °C SAPO-34 sample,
and the solid-state NMR suggests aromatic compounds are still present. This was in contrast to the HZSM-
5 samples from 300 °C experiments in which the carbon content was drastically lower and the functional
group distribution of the solid-state NMR spectra shifted to favor alkanes; the underlying cause remains
unclear. The elemental analysis data corroborates the 'H and '*C NMR data and confirms SAPO-34 was the
most prone to aromatic carbon accumulation at all temperatures. Understanding the role of these aromatic
compounds in the catalytic reaction mechanism and long term stability will be the focus of future work.

Table 7. Elemental analysis of post-reaction catalysts.

Temperature . H/C molar
Catalyst ©C) Feed Mixture C (wt%) H (wt%) ratio
250 Ethanol Rich 2.9 1.3 5.3
300 Ethanol Rich 2.9 0.97 4.0
Zr-KIT-6 .
300 Cs4-Alcohol Rich 3.0 1.2 4.7
350 Ethanol Rich 1.9 0.73 4.6
250 Ethanol Rich 1.7 0.72 4.9
300 Ethanol Rich 2.9 0.77 3.1
Al-MCM-41 .
300 Cs4-Alcohol Rich 2.3 0.75 3.8
350 Ethanol Rich 2.2 0.65 3.6
250 Ethanol Rich 9.9 2.0 24
300 Ethanol Rich 10.5 2.0 2.3
SAPO-34 .
300 Cs4-Alcohol Rich 10.3 1.7 2.0
350 Ethanol Rich 6.1 1.1 2.2
250 Ethanol Rich 5.5 0.97 2.1
300 Ethanol Rich 6.5 0.56 1.0
HZSM-5 .
300 Cs4-Alcohol Rich 34 0.56 2.0
350 Ethanol Rich 1.9 0.73 4.5

3.5. Acid Site Characterization: Post-Reaction

All post-reaction catalysts exhibited a decrease in total acid sites determined by NH3-TPD, even after
regeneration in air (Table 8). The decreases in detectable acid sites appeared to be dependent on reaction
temperature, where significant decreases in total acid sites were observed when the reaction temperature
was increased from 300 to 350 °C. Below 350 °C, the mesoporous materials displayed more dramatic acid
site loss than the zeolite catalysts. At reaction temperatures of 300 °C or lower, the percent acid site loss of
the zeolite catalysts ranged from 3.6 to 11.0%, whereas over AI-MCM-41 and Zr-KIT-6, the range was
18.5 to 36.0%. There were also interesting trends in the py-DRIFTS data of post-reaction samples without
an air regeneration step. With the exception of the Cs;-alcohol feed experiment, the B/L ratios of the post-
reaction AI-MCM-41 samples were higher than the fresh catalyst sample, indicating selective loss of
detectable Lewis acidic sites; however, the underlying cause remains unclear. With the exception of the
Cs,-alcohol rich feed experiment, the B/L ratio of HZSM-5 decreased as reaction temperature increased. It



is important to note that a decrease in B/L ratios determined by py-DRIFTS (and corresponding total acid
sites determined by NH3-TPD) depend on surface accessibility of the pyridine (or NH3) probe molecule.
For example, carbonaceous deposits on the catalyst surface may (i) block sites from pyridine that are still
functionally active under reaction conditions, (ii) alter the surface hydrophilicity resulting in lower pyridine
adsorption, and (iii) increase the catalyst material weight leading to lower mass-normalized values. These
effects are likely decreased in the NH3-TPD data due to the regeneration step, yet must not be dismissed.
Nevertheless, significant changes to the acid site content and B/L ratio are evident after reaction. The
mesoporous materials appeared to be more sensitive to acid site loss, and changes to the B/L ratio are
evident on both types of materials.

Table 8. Acid site characterization for post-reaction catalysts.

Total
Temperature, . . Acid Loss Of.
Catalyst oC Feed Mixture B/L ratio Sites T({tal Acid
(umol/g) Sites (%)
Fresh - 0.11 785 -
250 Ethanol Rich All Lewis 601 234
Zr-KIT-6 300 Ethanol Rich All Lewis 640 18.5
300 Cs4-Alcohol Rich 0.62 590 24.8
350 Ethanol Rich 0.10 275 65.0
Fresh - 0.03 264 -
250 Ethanol Rich 0.77 188 28.8
Al-MCM-41 300 Ethanol Rich 0.33 193 26.9
300 Cs4-Alcohol Rich All Lewis 169 36.0
350 Ethanol Rich 0.50 207 21.6
Fresh - n/a 1700 -
250 Ethanol Rich n/a 1620 4.7
SAPO-34 300 Ethanol Rich n/a 1620 4.8
300 Cs.-Alcohol Rich n/a 1640 3.6
350 Ethanol Rich n/a 863 49.2
Fresh - 13.25 998 -
250 Ethanol Rich 10.67 890 10.8
HZSM-5 300 Ethanol Rich 8.73 908 9.0
300 Css-Alcohol Rich  All Brgnsted 889 11.0
350 Ethanol Rich 6.18 451 54.8

“Total acid sites of post-reaction samples was determined after regeneration in air at 500 °C.

4. Conclusions

The Brgnsted acidic zeolite materials, HZSM-5 and SAPO-34, displayed high activity for mixed alcohol
dehydration with >98 % ethanol conversion observed in all experiments. The Lewis acidic mesoporous
materials were less active and produced non-negligible amounts of diethyl ether, limiting their yield to
desired olefins. Olefin yields over SAPO-34 were comparable to those found in the MTO process, yet were
achieved at lower temperature. In addition, the olefin product distribution over SAPO-34 was directly
related to the composition of the mixed alcohol feed, and thus may offer more flexibility than the MTO
process in controlling the olefin distribution; however, as temperature was increased, side reactions began
to negatively impact olefin yields. Side reactions were more problematic over HZSM-5, even at low
reaction temperatures. Catalyst lifetime was not explored within this manuscript and needs to be evaluated



in future work. Solid-state '>*C NMR and elemental analysis studies indicated that SAPO-34 was more
prone to aromatic carbon deposition than its zeolite counterpart HZSM-5, while no aromatic carbon was
found on post-reaction Zr-KIT-6 and AI-MCM-41 catalysts. The role of these aromatic compounds on
long-term stability in mixed alcohol dehydration reactions, and the regeneration potential of SAPO-34
remain important considerations for future research.

The research presented here, demonstrating the successful dehydration of a mixed alcohol feed to
corresponding olefin products, provides a foundation for future developments in hydrocarbon production
from biomass-derived syngas through mixed alcohol intermediates. The characterization and ethanol
dehydration experiments provide evidence of carbon deposition, changes to acidic sites, regeneration
potential, and intrinsic dehydration activity of Brgnsted and Lewis acidic materials. Thus these experiments
supplement the mixed alcohol dehydration studies to provide valuable insights into the underlying
principles and potential applicability of mixed alcohol dehydration in the indirect liquefaction pathway. In
this regard, mixed alcohol dehydration may provide unique advantages, such as tunable olefin composition
and lower operating temperature.
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