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Abstract

In this paper, we report on solid acid catalysts and process conditions suitable for
oligomerization of ethanol-derived mixed olefins propene and isobutene to transportation
fuels, specifically targeting high-octane gasoline or jet-range hydrocarbons with high carbon
efficiency. Catalytic performance was evaluated for two classes of solid acid catalysts—zeolites
(H-ZSM-5, H-Y, H-Beta) and polymeric resins (Amberlyst-36, Purolite-CT275)—each of which
offer different catalytic properties. Two representative model olefin feeds: 1) diisobutene and
2) isobutene/propene (4/1 mol) mixture were used. Interestingly, both classes of solid acid
catalysts can be tuned to produce a similar jet-distillate range hydrocarbon product with
temperature determined to be the critical operating process parameter. For example, the
propene conversion over H-Beta zeolite was dramatically increased from 7 to 87 % when the
temperature was increased from 140 to 200 °C; whereas, nearly all (> 99 %) of the isobutene
was converted over the same temperature range. However, with this relatively modest
temperature increment (60 °C), formation of products in the jet-distillate range dramatically
decreased from 90 to 65 %, thus revealing an important activity/selectivity trade-off associated
with the reaction temperature. Processing of aqueous ethanol to liquid hydrocarbon product
was demonstrated in two sequential catalytic steps: 1) conversion of ethanol to an
isobutene/propene-rich gas mixture over ZniZr,sO, catalyst, followed by 2) oligomerization
over solid acid resin (Amberlyst-36). This processing sequence produced a highly branched
olefin product primarily in the gasoline range (70 % mass yield based on simulated distillation)
with a high octane rating (approximate Research Octane Number [RON] of 103). To increase

the carbon vyield to that of jet-range hydrocarbons, separation of the olefins from the light
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gases (i.e., H,, CO,, etc.) is required prior to oligomerization. Thus, in a separate set of
experiments, an isobutene/propene mixture was converted over either H-Beta (200 °C) or
Purolite-CT275 (120 °C). This conversion step produced jet-range hydrocarbons with 80-85 %
mass yield. Upon subsequent distillation and hydrotreatment, both liquid products met select
ASTM 7566 Annex A5 specifications for an alcohol-to-jet synthetic paraffinic kerosene (ATJ-SPK)

blending component (e.g., specifications for freezing point, flash point, viscosity, and density).

Keywords: ethanol, alcohol to jet, ATJ, blendstock, gasoline, biomass, solid acid catalyst,

zeolites, resins, oligomerization, isobutene, propene.
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1. Introduction

Currently, a need exists for alternative hydrocarbon fuel blendstocks, especially for aviation
turbine and diesel fuels, from domestic resources to enhance energy security and to decrease
reliance on foreign petroleum [1]. An alternative technology that has received recent attention
is the conversion of alcohol to jet-fuel blendstock, which often is referred to as the “alcohol-to-
jet process” (ATJ) [2]. The ATJ process involves alcohol dehydration, oligomerization, and
hydrogenation reactions followed by a fractionation step [2]. Alcohols such as ethanol and
butanol have been of particular interest as feedstocks and can be produced from renewable
biomass or waste sources [1, 2]. ASTM D7566 Annex A5 describes an approved method for
creating an aviation turbine fuel containing synthesized hydrocarbons for ATJ synthetic
paraffinic kerosene (ATJ-SPK). Isobutanol-derived jet fuel was the first ATJ-SPK to be specified
under Annex A5 with blends originally permitted up to 30 %. Recently, ethanol has been added
as an approved feedstock and the blend ratio limit for ATJ-SPK fuels has been raised to 50 % [3].
In addition, the ethanol “blend wall” coupled with advances in production efficiency and
feedstock diversification will potentially lead to excess ethanol at competitive prices available
for the production of a wide range of fuels [1] and commodity chemicals [4].

Ethanol typically is upgraded to fuel-range hydrocarbons by first undergoing dehydration to
ethylene, followed by oligomerization over solid acid catalyst(s) in either one [2, 5] or two [6]
processing steps. For single-step processing, high ethanol conversion can be achieved;
however, selectivity to undesirable C;-C,4 light hydrocarbons as high as 40 % has been reported
[7-9]. A competition between cracking and oligomerization reactions, extensive coke

formation, and the presence of water have been reported as obstacles in producing longer
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chain products and high catalyst lifetimes [4, 8]. The control of desirable higher hydrocarbon
product formation has been reported to be better facilitated with a two-step oligomerization
process [6]. For example, at Pacific Northwest National Laboratory, we have patented a two-
step oligomerization process that produces primarily isoparaffin hydrocarbons, forms minimal
aromatics, facilitates efficient conversion of high carbon fractions to distillate-range fuels, and
minimizes formation of naphtha-like compounds by efficient intermediate product recycling [6].
Producing isobutene directly from ethanol as intermediate olefin prior to oligomerization to
fuel-range hydrocarbons represents an alternative to the ethylene route [10-13]. The
advantages of using isobutene as an intermediate alternative to ethylene include 1) easy
conversion of isobutene into its dimer, diisobutene, which is a highly branched high-octane
product that can be blended into gasoline [14], and 2) more selective conversion of isobutene
to a specific targeted hydrocarbon range. Ethylene oligomerization when using zeolites
typically requires activation by strong Brgnsted acid sites at higher reaction temperatures, thus
making selectivity control difficult to perform in one-step processing [15].

Zn,Zr,0, mixed-oxide type catalysts with balanced acid-base sites were previously shown to
be effective for converting ethanol to isobutene in a one-step process [11, 12, 16]. In this
process, ethanol undergoes a cascading sequence of reactions involving dehydrogenation,
ketonization, condensation, dehydration, and decomposition to produce isobutene in a single
catalytic bed [12]. Recently, our group reported a greater than 50 % carbon yield to isobutene-
rich mixed olefins over an optimized Zn,Zr,O, catalyst when operating at 400 to 450 °C and
atmospheric pressure [13]. We also separately demonstrated oligomerization of isobutene-rich

olefins, derived from an aqueous mixed oxygenate product over Zn,Zr,0,-type catalyst, to
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hydrocarbons in the jet-distillate range using the solid acid resin Amberlyst-36 [10]. However,
oligomerization processing to the jet-range product was not optimized. In this paper, we report
findings on our development of catalysts and processing conditions that enable a more
selective conversion of produced olefins to targeted fuel products, specifically to hydrocarbons
in the jet-fuel range or to high-octane gasoline.

Oligomerization of light alkenes to a variety of higher weight compounds is already an
important and extensively studied area for the petroleum industry because it represents a
route to produce motor fuels, lubricants, plasticizers, pharmaceuticals, dyes, resins, detergents,
and additives [17, 18] Oligomerization occurs through a complex network of reactions over
acid sites. The product distribution is governed by thermodynamic restrictions that favor C-C
formation over cleavage at higher pressures and lower temperatures. Reverse oligomerization
(olefin B-scission) and hydrogen transfer reactions (causing olefin saturation) are the main
limitations for chain growth (lighter product formation) [19, 20]. Heterogeneous solid acid
catalysts typically employed for olefin oligomerization include zeolites, sulfonic acid resins (e.g.
Amberlyst type) [21], solid phosphoric acid (SPA) [22], heteropolyacids, and sulfonated zirconia
[23, 24]. In recent years, zeolites and sulfonic resins have received the most attention for olefin
conversion to fuel-range hydrocarbons.

Zeolites allow for a higher operation temperature compared to polymeric resins,
facilitating secondary reactions such as disproportionation, cracking, and isomerization in
addition to oligomerization. Although these secondary reactions may enable a well distributed
hydrocarbon product slate possibly desirable for fuel formulations through hydrogen transfer

[20], these side reactions also can favor the formation of undesired products such as alkanes,
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aromatics, and products that are out of the targeted boiling-point range (naphtha, gasoline,
etc., versus middle distillates) [25, 26]. By comparison, polymeric resins have limited operating
temperatures before chemical degradation occurs, making regeneration via thermal processes
difficult; additionally, this lower operating temperature also limits the chemical reactions
involved in the oligomerization mechanism network [27]. We note that Alonso et al. has
reported Amberlyst resins to have sufficient acidity—compared to ZSM-5, silica, or sulfated
zirconia—to couple nonene, which is less reactive than shorter chain alkenes [28].

While oligomerization is a relatively mature technology, there are still many
technological challenges. Today, oligomerization of light alkenes represents an important route
for the production of transportation fuels [17]. However, few studies have focused describing
catalysts and processes for producing blendstocks in the jet- and diesel-distillate range. Also, a
big challenge facing the use of biofuels in aviation is the high quality standard requirements
mandated by safety and fuel-quality specifications [29]. These quality requirements are largely
determined by the chemical nature of the hydrocarbon components of the fuel blend. In the
preparation of finished fuels, oligomerization of intermediate olefins becomes critical to the
nature of the resulting hydrocarbon products.

In this paper, we describe our study of the catalysts and processing conditions that
enable selective production of high-octane gasoline or jet-fuel blendstocks from propene and
isobutene olefin intermediates produced from bio-derived oxygenates (e.g., fermentation-
derived ethanol). We first describe the olefins produced from aqueous ethanol feedstock over
a ZniZr,s0, mixed-oxide type catalyst. We then evaluate olefin oligomerization using

Amberlyst-36, a solid acid catalyst commonly reported in the literature [10, 14, 30], and
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comparatively assess different classes of zeolites and sulfonic acid polymeric resins.
Diisobutene (DIB), the dimer of isobutene, was used as a model olefin feed for the
oligomerization reaction. Considering its facile formation in the oligomerization of isobutene,
the use of DIB as the model feed allowed desired products (dimers, trimers, tetramers) to be
observed versus undesired side products (from dehydrogenation, disproportionation, cracking),
likely to occur at higher temperatures (>200 °C), without influence from initial reaction steps.
We then studied oligomerization of propene and isobutene intermediates. Incorporation of the
less reactive propene in the product slate is a key requirement for maximizing carbon yield and
increasing the carbon numbers of the product. We also describe optimization of the process
conditions and the effect of recycle in the product. Finally, after distillation and
hydrotreatment, we evaluate final liquid product characteristics (freezing point, flash point,
viscosity, density, etc.) and compare the results to the ASTM D7566 A5 specifications for

aviation turbine fuel blendstocks produced by the ATJ process.
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2. Experimental

2.1. Catalyst Preparation

Two types of catalysts were used in this study: 1) optimized Zn;Zr, 50, mixed oxide for the
conversion of aqueous ethanol mixture into an olefin-rich gas stream according to methods
reported in our previous publications [10, 13] and 2) a series of commercially available solid
acid catalysts (H-form of zeolites and sulphonic acid polymeric resins) evaluated for the
oligomerization of olefin feed compounds.

Zn1Zr, 50, mixed-oxide catalyst was synthesized via wet impregnation of a Zn(NOs),6H,0
solution on Zr(OH),. The Zr(OH), was initially dried overnight at 105 °C to remove any excess
water on the surface before impregnation. After impregnation, the catalysts were dried
overnight at room temperature and then for 4 hours at 105 °C prior to calcination. The
catalysts then were calcined via a 3 °C/min ramp to 400 °C for 2 hours, followed by a 5 °C/min
ramp to the final calcination temperature of 550 °C for 3 hours.

Solid acid catalysts evaluated included commercially available Amberlyst-36 (Dow
Chemical), CT275 (Purolite), and the hydrogen form of several classes of zeolites including H-
Beta, H-Y, H-ZSM-5 (all from Zeolyst), and USY (Tosoh). Before reaction, the polymeric resins
were dried at 110 °C for 48 hours and then crushed and sieved to a particle size 60 to 100 mesh.
The zeolite powder was pelletized using a pneumatic laboratory press (2 ton pressure force for
1 minute) before being crushed and sieved to the desired particle size (60 to 100 mesh). Before
loading the reactor, the zeolites were calcined in a muffle furnace at 500°C for 4 hours.

2.2. Catalyst Characterization
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Ammonia temperature programmed desorption (TPD) was used to measure the total acid
sites and strength of the zeolite solid acid catalysts using a Quantachrome Autosorb I
instrument equipped with a thermal conductivity detector. Sixty milligrams of catalyst sample
was first pretreated at 500 °C for 2 hours under N, flowing at 100 standard cm? inside an
adsorption quartz u-tube. After pretreatment, the sample was saturated with ammonia (10 %,
in He) at 100 °C, then weakly adsorbed ammonia was flushed from the sample using He flow
(100 standard cm?3). The range of desorption temperature 50 to 800 °C was covered with a
linear heating of 10 °C/min.

N, adsorption was measured at 77 K with an automatic adsorptiometer (Micromeritics
ASAP 2000). Samples were pretreated for 12 hours under vacuum (120 °C and 150 °C for resins
and zeolites, respectively). The surface areas were determined from adsorption values for five
relative pressures (P/Py ranging from 0.05 to 0.2 using the Brunauer—-Emmett—Teller (BET)
surface method. The pore volumes were determined from the total amount of N, adsorbed
between P/Py, = 0.05 and P/P, = 0.98.

2.3. Catalytic Activity

Catalytic activity tests for the conversion of aqueous ethanol to primarily gasoline-range
hydrocarbons were conducted in a two-step process using two reactors in series (see Figure
1A). In the first reactor, a 12.75 mm outer diameter (10.92 mm) fixed-bed packed bed reactor
was loaded with 7.0 g of Zn,Zr, 0, mixed-oxide catalyst used for producing isobutene-rich
olefins from ethanol [13]. Prior to testing, catalysts were first activated in situ at 450 °C for 8
hours under N,. Then, N, was introduced into the system using a Brooks mass flow controller

(5850E series). A 50 % mixture of ethanol/water was fed into the system and converted to the

10

Page 10 of 41



Page 11 of 41

Catalysis Science & Technology

gas phase using a vaporizer consisting of 6.35 mm inner-diameter steel tubing filled with quartz
beads and an ISCO syringe pump. Catalytic tests were performed at 450 °C, 1.45 MPa, and two
gas-hourly space-velocities [GHSV calculated as standard cm3 gas flow per volume of catalyst in
an hourly basis (i.e., Vieed/Vear-h)] as noted. A knockout pot placed directly downstream of the
reaction zone was used to condense any remaining water and light oxygenates out of the

system before the stream was introduced to the second reactor.

Nz M
Oz Propyl
Ethanol Topylene
Water Butylene
L 4

R1 E R2 R2
m
ZnyZr; 50, § A36 ABE
400-450°C 2 140 °C 140 °C
1.38 MPa 1.38 MPa 1.38 MPa

To GC To GC
» —»

| |r|

Cold Cold o
Trap Trap Trap
iqui Liquid
Water Liquid
Hydrocarbons Hydrocarbons
Olefin Synthesis Olefin Oligomerization Olefin Oligomerization
(A) (B)

Figure 1. Simplified process flow diagrams depicting the bench-scale packed bed reactors used
for the (A) integrated olefin production (R1) and oligomerization (R2), and (B) model olefin
oligomerization (R2).

Catalyst regeneration of the Zn,Zr, 50, mixed oxide was necessary for the 350-hour run
and performed in situ at 450 °C under flowing 5 % O,/He for 4 hours after isolating the reactors
via a bypass. Mild oxidative treatment was performed to remove carbon/coke from the

catalyst surface. During this treatment, CO2 typically was observed and considered to be
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indicative of carbon burn-off. Upon completion, the catalyst was cooled under N2 to the
desired reactor operating temperature.

Olefins produced from the Zn,Zr, 5O, mixed-oxide catalyst were introduced into a second
reactor consisting of another fixed-bed with a 0.5 in outer diameter and 7.5 cm? of a solid acid
oligomerization catalyst sieved to a 60-to-100 mesh particle size. This reactor was operated at
the pressure, range of temperatures, and GHSVs noted above. A knockout pot placed directly
downstream of the reaction zone was used to condense the liquid product hydrocarbons. The
reaction setup for the two-step integrated processing is depicted in Figure 1A.

Performance evaluations for the oligomerization catalysts were performed in a single
fixed-bed reactor (see Figure 1B). A liquid feed of olefins was transported with an ISCO syringe
pump and mixed with a flow of N, prior to being fed into the reactor. WHSV (weight-hourly
space velocity) was calculated based on the mass flow of olefins per weight of catalyst in an
hourly basis (i.e., 8reed/8cat-h). All reactors used a K-type thermocouple placed in the middle of
the catalyst bed. To minimize temperature gradients within the reactor zone, an electrical
resistance heating block was used for temperature control. Gaseous effluent was analyzed
online using an Inficon micro GC (Model 3000A) equipped with MS-5A, Plot U, alumina, and OV-
1 columns, and a thermal conductivity detector. Liquid samples collected from the knockout
pot were analyzed separately ex situ using liquid chromatography (for aqueous products) and
gas chromatography-mass spectrometry (GC-MS) (for hydrocarbon products).

2.4. Liquid Hydrocarbon Analysis and Fuel Property Analysis

Oligomerization products consist of complex mixtures of hydrocarbons. GC-MS was

used to characterize the products and estimate carbon numbers. Quantification of the mass

12
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composition of particular compounds or groups of compounds was performed using two
parameters: 1) the flame ionization detector (FID) GC integrated area for a particular peak, and
2) identification based on the best match to the mass spectrometry library data.

Simulated distillation profiles of the hydrocarbon products were determined following
the method ASTM D2887 [31] using the GC results of a FID equipped gas chromatograph. Mass
yields were based on GC-FID response and the products were separated into four boiling point
ranges: naphta (<100 °C), gasoline (100-150 °C), jet range (150-300 °C), and heavies (>300 °C).
RON analysis was performed using a Zeltex ZX-101XL near-infrared (NIR) portable octane
analyzer using two gasolines as quality control (87 and 91 octane numbers). An additional
estimation of the RON number was calculated using the automated Ignition Quality Test (IQT™)
to determine a derived cetane number (DCN) based on the ignition delay of the sample. The
DCN was converted to an estimated RON value by applying the inverse parabolic relationship
between DCN and RON as described recently by McCormick and co-authors [32]

Analysis of jet-range blendstocks included 1) flash point, determined by ASTM Method
D93 using a closed mini cup (7 cm3) with a Pensky-Martens apparatus; 2) freezing point,
determined by reflected light scattering, which indicates the presence and disappearance of
hydrocarbon crystals according to ASTM Method 5972; 3) density, determined by using the
change of frequency of a calibrated oscillating tube according to ASTM Method D4052; and 4)

viscosity, determined using ASTM Method D445.
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3. Results and Discussion

3.1. Conversion of ethanol to isobutene and propene over Zn;Zr, 50,

Catalytic performance for the conversion of aqueous ethanol over Zn,Zr, s0, mixed-
oxide catalyst is shown in Table 1. Complete ethanol conversion and greater than 50 %
selectivity to C3-C4 olefins was achieved. Also produced were byproducts including ethylene,
CO,, CH,4, H,, and trace amounts of acetone and other oxygenate compounds. As expected, a
significant amount of CO, was produced as a consequence of ketonization within the reaction
mechanism. The reaction mechanism reported in our prior studies is summarized here: 1)
ethanol is first dehydrogenated to form acetaldehyde (and byproduct H;); ethylene, an
undesirable byproduct, also can be formed via competing ethanol dehydration; 2) acetaldehyde
undergoes oxidation to acetic acid with subsequent ketonization to form acetone (and
byproduct CO,); and 3) acetone undergoes a sequence of reactions that includes condensation,
dehydration, and decomposition to form isobutene [10, 13]. These cascading sequences of
reactions occur over a single bed Zn,Zr,s0, catalyst with tailored acid and base sites. As
described in our prior report, propene is produced via hydrogenation of the acetone
intermediate, and its selectivity is favored at higher operating pressures [13]. We also note that
undesirable methane is produced by acetone decomposition, and its formation is enhanced

with decreasing space velocities [13].

14
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Table 1. Gaseous effluent composition and selectivity for the reaction product of aqueous
ethanol (50 % ethanol in H,0) conversion over Zn,Zr, 50, catalyst at 350 h TOS (450 °C, 1.38
MPa, GHSV = 656 h'l). Complete ethanol conversion was achieved. Nitrogen was used as a
carrier gas.

Compound Gas Phase Effluent Selectivity
(%vol) (mOI C %)

N, Balance
H, 34.8
Isobutene 6.2 44.0
Cco, 4.6 32.6
CH, 1.7 12.1
Propene 1.2 8.5
Ethylene 0.3 2.1
Acetone 0.1 0.5
Other Oxygenates <0.05 0.2

For the production of fuel-range hydrocarbons, the olefin-rich mixture shown in Table 1
requires oligomerization over a solid acid catalyst in a second reactor. Additional processing
such as distillation and hydrotreatment after the oligomerization step is required to produce a
paraffinic aviation fuel. Olefins boiling below the jet-range (less than about 150 °C) can be
recuperated and reprocessed to increase the yield of a desired boiling cut (i.e., jet-range [150 to
300 °C]). The objective of this research is to develop catalytic processing for the selective
conversion of this C3-C, mixed olefin stream to targeted fuel products (i.e., high-octane gasoline

or jet-range hydrocarbons).

3.2. Solid acid catalysts evaluated for olefin oligomerization
Multiple classes of solid acid catalysts have been considered for oligomerization of olefins in
the literature (e.g., aqueous solutions of inorganic acids, acid modified polymeric resins, and

porous aluminosilicates). However, in recent years, more attention has been dedicated to the
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study of two types of catalysts: 1) polymeric sulphonated resins, and 2) zeolites. Polymeric
sulphonated resins have very low surface areas and low thermal stabilities. However, they have
a high concentration of acid sites, and the acid strength/density can be adjusted by changing
their chemical composition, crystallinity, and morphology [33]. On the other hand, while
zeolites generally have lower acid site concentrations, compared to resins, they exhibit higher
surface areas and stabilities at elevated temperatures. In particular, zeolite H-ZSM-5 has been
intensively studied since the 1970s as a catalyst for use in converting olefins to gasoline. It,
however, exhibits limited selectivity towards middle distillate products [34, 35]. Recent studies
of the oligomerization reaction indicate that factors critical for oligomerization catalytic
performance include acid strength and acid density [36, 37]. Void space, and location of the
acid sites in the microporous catalyst also affects chain length and configuration of the resulting
oligomers [18, 19, 38]. The nature of the intermediate products and reaction temperature also
are critical to the reactivity of hydrocarbons over acid catalysts. For example, branched
hydrocarbon intermediates may hinder mass diffusion, thus affecting product selectivity.
Concurrent with oligomerization reactions, B-scission and hydrogen transfer mechanisms
activated at higher temperatures (T >200 °C) also are factors to be considered during catalyst
selection and process optimization [39, 40].

We obtained commercial solid acid catalysts from the two main groups: sulphonic acid
polymeric resins (Amberlyst-36 and Purolite-CT275) and the hydrogen form of 12-member rings
(large pore size — H-Beta, HY, USY) and 10-member rings (medium pore size H-ZSM-5) zeolites.
The total acid capacities (determined by ammonia TPD) and surface areas of the catalysts

(determined by N, adsorption) are summarized in Table 2. As seen in Table 2, the polymeric

16
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resins have significant higher acid capacities and lower surface areas relative to the zeolites (by
a factor of 10). Although ammonia TPD allows a quantitative estimation of the total acid
capacity to be determined, the natures of the sites cannot be quantified (e.g., Brgnsted versus
Lewis acid sites). Differentiation of acid strength among the different zeolites can be observed
with the ammonia TPD profiles shown in Figure 2.

Table 2. Characterization of the commercial solid acid catalysts evaluated in this study. Acid

capacity of zeolites was estimated using TPD of ammonia chemisorbed at 100 °C. Nitrogen
adsorption was used to estimate surface areas and pore volumes.

Catalyst Amberlyst-3641 | cT275142 H-Beta H-Y usy H-ZSM-5
Acid capacity (mmol/g) 5.4 5.2 0.86 0.40 0.46 0.40
Si0,/Al,0, mol ratio n/a n/a 20 5.2 10 23
BET area (m’/g) 33 28 463 660 709 412
Pore volume (cm’/g) 0.2 0.42 0.18 0.26 0.15 0.127
Pore diameter (nm) 24 60 0.97 0.96 1.2 13
Max Op. Temp (°C) 150 130 n.a n.a n.a n.a

Thermal Conductivity Signal(a.u)

50 250 450 650
Temperature (°C)

17
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Figure 2. TPD profiles of ammonia chemisorbed at 100 °C on 60 mg of Zeolite. The TPD profiles
illustrate the integrated area (decreasing from top to bottom) were normalized to the total
surface area and presented as total surface acid capacity (mmol/g) data shown in Table 2.

Table 2 shows that this particular H-Beta zeolite exhibits greater acid capacity compared to
H-ZSM-5 (>2 times), in spite of having similar silica/alumina ratios (20 and 23, respectively), and
also compared to the other zeolites (H-Y and USY). Zeolite H-Y and H-ZSM-5 have the same
total acid capacity (0.4 mmol/g), with markedly different silica/alumina ratios (4.4 times greater
for H-ZSM-5). These marked differences in acidity are related not only to the intrinsic Si/Al ratio
measured for each catalyst but also to the presence of binders and additives to the zeolites
formulation that affect the acidity of the resulting material as literature studies have shown
[43]. In terms of acid strength, ammonia TPD profiles (Figure 2) show a higher fraction of acid
sites (desorption peak centered at 465 °C) on zeolite H-Beta compared to the other zeolites that
exhibit weaker acid sites (lower ammonia desorption temperatures). There are no particular
requirements for acid solid acid catalysts to be used in olefin oligomerization; however, the
literature suggests that catalysts active for oligomerization have to satisfy at least three
particular conditions: 1) provide acids sites in close proximity to allow formation of oligomers
[36], 2) operate at temperatures to avoid deactivation by heavy oligomers (equilibrium
oligomerization versus B-scission) or coking (enhanced by hydrogen transfer mechanism) [26],
and 3) possess average pore sizes large enough to avoid deactivation by accumulation of heavy
oligomers [24], which has shown to be rate controlling. The catalysts we chose for this study
are representative of solid acid catalysts found in the literature for oligomerization of light

olefins, and also span a wide range of catalytic characteristics such as acid strength/capacity,

pore structure, and surface area.
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3.3. Diisobutene model feed over solid acid catalysts

DIB was used as a model feed for the oligomerization reaction over the series of solid
acid catalysts presented in Table 1. DIB was chosen as model feed to compare reactivity
starting from the isobutene dimer and to evaluate the formation of side reaction byproducts
(e.g., from isomerization, dehydrogenation, disproportionation, and cracking reactions) using
three different reaction temperatures (140, 200, and 260 °C). Isobutene is reported to readily
form DIB at low reaction temperatures (70 °C) over acid catalysts [23, 44]. Hydrogen transfer
and B-scission mechanisms compete with oligomerization and are more likely to occur at higher
reaction temperatures (>200 °C) [20, 26, 39]. Isomerization reactions, fast with respect to B-
scission, allow for the formation of many hydrocarbon products that are useful in fuels
preparation [45, 46]. Because of thermal stability limitations, the polymeric resins were
evaluated at lower temperatures (120 °C and 140 °C for CT275 and Amberlyst36, respectively).

Comparative catalyst performances are summarized in Figure 3. Figure 3A shows DIB
conversion and a simulated distillation profile for the resulting liquid categorized into four
different boiling ranges (i.e., naphtha, gasoline, jet-range hydrocarbons, and heavies fractions)
using three boiling-point cuts (i.e., 100, 150, and 300 °C). Figure 3B shows the selectivity
towards gas products formed as a function of the oligomerization operating temperature.
Results in Figure 3A show that under complete DIB conversion, oligomerization products over
zeolite H-Beta and CT275 catalysts have improved selectivity towards jet-range products (>80

wt. % in the 150 to 300 °C boiling-point range) compared to the other catalysts screened. A
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significantly higher acid capacity for H-Beta zeolite (~2 times) may be responsible for the
increased yield towards the jet-range products when compared to the other zeolite catalysts.
Figure 3B shows that the formation of gas products (propene and butene) increases with
reaction temperature. Selectivity to butene is particularly high at 260 °C over H-Y and USY
catalysts, at approximately 7 % and 11 % (mol C %). For all the other catalysts, selectivity to gas
products is low at approximately <1 %. Gas olefin byproducts propene and butene can be
formed through two main mechanisms: 1) disproportionation, where long chain olefins
decompose to form a shorter chain olefin and a longer chain olefin, and 2) cracking of long
chain hydrocarbons through the B-scission mechanism [36]. Although our experimental results
in this study do not differentiate the exact mechanism of gas olefin formation, the importance
of catalyst selection and operating temperature is evident. The selection of oligomerization
temperature is also critical in process development when less reactive olefins are incorporated

to the reactive mixture.
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Figure 3. Analysis of the oligomerization products of the DIB reaction over zeolites and
polymeric resins. (A) Boiling-point ranges determined by simulated distillation for the liquid
product of DIB oligomerization at 140 °C (120°C for CT275 resin). (B) Product selectivity for the
DIB conversion into gas products at different reaction temperatures. Gas and liquid samples
were collected under steady state after 3 hours time-on-stream (TOS) (1.38 MPa, WHSV=1.1 hr-

1).
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Figure 4 further illustrates the effect of varying operating temperature for the
oligomerization of DIB over H-Beta zeolite. The figure also shows the simulated distillation
profiles of the liquid product (Figure 4A), categorization by boiling-point range (Figure 4B), and
chemical functionality (Figure 4C). DIB (b.p 101 °C) is fully converted to a mixture with a wide
boiling-point distribution, from naphtha to heavy products, a dramatic decrease in the yield to
jet-range hydrocarbons occurs with increasing operating temperature. For example, as
illustrated in Figure 4B, as the reaction temperature increases from 140 to 260 °C, the yield to
jet-range hydrocarbons dramatically decreases from 80 % to 40 %. This decrease in jet-range
product yield is compensated by increased formation of both, naphtha and heavies fractions.
Figure 4C also illustrates how the product chemical functionality also is affected by
temperature. For example, when increasing the temperature from 200 to 260 °C, the olefin
selectivity was reduced from ~65 % to ~40 %, while a corresponding increase in paraffins was
observed.  Aromatics, a product from cyclization and dehydrogenation of reaction
intermediates, also are formed at higher temperatures (i.e., >260 °C). We attribute this diversity
in chemical functionalities occurring at low oligomerization temperatures (branched olefins and
naphtenics) to kinetically favored skeletal and double-bond isomerizations caused by catalyst
acidity [45]. On the other hand, changes in carbon number distribution, accompanied by the
selective formation of paraffins and aromatics, can be explained by chain breaking and
hydrogen transfer mechanisms both occurring over acid sites at high reaction temperatures
[20, 26]. Thus, reaction temperatures >200 °C lead to preferential formation of products in the
naphtha and heavies range while also producing more saturated products. From these results,

it can be seen that lower oligomerization temperatures are necessary to increase the yield to
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jet-range hydrocarbons. We note that the production of paraffins limits the potential for

recycle for any oligomerization processing scheme.
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Figure 4. (a) Simulated distillation and GC-MS analysis for the liquids products derived from DIB
feed reaction over H-Beta zeolite as classified by (b) by boiling-point range and (c) chemical
functionality. DIB (b.p. 101°C) is fully converted to a wide boiling mixture of hydrocarbons.
3.4 Propene and isobutene model feed over solid acid catalysts

The previous section showed that when using the DIB model feed, the yield to jet-range
hydrocarbons can be improved with the proper selection of catalyst and operating
temperature. To correlate these results with actual ethanol-derived olefin product, an
isobutene/propene mixture (4:1 molar ratio) was used as a model feedstock. This mixture
represents a typical composition derived from ethanol over Zn;Zr,s0,-type catalyst when
operated at 450 °C (Table 2) [13]. Oligomerization results are shown in Table 3 and Figure 4
using, H-Beta, the most promising zeolite determined from above, and compared to the
polymeric resins CT275 and Amberlyst-36. Table 3 shows that isobutene conversion is nearly
complete for all the catalysts in the temperature range studied. However, propene conversion
is hampered at low operating temperatures. For example, over H-Beta catalyst, propene

conversion drops to 7.2 % when the reaction temperature is lowered from to 200°C to 140°C. A
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similar dramatic drop in propene conversion occurs over CT275 with just a 20 °C decrease in
reaction temperature. However, isobutene conversion remains high in all cases.
Table 3. Olefin conversion of model isobutene/propene (4:1 molar) mixture over H-Beta zeolite

and CT275 and Amberlyst-36 (A36) resins (3 hours TOS, weight hour space velocity [WHSV] =
1.1 h).

H-Beta 140 7.2 99.9
H-Beta 200 87.1 99.7
H-Beta 260 83.0 99.8
CT275 100 36.6 99.9
CT275 120 98.2 99.9
A36 140 89.2 99.9
1 - 100
_ 0.8 - - 80%
Q2 c
506 - - 60 '% Product
E g Boiling Range
®04 - - 408 M Heavies
§ E @ Jet range
0.2 - - 20% M Gasoline
B Naphtha
0 - -0

H-Beta HBeta H-Beta CT275 CT275 A3b
140 200 260 100 120 140
Catalyst
Reaction Temperature (°C)

Figure 5. Product yields based on simulated distillation for the oligomerization liquid product of
model isobutene/propene (4:1 molar ratio; 3 hours TOS, WHSV = 1.1 hr?)

Oligomerization temperature not only effects overall olefin conversion but also the
product slate. Similar to the results obtained using DIB, yield to the jet-distillate range also is

severely affected by changes in reaction temperature with the propene/isobutene mixture
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feedstock. Figure 5 shows how the jet-distillate yield decreases to about 30 % over the H-Beta
zeolite when the temperature is increased to 260 °C. With the CT275 resin, only a 20 °C change
drastically affects the simulated distillation profile as shown in Figure 6. At 100 °C, the resulting
simulated distillation profile indicates the presence of products primarily in two main boiling
ranges of ~100 °C and 170 to 180 °C. These two groups are consistent with the presence of Cg
and C;, branched olefins, respectively. However, when operating at 120 °C, more Cg
intermediate olefins are incorporated into the jet-range fraction of the final product.
Additionally, the profile is smoother, which indicates the formation of an extensively isomerized
product with similar carbon numbers. The formation and control of a wide boiling-point range,
intimately related to the formation of isomerization products from relatively few
oligomerization products, is a particularly useful catalyst performance characteristic that is

desirable within the scope of fuels manufacturing.

100

CT275 catalyst

80 -

60 -

40 -

Sample recovered (wt.%)

20

0 +—&T
0 50 100 150 200 250 300 350 400
Boiling point (°C)
Figure 6. Effect of oligomerization temperature on simulated distillation profiles for the
oligomerization product of a model isobutene/propene model feed over CT275 catalyst
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Results from these model studies emphasize the importance of reaction temperature on
the two primary metrics for catalytic performance: 1) total olefin conversion and 2) yield to
desired distillate range product. Another important conclusion derived from these results is
that underlying mechanisms such as isomerization, hydrogen transfer and dehydrogenation
(aromatization) activity can be controlled by carefully selecting the catalyst and operating
temperature. Analysis of GCMS data provides qualitative information pertaining to chemical
changes in the oligomerization products. Supplementary Information (Table S1) presents the
library match for the most abundant compounds obtained for the oligomerization products at
three reaction temperatures (140, 200, and 260 °C) of the model mixture isobutene/propene
over zeolite H-Beta. GCMS results infer an important decrease in branching occurring in parallel
to the formation of paraffins and B-scission products at higher reaction temperatures.

Catalyst stability over extended operating durations is also a critical factor. For the
conditions chosen here, catalytic performance was steady for a 20 hour period. However, we
note that catalyst stability cannot accurately be determined when operating at high conversion.
A more rigorous evaluation of catalyst stability is required in order to understand the true
extent of deactivation. Here, the conversion was too high and the duration relatively limited to
thoroughly assess catalyst deactivation. As with other zeolite catalyzed processes it is
anticipated that longer term deactivation would be observed and that periodic regeneration
would be required. Nonetheless, from Figure 7, it can be seen that high olefin conversion can
be achieved for two different catalyst systems (H-Beta zeolite and CT275 resin) and operating at
different temperatures (200 °C and 120 °C, respectively) while also producing a similar liquid

product distribution as evidenced by simulated distillation profile (Figure 6).
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Figure 7. Isobutene/propene conversion over H-Beta (200 °C) and CT275 (120 °C) catalysts
(1.38 MPa, WHSV = 1.1 hr).

3.5. Integrated process with oxygenate separation prior to oligomerization

Next, the production of liquid hydrocarbons was investigated via oligomerization of the
isobutene and propene olefins derived from aqueous ethanol over Zn,Zr, s0,-type catalyst. We
previously reported on oligomerization of propene and isobutene olefin intermediates using
unoptimized conditions [10]. Here, a 50 wt. % ethanol in water mixture, representative of a
fermentation-derived product, was fed over Zn,Zr, 50, catalyst at 450 °C. An olefin mixture rich
in isobutene and propene was produced and reacted over a period of 350 hours. The results of
this experiment are shown in Figure 8. As previously reported, this reaction does facilitate coke
build-up on the catalyst so periodic catalyst regeneration is required to avoid a drop in
oxygenate intermediate formation (e.g., acetone formed as an intermediate) [13]. Therefore,
we introduced periodic regenerative oxidative steps to demonstrate semi-continuous operation

under full ethanol conversion without any evident loss in performance.
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Figure 8. Ethanol conversion (mol %) and product selectivity (mol C %) over Zn,Zr, 50O, (50 wt. %
ethanol in water feed; 450 °C, 1.38MPa, GHSV = 320 to 660 hrl). Vertical red dotted lines
represent regeneration steps and green dotted line marks a change in contact time.

During the 350 hour run, the olefin-rich gas produced in the Zn;Zr, 5O, reactor was fed
to a second reactor containing Amberlyst-36 catalyst (see Figure 1A). Water and trace
oxygenates in this gas stream were removed using a cold trap and a drierite adsorption bed.
Olefin conversion and characterization of the resulting oligomerization product is shown in
Table 4. Isobutene and propene conversions were 89 and 37 %, respectively. A neglible
amount of ethene was reacted under these conditions. The liquid olefin product contained
highly branched Cg and C;; hydrocarbons, and the simulated distillation profile of the
hydrocarbon product is shown in Figure 9.

Results shown in Figure 9 and Table 4 show that major components of the
oligomerization product from reaction over the Amberlyst-36 catalyst were predominantly Cg
and C,, olefins with boiling points corresponding to the gasoline range with a yield close to

70 %. The yield in the jet-distillate range was lower at around 40 %. The simulated distillation

profile and GC-MS characterization of the product indicate the existence of two main reaction
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products: C8 (b.p 100 to 105 °C) and C12 (b.p. 180 to 190 °C) branched olefins, which are the
primary products of isobutene dimerization and trimerization, respectively. The presence of
naphthenes (e.g., dimethylcyclohexane, and isobutyl-dimethylcyclohexane (C1,H,4), b.p. 200 to
220 °C) is an indication that isomerization (cyclization) is occurring concurrently with
oligomerization. This liquid product was distilled into a gasoline range (90 to 190 °C) and found
to contain a high RON (103) (Table 4), which is consistent with the large amount of branched Cg
and C,, olefins present. A summary of the conversion and selectivity for each step within the
integrated process for ethanol conversion to isobutene and propene olefins followed by
oxygenate separation and olefin oligomerization is shown in Table 5. It should be noted that
the ethanol conversion step is highly active (100% ethanol conversion). However, selectivity to
isobutene (42.0 mol C %) and propene (8.5 mol C %) is limited due to the stoichiometric
requirement to produce CO, via ketaonization within the reaction mechanism over Zn,Zr, 50,
catalyst. Improved selectivity to olefins would likely be required for commercial application.
Nonetheless, subsequent conversion of the produced olefins to fuel-range hydrocarbons is
relatively selective.

Table 4. Olefin conversion and characterization of the oligomerization liquid product collected
after 350 hours TOS (Amberlyst-36 catalyst; 140 °C, WHSV = 1.1 hr'). The RON and Motor
Octane Number were estimated by near-IR transmission spectroscopy octane analyzer.
Identification and quantification is based on GC-MC analysis: composition (wt. %) based on the
FID area, and identification based on the Mass Spectrum library match. The additional RON

value was estimated using the automated IQT™ to calculate a value by determining the DCN of
the sample.

Compound Conversion (%)?
Isobutene 89
Propylene 37
Ethylene ~0

Compound Composition (%,)°
Cs olefins 1.5
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Cs olefins 3.3

C; olefins 7.47

Cs olefins 37.1

Cg cyclic 4.1

C;; olefins 1.3

C,, olefins 25.6

Cyo cyclic 6.9

C,, cyclic 12.6
Analysis Measurement®

RON number 103.3 (999)

MON number 91.4

(R+M) + 2 97.3

a. Calculated at 350h TOS under steady-state conditions.

b. GC-MS data of liquid collected after 350 °C TOS

c. Near-IR transmission spectroscopy.

d. 1QT™ value calculated using the automated Ignition Quality Test.
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Figure 9. Simulated distillation profile for the oligomerization product shown in Table 4
collected after 350 hours TOS (Amberlyst-36 catalyst; 140 °C, WHSV = 1.1 h). Proposed
structures of major products with corresponding boiling points were obtained from GC-MS
analysis.

A summary of the conversion and selectivity for each step within the integrated process
for ethanol conversion to isobutene and propene olefins followed by oxygenate separation and

olefin oligomerization is shown in Table 5. It should be noted that the ethanol conversion step

is highly active (100% ethanol conversion). However, selectivity to isobutene (42.0 mol C %)

29



Catalysis Science & Technology

and propene (8.5 mol C %) is limited primarily due to the stoichiometric requirement to
produce CO, via ketonization within the reaction mechanism over Zn,Zr, 50, catalyst. Improved
selectivity to olefins would likely be required for commercial application. Nonetheless,
subsequent conversion of the produced olefins to fuel-range hydrocarbons is relatively
selective and carbon efficiency can be greatly improved by recirculation of unreacted olefins.

Table 5. Product conversion and selectivity summaries for each step in the integrated process

of olefin production, depicted in Figure 8 (Reactor 1), followed by oxygenate separation and
olefin oligomerization, depicted in Table 4 and Figure 9 (Rector 2).

Property Olefin Production? Olefins Oligomerization® Overall Process
(Reactor 1) (Reactor 2)
Carbon 100% ethanol 79.1% propene + isobutene 39.9% vyield to liquid
conversion (wt. %) | conversion conversion hydrocarbons
Selectivity (%) 42.0molC% 9.0 wt. % lights (b.p <90 °C) 4.5 wt. % lights (b.p. < 90 °C)
isobutene
8.5molC% 68.0 wt. % gasoline (b.p. 90- 35.3 wt. % gasoline (b.p. 90-
propene 190 °C) 190 °C)
49.5mol C% 44.0 wt. % jet-range (b.p. 150- 22.7 wt. % jet-range (b.p. 150-
balance (CO,, CH,, 300 °C) 300 °C)
ethylene) 5.0 wt. % heavies (b.p. >300°C) | 2.5 wt. % heavies (b.p. >
300 °C)
Carbon balance 96% 97% 93%
(wt. %)

a. Ethanol over Zn,Zr, 50, (50 wt. % ethanol in water feed; 450 °C, 1.38MPa, GHSV = 320 to 660 hr1).
b. Olefin oligomerization over Amberlyst-36 catalyst (140 °C, WHSV = 1.1 h1).

3.6 Integrated process with inter-stage olefin separation and oligomerization

As shown in Table 1, the mixed olefin product from the ethanol conversion process
contained a significant amount of light gases, primarily CO, and H,. If these unreactive gases
are included in the feed to the oligomerization reactor, they dilute the olefins and hinder chain
growth. To increase the partial pressure of reactants in the oligomerization reactor, the olefins
This in our

must be separated before the oligomerization process. is described

technoeconomic analysis reported for a similar process [47] using unoptimized oligomerization
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results [10]. Here we consider two updated process schemes both of which rely on inter-stage
olefin separation (e.g., using olefin gas absorption as previously proposed) [47]. In the first
process scheme, after oligomerization, the unreacted olefins and light recovered fraction are
separated by distillation and then recycled to the oligomerization reactor (scheme shown in
Figure 10). Demonstration of this process scheme was performed for both H-Beta zeolite and
CT275 polymeric resin, and results are shown in Figure 10. In both cases no significant
improvement in the distillation profile to the jet-range distillate was observed after
incorporating the light recovered fraction. With recycle, the yield to the jet-range distillate
fraction improved by approximately 15 % and 10 % for H-Beta and CT275 catalysts,

respectively.
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lsobutene CT275, H-Beta Dlitgltl}ajlcon |y Liquid product
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Figure 10. Simulated distillation results for the reaction product of model isobutene/propene
(4/1 molar) feed mixture over H-Beta (left side) and CT275 (right side) after single-pass
conversion (blue line) and for a second run (red line) incorporating the light olefins of the first
run (b.p. <150 °C).
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In a second process scheme, we explored using a second oligomerization bed for
converting the light fraction recovered after distillation (Figure 11). Results reported in Figure
11 show that with H-Beta zeolite, yield to jet-range distillate was significantly improved with
the use of a sequential oligomerization bed. Yield to products into the jet-distillate range was
boosted by 24 % and 6 % over H-Beta zeolite and CT275, respectively. Thus, a significant
enhancement to the jet range yield was facilitated using sequential oligomerization versus
using recycle alone, particularly with the H-Beta zeolite case. With recycle, preferential
adsorption of isobutene over intermediate oligomers (e.g., Cg branched olefins) may be
responsible for limited chain growth. In contrast, when a sequential bed is used, the relative

absence of isobutene in the feed allowed for activation and further reaction of Cg olefins.
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Figure 11. Simulated distillation results for the reaction product of model isobutene/propene
(4/1 molar) feed mixture over H-Beta (left figure) and CT275 (right figure) after single-pass
conversion (blue line) and after a second oligomerization (red line) of the light olefins obtained
in the first run (b.p. <150 °C).
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The potential use of these oligomerization products as a blendstock for jet fuel would
require catalytic hydrotreatment in which the olefins are converted into paraffins (ASTM has
specifications for the content of olefins and other compounds). The concentration of olefins is
limited in jet blendstocks and final fuel mixtures because they lead to the formation of deposits
(stemming from rapid auto-oxidation compared to other hydrocarbons) and are detrimental to
product stability as pertaining to long-term storage [29]. In addition to boiling range
requirements, energy density and strict chemical composition requirements (e.g., sulfur,
aromatics, and water concentrations) also must be met [2]. Thus, physicochemical
characterization of the liquid products was performed (see Table 6). Oligomerization products
resulting from reaction over zeolite H-Beta and CT275 (using the sequential bed reaction
scheme described above) were hydrotreated in a batch Parr reactor at 200 °C (5.17 MPa under
H, for 7.5 hours over 3 %Pt/Al,O; catalyst). After hydrotreatment distillation was performed
and a liquid fraction representative of the jet-distillate range (b.p. 150 to 300 °C) was obtained.
Figure 12 shows GC-MS characterization results for the jet-distillate fractions produced reaction
over H-Beta and CT275. The hydrocarbon range consisted of compounds with between 9 and
18 carbons, with a relatively high concentration of 12 carbons (b.p. 190 to 230 °C). Before
hydrotreatment, the liquid product had a high olefin content (estimated by GC-MS at 87 % and
94 % for H-Beta and CT275, respectively). After hydrotreatment, both products were converted
into an almost exclusive mixture of paraffinic hydrocarbons (>99.7 %). We note that although
the distillation profiles were similar for both products, the chemical composition was
significantly different. GC-MS characterization details are provided in the Table S1 of the

Supplementary Information. Here, it can be seen that the liquid products produced with CT275
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resin predominantly consisted of highly branched olefins with 12 and 16 carbons (estimated 64
area % by GC-MS TIC). However, over H-Beta zeolite, the liquid product consisted of fewer
branched olefins and a wider distribution of carbon numbers. We speculate that increased
acidity of the CT275 polymeric resin readily facilitated isomerization reactions, although we
note that both catalysts facilitated significant branching. Also, the higher temperature used
with H-Beta more readily facilitated other side reactions (e.g., cracking) that resulted in a wider

distribution of carbon numbers.
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Figure 12. Carbon number distribution as determined by GC-MS for the reaction product via
sequential oligomerization shown in Figure 11 followed by hydrotreatment. Right axis (black
line) indicated the average boiling point. Hydrotreated products comprised primarily paraffins
with less than 0.3 area % of other compounds. No aromatic compounds were detected.

Table 6. Olefin conversion, yield to jet-range hydrocarbons, and liquid properties for the
isobutene/propene derived oligomerization products shown in Figures 11 and 12 after
sequential bed oligomerization and hydrotreatment. Carbon balance for both catalysts was
within 96%.

Property CT275 H-Beta Blendstock
Requirements
(ASTM D7566)
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Olefin conversion (wt. %) 99.3 98.9

Lights yield (b.p. RT to 150 °C, wt. %) 1.6 2.8

Jet-range yield (b.p. 150 to 300 °C, wt. %) 86.9 83.5

(75 single pass) | (66 single pass)
Heavies yield (b.p. >300 °C, wt. %) 11.5 13.7
Aviation Fuel | Freezing point (°C) 74 -74 —40 max (D5972)
Properties Flash point (°C) 51.5 58.5 38 min (D445)

Viscosity (mm?/s) 2.0 2.2 8 max (D93)
Density (kg/m3) 780 780 775 to 840 (D4052)

4.0 Conclusions

Several zeolites and polymeric resins were evaluated for oligomerization of
isobutene/propene or DIB model feeds. Of those investigated, H-Beta (zeolite) and CT275
(polymer resin) were both found to be active, selective, and stable (for 20 hours) for producing
fuel-range hydrocarbons. A higher oligomerization temperature was needed to achieve high
conversion of propene, which was less reactive relative to isobutene probably because of the
oligomerization mechanism in which propene must form a less stable secondary carbocation
versus the tertiary carbocation mechanism of isobutene. However higher temperatures
facilitated depletion of the desired jet-range blendstocks as a result of secondary
cyclization/isomerization, hydrogenation, and cracking reactions. These secondary reaction
mechanisms, activated at higher reaction temperatures, facilitate changes in carbon number
distribution and chemical functionalities to the resulting finished fuel.

We demonstrated a two-step process for producing a high-octane gasoline. Wet
ethanol feedstock (50 wt. % ethanol) was converted over Zn,Zr, sO, mixed-oxide catalyst into an
olefin mixture with 50 % vyield to isobutene and propene. The catalyst was operated for 350

hours TOS with periodic regeneration of the catalyst to remove coke. After oxygenate
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separation, a second bed packed with polymeric resin produced a 70 % olefin yield (after a
single pass) of a gasoline-range hydrocarbon (b.p. 90 to 190 °C) with a high octane (RON 103).
For conversion to a jet-range hydrocarbon products (b.p. 150 to 300 °C), light gases
produced from the Zn,Zr, 50, -derived catalyst system (i.e., H, and CO,) must be removed to
facilitate chain growth. Using model isobutene and propene feed oligomerization over both H-
Beta zeolite and CT275 polymer resin produced jet-range hydrocarbon products. With
separation and recycle of the light olefin product, the yield to jet-distillate fraction improved by
approximately 15 % and 10 % for H-Beta and CT275 catalysts, respectively. However, when the
light fraction was oligomerized over a second bed, the yield to jet-range products increased by
24 % and 6 % over H-Beta zeolite and CT275, respectively. Particularly highlighted in the case
for the H-Beta zeolite, sequential bed operation facilitated the activation and oligomerization of
light olefins without competition from olefin feedstock, as was the case with recycle. With both
zeolite and polymeric resin catalysts, high olefin conversion was achieved, resulting in liquid
hydrocarbons with similar simulated distillation profiles. However, GC-MS analysis of the liquid
products suggests subtle variations in chemical compositions. The H-Beta zeolite produced
longer carbon chains with less branching compared to the CT275 solid acid resin. Regardless,
after hydrotreatment, further characterization revealed that both liquid products met selected
ASTM D7566 A5 specifications for ATJ blendstock (e.g., freezing point, flash point, viscosity,

density).
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