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adequate for the industrially relevant synthesis of
cumene through the alkylation of benzene with
propylene because it should give lower yields of
undesired secondary products when compared
with the commercially used 12-ring beta zeolite.
We have checked this possibility and analyzed
the results of selectivity versus conversion for
cumene/propylene alkylation on Al-ITQ-47 and
beta (fig. S10). Regardless of the level of con-
version considered, the selectivity to cumene is
always greater for AI-ITQ-47 with boggsite struc-
ture than for beta zeolite. However, the activity of
beta zeolite is greater than Al-ITQ-47 because of
the smaller crystal size of beta zeolite than that
of boggsite (fig. SI1).
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Renewable Chemical Commodity
Feedstocks from Integrated Catalytic
Processing of Pyrolysis QOils

Tushar P. Vispute,® Huiyan Zhang,’? Aimaro Sanna,™* Rui Xiao,? George W. Huber®

Fast pyrolysis of lignocellulosic biomass produces a renewable liquid fuel called pyrolysis oil that
is the cheapest liquid fuel produced from biomass today. Here we show that pyrolysis oils can
be converted into industrial commodity chemical feedstocks using an integrated catalytic approach
that combines hydroprocessing with zeolite catalysis. The hydroprocessing increases the intrinsic
hydrogen content of the pyrolysis oil, producing polyols and alcohols. The zeolite catalyst

then converts these hydrogenated products into light olefins and aromatic hydrocarbons in a
yield as much as three times higher than that produced with the pure pyrolysis oil. The yield of
aromatic hydrocarbons and light olefins from the biomass conversion over zeolite is proportional
to the intrinsic amount of hydrogen added to the biomass feedstock during hydroprocessing.
The total product yield can be adjusted depending on market values of the chemical feedstocks
and the relative prices of the hydrogen and biomass.

windling petroleum resources combined
Dwith economic, environmental, and po-

litical concerns about the petroleum-
based economy make it imperative to develop
new processes for the production of renewable
fuels and chemicals (/-3). Lignocellulosic bio-
mass is the most abundant and inexpensive sus-
tainable source of carbon that can be used as a
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feedstock for the production of renewable fuels
and commodity chemical feedstocks (4). Py-
rolysis oils or bio-oils have been identified as
inexpensive renewable liquid fuel that can be
produced from lignocellulosic biomass (5-7).
Fast pyrolysis of biomass has been shown to be
two to three times cheaper than biomass con-
version technologies based on gasification and
fermentation processes (8). However, bio-oils
are low-quality fuels that cannot be used in con-
ventional gasoline and diesel fuel engines be-
cause they are immiscible with petroleum-derived
fuels, primarily on account of their high oxygen
content [up to 60 weight % (wt %)] (5, 7, 9).
Other challenges with pyrolysis oils are that

they are acidic, have a high water content (25 to
50 wt %), and constitute an emulsion that will
phase-separate when stored. Ideally, pyrolysis oils
should be deoxygenated to a mixture of organic
molecules that are more compatible with current
fuels and chemical manufacturing infrastructure
(10). Several approaches toward this end are cur-
rently being studied, including hydrotreating of
bio-oils (10, 11), zeolite conversion of bio-oils
(12, 13), and aqueous-phase processing of bio-
oils (/4). However, none of these approaches are
used commercially today, primarily because they
produce low yields of fungible products.

In this paper, we outline a distinct strategy
for bio-oil deoxygenation into high-yield commod-
ity chemicals, including C2 to C6 monohydric
alcohols and diols, C6 to C8 aromatic hydro-
carbons, and C2 to C4 olefins with over 60%
overall carbon yields. Our approach involves
hydroprocessing of the bio-oils over supported
metal catalysts, followed by conversion over
zeolite catalysts. It is not possible to completely
hydrodeoxygenate the pyrolysis oil in a packed-
bed reactor without frequent catalyst regeneration
because of coke formation on the catalyst sur-
face. Furthermore, complete hydrodeoxygenation
requires large amounts of expensive hydrogen. In
our process, drawbacks associated with the prior
bio-oil hydrogenation processes are overcome by
operating at moderate temperatures (<250°C) at
which no catalyst coking or reactor plugging was
observed. Furthermore, our process can produce
products without the high hydrogen requirements.
Employing a zeolite upgrading step at the end
has the advantage that a fluidized bed reactor
can be used, where the coked catalyst can be
regenerated by burning off the coke and recy-
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cled back to the reactor. The goal of this report
is to demonstrate how pyrolysis oil could prac-
tically be upgraded through catalytic processes
into commodity chemicals.

Fig. 1. Carbon yield of ole-
fins and aromatic hydrocar-
bons from the conversion of
biomass-derived feedstocks
over a HZSM-5 catalyst as a
function of the H/Cy ratio of
the feed. Diamonds, experimen-
tal yield; squares, theoretical
yield. The theoretical yield is
calculated for toluene (see table
S8 and accompanying text).
WSBO, water-soluble fraction
of the pinewood bio-oil; LTH-
WSBO, WSBO hydrogenated
over Ru/C [at 398 K and 52
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Fig. 2. Reaction schematic for the integrated hydroprocessing and zeolite upgrading of pyrolysis oil. Solid
arrows: Pyrolysis oil is directly passed over the zeolite catalyst; long-dashed arrows: Pyrolysis oil is hydro-
genated over Ru/C at 398 K and then passed over the zeolite catalyst; short-dashed arrows: Pyrolysis oil is
first hydrogenated over Ru/C at 398 K, then over Pt/C at 523 K, and then passed over the zeolite catalyst. The
width of the vertical arrows represents the product carbon yield from a particular field. In addition to the
product streams shown in the figure, oxygen is removed at the zeolite stage as a mixture of CO, CO,, and
H,0. Boosting the hydrogen content of the zeolite feed (left to right) increases the thermal stability of the
feed, resulting in a reduction in amount of coke and an increase in the yields of aromatic hydrocarbons and
olefins. The addition of hydrogen also raises the proportion of oxygen lost as water relative to CO and CO,
and thereby further raises the proportion of carbon incorporated into marketable compounds.
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ical infrastructure. The products can be tuned to
change with different market conditions. The C6
to C8 aromatic hydrocarbons can be high-octane
gasoline additives or feedstocks for the chemical
and polymer industries (/5). The C2 to C4 ole-
fins can also be used directly for polymer syn-
thesis or can be modified to form other products,
including alkylated aromatics (16, /7) and longer
linear alpha olefins (/8). The gasoline-range al-
cohols can be high-octane gasoline additives.
The C2 to C6 diols can serve as feedstocks for
the chemical and polymer industries. The chem-
ical industry relies on seven primary building
blocks that are all derived from petroleum-based
processes: benzene, toluene, xylene, ethylene,
propylene, 1,3-butadiene, and methanol (/9). Our
catalytic process produces five of these seven
petrochemical feedstocks, which opens the door
to a chemical industry based on renewable bio-
mass feedstock.

The hydrogen content of a particular feed-
stock can be expressed in terms of its hydrogen-
to-carbon atomic effective ratio (H/C,g ratio), as
defined in Eq. 1. The H/C. ratio is equal to the
number of atoms of hydrogen minus twice the
number of atoms of oxygen divided by the num-
ber of atoms of carbon in a feedstock. Lignocel-
lulosic biomass and carbohydrate-based feedstocks
have H/C.g ratios between 0 and 0.5. In con-
trast, petroleum-based feedstocks have H/Ceg
ratios from 1.0 to 2.0. Thus, biomass-based feed-
stocks are hydrogen-deficient because of the
presence of oxygen. For example, the bio-oil
used in this study has an H/C.q ratio of 0.06.
During the conversion of biomass to deoxygen-
ated compounds, the oxygen can be removed
as a combination of CO, CO,, and H,O. Adding
external hydrogen to supplement the hydrogen
in the biomass itself boosts the proportion of ox-
ygen removed as H,O versus CO and CO,. The
exact ratios of CO, CO,, and H,O can be de-
termined from the reaction stoichiometry between
the feeds and the products. Thus, the addition of
external hydrogen can increase the carbon yield
of commodity chemicals produced from py-
rolysis oils. This relation demonstrates how the
biomass-refining industry could be tied to the
hydrogen economy.

__moles of H — (2 x moles of O)

H/C
/Cen moles of C

(1)

In this study, we converted 11 different
biomass-derived feedstocks, with a range of
different functionalities over a ZSM-5 catalyst.
This catalyst has the proper pore structure and
active sites to effectively convert biomass-derived
molecules into aromatic hydrocarbons and ole-
fins (20-22). Figure 1 shows that the aromatic
and olefin yield increases with the H/C.g ratio
of the feedstock (details in table S5), and this
relationship is applicable to a wide variety of
biomass-derived feedstocks. The theoretical yield
(table S8 and accompanying text), also shown
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in Fig. 1, increases with the H/C, ratio as well.
The increase in the aromatic and olefin yield
with increasing H/C ratio is due to two dif-
ferent phenomena: an increase in the thermal
stability of the feedstock and an increase in the
intrinsic amount of hydrogen in the feedstock.
Increasing the H/C. ratio improves the thermal
stability of the biomass-derived molecules by
hydrogenating the functionalities (primarily al-
dehydes and ketones) that otherwise thermally
decompose to char as shown in table S7. For
example, in thermogravimetric studies, glucose
produces 23.1 wt % coke when heated to 973 K
under a helium atmosphere (table S7). Sorbitol,
a glucose derivative in which the aldehyde func-
tionality has been hydrogenated to an alcohol, is
substantially more thermally stable and produces
only 6.1 wt % coke. Increasing the H/C ratio
also increases the intrinsic hydrogen content of
the biomass-derived feedstock, which allows a
higher theoretical yield of aromatic hydrocarbons
and olefins from these feedstocks, because less
carbon is used for the deoxygenation (table S8).

In this same respect, bio-oil and its aqueous
fraction can be stabilized by hydroprocessing,
and at the same time an increase in intrinsic hy-
drogen content results in higher aromatic and
olefin yields. Figure 2 shows a generic reaction
scheme for the conversion of bio-oil (or the
water-soluble fraction of bio-oil) by hydropro-
cessing and zeolite upgrading to various products.
The thermally unstable carbonyl functionalities
in bio-oil go directly to coke on the zeolite cata-
lyst, bypassing the desired commodity chemicals,
including aromatic hydrocarbons, olefins, and
alcohols. The carbonyl functionalities are con-
verted to thermally stable corresponding alco-
hols upon hydrogenation, and the coke yield
decreases in zeolite upgrading. A second hydro-
genation step further increases the H/C.¢ ratio
of feed, resulting in even lower coke yields in
zeolite upgrading.

Figure S1 shows different process options
we used in this study for the conversion of py-
rolysis oil. The crude pyrolysis oil can be sub-
jected directly to our process, or it can first be
phase-separated into an aqueous and an organic
phase by the addition of water. The organic phase
of the bio-oil mainly contains high-molecular-
weight lignin-derived phenolic oligomers (23).
These lignin oligomers can be used to make
phenol-formaldehyde resins (24) or as a low-cost
feedstock for the base catalyzed depolymeriza-
tion processes (25-27) to produce phenolic
compounds or aromatic fuel (28—30). To exploit
the advantages of hydroprocessing and zeolite
upgrading for the upgrading of pyrolysis oil, we
opted to study three different processing steps
that can be operated in series: a low-temperature
hydrogenation step using a Ru-based catalyst, a
higher-temperature hydrogenation step using a
Pt-based catalyst after the Ru-based step, and
a zeolite conversion step. The Ru catalyst was
chosen based on our previous experimental and
theoretical studies on aqueous-phase acetic acid

hydrogenation over monometallic catalysts (37).
The conclusion from this study was that Ru was
the most active and selective monometallic cat-
alyst for aqueous-phase acetic acid hydrogena-
tion at low temperatures. Pt was chosen as the
catalyst for the high-temperature hydrogena-
tion, because previous studies for hydrodeox-
ygenation of sorbitol have indicated that Pt
catalysts have high C-O hydrogenation and low
C-C bond cleavage activity (32). We explored
these conversion options with two different py-
rolysis oil feeds: crude bio-oil obtained from
the U.S. Department of Energy’s National Re-
newable Energy Laboratory (DOE-BO), and
the water-soluble fraction of a pinewood bio-
oil (WSBO). The WSBO sample was made by
mixing pinewood bio-oil and water in a 1:4
weight ratio (33). For the DOE-BO sample, we
compared the outcomes of zeolite upgrading
with and without preceding low-temperature hy-

m Aldehydes
m Ketones
= Acids
,0-6 = Alcohols
B Furanics
3.2 = Phenolics
Sugars
B Levoglucosan

m Unidentified

3.2

Lactones
Acetic acid
Sorbitol

Unidentified

HE[]

C1 to C4 alkanes & other
gas phase products

Gasoline cut 1
Gasoline cut 2
C2 to C6 diols

Other compounds

Levoglucosan

drogenation. For the WSBO sample, we exam-
ined these two protocols as well as the third,
incorporating a high-temperature hydrogenation
step between the low-temperature hydrogena-
tion and zeolite upgrading steps.

Gas chromatography (GC) and high-
peformance liquid chromatography (HPLC) of
the DOE-BO (table S1) identified hydroxyacet-
aldehyde (9.0% of the total bio-oil carbon con-
tent), levoglucosan (8.8% of total bio-oil carbon),
acetic acid (8.4% of total bio-oil carbon), sug-
ars (1.8% of total bio-oil carbon), and hy-
droxyacetone (1.6% of total bio-oil carbon) as
major components. Only one-third of the car-
bon content quantified by elemental analysis
could be identified with these techniques. The
remaining two-thirds of the carbon can be at-
tributed to nonquantified compounds that are
present in small quantities and GC- and HPLC-
undetectable lignin and sugar oligomers. Gel per-
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Fig. 3. Feed and product carbon distribution (in percent of carbon) for the hydrogenation of WSBO and for
the zeolite upgrading. (A) WSBO feed. (B) Product distribution from single-stage hydrogenation of WSBO
over Ru/C at 398 K and 52 bar at WHSV of 3 hour™. (C) Product distribution from two-stage hydro-
genation of WSBO, first over Ru/C at 398 K and 100 bar at WHSV of 3 hour™, then over Pt/C at 523 K and
100 bar at WHSV of 3 hour™. (D) Carbon yields for the conversion of bio-oil—derived feedstocks over
HZSM-5 at 873 K. WSBO. water-soluble fraction of the pinewood bio-oil; LTH-WSBO, WSBO hydrogenated
over Ru/C (at 398 K and 52 bar at WHSV of 3 hour™); HTH-WSBO, WSBO hydrogenated first over Ru/C (at
398 K and 100 bar at WHSV of 3 hour™), then over Pt/C (at 523 K and 100 bar at WHSV of 3 hour™);
DOE-BO. DOE bio-oil; LTH-DOE-BO, DOE bio-oil hydrogenated over Ru/C (at 398 K and 100 bar at WHSV
of 1.6 hour™). The category “others” encompasses phenol, alkyl phenols, naphthol, and alkyl naphthols.
The product groups defined in (B) and (C) contain the following components: C1 to C4 alkanes and other gas-
phase compounds: methane, ethane, propane, butane, and other gas-phase compounds that have not been
identified. Gasoline cut 1 (boiling range 338 to 373 K): pentane, hexane, methanol, ethanol, 1-propanol,
tetrahydrofuran, 2-butanol, and 2-methyltetrahydrofuran. Gasoline cut 2 (boiling range 388 to 448 K):
1,2-cyclohexanediol, 2,5-dimethyltetrahydrofuran, 1-butanol, 2-pentanol, 1-pentanol, cyclopentanol,
2-hexanol, 3-methylcyclopentanol, cyclohexanol, 3-methylcyclohexanol, and 4-methylcyclohexanol. C2
to C6 diols: 2,3-butanediol, propylene glycol, ethylene glycol, 1,2-hexanediol, 1,4-hexanediol, 1,4-
butanediol, and 1,4-pentanediol. Lactones: y-butyrolactone and y-valerolactone. Other compounds:
tetrahydrofurfuryl alcohol, 1,2,6-hexanetriol, 1,2,3-butanetriol, and glycerol.
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meation chromatography (GPC) (fig. S2) of
DOE-BO confirmed the presence of oligomers
ranging in molecular weight from 300 to 7000
daltons. Analysis of the WSBO by GC and
HPLC identified the compounds composing
56.5% of the total carbon content (Fig. 3A and
table S3). The most abundant functionalities
in the WSBO included carbonyl compounds
(24.7% of total WSBO carbon), carbohydrates
(20% of total WSBO carbon; includes sugars
and levoglucosan), and phenolics (7.9% of total
WSBO carbon). The WSBO had an H/C,4 ratio
of 0.14. The unidentified carbon in the WSBO
is most likely present as undetectable lignin and
sugar oligomers.

We next examined the composition of the
product stream from low-temperature hydrogen-
ation of the DOE-BO. The H/C.y ratio rose
from 0.06 to 0.09, with about 0.9 g of hydrogen
consumed per 100 g of carbon in the feed dur-
ing this step. The water content of the bio-oil
also increased from 24.8 to 27 wt % during the
low-temperature hydrogenation step. At the same
time, the proportion of carbon content identi-
fiable by GC and HPLC went down (table S2),
perhaps as a result of homogeneous thermal po-

lymerization reactions among the bio-oil com-
ponents. The GPC analysis of the hydrogenated
DOE bio-oil (fig. S2) shows higher concentra-
tions of oligomers with molecular weights greater
than 400 daltons as compared to the feed. The
amount of thermal coke formed from DOE-BO
was reduced from 19.0 to 13.6 wt % upon low-
temperature hydrogenation (table S7). This implies
that the product of low-temperature hydrogena-
tion of DOE-BO is more thermally stable than
the feed.

In the case of the water-soluble fraction of
the WSBO, the H/C ratio increased from 0.14
to 0.71 after low-temperature hydrogenation
and rose further to 1.20 upon high-temperature
hydrogenation. Low-temperature hydrogenation
was carried out at 398 K because it was found
to be the lowest temperature at which all the
pyrolysis oil functionalities started showing
substantial activity toward hydrogenation. The
compositions of the low-temperature hydrogen-
ated WSBO and high-temperature hydrogenated
WSBO, based on chromatographic analysis, are
shown in Fig. 3 and in more detail in table S4.
In the low-temperature hydrogenation, we were
able to convert 29.4% of the WSBO feed car-

REPORTS I

bon to gasoline cut 1, gasoline cut 2, and C2 to
C6 diols (Fig. 3B), which can be marketed as
products in their own right. Gasoline cut 1 com-
prises mainly small (up to three carbon atoms)
monohydric alcohols that boil in the temperature
range of 338 to 373 K. Gasoline cut 2 mainly
contains C4 to C6 monohydric alcohols that boil
in the temperature range of 388 to 448 K. The
C2 to C6 diols boil above 450 K, with ethylene
glycol and propylene glycol being the major
components. These product groups can easily be
separated by distillation. Gasoline cut 1 and gaso-
line cut 2 can be added to gasoline as renewable
high-octane additives. Glycols can be further
purified and sold. The thermal stability of the
WSBO increases substantially after hydrogena-
tion, with a homogeneous thermal coke yield
decreasing from 12.8 wt % for the WSBO to 2.8
wt % for the WSBO after a low-temperature hy-
drogenation. The hydrogen consumption for
the low-temperature hydrogenation process was
4.8 g of Hy/100 g of carbon in the feed.
However, the product distribution still con-
tains substantial amounts of hydrogen-deficient
compounds such as acetic acid (H/C.q ratio =
0), levoglucosan (H/C.g ratio = 0), and sorbitol

Table 1. Overall carbon vyield for the integrated catalytic process for the conversion of pyrolysis oils and the aqueous fraction of pyrolysis oil. Carbon
selectivity values are reported for the individual components benzene, toluene, xylene, ethylbenzene (EtBenz), ethylene, propylene, and butylene.

Hydrogen Final products (% carbon yield) or carbon selectivity (%)
Feed Process consumption C1to Cé
(9/100 g of ° Co, Aromatics Olefins Coke Unidentified
carbon in feed) alkanes
DOE-BO Zeolite None 0 18.3 9.8 11.2 49.5 11.2
Carbon selectivity (%)
Benzene: 17.3 Ethylene: 51.8
Toluene: 40.8 Propylene: 36.6
Xylene: 23.5 Butylene: 11.6
EtBenz: 2.0
DOE-BO Ru/H; + Zeolite 0.9 2 26.5 14.4 18.2 34.6 4.3
Carbon selectivity (%)
Benzene: 16.9 Ethylene: 52.2
Toluene: 37.2 Propylene: 35.9
Xylene: 38.5 Butylene: 11.4
EtBenz: 3.4
WSBO Zeolite None 0 23.7 8.2 18.5 32.3 17.3
Carbon selectivity (%)
Benzene: 26.8 Ethylene: 41.6
Toluene: 46.3 Propylene: 45.9
Xylene: 20.7 Butylene: 12.4
EtBenz: 1.2
WSBO Ru/H; + Zeolite 4.8 7.5 13.9 21.6 30.2 17.4 9.4
Carbon selectivity (%)
Benzene: 17.6 Ethylene: 31.8
Toluene: 45.5 Propylene: 55.4
Xylene: 31.3 Butylene: 12.8
EtBenz: 2.6
WSBO Ru/H, + Pt/H, + Zeolite 8.1 15.0 10.7 18.3 43.0 12.6 0.4
Carbon selectivity (%)
Benzene: 27.0 Ethylene: 32.0
Toluene: 49.3 Propylene: 53.8
Xylene: 19.1 Butylene: 14.2
EtBenz: 2.3
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(H/Ce ratio = 0.33). By feeding this stream
through a high-temperature hydrogenation reac-
tor at 523 K and 100 bar, the total carbon yield
of gasoline cut 1, gasoline cut 2, and C2 to C6
diols increased to 45.8% (Fig. 3C and table S4).
In this process, the product distribution can be
customized by modifying the reaction condi-
tions; for example, if there is a larger market
for gasoline cut 1, its yield can be increased by
operating the second stage at higher temper-
atures or lower space velocities. At higher tem-
peratures, C2 to C6 diols undergo further C-O
and C-C bond cleavage reactions, producing
small monohydric alcohols. High-temperature
hydrogenation was carried out at 23 K so as to
achieve high sorbitol and levoglucosan conver-
sion. In the high-temperature hydrogenation step,
a 100% levoglucosan conversion and a 95%
sorbitol conversion were obtained. An increase
in carbon yield to the desired product groups of
gasoline cut 1, gasoline cut 2, and C2 to C6
diols was observed, corresponding to the 80%
of the levoglucosan and sorbitol carbon. Sorbi-
tol can be converted over a supported Pt catalyst
to a mixture of alcohols and polyols through
reactions including hydrogenation, dehydration,
decarbonylation, and retro-aldol condensation
(32). Although sorbitol is substantially more
thermally stable than glucose, it still has a low
overall H/C, ratio of 0.33 in comparison to the
H/C.i ratios of the possible products from
hydrogenolysis of sorbitol, including propylene
glycol (H/Cqg ratio = 1.33), propanol (H/C.q
ratio = 2), and butanediols (H/C ratio = 1.5).
The net hydrogen consumption for the com-
bined low- and high-temperature hydrogenation
process was 8.1 g of H,/100 g of carbon in the
feed. The WSBO had high thermal stability
after the high-temperature hydrogenation, with
the homogeneous thermal coke yield decreasing
from 12.8 wt % for the WSBO to 0.2 wt % after
high-temperature hydrogenation. High-pressure
hydrogen is necessary in the high-temperature

step to minimize carbon loss to less valuable C1
to C4 alkanes (32, 34).

These hydrogenated feeds were then added
to the zeolite step (step yields are in Fig. 3D
and overall yields in Table 1). Only 20% of the
DOE-BO carbon was converted to olefins and
aromatics if fed directly to the zeolite without
any hydrotreatment, with 50% of the carbon
forming coke. The remaining 30% of the car-
bon was converted to CO, CO,, and unidenti-
fied oxygenates. Low-temperature hydrogenation
raises the yield of olefins and aromatics after
zeolite upgrading to 32.6% (Table 1). The low-
temperature hydrogenation step only used a
small amount of hydrogen but resulted in a
substantial increase in the yield of desired
products. Similar results were observed with the
water-soluble fraction of the WSBO. Direct zeo-
lite upgrading of WSBO affords 26.7% carbon
yield of olefins and aromatics. Low-temperature
hydrogenation before zeolite upgrading raised
the yield to 51.8%, whereas the high-temperature
hydrogenation leads to 61.3% olefins and aro-
matics yield. The high-temperature hydrogena-
tion process converts 15.0% of the carbon in
WSBO to light alkanes, which is twice that of
the low-temperature hydrogenation process.
All these points are shown in Fig. 1 along with
the theoretical yield, with toluene as the major
product. The difference between experimental
and theoretical yields is reduced with the in-
creasing H/Cg ratio of the WSBO feed, indi-
cating that the hydrogen added is used primarily
for increasing the olefin and aromatics yield
from the process. As seen in table S8, the per-
centage of theoretical toluene yield for the water-
soluble fraction of the WSBO increased from
39.1 to 64.9% upon low-temperature hydrogen-
ation and increased further to 72.3% upon high-
temperature hydrogenation.

The major products obtained in the zeolite
upgrading of DOE-BO and WSBO are C2 to C4
olefins and C6 to C8 aromatic hydrocarbons.

Fig. 4. Annual economic po-
tential (EP) for the integrated

120

-
o
o

hydroprocessing and zeolite
upgrading of pyrolysis oil as

@
o

a function of the H/Cy ratio

D
o

of feed to zeolite catalyst. Data
in Fig. 1 were used for calcu-

N
o

lating the economic potential

values. The plant capacity was
assumed to be 100 metric

tons/hour of biomass. Pyroly-

sis oil yield was assumed to
be 70 wt % of biomass. It was

assumed that in the zeolite up-

grading step, all olefins produced
are converted to aromatics. A
July 2010 spot price of benzene
of $2.60/gallon was used as
the aromatic hydrocarbon selling
price (43). Biomass cost was as-
sumed to be $50/ton.

Economic potential (million $ year-')
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= =EP 3 (H, cost: 3 $/kg)

H/C.ratio of zeolite feed
===EP 2 (H, cost: 2 $/kg)
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Under the reaction conditions used in this study,
the olefin selectivity for the DOE-BO and low-
temperature hydrogenated DOE-BO was 52% to
ethylene and 36% to propylene, with the balance
being butylenes. The aromatic selectivity decreased
with toluene (37 to 40% selectivity) > xylenes (23.5
to 38.5% selectivity) > benzene (17% selectivity).
The olefin selectivity for the WSBO and hydro-
genated WSBO was different than that of the
DOE-BO, with an olefin selectivity of 45 to 55%
to propylene and 32 to 42% to ethylene, with the
balance being butylenes. The aromatic selectivity
decreased with toluene (45 to 50% selectivity) >
xylenes (20 to 30% selectivity) > benzene (17 to
27% selectivity). As we have demonstrated pre-
viously, the ratios of these products can be tuned
by adjusting both the reaction conditions and cat-
alytic process (35). For example, in the zeolite
upgrading of high-temperature hydrogenated
WSBO, the aromatic hydrocarbon—to—olefin
ratio increases from 1:2.8 to 1:1.1 as the tem-
perature is reduced from 923 to 673 K (table S6).
Olefins can also be converted to aromatics by
recycling the olefins back to the zeolite reactor.
Several existing processes can also be used to
convert olefins to aromatics, including olefin aro-
matization and alkylation of the aromatics using
olefins (36, 37). These results indicate that the
olefin-to-aromatic ratio and the types of olefins
and aromatics produced can be adjusted according
to the market demand, using several approaches.

The cost of hydrogen is important in deter-
mining how much hydroprocessing should be
done before deoxygenation with the zeolite cat-
alyst. Figure 4 depicts the economic potential of
our integrated catalytic process as a function of
the H/C,y ratio of the feed-to-zeolite step for four
different hydrogen costs. The economic potential
of the process is calculated by subtracting the cost
of process feeds (biomass and hydrogen) from
the selling price of the products. Importantly, the
economic potential includes only the costs of the
raw material and does not include any other op-
erating costs or capital costs. The market price of
hydrogen varies widely depending on location,
mode of supply, and natural gas prices. The
cheapest hydrogen is from large steam reformers
and typically costs $1.50 to $2.50/kg (38),
whereas the hydrogen shipped in tube trailers
can cost as much as $12/kg (39). The optimum
H/C.gratio, where the economic potential of the
process is highest, decreases with increasing
hydrogen cost. For example, if hydrogen cost is
$2/kg, then the maximum economic potential
occurs at an H/C.g of 1.4, whereas when the
hydrogen cost is $4.20/kg, the maximum eco-
nomic potential occurs when pyrolysis oil is fed
directly to the zeolite catalyst without any hy-
drogenation. Combining the hydrogenation steps
with a zeolite conversion step reduces the overall
hydrogen requirements as compared to using
hydrogen for a complete deoxygenation of py-
rolysis oil. A complete deoxygenation of pyrol-
ysis oil by hydrodeoxygenation, with a 100%
carbon yield to the corresponding hydrocarbons
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(that is, alkanes from C1 to C6 nonphenolic ox-
ygenates and aromatics from phenolic compounds),
requires 14 to 15 g of Hy/100 g of carbon in the
feed, if the catalyst coking problems are over-
come. In comparison, increasing the H/C, ratio
of pyrolysis oil from 0 to 1.4 requires 11.7 g of
H,/100 g of carbon in the feed, reducing the
hydrogen requirements as compared to complete
hydrodeoxygenation by 20%. Furthermore,
during the hydrotreating process, large amounts
of undesired methane are produced, which also
can substantially increase the hydrogen require-
ments. Hydrogen required in these processes
should preferably be obtained from renewable
sources, such as by the reforming of biomass-
derived feedstock (74, 40, 41). Alternatively,
hydrogen can be obtained from coal gasification
or from water splitting driven by carbon-free en-
ergy sources, such as solar, nuclear, and wind
energy, as suggested by Agrawal et al. (42). Zeolite
catalysts convert the biomass feedstocks into
aromatics and olefins, which can fit easily into
the existing infrastructure. Increasing the yield of
petrochemical products from biomass therefore
requires hydrogen. Thus, there exists an optimum
solution for the economical maximum yield of
petrochemical feedstocks products that is dictated
by the cost of hydrogen. It is expected that future
advances in the field of metal and zeolite cat-
alysts, combined with reaction engineering, will
allow us to design even more efficient and eco-
nomical processes to convert biomass resources
to renewable chemical industry feedstocks.
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The Core Structure

Sapphire (a-Al,05)

A. H. Heuer, *t C. L. Jia,?* K. P. D. Lagerlof*

of
Basal Dislocations in Deformed

The atomic structure of dislocation cores is decisive for the understanding of plasticity in
crystalline solids. The core structure of dislocations in sapphire introduced by high-temperature
plastic deformation has been investigated with the use of the negative spherical-aberration
imaging technique. The ability of this technique to discriminate oxygen columns from aluminum
(AD columns, combined with reproduction of subtle contrast features by image simulation, leads
to a markedly detailed atomic model of the dislocation cores. The partial dislocations are
Al-terminated, with electrical neutrality being achieved because half of the Al columns are
missing. These partials also undergo core spreading, which results in random occupancy of both
tetrahedrally and octahedrally coordinated sites, though Al in tetrahedral coordination never
occurs in a perfect crystal. Unusual dislocation core structures may be present in other

technologically important nonmetallic solids.

Ithough ceramics are notorious for their
brittle behavior under normal service
conditions, plastic deformation in such
materials can be realized at elevated tempera-
tures, under circumstances in which friction and
wear occur, and wherever cracking is suppressed
by confining pressures, such as under an inden-

tation. Under all of these conditions, the behavior
of dislocations, the principal “carrier” of plastic
deformation in crystalline materials, assumes par-
amount importance.
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Aluminum oxide (0-Al,O;) in both single-
crystal form (sapphire) and as dense polycrys-
tals finds utility in a wide range of important
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