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The amount of renewable hydrocarbons produced from biomass may be increased by pyrolyzing the biomass in a biomass
conversion unit in the presence of hydrogen sulfide or a sulfiding agent. The formation of deposits of unwanted carbonaceous
materials, such as coke, Is reduced by the presence of the hydrogen sulfide or sulfiding agent.
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ABSTRACT OF THE DISCLOSURE

The amount of renewable hydrocarbons produced from biomass may be increased
by pyrolyzing the biomass in a biomass conversion unit in the presence of hydrogen
sulfide or a sulfiding agent. The formation of deposits of unwanted carbonaceous

materials, such as coke, is reduced by the presence of the hydrogen sulfide or sulfiding

agent.
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APPLICATION FOR PATENT

INVENTORS: LORENZ J. BAUER;
MITCH LOESCHER

TITLE: METHOD OF THERMOLYZING BIOMASS IN PRESENCE
OF HYDROGEN SULFIDE

SPECIFICATION

Kield of the Disclosure

[0001]  The disclosure relates to a process for increasing the yield of liquid
hydrocarbons from biomass in a biomass conversion system by the addition of

hydrogen sulfide or a sulfiding agent to a biomass conversion unit.

Background of the Disclosure

[0002] " Renewable energy sources, such as biofuels, provide a substitute for fossil
fuels and a means of reducing dependence on petroleum oil. In light of its low cost
and wide availability, biomass is often used as a feedstock. Biofuels are typically
produced by subjecting the biomass to thermolysis such as, for example, by slow
pyrolysis, fast pyrolysis, liquefaction, catalytic thermolysis or enzymatic conversion.
The liquid product resulting {rom thermolysis of biomass separates into an aqueous
phase and an organic phase. The organic phase is commonly referred to as bio-oil.
Bio-oil is relatively soluble in water though a small amount of water may be retained.

Bio-oil can be converted to liquid hydrocarbon fuels. It 1s desirable to maximize the
yield of product boiling between from 80°F to 1,000°F. Material that boils below

80°F 1s considered a light gas. Material boiling above 1000°F is considered a solid.
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[0003] Bio-oil typically contains a high level of oxygenates. In order to be
converted into renewable hydrocarbons, it is necessary for the bio-oil to be stabilized
by removing the oxygen through hydrotreating. This process involves contacting the
bio-oil with hydrogen under pressure and at moderate temperatures, gencrally less
tﬁan 750°F, over fixed bed reactors. Hydrofreating the bio-oil makes it compatible
with petroleum derived refinery streams. In order to stabilize the bio-oil and reduce
the amount of hydrogen required in hydrotreating, it is desirable for the bio-oil to
have a low oxygen content.

[0004]  Production of bio-oil in the biomass conversion unit and hydrotreatment of
bio-oil typically renders heavy materials and solids which form unwanted
carbonaceous deposits, such as coke. These solids reduce the yield of bio-oil and are
largely removed from the product after the converted biomass exits the biomass
conversion unit. The remaining solids and high boiling material typically plug the
biomass conversion unit and catalytic hydrotreating bed and reduce on-stream time.
The run length between stop.pages in the biomass conversion unit and hydrotreater is
therefore often decreased due to the presence of such 'matenials and solids. Methods
for reducing the amount of coking in biomass conversion systems have therefore been

sought.

{0005] [t should be understood that the above-described discussion s provided for
1llustrative purposes only and is not intended to limit the scope or subject matter of
the appended claims or those of any related patent application or patent. Thus, none
of the appended claims or claims of any related application or patent should be limited
by the above discussion or construed to address, include or exclude each or any of the

above-cited features or disadvantages merely because of the mention thereof herein.
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[0006] Accordingly, there exists a need for improved compositions, systems,
apparatus and methods useful in connection with increasing the liquid yields and
reducing the deposition of materials which form unwanted carbonaceous deposits in a
biomass conversion system having one or more of the attributes or capabilities

described or shown in, or as may be apparent from, the other portions of this patent.

Summary of the Disclosure

[0007] . In an embodiment of the disclosure, a process for increasing the yield of
tiquid hydrocarbons and enhancing deoxygenation during conversion of biomass in a
biomass conversion unit is provided. The process involves grinding the biomass into
fluidizable particles and combining it with a hot heat transfer matenal or catalyst and
lift gas. In this process biomass and hydrogen sulfide or a sulfiding agent are added
to the biomass conversion unit in the lift gas prior to mixing with the heat transter
material or catalyst. The amount of hydrogen sulfide or sulfiding agent in the
biomass conversion unit during the process is typically less than or equal to 8,000
parts per million by volume (ppmv) in the lift gas (2.5 weight percent relative to the
biomass). The biomass and the hydrogen sulfide or sulfiding agent are then subjected
to thermolysis in the biomass conversion unit. Some of the sulfur is thereby
incorporated into the biomass. The amount of liquid hydrocarbons produced 1s greater
7than when the hydrogen sulfide or sulfiding agent is not added to the biomass

conversion unit.

[0008] In another embodiment, a process of enhancing the yield of bio-oil by the
conversion of solid biomass to hydrocarbons in a biomass conversion unit is provided.

In this process, solid biomass and either hydrogen sulfide or a sulfiding agent s

subjected to thermolysis in a biomass conversion unit. A fluid phase and a solid
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phase are separated from the converted biomass. The fluid phase is then separated
into a non-condensable gas phase, bio-oil and process water. The bio-o1l 1s then
subjected to hydrogenation in a hydrotreater to render renewable hydrocarbons with
an oxygen content of less than 2 weight percent. The yielci of o1l recovered from the
hydrotreater is greater than when the hydrogen sulfide or sulfiding agent is not present
during tt;eatment of the solid biomass in the biomass conversion unit.

[0009] In another embodiment of the disclosure, a process of enhancing the yield
of bio-oil from the conversion of solid biomass to hydrocarbons in a biomass
conversion unit is provided. In this process, biomass and less than about 4,000 ppm
hydrogen sulfide or a hydrogen sulfide generating agent are subjected to thermolysis
in a biomass conversion unit. Some sulfur is thereby incorporated into the biomass.
The temperature within the biomass conversion unit is between from about 250°C to
about 400°C. The amount of sulfur incorporated into the biomass prior to subjecting
the bio-oil to hydrotreatment is between from about 1,000 ppm to about 8,000 by
weight. The amount of carbonaceous material deposited onto the hydrotreater and/or
the amount of polymers formed from unsaturated olefins after conversion of the
biomass into bio-oil is less when the hydrogen sulfide or hydrogen sulfide generating
agent is added to the biomass conversion unit than when the hydrogen sulfide or
hydrogen sulfide generating agent is not added to the biomass conversion untt.
[00010] In another embodiment, a process for decreasing the requisite amount of
hydrogen necded to deoxygenate bio-oil during hydrotreatment of bio-oil 1s provided.
In this process, solid biomass and either hydrogen sulfide or a sulfiding agent are
subjected to thermolysis in a biomass conversion unit to form a solid phase and a fluid

phase. Bio-oil is separated from the fluid phase. The bio-oil is then subjected to

hydrogenation in a hydrotreater to render deoxygenated renewable hydrocarbons.
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The requisite amount of hydrogen needed to treat the oxygenated oil in the
hydrotreater is less when the hydrogen sulfide or sulfiding agent is present in the
biomass conversion unit than when the hydrogen sulfide or sulfiding agent 1s not
present in the biomass conversion unit,

[00011] Aécordingly, the present disclosure includes features and advantages
which ére believed to increase the yield of liquid hydrocarbons and ephancing
deoxygenation during conversion of biomass in a biomass conversion unit.
Characteristics and advantages of the present disclosure described above and
additional features and benefits will be readily apparent to those skilled in the art upon
consideration of the following detailed description of various embodiments and

referring to the accompanying drawings.

Brief Description of the Drawings

[00012] The following figures are part of the present specification, included to
demonstrate certain aspects of various embodiments of this disclosure and referenced
in the detailed description herein:

[00013] FIG. 1 is a schematic representation of a process defined herein wherein
biomass is subjected to thermolysis in the presence of hydrogen sulfide or a sulfiding
agent.

[00014] FIG. 2 1s a schematic representation of a process defined herein wherein
biomass is subjected to thermolysis in the presence of hydrogen sulfide from purge
gas from the hydrotreater.

[00015] FIG. 3 illustrates thé effect of temperature on the increase in yield of

renewable hydrocarbons produced by a process defined herein.

LA
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[00016] FIG. 4 illustrates the amount of light oxygenates produced by thermolysts
of btomass in the presence of hydrogen sulfide or sulfiding agent.
[00017] FIG. 5 illustrates the amount of LPG compounds produced in a biomass

conversion unit in the presence of hydrogen sulfide or sulfiding agent.

Detailed Descrigt_ion of the Preferred Embodiments

[00018] Characteristics and advantages of the present disclosure and additional
features and benefits will be readily apparent to those skilled in the art upon
consideration of the following detatled description of exemplary embodiments of the
present disclosure and referring to the accompanying figures. It should be understood
that the descnption herein and appended drawings, being of example embodiments,
are not i'ntended to limit the claims of this patent or any patent or patent application
" claiming priority hereto. On the contrary, the intention is to cover all modifications,
equivalents and alternatives falling within the spirit and scope of the claims. Many
changes may be made to the particular embodiments and details disclosed herein
without departing from such spint and scope.
[00019] Certain terms are used herein and in the appended claims to refer to

particular components. As one skilled in the art will appreciate, different persons may
refer to a component by different names. This document does not intend to
distinguish between components that differ in name but not function. Also, the terms
"including” and "comprnsing" arc used herein and in the appended claims 1n an open-
ended fashion, and thus should be interpreted to mean "including, but not limited to . .

.." Further, reference herein and in the appended claims to components and aspects

in a singular tense does not necessarily limit the present disclosure or appended
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claims to only one such component or aspect, but should be interpreted generally to
mean one or more, as may be suitable and desirable in each particular instance.
[00020] Preferred embodiments of the present disclosure thus offer advantages
over the prior art and are well adapted to carry out one or more of the objccts of this
disclosure. However, the present disclosure does not require each of the components
and acts described above and are in no way limited to the above-described
embodiments or methods of operation. Any one or more of the above components,
features and processes may be employed in any suitable configuration without
inclusion of other such components, features and processes. Moreover, the present -
disclosure includes additional features, capabilities, functions, methods, uses and
applications that have not been specifically addressed herein but are, or will become,
apparent from the description herein, the appended drawings and claims.

[00021] Thermolysis of biomass in the presence of hydrogen sulfide and/or a
sulfiding agent reduces the formation of deposits of unwanted carbonaceous materials
(such as coke and light gas) in a biomass conversion unit as well as in separation units
and hydrotreaters used in the production of renewable fuels.

[00022] In addition, the yield of renewable bio-oii (RBO) produced by a process
wherein thermolysis 1s conducted in the presence of hvdrogen sulfide and/or a
sulfiding agent is increased. For instance, thermolysis of biomass in the presence of
hydrogen sulfide and/or a sulﬁ;:ling agent may increase the yield of produced RBQO as
much as 10% and 1n sOme cases as high as 30%.

[00023]  Further, thermolysis of biomass in the presence of hydrogen sulfide and/or
a sulfiding agent enhances deoxygenation of bio-oil in a hydrotreater. For instance,

the amount of hydrogen required to hydrogenate the bio-oil 1s reduced when the
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oxygenated bio-oil is produced from the thermolysis of biomass in the presence of
hydrogen sulfide and/or a sulfiding agent.

[00024] In the process disclosed hereiﬁ, hydrogen sulfide and/or a sulfiding agent
15 added to a biomass conversion unit along with the biomass. Typically, biomass has
low le.vels of sulfur, typically less than 200 ppm. When hydrogen sulfide or sulfiding
agent 1s added to the biomass conversion unit, the formation of unwanted
carbonaceous deposits or recombination products within the biomass conversion unit
1s reduced. Recombination products (such as pyrolytic lignin, tar, heavy
hydrocarbons, etc.) typically contribute to the thermal instability of RBO. The
storage and transport of RBO i1s thus adversely affected by the presence of
recombination producls.

[00025] Typically, the amount of hydrogen sulfide or sulfiding agent added to the
biomass conversion unit 1s less than about 10,000 parts per million by volume (ppmv)
relative to the lift gas, more typically less than about 4,000 ppmv (based on the total
volume of gas in the biomass conversion unit). Typically, the optimum amount of
sulfur added 1s about 2.6 weight percent of the biomass.

[00026]  Sulfur 1s incorporated into the biomass during thermolysis.  Sulfur
incorporated into the biomass (s removed in subsequent processing steps, such as
those discussed below.

[00027] The sulfiding agent is preferably hydrogen sulfide, an organic sulfide
(such as methyl sulfide), an organic disulfide (such as dimethyl disulfide or butyl
disulfide), an organic polysulfide (such as polybutyl sulfide), a thiophene or a mixture
thereof. - The sulfiding agent may generate hydrogen sulfide in a homogeneous

gaseous phase in the biomass conversion unit. The sulfiding agent may also be

celemental sulfur.

CA 2973818 2017-07-12



WO 2016/100395 | PCT/US2015/065900

[00028] Further, the amount of unwanted carbonaceous deposits or recombination
products in the biomass conversion unit after thermolysis is less when the thermolysis
is conducted in the presence of the added hydrogen sulfide or sulfiding agent than
when hydrogen sulfide or sulfiding agent is not added to the biomass conversion unit.
Thermol‘y sis of biomass in the bresence of hydrogen sulfide and/or the sulfiding agent
in the biomass conversion unit decreases and/or inhibits polyvmerization of monomeric
units, such as olefins. Such polymers are known to plug hydrotreaters and de-
stabilize RBO. The formation of polymers in the hydrotreater (as well as in the
biomass conversion unit) is also inhibited or curtailed by conducting thermolysis of
the biomass in the presence of hydrogen sulfide or a sulfiding agent.

[00029]. Exemplary reactors for the biomass conversion unit for use in the process
disclosed herein are risers, fluidized bed reactors, cyclone reactors, ablative reactors,

trickle bed configuration reactors as well as auger reactors. In a preferred
embodiment, the biomass conversion unit is a fluidized bed reactor, a riser reactor or a
flutdized catalytic cracking reactor having a niser.

[00030] Typically, the temperature in the biomass conversion unit 1s between from
about 750°F to about 1050°F. In some instances, the addition of hydrogen sulfide or
sulfiding agent to the biomass conversion unit enables thermolysis to be conducted at
a temperature about 15°F higher without decreasing the liquid yield.

[00031] The biomass feedstock may be in the form of of finely divided particles.
The biomass may also be a liquid. In an embodiment, the biomass particles can be
fibrous biomass materials comprising cellulose. Examples of suitable cellulose-
containing materials include algae, paper waste, and/or cotton linters. In one

embodiment, the biomass particles can comprise a lignocellulosic matenial. Examples

of suitable lignocellulosic materials include forestry waste such as wood chtps, saw
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dust, pulping waste, and tree branches; agricultural waste such as corn stover, wheat
straw, and bagasse; and/or energy crops such as eucalyptus, switch grass, and coppice.
[00032] The biomass feedstock may be provided to the biomass conversion unit via
a biomass feed system. The feed system may be capable of feeding solid particulate
biomass into the biomass conversion unit and performing any required pre-treatment
(e.g. drying, roasting, torrefaction, demineralization, steam exploston, mechanical
action, or a combination thereof) that facilitates subsequent conversion reactions.
Exemplary mechanical action may include kneading, niilling, crushing, extruding,
chopping, or a combination thereof. Fluidizable particles may be produced from the
heat treatment.

[00033] Any suitable heat exchange material (such as sand) or biomass conversion
catalyst (BCC) may be used in the biomass conversion unit. When a BCC used it
may be (1) a solid acid, such as a zeolite, super acid, clay, etc., (11) a solid base, such
as metal oxides, metal hydroxides, metal carbonates, basic clays, etc., (1i1) a metal or a
compound containing a metal functionality, such as Fe, Cu, N1, and may include
transitioh metal sulfides, transition metal carbides, etc., or (iv) an amphotenc oxide,
such as a]'umina, silica, titania, etc. or a mixture of any of (i), (i), (1) or (1v).
Preferably, the catalyst in biomass conversion unit 12 is a solid acid or base catalyst
or a mixture thereof’

[00034] In a preferred embodiment, the BCC is a zeolite and may include those of
the ZSM-type, including ZSM-5 (as disclosed in U.S. Pat. No. 4,490,566) and zcolite
beta (disclosed in U.S. Pat. No. 4,490,563).

[00035] The effluent stream from the biomass conversion unit includes solids and

fluid (e.g. gas and vapors). The solids may include a reduced amount, if any, of char

or coke as well as spent and/or used BCC. The bio-oil produced from thermolysis

10
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conducted in the presence of hydrogen sulfide and/or sulfiding agent produces a more
homogeneous flutd phase.

[00036] The solids and fluid stream from the effluent stream may then be
separated. The fluid stream is substantially solids-free. The fluid stream 1s typically
introduced into a fluids separator which separates out non-condensable gas (NCQG),
process water and an organic-enriched phase or bio-01l. (As used herein, the term
“bio-01l” may refer to a complex mixture of several hundred organic compounds, such
as lignin fragments, aldehydes, carboxylic actds, carbohydrates, phenols, furfurals,
alcohols, and ketones.) Typically, the amount of bio-oil separated trom the fluid
phase 1s increased (enhanced) by the treatment of the biomass in the presence of the
hydrogen sulfide or sulfiding agent in the biomass conversion unit.

[00037] Typically, the amount of hydrogen sulfide in the separated fluid phase is
between from about 1,000 ppm to about 8,000 ppm by weight. Typically, about one
third of the sulfur introduced into the biomass conversion is incorporated into the
separated bio-oil.

[00038] The resulting bio-oil is then introduced into a hydrotreater to render
renewab.le bio-oil (RBO). In the hydrotreater, the bio-oi1l containing strcam 1s
subjected to deoxygenation and desulfurization by the introduction of hydrogen.
Hydrocarbons, water, and other by-products, such as hydrogen sulfide, are formed by
hydrogenation of the bio-oil in the hydrotreater. Tybically, the amount of oxygen
remaining in the RBO 1s less than 2 weight percent and the amount of sulfur s less
than 100 ppm, and preferably less than 10 ppm.

[00039] Hydrogenation is typically conducted in the presence of a catalyst. Where

the hydrotreating catalyst contains sulfur (such as a metal sulfide), hydrogen

introduced into the hydrotreater consumes a portion of the sulfur in the sulfur based

11
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~catalyst. Typically therefore an external source of hydrogen sulfide and/or sulfiding
agent is added to the hydrotreater in order to maintain the activity of catalyst.
Typically, where a sulfur containing hydrogenation catalyst is used in the
hydrotreater, the amount of sulfur typically needed in order to retain catalytic activity
1s between from about 100 to about 5,000 weight percent (based on the weight of the
oxygenated bio-oil in the hydrotreater). In a preferred embodiment, the amount of
sulfur added to the hydrotreater s about 0.2 weight percent based on the weight of the
oxygenated bio-o1l feed.
[00040] Since thermolysis 1s conducted in the presence of hydrogen sulfide or a
sulfiding agent, it may be unneéessary to add an external feed of hydrogen sulfide
and/or sulfiding agent into hydrotreater. If an external feed of hydrogen sulfide or
sulfiding agent is needed, the amount required to be added to the hydrotreater is less
than the amount which would be required had thermolysis not been conducted in the
presence of the added hydrogen suifide and/or sulfiding agent.
[00041] Sulfur from the hydrogen sulfide and/or sulfiding agent added to the
biomass conversion unit for thermolysis i1s removed in the hydrotreater. The RBO
typically meets current sulfur specifications for transportation fuels.
[00042] Hydrogen sulfide may further be regenerated during hydrogenation of the
oxygenated bio-oil and may be recycled. For instance, hydrogen sulfide may be
recycled as a purge gas stream into the biomass conversion unit or into the front end
of the process. The amount of external hydrogen sulfide and/or sulfiding agent added

to the biomass conversion unit may be reduced or eliminated by use of a purge gas
stream.,

[00043] Since thermalysis is conducted in the presence of hydrogen sulfide and/or

sulfiding agent, the requisite amount of hydrogen needed to deoxygenate the bio-oil

12
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during hydrotreatment is reduced. This may also be attributable to the less oxygen
being present in the bio-oil fed to the hydrotreater than in those instances where
thermolysis was not conducted in the presence of hydrogen sulfide and/or sulfiding
agent. Hydrogen sulfide can function as an oxygen acceptor in place of the hydrogen.
[00044] Referring to FIG. 1, in accordance with an embodiment of the present
disclosure, biomass feedstream 10 is added to biomass conversion unit 12. Biomass
conversion unit 12 may be a pyrolysis reactor or a catalytic thermolysis unit.

[00045] A stream of hydrogen sulfide or a sulfiding agent 14 may be added to
biomass conversion unit 12. The sulfiding agent may generate hydrogen sulfide in a
homogeneous gaseous phase in biomass conversion unit 12. In a preferred
embodiment, biomass conversion unit 12 is a fluidized bed with a sulfide catalyst and
further wherein hydrogen sulfide is generated in the biomass conversion unit from
hydrogen and sulfur which, when passed over the fluidized bed, generates hy(irogen
sulfide.

[00046] The biomass feedstream may be fed from one or more external sources
into biomass conversion unit 12. A biomass conversion catalyst (BCC) may be fed to
biomass conversion unit 12, and mixed with the biomass feedstock. The bulk of the
BCC catalyst is recycled solids from the reactor which has been thermal regenerated.
The BCC may act as a heat source enabling the cracking of the biomass feedstock into
smaller molecules. An additional supply of BCC may be mixed with the biomass
feedstock in the biomass feed system and/or introduced directly into the biomass

conversion unit 12 (e.g. the riser).
[00047]‘ Referring still to the embodiment of FIG. 1, conversion eftfluent stream 16

which includes solids and fluid (e g. gas and vapors) exits biomass conversion unit 12

and is introduced into solids separator 18. In solids separator 18, conversion effluent

13
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stream 16 1s separated into solids at 20 and fluids in the conversion effluent. The
solids may include char, coke and spent and/or used BCC. This solid can be calcined
to remove the carbonaceous material and recycled to the reactor.

[00048] Fluid strcam 22 exiting solids separator 18 is substantially solids-free and
includes bio-oil. This fluid stream is introduced into fluids separator 24 where an
organic-enriched phase 30 containing bio-oil is separated from non-condensable gas
(NCGQG) 26 and process water 28.

[00049] The bio-o1l containing oxygenates 1s then subjected to hydrotreatment. As
tHlustrated in FIG. 1, organic-enriched phase 30 may be fed into hydrotreater 32 and
subjected to deoxygenation with hydrogen present in the hydrotreater. Hydrocarbons,
water, and other by-products, such as hydrogen sulflide, are formed in the
hydrotreatment operation.

[00050] The resulting hydrotreated bio-oil stream may then be introduced into a
fractionator and separated into naphtha fraction 34, bio-distillate fraction 36 and bio-gas
o1l fraction 38.

[0005]]. FIG. 2 (and FIG. 1) show hydrogen stream 33 being introduced into
hydrotreater 32, Excess hydrogen 1s typically added during hydrogenation to quench the
exothermic reaction. Most of this hydrogen is recycled along with the hydrogen sulfide.
[00052] Where the hydrotreating catalyst contains sulfur (such as a metal sulfide),
hydrogen introduced into the hydrotreatment consumes a portion of the sulfur in the
sulfur based catalyst. Typically therefore an external source of hydrogen sulfide
and/or sulfiding agent is added to a hydrotreater in order to maintain the activity of
calalyst. FIG. 2 shows hydrogen sullide and/or a sulfiding agent being directly
introduced 1nto hydrotreater 32 through feedstream 42.

[00053] Referning to FIG. 2, gas from hydrotreater 32 may flow (instead of into a

recycled reactor) into purge reactor 40. Hydrogen sulfide may then be separated and

14
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introduced into biomass conversion unit 12 as purge gas stream 42. Hydrogen in the
purge gas may also be recycled to lift gas in the biomass conversion unit. The amount
of external hydrogen sulfide and/or sulfiding agent added to biomass conversion unit
12 may be reduced or eliminated by usé of purge gas stream 42.

[00054]  All percentages set forth in the Examples are given in terms of weight

units except as may otherwise be indicated.

EXAMPLES

[00055] A lignocellulosic biomass was subjected to thermolysis in the presence of
a zeolitic and clay containing catalyst in a fluidized bed thermocatalytic biomass
conversion unit wherein the lignocellulosic matenial was converted into a bio-oil
containing feedstream. Nitrogen was used as a lift gas. Hydrogen sulfide was injected
into hift gas wherem (in different runs), the amount of hydrogen sulfide injected was 1750
ppmy, 3-500 ppmyv and 7000 ppmv relative to the nitrogen. The hydrogen sulfide
comprised 0.6, 1.2 and 2.4 weight percent relative to the biomass feed. In addition, a
control run using no hydrogen sulfide was conducted. For the stated injection amounts of
hydrogen sulfide and the control, thermolysts was conducted at three riser outlet
temperatures— 800°F, 913°F and 1000°F. — for one hour followed by a 2 hour run at
913°F in order to allow for hydrogen sulfide equilibration. Solids and bio-o1l were

separated from the converted biomass. For the control and each injection test, the sulfur

balance in the bio-0il was determined as set forth in Table I below:

~_Tablel
Amt of Injected Sulfur Balance,
Hydrogen Sulfide, Wt %
pm _ | _

Control 93.0
1750 55.2
3500 | 56.7
7000 80.0

1S
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(00056] The weight percent of oxygen in the bio-oil was determined and the results
are graphically set forth in FIG. 3. The lowest yield of bio-oil produced corresponds
to the higher oxygen levels in the bio-oil. FIG. 3 illustrates that the yield of bio-oil
correlates to the temperature in the biomass conversion unit during thermolysis.
Thermolysis at more elevated temperatures is desirable because less oxygenates are
produced at higher temperatures. The addition of hydrogen sulfide or a sulfiding
agent to the biomass conversion unit allows thermolysis to be conducted under more
severe conditions, longer contact times and higher temperatures.

[00057] Increased yield s also seen to be attributed to increasing hydrogen sulfide
in the biomass conversion unit during thermolysis. This is particularly true at 1000°F
with 7000 ppmv hydrogen sulfide where the yield of liquid increased 36.5 gallons per
ton of biomass to 47.5 gallon per ton. The increase yields at lower temperature were
lower but still significant.

[00058] The weight percent bone dry ash free biomass (bdbm) in light gases
(pnncipally propane and butane) was determined for each of the runs and the results
are set forth in FIG. 4. FIG. 4 demonstrates that the weight percent of li'ght gases
increases with the control but remains relatively unchanged or lower when

thermolysis is conducted in the presence of hydrogen sulfide. Light gases are

typically difficult to remove from bio-oil. The yield of refined bio-oil is enhanced by
conducting thermolysis in the presence of hydrogen sulfide or a sulfiding agent since
the production of light gases has been decreased.

[00059] The amount of low molecular weight oxygenates 4 or less carbon atoms in

the LPG was measured and the results are set forth in FIG. 5. The presence of low

molecular weight oxygenates produces bio-oil of low quality. FIG. 5 demonstrates

that the amount of low molecular weight oxygenates increases with increasing riser

16
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outlet temperatures in the control but decreases with increasing riser outlet
temperatures when thermolysis is conducted in the presence of hydrogen sulfide. In
addition, FIG. 5 illustrates that the amount of low molecular weight oxygenates
decreascs with increasing amounts of hydrogen sulfide injected into the biomass
conversion unit. The decrease in LPG is also demonstrated through the reduction in
low molecular weight oxygenates with increasing levels of hydrogen sulfide.

[00060] The methods that may be described above or claimed herein and any other
methods which may fall within the scope of the appended claims can be performed in
any desired suitable order and are not necessarily limited to any sequence described
herein or as may be listed in the appended claims. Further, the methods of the present
disclosure do nét necessarily require use of the particular embodiments shown and
described herein, but are equally applicable with any other suitable structure, form
and configuration of components.

[00061] While exemplary embodiments of the disclosure have been shown and
described, many vanations, modifications and/or changes of the system, apparatus
and methods of the present disclosure, such as in the components, details of
construction and operation, arrangement of parts and/or methods of use, are possible,
contemplated by the patent applicant(s), within the scope of the appended claims, and
may be made and used by one of ordinary skill in the art without departing frorﬁ the
spirit or teachings of the disclosure and scope of appended claims. Thus, all matter

herein set forth or shown in the accompanying drawings should be interpreted as

illustrative, and the scope of the disclosure and the appended claims should not be

limited to the embodiments described and shown herein.

17
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