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TWO-STAGE DILUTE ACID PREHYDROLYSIS OF
BIOMASS

CONTRACTUAL ORIGIN OF THE INVENTION

The Unitrd States Government has rights in this
invention under Contract No. DE-AC02-83CH10093
vetween the U.S. Department of Energy and the Solar
“nergy Research Institute, a Division of Midwest Re-
search Institute.

BACKGROUND OF THE INVENTION

1. FIELD OF THE INVENTION

The invention relates to a two stage dilute acid prehy-
drolysis of biomass for solubilization of hemiceliulosic
sugars and a pretreatment for enzymatic hydrolysis of
cellulose. In particular, the invention pertains to a two-
stage dilute acid prehydrolysis treatment of a feedstock
of hemicellulosic material comprising xylan that is slow
hydrolyzable and xylan that is fast hydrolyzable under
low temperature conditions to hydrolyze said fast hy-
drolyvzable xylan to xylose; removing said xylose and
leaving a feedstock residue containing said slow hydro-
lyzable xylan: treating said residue containing said slow

hydrolyzable xylan with a dilute organic or morganic <

acid under temperatre conditions higher than saic Jow
temperature conditions ‘o0 hydrolyze said slow hydro-
lyzable xyvlan to xylose, and removing said xylose.

2. DESCRIPTION OF THE PRIOR ART

U.S. Pat. No. 4,072,538 to Fahn et al. is directed to a
process for the two-stage decomposition of hemicellu-
lose 1o xylan containing naturaj products for the pur-
posc of obtaining xylose. wherein the starting material is
a basic medium and the residue is treated with an acid
treatmen?, and the {wo stages are carried in the same
reaction vescel.

U.S Pat. No. 4,105,647 to Buckl et al. employs a
method for the two-stage digestion of natural products
containing xylan in order to obtain xylose, wherein a
vegetable marterial is treated with a basic substance and
the residue is treated with an acid. The process uses two
stages and is done at temperatures of from 50 te ~bout
60 degrees celsius.

In U.S. Pat. No. 3,990,904 to Friese et al., xylose is
prepared frum oat husks by hydrolyzing oat husks with
solutions of alkali metal hydroxide to remove acetic
acid and then hydrolyzing the oat husks with a minerai
acid to provide a solid residue containing lignin and
xylose.

U.S. Pat. No. 3,954,497 to Friese is directed to a
process for the hydrolysis of deciduous wood, wherein
the hyvdrolysis is carried out in a first stage with an alkali
metal hydroxide solution and in a second stage with a
mineral acii. The resulting product is D-zylose.

The factor in common in all four of the foregoing
patents is the use of two-stage treatments of biomass for
the production of xylose; however, the first treatment is
with an alkaline solution and the second treatment step
is an acid hydrolysis step.

U.S. Pat. No. 4,168,988 to Riehm et al. pertains to a
process for the winning of xylose, by hydrolysis of
residues of the annuals. Xylose is procduced from annu-
als by extracting substances from the annuals with an
acid solution, then pressing, moistening with an acid
solution, hydrolyzing by increasing the temperature,
terminating the hydrolysis by dropping the tempera-
ture, extracting with water and purifying. However,
while this ts a two-stage process in which biomass is first

20

30

35

45

50

55

60

65

washed with dilute acid and then hydroiyzed with di-
lute acid, the washing step is for purposes of removing
cations. water soluble sugars and other extractives. and
hvdrolyzes only arabinose and other easy to hydrolyze
hinkages. The xylan bonds are not hydrolyzed during
the first step, because this step is for the purpose of
rernoving impurities from the xylose solution produced
during the second, single-stage step.

U.S. Pat. No. 4,029,515 to Kiminki et al. is directed to
a two-stage acid hydrolysis process, wherein xylose
produced in the first stage is simultaneously converted
to furfural.

In biomass materials, cellulose and hemicellulose arz
the two mos: abundant and renewab.e raw organic
compounds, and tcgether ihey compose about 70 per-
cent of the entire world's plant biomass on a dry weight
basis. These raw materials ars widely available in waste
from agricultural, forest, vegetable, and food process
sources and the efficient recycling of these wastes to
useful products, such as ethanol, would heip reduce
disposal problems as well as provide an abundant and
cheap source of fuel.

Unlike cellulose, hemicellulose is readily and easily
converted tc its various hydrolysate by-products by
mild acid hydrolysis or enzymatic hydrolysis treatment
and the resultant byproducts include various pentoses
(xylose and arabinose being the main derivatives), hex-
oses (mannose and galactose), and sugar acids. By far,
D-xylose is the major hemicellulose hydrolysate and
constitutes approximately 60 percent of the total hydro-
lysates produced therefrom.

However, under conventional processes, the xylose
being formed by hydrolysis of xylan is also being con-
tinuously converted to furfural and other undesirable
by-products of sugar decomposition, which are toxic to
yeast and not convertible to ethanol. Thus, the yield of
xylose achievable is limited, which in turn would de-
crease the ethanol yield upon fermentation.

SUMMARY OF THE INVENTION

It is an object of the invention to surmount the limit-
ing mechanisms of conventional processes of producing
xylose and provide a high degree of hydrolysis of xylan,
to over 90%.

A further object of the invention is to provide a two-
stage dilute acid prehydrolysis of biomass for solubiliza-
tion of hemicellulosic sugars and a pretreatment for
enzymatic hydrolysis of cellulose.

A yet further object of the invention is to provide a
two-stage dilute acid prehydrolysis of a feedstock of
hemicellulosic material comprising xylan that is siow
hydrolyzable and xylan that is {ust hydrolyzable under
low temperature conditions to hydrolyze said fast hy-
drolyzable xylan to xylose; remove said xylose and
leave a feedstock residue containing said slow hydro-
lyzable xylan; treat said residue containing said slow
hydrolyzable xylan with a dilute inorganic or organic
acid o mixture thereof under temperature conditions

- higher t.an said Jow temperature conditions to hydro-

lyze said slow hydroiyzable xylan to xylose; and re-
move said xylose.

The two-stage dilute acid prehydrolysis process may
be a parallel process where the sutstrate is contacted
with fresh acid in both stages or a quasi counter current
process where only the second stage substrate is con-
tacted with a fresh acid and the first stage substrate is
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hydrolvzed by an acid and sugar strzam from the sec-
ond stage.

ERIEF DESCRIPTION OF THE DRAWING

FIG. 1 is a flow diagram depicting the process of
introducing xylan containing biomass into a two-stage
dilute aci@d prehydrolysis reactor system of the inven-
ton.

DETAILED DESCRIPTION OF THE
INVENTION

It is a discovery of the invention that the hydrolysis
of hemicellulose in cellulosic materials such as hard
woods, straw, and other plant material is biphasic, i.c.,
that in the case of hardwoods, about 70% of the hemi-
cellulose can be hydrolyzed much faster (fast hydrolyz-
able xylan) than the remaining 30% (slow hydrclyzable
xylan).

In general, this is accomplished by taking biomass
material such as aspen wood meal comprising xylan,
adding water thereto and subjecting the material to a
temperature between the ranges of about 90° C. to
about 180° C., adding a dilute mineral or organic acid or
mixtures of these acids, separating the contents into
liquid and solid fractions, and analyzing the combined
filtrate for xylose,

The pretreatad solid is ‘hien added to a second
rezctor along with water and subjected to a tempera-
ture range of between about 160* to about 220° C., ard
a dilute mineral or organic acid is added or mixed with
water previously used. The pretreated sclid is kept in
the second reactor for a period of about cne-half of the
time (4 minutes) that the wood meal is kept in the first
reactor, and the sciid and liquor are separated by
filtration, and th. combincd liquor and the solid are
analvzed for free xylose and xylan contents.

The invention can best be understood by referring to
the flow diagram of F1G. 1 together with the example.

In the flow diagram. T represents the temperature
and Ty<Ta R represents the residence time and
RiZR:.

EXAMPLE

252 grams of aspen wood meal (groun’ to pass
through a 2 mm screen) were added to a liter Parr
stirred impeller type reactor made of acid-resistant
stainless steel. 203.8 m} of water containing 0.6989 g of
free xylose (or 0.644 g equivalent xylan corrected for
hydration) was then added. The calculated free xylose
was obtained from optimization studies using computer
modeling of the reactor flow diagram. The reactor was
then sealed and heated by stirring at 80 rpm to 145" C.
by resistance heating. Oncc the reactor reached 145° C,,
11.25 ml of §.0% sulfuric acid (v/v) were added to the
reactor under nitrogen pressure followed by a 10.0 ml
water wash. The reaction proceeded 8.0 minutes and
was quenched by submerging the reactor in an ice bath.
The contents were then separated into liquid and solid
fractions by filtration. The solid was washed exten-
sively with water to a pH of 4.5. The combined filtrate
was analyzed for xylose.

57.70 g of the pretreated solid (which was 23.0%
solids and 77.0% water) was then added to the Parr
reactor along with 123.0 ml water. The reactor was
then sealed and heated to 180° C. with constant stirring
(80 rpm). Once the reactor reached 180%, 9.34 ml of 9%
sulfuric acid (v/v) were added by nitrogen over pres-
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sure followed by 10.0 ml wash water. After the reaction
proceeded for 4.0 minutes the reaction was quenched
bv submerging it in an ice bath. The solid and liquor was
once again washed repeatedly with watertoa pH of 4.5.
The combined liquor and the solid were analyzed for
free xylose and xylan content.

The chemical analysis for xylase and xylan content
for the 145° C. pretreatment was as follows: The solid
contained 20.6% of the starting xvlan content of the
aspen meal. All but 3.6% of the hydrolyzed xylose from
the aspen meal was recovered in the liquor.

The chemical analysis for xylose and xylan content
for the 180° C. pretreatment was as follows: The solid
contained 3.9% of the original xylan content of aspen
meal. After taking into accoumt the free xylose mea-
sured in the liquor and the xylan content of the pre-
treated solid, all but 8.6% of the avaiizble xylose was
recovered.

Therefore, by using this two-stage hydrolysis scheme
for xylan removal from aspen wood meal, the liquor
from reactor 1 contains 90.75% of the available xylose;
the solid residue from reactor 2 contains 3.9% of the
original xylan; and 5.35% of the xylan is lost to degrada-
tion reactions. The xylose remaining in solid residne can
be recovered by enzymatic hydrolysis of both xylan and
cellulose. _

It is apparent ivom the example that the two stage
hydrolysis of hemicellulose from biomass takes advan-
tage of the acid catalyzed release of at least two classes
of hemicellulosic sugars. The two reactors can be opti-
mized for release of hemicellulosic sugars as to the acid
concentration, temperature and feed chemical composi-
tion, and the reactors can be run either quasi counter
current or in parallel.

A variety of well known yeasts can be used to fer-
ment the xylose obtained in the process of the invention
to ethanol; or, the invention process can be used in
tandem with a simultaneous saccharification fermeantz-
tion (SSF) system, as is shown in FIG. 1.

The dilute ecid catalyzed hydrolysis of hemicellu-
“osic sugars from various forms of biomass can be mod-
<led kinetically using the following model:

N

3
X —=—» furfural and other decomposition products

A4

where H, and Hy are the “fast™ and “slow’ removable
fractions of hemicellulosic sugars and X is monomeric
and soluble polymeric hemicellulosic sugars. The varnia-
tion of individual components based upon the above
mode! can be described by the following set of differen-
tial equations:

H/

dH, m

5= ~ky M,
dHg ()
S
L e K Hew kg~ X &Y
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where ky=kAA)N exp(—~E(/RT) once ky, k> and ka
have been experimentaily determined for a particular
reedstock along with the respective energies of activa-
tion (E;), pre-exponential (kg), and acid concentration
exponents (N)), the three differential equations can be
solved sirrultaneously to yield the following results.

a) In the countercurrent reactor scheme, iterative
calculations will optimize acid concentration, tempera-
ture. and feed concentration of free hemicellulosic sug-
ars from the upstream reactor and will yield a “low
temperature” isothermal reactor producing a substrate
nearly completely void of the “fast™ xylan fraction. The
resulting substrate will be treated in the “high tempera-
ture” isothermal reactor using the predetermined acid
concentration from the low temperature reactor to
yield a substrate containing a very small amount of
xylan which would not interfere with xylan or cellulose
saccharification by cellulase enzyme systems. The acid
solution from the high temperature reactor will be used
to treat wood substrate in the low temperature reactor,
and

b) In a parallel reactor configuration, two reactors
will be run independently from one ancther with a
separation step in between reactors washing out free
hemicellulosic sugars. The first “low temperature’ re-
actor will be optimized to hydrolyze most of the “fast”
xylon while minimizing destruction of any free sugars,
the “high” temperature reactor will be optimized to
hvdrolyze most of the remaining hemicellulosic sugars
while minimizing destructior of free sugars produced,
and the two reactors can be run with different acid
concentrations and different residence times.

The acid used in the process for acidification may be
a mincral 20id seiccte2 froin hydrochloric acid, phos-
phoric ac’d, sulfuric acid, or sulfurous acid: however,
sulfuric acid is preferred. Suitable organic acids may be
carbonic acid, tartaric acid, citric acid, glucurenic acid,
acetic acid, formic acid, or similar mono- or polycar-
boxvlic acids.

In using typical biomass materials available in waste
from agricultural, forest, vegetable or foc process
sources, such as feedstock of hemicellulosic maierials, it
has been found that xylan that is fast hydrolyzable (from
about 7 to about 9 minutes® will proceed at predeter-
mined low temperature conations of from about 90" C.
to about 180° C. depending on acid concentration and
reaciion time. Preferably, however, the predetermined
low temperature will be about 120-155° C. The prede-
termined high temperature conditions will range from
about 160° C. to about 220° C., and preferably, at 160°to
190° C. for the xylan that is slow hydrclyzable (from
a2bout 3 to about 5 minutes or different times depending
on temperature or acid concentration).

Orptimization of the hydrolysis of the xylan compo-
nent 1o over 90% proceeds essentially by taking a slurry
of hemicellulose and treating it in a {irst reactor under
the above described predetermined low temperature
conditions for a long residence time whereby the fast
hydrolyzable xylan is hydrolyzed to xylose, which is
removed for further biochemical conversion to ethanol.
The residue feedsiock coutaining the slow hydrolyzable
xylan is then treated with dilute organic or inorganic
acids under the above described predetermined high
temperature conditions for a shorter or equal residence
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time to optimize hydrolysis of this latter xylan compo-
nent, which is then enzymatically converted to ethanol.
As a result of the invention process, large amounts of
ethanol can be economically provided as fuel from .an
almost unlimited supply of source material.
Further, in the context of the invention, two general
options may be utilized to separate xylose containing
liquids from solids. The liquids can be separated outside
of the reactor by centrifugation or filtration, or the
solids can be washed irside of the reactor by percolai-
ing acid.
The invention process may be conducted.in batch,
semicontinuous or continuous modes.
The foregoing is considered as illusrative only of the
principles of the invention. Further, since numerous
modifications and changes will readily occur to those
skilled in the art, it is not desired to limit the invention
to the exact construction and operation shown, and
accordingly all suitable modifications and equivalents
may be resorted to within the scope of the invention as
defined by the claims that follow.
We claim:
1. A two-stage dilute acid prehydrolysis process on
xylan containing hemicellulose in biomass, comprising:
treating a feedstock of hemicellulosic material com-
prising xylan that is slow hydrolyzable and xylan
that is fast hydrolyzable under predetermined low
temperature conditions with a dilute acid for a
residence time sufficient to hydrolyze said fast
hydrolyzable xylan at temperatures between about
@0 to about 180° C. to xvlose;

removing said xylose from said fast hydrolzable xylan
and leaving a residue having slow hydrolyzable
xvlan;

treating said residue having slow hydrolyzable xylan

with a dilute acid under predetermined higher tem-
perature conditions for a residence time sufficient
to hydrolyze said slow hydrolyzable xylan at tem-
peratures between about 160°to 220° C. to xylose;
and removing said xylose from said slow hydrolyz-
able xylan to obtain over 90% hydrolysis of xylan.

2. The process of claim 1, wherein the feedstock of
hemicellulosic material is aspen wood meal, wheat
straw, corn stover, corn cobs, corn fiber and waste
paper.

3. The process of claim 1, wherein said dilute acid is
selected from the group consisting of hydrochleric
acid, phosphoric acid, sulfuric acid, sulfurous acid, car-
bonic acid, formic acid, acetic acid, tartaric acid, citric
acid, glucuronic acid, 4-0-methylglucuronic acid, ga-
lacturonic acid and oligosaccharides cortaining these
acids.

4. The process of claim 3, wherein the dilute acid is
sulfuric acid.

5. The process of claim 4, wherein said sulfuric acid is
about 0.1 to about 2.0 wt%.

6. The process of claim 5, wherein the predetermined
low temperature is about 145° C. and the predetermined
higher temperature is about 180° C.

7. The process of claim 6, wherein the residence time
unde. ihe predetermined low temperature is about 8
minutes and the residence time under the predetermined
higher temperature is apout 4 minutes.

8. The process of claim 7, wherein the xylose yield is

about 90.75% or greater.
* L » » *




