Chapter 8

Dilute Acid and Autohydrolysis Pretreatment

Bin Yang and Charles E. Wyman

Summary

Exposure of cellulosic biomass to temperatures of about 120-210°C can remove most of the hemicellulose
and produce cellulose-rich solids from which high glucose yields are possible with cellulase enzymes.
Furthermore, the use of dilute sulfuric acid in this pretreatment operation can increase recovery of
hemicellulose sugars substantially to about 85-95% of the maximum possible versus only about 65% if no
acid is employed. The use of small-diameter tubes makes it possible to employ high solids concentrations
similar to those preferred for commercial operations, with rapid heat-up, good temperature control, and
accurate closure of material balances. Mixed reactors can be employed to pretreat larger amounts of
biomass than possible in such small-diameter tubes, but solids concentrations are limited to about 15% or less
to provide uniform temperatures. Pretreatment of large amounts of biomass at high solids concentrations is
best carried out using direct steam injection and rapid pressure release, but closure of material balances
in such “steam gun” devices is more difficult. Although flow of water alone or containing dilute acid is
not practical commercially, such flow-through configurations provide valuable insight into biomass
deconstruction kinetics not possible in the batch tubes, mixed reactors, or steam gun systems.
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1. Introduction

Pretreatment refers to the disruption of the naturally recalcitrant
structure of lignocellulosic biomass to make cellulose and hemi-
cellulose susceptible to an enzymatic hydrolysis step for generation
of fermentable sugars. Over the years, various biological, chemical,
and physical pretreatment technologies have been explored as
ways to increase sugar yields, and several chemical technologies
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show great promise (1). Judging the suitability of pretreatment
options must take into account their impact on other steps with
respect to such features as the sugar release patterns and solid
concentrations for each pretreatment to ensure compatibility
with the overall process, feedstock, enzymes, and organisms to
be used.

Autohydrolysis occurs when biomass is pretreated with just
steam and has been favored because of its long history of
development and substantial industrial experience, which includes
the use of large-scale equipment such as the batch Masonite gun
used in the fiber board industry and the continuous screw fed
STAKE II reactor (2—4). However, hemicellulose sugar yields
from autohydrolysis are limited to less than about 65% of the
maximum possible, while adding dilute sulfuric and other
acids can recover up to about 90% of the theoretical maximum.
As early as 1898, sulfuric acid was employed to catalyze the
hydrolysis of cellulose and hemicellulose in biomass to release
sugars, although the costs were too high owing to the high
concentration of the acid used and the low sugar yields (5).
Further developments lowered the concentration of sulfuric
acid required, but a two-step thermochemical process was employed
to accommodate the different temperature histories needed to
obtain high yields of sugars from both cellulose and hemicellu-
lose (6). More recently, biological catalysis was substituted for
the second thermochemical step to enhance glucose yields from
cellulose (7), but a pretreatment step was required, with removal
of most of the hemicellulose prior to enzymatic hydrolysis of the
cellulose in the solid residue being one of the first approaches.
Not only did dilute acid achieve higher hemicellulose sugar yields
than pretreatment with just water or steam in a batch or co-
current flow mode, but it also produced a much higher ratio of
monomeric to oligomeric sugars in the liquid (7-16).

Pumping water or dilute sulfuric acid through the solids in
a flow-through configuration produced better performance
than dilute acid in a batch mode as measured by higher hemicel-
lulose recovery, higher lignin removal, higher glucose recovery
from cellulose, and less inhibitors than the conventional system
(17-24). However, high water and energy consumption and
the difficulty in equipment development impede commercial
applications of this method. Thus, the flow-through approach
primarily has value for providing time release data that can
enhance our understanding of hemicellulose hydrolysis, improve
the technical foundation for biomass pretreatment, and lead to
innovative, advanced pretreatment technologies. In this chapter,
our focus is on the description of laboratory-scale equipment
and methods that have been employed successfully for auto-
hydrolysis and dilute acid pretreatments in batch and flow-through
operation modes.
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2. Materials

1. Batch tubular reactors are 0.5 in OD x 0.035 in. wall thick-
ness stainless steel or Hastelloy C276 tubing (Maine Valve
and Fitting Co., Bangor, ME). Reactors are heated by a 4-kW
fluidized sand bath (model SBL-2D, Techne Co., Princeton,
NJ) and monitored with a thermocouple probe (Omega CASS-
18U-12, Omega Engineering Co., Stamford, CT).

2. The mixed batch reactor testing requires a 1-1 cylindrical
reactor made of Carpenter-20 or Hastelloy C (Parr Instru-
ments, Moline, IL), which is rotated with an adjustable speed
DC motor drive (A1750HC, Parr Instruments, Moline, IL).

3. The flow-through reactor parts can be purchased from Maine
Valve and Fitting Co., Bangor, ME, or other supply houses
to build a small tubular reactor (%2 in. ID x 1.84 in. length)
with an internal volume of 3.6 ml and a larger tubular reactor
(Y2 in. ID x 6 in. length) with an internal volume of 14.3 ml.
Flow-throughreactionsare monitored with a K-type thermo
couple (Extech Instruments, 421501) and a pressure gauge
(pressure range 0-1,500 psi, Cole-Parmer Instrument Co.,
Vernon Hill, IL) and a backpressure regulator (Maine Valve
and Fitting Co., Bangor, ME). Temperature is monitored
with a 0.25 in. stainless steel thermocouple (Omega CASS-
18U-12, Omega Engineering Co., Stamford, CT).

3. Methods

3.1. Tubular Batch
Pretreatment Reactors

Tubular pretreatments are generally carried out over a temperature
range of approximately 140-180°C when dilute sulfuric acid
is used, or from approximately 170 to 220°C when just water is
employed. One key for batch pretreatment in tubular reactors is
to ensure that the temperature is as uniform as possible across the
tube diameter, and thermal analyses have shown that a tube
diameter of less than 0.5 in. can meet this requirement (25, 26).
Furthermore, because it is difficult to add biomass solids to very
small diameter tubes, batch tubular reactors are often made from
0.5 in. OD x 0.035 in. wall thickness stainless steel or Hastelloy
C276 tubing for water-only or dilute acid treatment, respectively.
As shown in Fig. 1, the tubing is cut to 6 in. or other lengths
compatible with the heating system and fitted with Swagelok
couplings and removable threaded end caps. Although the total
volume is about 14.3 ml, only about 6 ml of wet biomass solids
is added to each to provide room for thermal expansion during
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Fig. 1. Batch tube reactors and fluidized sand bath system.

heat-up. If the end caps are made from stainless steel to keep
costs low, Teflon plugs must be installed at both ends of the
tubing to protect them from the acid (24, 27). A second key for
small batch tubular reactors is the provision to rapidly heat up
and cool down the reactor contents; the extended heat-up times
for conventional electrical heaters and prolonged cool down with
air do not generally meet this requirement. However, heated
fluidized sand baths provide high heat transfer rates with safe
fluid, and quenching by submerging in ice water is effective for
rapid cool down.

For pretreatment with just water, biomass of the desired
moisture content is just loaded into the tubes. For dilute acid
systems, the biomass is first soaked overnight in a large volume
of water of the targeted dilute acid concentration. Then, excess
water is squeezed out until the desired moisture level is obtained
prior to adding to the reaction tubes. A thermocouple probe is
then inserted 3/16 in. and 2 in. deep in the center of the reactor
to monitor the pretreatment temperature over the course of the
reaction. Based on thermal modeling, a three-bath heat-up
procedure (28) is used to minimize the effect of thermal transients
in batch tubular reactors. First, the reactor is preheated to 100°C
in boiling water for 2 min, and it is then immediately transferred
to a sand bath held at 20°C above the target reaction temperature
for 1 min. Next, the reactor is moved to a second sand bath
controlled at the target reaction temperature at a reaction time
defined as zero. After the target time is passed, the reactor is
quickly transferred to an ice water bath and held there for 5 min
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to quench the reaction. The tube reactor is taken out from the ice
water and dried. The end caps and plugs are then removed, and
the pretreated substrate is pushed out with a piston-like metal
rod and then filtered to separate the liquid from the solids for
analysis (28, 27). Batch tube pretreatments are run at least in
duplicate so that the solids and liquid from one of the tubes can
be used for analysis of sugar recovery and composition changes of
the solid substrate during pretreatment and the pretreated
solids from the other tube are used to determine the effect of
pretreatment on cellulose digestibility (Note 1).

Pretreatment of much larger amounts of biomass requires that
the contents be mixed to maintain uniform temperatures. For
example, a 1-l cylindrical reactor made of Carpenter-20 or
Hastelloy C can be employed with a 3.5-in.-diameter helical
impeller on a two-piece shaft driven by an adjustable speed
DC motor drive (29). As shown in Fig .2, the agitator motor
is attached to the reactor, and the combined systems suspended
from a chain hoist mounted to a wall crane. Biomass is loaded
into the reactor after being presoaked in the target concentration
of dilute sulfuric acid solution at 5% solids (w/w) at room
temperature for at least 4 h. A K-type thermocouple and a 1 /8-in.

Fig. 2. Mixed Parr reactor pretreatment and fluidized sand bath system.
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3.3. Flow-Through
Tubular Reactors

stainless steel thermocouple probe are inserted through a port
in the vessel head to monitor the reactor temperature. The reactor
is then closed per manufacturer recommendations, and the impeller
is set to the target agitation speed. The reactor is lowered into a
320°C sand bath to the bottom of the reactor head flange to rapidly
heat up the biomass to the target temperature in about 2 min.
As the target temperature is approached, the reactor is raised out
of the sand bath until the bottom is about 1-2 cm above the sand
surface. The position of the reactor is then adjusted manually to
maintain the temperature within +2°C of the target temperature.
After completion of the target reaction time, the vessel is hoisted
out of the sand bath and lowered into a 19-1 poly bucket filled with
water at room temperature to quench the reaction. The pretreated
contents are filtered through a Buchner funnel to separate the
liquid from the solids. Room-temperature deionized water is then
used to wash the solid cake until the filtrate pH is above 6
(typically about 1 | water is needed). The solid and liquid fractions
are then analyzed (Fig. 2) (Note 2).

As discussed above, flow of water through a solid bed provides
interesting information about the release patterns of hemicellulose,
lignin, cellulose, and other components in the biomass (24, 30).
Two small reactor designs have been employed to keep the cost
of the high-pressure pump reasonable: a small tubular reactor
(Y2 in. ID x 1.84 in. length) and a larger tubular reactor (%2 in.
ID x 6 in. length) with an internal volume of 14.3 ml. However,
larger units can be constructed if the higher pressure drop can be
handled safely and the pump capacity is sufficient. The reactors
can be made from Hastelloy C276 tubing for use with dilute acid
or from 316 stainless steel for use with just water. Two gasket filters
(316 stainless steel, average pore size 5 pm) cover both ends of the
reactors. A 316 stainless steel tube (0.25 in. OD x 0.35 in. wall
thickness x 50 in. length) is used to preheat water to the desired
pretreatment temperature before entering the reactor. Another
316 stainless steel tube (0.25 in. OD x 0.35 in. wall thickness x 50
in. length) is attached to the reactor outlet to cool the effluent.
The flow-through system is illustrated in Fig. 3. A high-
pressure pump capable of a flow rate ranging from 0 to 40 ml/min is
connected to the flow-through reactor to deliver water. A pressure
gauge and a backpressure regulator are used to monitor
the pressure to the reactor. A 0.25-in. stainless steel thermocouple
monitors the temperature at the outlet of the reactor. Biomass
substrate is loaded into the flow-through reactor, which is then
connected to the inlet and outlet tubing. Water alone or containing
dilute sulfuric acid at room temperature is pumped through the
reactor for a few minutes to purge out air until the pressure in the
reactor increases to the set pressure of 350—400 psig. Flow is then
stopped to completely wet the reactor contents, and the reactor
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Fig. 3. Flow-through pretreatment reactor system.

3.4. Steam-Heated
Reactors

and preheating coil are submerged in a 4-kW fluidized sand
bath at 100°C for 2 min. Next, the reactor and the preheat-
ing coil are quickly moved to a second sand bath set at the tar-
get reaction temperature, and liquid is pumped through the
device at a set flow rate until the end of desired reaction time.
The time of transfer to the second sand bath is defined as zero.
Upon reaching the desired reaction time, the reactor and preheat-
ing coil are transferred to an ice water bath to quench the reaction.
The liquid hydrolyzate leaving the reactor is collected for analysis
and measurement of its pH. The contents left in the reactor at the
completion of the run are transferred to a filter and washed with a
sufficient amount of water for its pH to be greater than 6.

Samples of the liquid hydrolyzate are dried at 60°C in a
vacuum dryer until weight loss ceased, to determine the solids
content of the liquid fraction. The sugars in the liquid hydrolyzate
are analyzed using an HPLC equipped with a refractive index
detector. The collected solid residue in the reactor is dried at
105°C, weighed, and then used for analysis of Klason lignin,
cellulose, hemicellulose, and other fractions. The amount of
lignin removal is estimated on the basis of the difference in the
Klason lignin content between that in the original biomass
substrate and the pretreated solids residue (Note 3).

Solids concentrations of about 50% by weight are important to
application to commercial conditions, but maintaining uniform
temperature throughout the course of pretreatment is critical
for meaningful interpretation of the data. Tubular reactors
can handle high solids successfully, but tube diameters needs
to be less than about %2 in. to provide uniform temperatures,
thereby limiting the amount of biomass than can be readily
pretreated. Larger amounts of material can be produced in mixed
reactors, but the solids content must be less than about 10% by
weight so mixing is adequate to ensure uniform temperatures.
One of the best ways found to process larger amounts of biomass
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at high solids concentrations while controlling temperatures is
through direct steam heating. Steam heating can provide very
rapid heat-up to reaction temperatures of typically between 140
and 260°C (37-260 psig), and the temperature can be controlled
well by appropriate selection of the steam pressure. Furthermore,
rapid release of the pressure at the completion of the run almost
instantly drops the temperature to 100°C, terminating the
reaction. The term “steam gun,” as frequently used to describe
this approach, arises from the rapid pressure release when
the contents are discharged into a receiver vessel. Residence times
can span a range from less than 1 min to 4 h or more.

A number of steam gun reactors have been used to conduct
larger batch steam explosion or steam expansion pretreatment
with catalysts (e.g., dilute acid, SO,) or without them (31-39).
We recently installed the steam gun, shown in Fig. 4, in our

Fig. 4. Steam gun pretreatment reactor system.
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laboratory powered by an electric boiler that is rated at 75 kW
and can generate up to 800 psig. The steam gun is a cylinder
of 4 in. nominal inside diameter and 24 in. length and
is constructed of Hastelloy C to handle dilute sulfuric acid if
needed. The bottom portion of the unit tapers down gradually
to a % in. discharge line so that steam will be distributed evenly
throughout the biomass and dead spaces will not be formed in
corners at the bottom. A discharge valve is attached to the bottom
as close to the reactor body as possible to minimize accumulation
of biomass in the dead space above the valve and can be
actuated remotely by an electrical device. A Y-in. steam
injection line enters the side of the discharge line above
and as close to the discharge valve as possible to mini-
mize the dead volume between the steam entrance posi-
tion and the top of the valve. The vessel is jacketed along
its entire length including the bottom of the reactor so that
steam can be applied to the internal vessel walls through
the jacket, which minimizes heat losses that result in
excessive condensation and dilution of the sugars released.
The outside of the vessel is heavily insulated to minimize heat
losses, but is removable for maintenance. A valve is attached
to the port on the top of the steam gun to allow biomass
to be readily added to the vessel, and a thermocouple is run
through the top into the middle of the interior. One of the
bigger challenges with the steam gun is accurate mate-
rial balance closure because of the loss of steam during dis-
charge, the hang up of some biomass inside the vessel, and
difficulties in weighing the discharged material. However, we
developed an approach using a drum ring to hold a heavy-
gauge polyethylene bag to a drum top attached below the
bottom valve to collect material upon discharge and facilitate
rapidly closing material balances.

The steam gun above can process about 3-5 Ib of dry biomass
at a time. Prior to pretreatment, the feedstock is preweighed
in batches of 200-350 g dry in plastic containers or bags, and
presoaked /preimpregnated with just water or with a catalyst
solution (e.g., dilute acid or SO,) overnight. The steam boiler
is turned on following standard procedures, the pressure is set
at the target pressure for steam explosion, and the insulated and
heat-traced vessel is preheated with steam in the jacket for 2—4 min.
to ensure that it is at the target temperature. The preimpregnated
feedstock is then loaded into the reactor from the top, and the
reactor is sealed. Fresh steam is introduced into the bottom of the
vessel, raising the inside temperature to the target value in about
15 seconds. The boiler pressure is usually set at about 10-15 psi
above the operating pressure for the steam gun but below the
maximum pressure of the relief valve. The steam inlet valve is
closed about 10 seconds before the end of the operating time,
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3.5. Conclusions

the discharge valve at the bottom of the steam gun is opened, and
the contents are blown into the collecting bag to rapidly bring
the temperature to below 100°C and quench the reaction.
The discharge valve is opened at least twice to ensure that the ves-
sel is fully depressurized and empty. The reaction time is defined
to be from the moment steam is introduced into the reactor
until the contents are discharged. The pretreated material is
collected, filtered, and washed with water, and the hydrolyzate
is sampled for further analysis. The solids are stored at -20°C
(Note 4).

Dilute acid pretreatment is one of the leading pretreatment
techniques because of the high yields possible in the coupled
operations of pretreatment and enzymatic hydrolysis, while
autohydrolysis is often favored because of its long use and ease
of application. However, the ability to design these systems in
conjunction with enzymatic hydrolysis a priori is limited, and
detailed material balance data is vital for the assessment and com-
mercialization of this technique.

4. Notes

1. The small-batch tube reactors provide a low-cost, lab-scale
option to optimize pretreatment conditions at high solids
loading (up to 30%), and several reactor simulation models
have been developed on the basis of mass balance results from
tube reactors (35, 25).

2. A mixed reactor can handle larger amounts of material
than tube reactors, but handling high solids concentrations
(>10%) is challenging for this type of device (29).

3. We have successfully employed a flow-through reactor con-
figuration to provide valuable data on the kinetics of bio-
mass deconstruction (36, 37) and to test the applicability
of rate laws. However, although high sugar yields and high
lignin removal can be achieved with flow-through systems
(31, 24), no one has yet found a way to employ them com-
mercially.

4. The steam gun reactor can be operated at the high solids
concentrations desired commercially, process large amounts
of biomass, heat up biomass rapidly, control temperature
well, and cool the products quickly. However, these systems
are more expensive and present bigger challenges to closing
material balances as accurately.
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