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ABSTRACT

The extreme recalcitrance of lignocellulosic substrates to hydrolysis requires substrate pre-treatment to facilitate the
conversion of woody biomass to renewable fuels and bioproducts. Unfortunately, these pre-treatments are energy
intensive and costly, involving the use of intense physical and thermo chemical pretreatments. Unless this problem
is satisfactorily resolved, it is unlikely that the promise of lignocellulosic feedstock use for biofuel production will
be fully realized. This research examined the use of microwave energy as a tool to reduce the recalcitrance of both
hemicellulose and cellulose within the biomass matrix. The investigation involved exposure of willow, pine and
maple wood feedstocks to microwave radiation at atmospheric pressure and pressurized conditions, with and without
selected amendments, with power levels ranging from 1 kW to 40 kW. The research focused on feedstock exposure
at atmospheric conditions. The goal was to establish whether increased power levels could induce superheated
conditions in the wood structure capable of breaking down the woody matrix. The results showed that such
breakdown tends to be primarily macroscopic and does not sufficiently disrupt the cellular wood structure necessary
to enhance hemicellulose extraction or enzymatic hydrolysis beyond that which would be expected by conventional
heating processes. Pressurized high temperature superheated conditions were found to be necessary to induce the

desired breakdown of the biomass.
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SUMMARY

BACKGROUND

The extreme recalcitrance of lignocellulosic substrates to hydrolysis requires substrate pre-treatment to facilitate the
conversion of woody biomass to renewable fuels and bioproducts. Unfortunately, these pre-treatments are energy

intensive and costly, involving the use of intense physical and thermo chemical pretreatments.

The most common chemical pretreatment methods used for cellulosic feedstocks make use, after milling, of high
temperature and pressure reactors employing dilute acid, alkaline, organic solvent, ammonia, sulfur dioxide, carbon
dioxide or other chemicals to make the biomass more digestible by the enzymes. Biological pretreatments are
sometimes used in combination with chemical treatments to depolymerize and solubilize the lignin in order to make

cellulose more accessible to hydrolysis and fermentation.

Each type of feedstock, whether softwoods, corn stover or bagasse, requires a particular combination of pretreatment
methods to optimize the yields of that feedstock, minimize the degradation of the substrate, and maximize the sugar
yield. Pretreatment of cellulosic biomass in a cost-effective manner is a major challenge of cellulose-ethanol
technology research and development and is arguably the limiting step to effective lignocellulosic use as a biofuel
feedstock. Unless this problem is satisfactorily resolved, it is unlikely that the promise of lignocellulosic feedstock

use for biofuel production will be fully realized.

OBJECTIVES

The research effort and the results described in this report were designed to determine if microwave radiation,
properly employed, could reduce lignocellulosic recalcitrance by inducing, through direct or indirect reactions,
transformations in the woody structure of the material. Mechanistically, the goal was to determine whether
microwave radiation could alter the lignocellulosic matrix in such a way so as to provide improved access of
reagents and enzymes to the functional components of the matrix (hemicellulose, lignin and cellulose), over and

beyond non-microwave approaches.

From a practical standpoint, employing microwave energy in high- pressure reactors would entail the development
of new microwave application systems that presently do not exist. It was projected that the costs and operation of
such systems would be prohibitive. As a result, the research undertaken focused on the application of microwave
energy under atmospheric (not pressurized) conditions. It was projected that if recalcitrance reduction due to the
microwave radiation could be shown, then operating at atmospheric conditions could dramatically reduce capital and
operating costs associated with biomass pretreatment systems, providing improved potential for developing a cost

effective commercially viable system.
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RESEARCH APPROACH

The research approach undertaken focused on the treatment of willow, pine and maple chips using microwave radiation

from low power (1 kW), medium power (3.2 kW) and high power (15 to 40 kW) microwave applicators.
The general analytical strategy involved in the evaluation included:

e The preparation of selected feedstock samples (willow and pine in small log shapes and maple wood in chip

form) for testing

o  For maple wood samples, the moisture content was adjusted prior to microwave treatment, providing
saturated and supersaturated samples for testing; and amendments were added (acetic acid and/or

sodium chloride) to the supersaturated (excess) liquid in the chip-liquor solution
o Willow and pine samples were processed as received (green).

e Exposure of the feedstock samples to microwave energy in one or more of the available applicators for

selected durations

e The conduct of extraction tests after microwave pretreatment to quantify solids and/or hemicellulose
extraction, or glucose production (enzymatic hydrolysis) of the pretreated samples. The results were compared
to control samples that were comprised of hot water treated samples or untreated samples to assess the relative

microwave effects.

The primary objective of the low power tests was to determine if the exposure of a lignocellulosic feedstock (maple
wood chips) to low power microwave radiation in pressurized and unpressurized vessels, and with or without
selected amendments could degrade the feedstock sufficiently to enhance the extraction of hemicellulose from the
feedstock above levels achievable using conventional hot water extraction methods. To undertake this effort, a series
of specially designed tests were designed using maple wood chips and low power microwave applicator equipment.
Tests were conducted in both pressurized vessels where superheated steam could be generated, and in non-
pressurized vessels where steam was vented to the atmosphere. The maple wood chips were moisture conditioned

prior to microwave exposure, and also amended with acetic acid (HAc) and sodium chloride (NaCl).

The primary objective of the medium power tests was to determine if medium power application at atmospheric
pressure conditions could be used to open the structure of woody biomass samples and enhance the extraction of
hemicellulose (reduce sample recalcitrance), compared to conventional alkali extraction; and also affect the overall
mechanical properties (measured as compressive strength) of the treated wood samples. The examination was
designed to investigate whether steam explosions within the wood structure, induced by rapid internal heating by
microwaves, could open the pore structure of the biomass and either enhance hemicellulose extraction and/or reduce
wood strength. The goal of the wood strength reduction evaluation was to determine whether energy consumption

associated with biomass milling might be reduced with lower strength biomass produced by microwave
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pretreatment.’ To achieve the aforementioned objectives willow stems were processed in a 3.2 kW commercial
microwave oven. Processed samples were subjected to extraction and tested for hemicellulose content as well as

compressive strength before and after microwave treatment.

High power testing included an examination of the effects of high power density exposure of willow, pine, and
maple wood to microwave. The primary objective of the high power tests was to determine if an increase in
microwave power density could induce a more dramatic breakdown in the recalcitrance of woody biomass to
hemicellulose extraction and enzymatic hydrolysis than was suggested by the low and medium power test results.
The basis for these tests was the premise that a high-applied power density could promote a very rapid generation of
internal superheated steam in the source material with mini internal “steam explosions” in the porous and cellular
structure of the feedstock. It was also assumed that if the internal pressure could not be rapidly dissipated, due to a
low surface area to volume ratio (A/V) of the wood sample, then the steam pressure buildup inside the matrix would
be more likely to induce micro-(cellular) structural transformations, when compared to a sample with a high A/V

ratio. The test program was designed to examine these issues.

FINDINGS
The following is an outline summary of the findings of the low power testing effort:

e Under atmospheric pressure conditions where feedstock temperatures of only /- 100°C could be achieved,

maple chip mass breakdown was not significant

e  Where temperatures above 140°C could be achieved, in pressurized reactors, maple chip mass breakdown in

low solids conditions was measurable

e Amendment addition of acetic acid was found to be effective in improving woody mass breakdown, but only

at elevated pressures and corresponding temperatures

e High solids processing (moisture contents between 7 and 50%) did not provide any measurable benefit over

low solids (80% moisture content) in pressurized reactors

e Innon- pressurized reactors the high solids samples dried rapidly and charred, if moisture was not maintained

in the sample feedstock

e Observed microwave benefits could only be attributed to temperature effects. No special radiation effects

were observed.

! Biomass preprocessing normally includes a milling step. Milling is an effective but costly way to increase the
extraction of hemicellulose from lignocellulosic biomass. It is well known that mechanical pulping of wood at
higher temperatures leads to a reduced consumption of pulping energy due to a softening of the wood.
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The following is an outline summary of the findings of the medium power testing effort:

Medium power microwave application (3.2 kW) applied under atmospheric conditions did not affect the
woody feedstock structure or enhance extraction sufficiently to be used as a substitute for more aggressive

alkali extraction methods

Medium power microwave treatment did generate sufficient internal steam pressures to disrupt the macro-
scale structure of the treated wood, however such breakdown did not affect the internal cellular structure of the
wood matrix sufficiently to reduce recalcitrance above that which might be anticipated by any other hot water

treatment

Excessive microwave exposure will dry the biomass, resulting in an increase in wood strength and not the

desired decrease.

The following is an outline summary of the findings of the high power testing effort:

High power microwave application at atmospheric pressure generated moderate superheated temperatures

within the woody sticks (willow and pine) tested
A rapid release of moisture and drying of the wood was associated with all high power microwave tests

High power microwave treatment did generate sufficient internal steam pressures in the willow and pine

feedstocks to disrupt the macro-scale structure of the treated wood

Glucose production (enzymatic hydrolysis) was reduced in willow and pine biomass, subjected to high power
microwave application, and this was attributed to the drying of the wood and possibly the collapse of the pore

structure of the biomass.

CONCLUSIONS

It was concluded from the investigation that:

Microwave processing of biomass offers no special advantage over conventional heat processing

To achieve measurable benefits, solution temperatures must approach 200°C, requiring the use of

pressurized reactors

The maintenance of adequate moisture in biomass feedstock or processing in a solution are the only

practical ways to employ microwave in biomass pretreatment

While high- powered microwave radiation can induce steam explosions inside the biomass structure
and disrupt the macro-scale structure of the biomass, such explosions accompanied by the rapid loss
of moisture and wood drying tends to increase the recalcitrance of the biomass, thereby reducing

enzymatic hydrolysis yields.



RECOMMENDATIONS

It is recommended that future work on microwave will focus on their potential use in high- pressure microwave
applicators, and the development of systems where sufficient moisture can be maintained during processing. A rapid
increase in temperature without drying of the biomass could potentially induce macro-structural changes, due to
internal steam explosions, and rapid buildup of superheated temperature conditions could induce micro-cellular

changes that might enhance hemicellulose extraction and enzymatic hydrolysis.

Though this strategy increases the complexity of the application system, pressure and temperature conditions at

atmospheric pressure were found to be insufficient to induce measurable biomass breakdown.
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INTRODUCTION

This report presents a description of the activities and results of a study undertaken by a research team
consisting of Thermex-Thermatron, Inc., headquartered in Louisville, KY, Chesner Engineering, P.C. of Long
Beach, NY, and the College of Environmental Science and Forestry at the State University of New York in
Syracuse. The purpose of the investigation was to evaluate the potential use of microwave energy to assist in

the extraction of hemicellulose, and the hydrolysis of cellulose from woody biomass feedstocks.

The report is divided into several sections (see Table of Contents). These sections provide descriptions of the
background and objectives of the investigation, relevant literature pertaining to the use of microwaves in the
processing of lignocellulosic biofuel feedstocks, an experimental overview of the effort and detailed

presentations of the testing program and the results of the study.

The results are presented in several sections that reflect the applied microwave power levels employed during
the investigation. These sections and the referenced power levels are referred to as low power, medium power,
and high power sections. While each section was designed as a stand-alone section, it is of note that the data
generated during one stage of the study influenced decisions to conduct subsequent tests. For example, the
initial testing program envisioned low and medium power testing, but during the course of the effort high

power testing was introduced.

The final section of the report contains a summary of the findings, conclusions, and recommendations of the

research team involved in the effort.



BACKGROUND AND OBJECTIVES

BACKGROUND

The conventional model for the development of a cellulosic ethanol biorefinery includes five key processing steps,

listed below and depicted in the following sketch:

1.

2.

Cellulosic biomass from trees, grasses, or agricultural wastes harvested and delivered to the biorefinery,

Biomass ground into small, uniform particles and thermo chemical pretreatment to separate cellulose, from

other biomass materials and open up the cellulose surface to enzymatic attack,
A mix of enzymes added to break down cellulose into simple sugars,

Microbes are introduced to produce ethanol by fermenting sugars from cellulose and other biomass

carbohydrates,

Ethanol separated from water and other components of the fermentation broth and purified through

distillation.
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It is generally acknowledged that to reduce overall lignocellulosic-biomass to biofuel processing costs to practical

levels, continued progress in the development of more cost effective pretreatment methods (Step 2) is needed. This

step has been identified as the unit operation that is the second highest (after the feedstock harvesting cost

component) in the entire process (Keller 2003). It is reported that mechanical pretreatment (milling) of

lignocellulosic feedstocks into fine millimeter size particles alone can consume up to one-third of the energy used in

the conversion process (Wooley 1999).

The pretreatment step (Step 2) involves a reduction in biomass size and the depolymerization, solubilization and

separation of one or more of the four major components of biomass: hemicellulose, cellulose, lignin, and extractives,

to make the remaining solid biomass more accessible to further chemical or biological treatment. There are

numerous pretreatment methods or combinations of pretreatment methods available. The physical pretreatment



commonly used by the corn-ethanol producers is milling, which reduces the size of the corn kernel, opening it up for

enzymatic hydrolysis.

Methods used for cellulosic materials, however, require much more intense physical and thermo chemical
pretreatments (Chandra 2007). The most common chemical pretreatment methods used for cellulosic feedstocks
make use, after milling, of high temperature and pressure reactors employing dilute acid, alkaline, organic solvent,
ammonia, sulfur dioxide, carbon dioxide, or other chemicals to make the biomass more digestible by the enzymes.
Biological pretreatments are sometimes used in combination with chemical treatments to depolymerize and
solubilize the lignin in order to make cellulose more accessible to hydrolysis and fermentation. Each type of
feedstock, whether softwoods, corn stover or bagasse, requires a particular combination of pretreatment methods to
optimize the yields of that feedstock, minimize the degradation of the substrate, and maximize the sugar yield.
Pretreatment of cellulosic biomass in a cost-effective manner is a major challenge of cellulose-ethanol technology

research and development.

OBJECTIVES

The primary objective of the research effort undertaken was to determine if microwave radiation, properly employed
could reduce lignocellulosic recalcitrance by inducing, through direct or indirect reactions, transformations in the
woody structure of the material. Mechanistically, the goal was to determine whether microwave radiation could alter
the lignocellulosic matrix in such a way so as to provide improved access of reagents and enzymes to the functional

components of the matrix (hemicellulose, lignin and cellulose), over and beyond non-microwave approaches.

Prior researchers have shown that the exposure of ground biomass (e.g., wood chips) to microwave energy can
rapidly generate superheated conditions (temperature and pressure) to reduce the recalcitrance of lignocellulosic
substrates. Much of the prior work, however, has focused on the use of microwave radiation as an alternative energy
source (to conventional steam heating or convection heat transfer) to elevate feedstock-processing temperatures.

Most of the reported work was undertaken in superheated temperature environments.

From a practical standpoint, however, employing microwave energy in high- pressure reactors would entail the
development of new microwave application systems that presently do not exist. It was projected that the costs and
operation of such systems would be prohibitive. As a result, the research undertaken focused on the application of
microwave energy under atmospheric (not pressurized) conditions. It was projected that operating at atmospheric
conditions could dramatically reduce capital and operating costs associated with biomass pretreatment systems,

providing improved potential for developing a cost effective commercially viable system.



RELEVANT MICROWAVE APPLICATION LITERATURE

PRE-2000 LIGNOCELLULOSIC PRETREATMENT LITERATURE

Since the early 1980s, researchers have studied and reported on a range of applications using microwave radiation

for lignocellulosic feedstock processing.

Japanese Research (1980s)

Some of the earliest works on microwave induced enhanced enzymatic susceptibility were reported by Japanese
researchers. Azuma reported that rice straw (Azuma, 1984) and softwoods (Azuma 1985) could be made
enzymatically susceptible when these materials were pretreated under pressure (sealed containers) in a 2.3 kW
microwave oven reactor at a temperature of 230 deg. C for 5-7 minutes. Ooshima similarly reported successful
results irradiating rice straw and bagasse with microwave in sealed glass vessels, at temperatures of 170-200 deg C
for five minutes (Ooshima, 1984). Magara reported on the use microwave radiation for the pretreatment of
agricultural wastes, including rice straw, rice hulls, and sugar cane bagasse, processing the materials at temperatures
of 210-220 deg C with and without acetic acid (Magara, 1989). Magara reported that samples of rice straw and
bagasse were most effectively digested by cellulases after treatment and that operating temperatures could be

lowered by 10-30 deg C with the addition of 0.5% acetic acid.

NASA STUDY (1993)

In 1993, Cullingford et. al., was issued a U.S. Patent on behalf of the National Aeronautics and Space
Administration (NASA) for a method of pretreating a mixture of water, acetic acid and cellulosic waste products
with microwave energy at high pressure in an autoclave. Cullingford’s goal was to increase the enzymatic
digestibility for converting the waste into soluble saccharides for use as a feedstock for ethanol or food protein in

long duration space missions. (Cullingford 1993).

Pre-2000 Lignocellulosic Pretreatment Literature Summary

Much of the earlier work demonstrated that microwaves could rapidly heat solutions of lignocellulosic feedstocks to
temperatures and pressures similar to that of conventional processes. As part of this effort, the researchers hoped that
the rapid heating and perhaps selective heating of microwave of lossy' materials within the lignocellulosic matrix
would induce structural transformations that would improve the total yield and efficiency of the process. Data to

support this latter hypothesis were inconclusive.

POST-2000 LIGNOCELLULOSIC PRETREATMENT LITERATURE

Coincident with the beginning of the new millennium and the more intense search for alternative energy sources,

and biofuels in particular, more recent literature has been reported on the subject.

" A lossy material is a term used to describe a microwave absorbing material.
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China and Sweden Research (early 2000s)

Kunlan et. al (China) reported on the use of microwave energy and metal halides (such as sodium chloride, lithium
chloride, potassium chloride, etc.) to accelerate the rate of hydrolysis of soluble starch to D-glucose (Kunlan, 2001).
Kunlan attempted to exploit the microwave-induced current flow of the salt solution to enhance the starch to sugar
conversion process. He compared his microwave data to the same solutions heated up to 145 deg C in a hot oil bath
and reported that the rate of reaction was significantly (100x) higher using microwave. Kunlan attributed the higher
reaction rates to local superheating of the salt solution due to the coupling of the microwave with the metal halide.
Palm et. al (Sweden) describes the extraction of hemicellulosic oligosaccharides from spruce, using microwave or
steam treatment (Palm, 2003). Palm reported that microwave treatment at induced temperatures of 200 deg C for
five minutes in enclosed vessels resulted in greater hemicellulose yields than that induced at similar temperatures

using steam treatment.

Thai Research (2003)

Kitchaiya (Thailand) was one of the first researchers to investigate the use of microwave energy under atmospheric
conditions using a novel strategy to create superheated, high temperature conditions at atmospheric pressure
(Kitchaiya, 2003). This was accomplished by immersing ground rice straw in a water- glycerine solution, which
depressed the vapor pressure of the mixture compared to water-alone straw. This permitted Kitchaiya to achieve
processing temperatures of 200 deg C without boiling off the solution, resulting in enhanced enzymatic
saccharification. Kitchaiya reported that such processing was as effective as steam explosion due to the high

temperatures achieved in his atmospheric process.

Chinese Research (2006, 2010)

Zhu et. al (China), who also experimented at atmospheric conditions, examined the affect of microwave-alkali
(sodium hydroxide) pretreatment on the enzymatic hydrolysis of rice straw, building upon the earlier work of
Chinese researchers (Zhu, 2006). He found that pretreating alkali-rice straw solutions with microwave for six
minutes, using power levels ranging from 300-700W, induced a much higher initial hydrolysis rate than that induced
by conventional boiling of the solution. The total rice straw sugar yield, however, remained the same. Zhu also
reported that microwave energy used for heating the enzymatic solution to maintain a 45-55 deg C temperature had

an adverse effect, lowering the rate of hydrolysis and the total yield.

Liet. al ( Li 2010) reported on modeling work undertaken at the Materials Science and Engineering School in
Changsha, Hunan in China that was developed to estimate the pressures and temperatures that would be necessary to
introduce major disruption in wood cells due to microwave heating. The results suggest that temperatures in excess

of 168 deg C would be required to induce such an effect.



U.S. Research (2007, 2008)

Keshwani et. al. (Keshwani 2007) reported on work undertaken at North Carolina State University in which
switchgrass was exposed to low power levels of microwave (125-1250W) in water and dilute alkali (NaOH) and
dilute acid (H2S04) solutions. Keshwani was investigating whether such pretreatment could increase the rate of
enzymatic hydrolysis (production of sugars). Keshwani reported that the most efficient method for using microwave
was with alkali at the lower range of power levels (250 W) to avoid charring of the biomass. While the data reported
showed some minor improvement in sugar production when compared to conventional treatment, Keshwani
emphasized the rapid increase in processing rates (10 minutes using microwave versus 60 minutes using

conventional heat to achieve equivalent levels of hydrolysis) as the major observable benefit.

Hu and Wen (U.S.) at Virginia Tech reported on the successful use of microwave energy to enhance enzymatic
digestibility by comparing the use of microwave heating versus conventional heating of water-soaked switchgrass
processed at 190° C for 30 minutes (Hu, 2008). Hu and Wen also found that that addition of alkali could further
enhance the digestibility. By studying scanning electron microscopic images before and after treatment, Hu was able
to differentiate structural changes t