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(Abstract)

Water and alkali extracted steam exploded yellow poplar fiber (log Ro
4.25) was purified through a multi-stage process. The initial stage consisted of
peralkanoic acid treatment, either formic or acetic acid, at atmospheric pressure.
Subsequent bleaching was achieved through treatment with alkaline peroxide
in several stages. Performic acid experiments were performed by researchers at
the Finnish Pulp and Paper Research Institute: K. Poppius, I.Tuominen and J.
Sundquist. Peracetic experiments were conducted at Virginia Tech.

The alkanoic acid stage process parameters examined included time (3
and 6 hours primarily), temperature (40 and 60° for the peracetic trials, 80° for
the performic trials), acid concentration (25, 50, and 80% for the peracetic trials),
and initial peroxide charge (10 and 20 % for the peracetic trials; 2,5, and 10%
for the performic trials).

The bleached fiber was analyzed on the basis of brightness (diffuse
reflectance of hand sheets at 457nm), Kappa number, molecular weight
(carbanilation followed by GPC), and carbohydrate composition (complete
hydrolysis followed by HPLC). Peroxide concentration was monitored through
iodometric titration.

The results indicated that the purified fiber may be useful as a
microcrystalline cellulose. The purification process occured in three phases:
lignin activation, followed by dissolution, followed by alkaline peroxide
bleaching. Brightness correlated well with Kappa number. Molecular weight
loss (as weight average) averaged 43%. Glucose purity of 93% was realized for
the peracetic trials with residual lignin of approximately 1%. Residual



hemicellulose content was approximately 1.5%. Final brightness levels of
nearly 90% MgO were attained by the performic acid samples.

In terms of percent gain in brightness per percent peroxide consumed,
higher temperature resulted in greater efficiency. An alkaline extraction (no
peroxide) following the initial acid stage improved efficiency. Initial peracetic
peroxide charge of 20% was inefficient compared to an initial charge of 10%.

Molecular weight loss was affected by water concentration of the acid
stage, but unaffected by an increase in the acid stage temperature from 400° to
60°. Molecular weight loss appeared to increase with acid stage peroxide
charge up to 10%, but 20% charge did not result in greater losses.

Further research using higher temperatures and a sulfuric acid catalyst
are suggested.
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1.0 Introduction

1.1 State-of -the-art Cellulose Isolation

Dissolving-grade celluloses are used extensively in pharmaceuticals,
regenerated fibers and films, food additives, and protective finishes and coatings.
Historically, cotton linters supplied the need for chemically pure cellulose. Since
world war Il cotton has been replaced by woody biomass as the primary source
for pure cellulose.

Dissolving pulps from woody biomass have been produced by both the
sulfite and the kraft (sulfate) pulping industry. In the case of the kraft process a
pre-hydrolysis step has traditionally been employed. The sulfite process may only
be applied to hardwoods. Though softwoods may be pulped by the kraft process,
hardwoods are preferred. Both of these processes require the use of sulfur
containing chemicals. Sulfur dioxide emissions have long been implicated in the
global acid rain problem; these may be produced by the recovery furnace and the
lime kiln of the kraft process, as well as the bleach plant which uses SOz to
produce ClO,. Reduced sulfur species are responsible for the disagreeable odors
produced by the kraft process: these include dimethyl sulfoxides, hydrogen
sulfide, and methyl mercaptan. The sulfite process has not seen the same level
of investment in the U.S. as the kraft process; thus, on an industry scale the
sulfite pollution contribution is not very large. However, the major component of
sulfite air emissions is SO». Sulfur dioxide is less noticeable than the reduced
sulfur species as it has an odor threshold about 1000 times greater (1).
Emissions of SO, from sulfite mills are a greater problem in Europe where the
sulfite process has seen more investment.

Biochemical oxygen demand, BOD, is the most widely used measure of
water-born organics carried in effluent streams. As a function of pulp yield, BOD
appears to increase exponentially as yield decreases (1). Because traditional
chemical pulping methods are low-yield processes, more organics are carried in
their effluent. As noted, the kraft process incorporates a liquor recovery cycle:
much of the organics are burned resulting in lower BOD. The analogous sulfite
recovery cycle produces excessive amounts of SO, however.



Chemical purification of kraft and sulfite pulps is not a one-step process:
five stages with water washing between stages are common in the typical
bleaching sequence. This multi-stage approach to cellulose purification is unlikely
to be replaced by a one-step, or even a two step process, due to the
inaccessibility and different chemistries of the component biopolymers. New
pulping techniques may reduce the number of stages required or the amount of
active chemical required or increase the efficiency of the sequence.

Traditional bleaching sequences employ chlorine, chlorine dioxide, and
hypochlorite. The chloro-chemicals preferentially attack the lignin component of
the biomass, rendering it soluble in aqueous alkali. Two of the by-products of this
process are dioxins and polychlorinated-dibenzofurans (PCB's) : these
substances are extremely toxic and suspected carcinogens (2). Poly-chlorinated
dibenzofurans, PCB's, and dioxins are particularly destructive as they tend to
accumulate in the tissues of organisms at higher levels of the food chain. Trace
amounts of these substances may remain with the fiber.

1.2 Novel Approaches to Cellulose Isolation
Steam explosion for the fractionation of biomass has received much

attention recently as has organosolv pulping for the same goal. Both of these
methods promise to reduce the environmental impact of isolating pure poly-
anhydroglucan.

1.2.1 Qrganosolv Pulping

Rather than relying on reagents to react with lignin and change its
structure, organosolv processes take advantage of the solubility of lignin in
organic solvents, typically ethanol, to selectively dissolve the lignin portion while
leaving the cellulose phase in tact. This approach allows recovery of a lignin
which is uncontaminated with sulfur. Its structure is similar to that of milled-wood
lignin isolations with the notable difference of fewer B3-O-4 linkages, which
indicates that depolymerization has occurred. Most of the carbohydrate fraction is
recoverable as well. Cellulose hydrolysis may be influenced by temperature and
duration as well as through the concentration of alcohol. In the course of lignin
dissolution o—0—4 ether linkages are likely broken due to the slightly acidic



conditions generated through partial hydrolysis of hemicelluloses. Higher
temperatures are required to cleave —0—4 ether linkages (approx. 200° C) (3,4).
Although the organosolv process is a viable alternative to the problem of
fractionating ligno-cellulosics, it creates the problem of solvent generation and
recovery. The problem may have been overcome as a demonstration mill is in
operation in New Brunswick. This mill uses the Alcell process, a multistage
ethanol/water system.

1.1.2 The Steam Explosion Process

Steam explosion (SE) does not require any special solvents; however,
high molecular weight cellulose appears to be unattainable through steam
explosion of woody biomass. Experiments at Virginia Tech have demonstrated
that SE is a good technique for recycling magazine stocks that have been
prewetted : the molecular weight of this material might be relatively unaffected
due to the mild reaction conditions that proved sufficient for pulping. (The effects
of steam explosion on molecular weight of recycled fiber were not quantified.) In
the SE process wood chips are saturated with steam under pressure. When the
pressure is instantaneously released the steam within the wood chips expands
with enough force (explosion) to cause complete fiber separation. The
hemicelluloses are readily extracted with water. The lignin from this process
forms micron-sized droplets that are readily extracted with aqueous alkali or
organic solvents. The unextractable portion is quite accessible to bleaching
reagents. The percentage of crystalline cellulose increases in response to SE but
the crystalline lattice remains unchanged (5,6).

Previous research performed at the Biobased Materials Center at Virginia
Tech produced a relationship between molecular weight of unbleached steam
exploded yellow poplar and severity of steam treatment, represented as the
logarithm of the reaction ordinate (log R,) .The range of log R, values depicted
represents a range for optimal fractionation (7). (The reaction ordinate definition
may be found in the Literature Review section). This relationship is depicted in
Figure 1. The weight and number average degrees of polymerization are
represented as DP,, and DPy, respectively. Also depicted are DP values for a
standard Eastman dissolving grade and a standard Whatman (CF-11)
microcrystalline grade of cellulose. Note that the molecular weight of the
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dissolving grade (Eastman IV # 6) exceeds that of steam exploded yellow poplar.
However, the DP for steam exploded yellow poplar is adequate for
microcrystalline grades.

There are a few other end uses for which steam exploded biomass may
be ideally suited: ruminant feed, enzymatic conversion,and acetylation (5).
Preswelling of the biomass in conjunction with careful pH control may reduce
hydrolysis and result in a suitable paper pulp (8). In this case SE would enjoy the
advantages of low capital investment and smaller operating units when compared
to organosolv delignification.

1.3 The Milox System
Alternative methods for cellulose purification which rely on oxygen in one

of its forms (including molecular oxygen, ozone and peroxides) have been the
focus of much recent research. These oxidative processes are attractive due to
the low cost of producing molecular oxygen, and the minimal environmental
impact. Another major advantage of such processes relates to the effluent which
may be recycled to the mill recovery system (9).

There are some practical constraints to bleaching significant amounts of
fiber within a pressurized vessel at the bench-scale. Both ozone and oxygen-
based bleaching require pressurized conditions. Peroxides may be handled as
liquid reagents ; however, they are more expensive and less efficient.

The Milox pulping process uses performic and formic acid stages at
elevated temperature and atmospheric pressure to target the lignin and allow the
pulp to be easily refined. Subsequent bleaching is possible using only alkaline
hydrogen peroxide. Research at the Finnish Pulp and Paper Research Institute
performed by Kristiina Poppius-Levlin , llkka Tuominen, and Jorma Sundquist,
has shown that the Milox techinology may be modified to give an effective
bleaching sequence . They successfully applied this procedure to the bleaching
of steam exploded yellow poplar fibers that had been water and alkali extracted
(10). A flow chart for the combination of steam explosion pulping and peralkanoic
bleaching is given in Figure 2.
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Figure 2. Process flow diagram for isolation and purification of
cellulose.




Formic acid is highly corrosive, and thus it was hoped that similar success could
be achieved by substituting acetic acid. The results from the Finnish study will be
considered together with the results of this study.

2.0 Research Objective

The goal of this study was to investigate the chlorine- and sulfur-free
purification of steam exploded biomass using hydrogen peroxide in combination
with acetic acid followed by bleaching with hydrogen peroxide in aqueous alkali.
Yellow poplar (Liriodendron tulipifera) , a plentiful Appalachian hardwood, was
chosen as the substrate.

The primary objective was to produce a chemically pure cellulose of
sufficient molecular weight for microcrystalline applications.

The parameters of molecular weight and purity were to be used to
evaluate the impact of the various stages of the bleaching sequence on the final
product cellulose. The objective was to identify the process stage and
parameter(s) that have the greatest influence on molecular weight and purity of
the product cellulose for the peracetic acid/alkaline peroxide system.



3.0 Literature Review

3.1 The Chemical Composition of Wood

Wood is composed of three constituent biopolymers: cellulose, lignin and
hemicellulose. These may be thought of as an interpenetrating network of block
co-polymers. The cellulose and hemicellulose fractions together comprise the
carbohydrate portion of the wood. (40-50% and 20-30% respectively).

3.1.1 Cellulose

Cellulose appears to be consistent in chemical structure throughout the
plant kingdom: it is a linear polymer of 1,4,3-D-anhydroglucopyranose. The
degree of polymerization in naturally occurring cellulose is estimated to be
10,000 to 14,000 repeat units (11). lts syndiotactic arrangement allows cellulose
to form hydrogen bonds between chains in a three dimensional lattice. These
hydrogen bonds allow cellulose to exist as a semicrystalline polymer (Figs.3,4).
The crystalline regions are resistant to hydrolysis by weak acids but the
amorphous regions are not resistant (12).

3.1.2 Lignin

Lignin accounts for the largest percentage of the poly-phenolic portion of
the wood. It comprises approximately 25% by mass of the dry wood. Softwoods
contain more lignin while hardwoods contain more hemicellulose. Softwood
lignins possess fewer syringyl groups than hardwoods: this lower level of
oxidation may help to explain the difficulties in bleaching softwoods as compared
to hardwoods (13,14). The general model for a lignin repeat unit is the phenyl
propane structure. Hydroxyls or ether linkages may arise from any of the
propanoid carbons. (11,12) There may also be present ethylene functionality.
This variety of structure allows a complexity that complements the simple
elegance of the cellulose structure (Fig.5).

3.1.3 Hemicellulose
The hemicelluloses are short chain (DP of approximately 200), branched,
hetero-polysaccharides. Hemicellulose may be a compatibilizer for lignin and
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Figure 3. Intermolecular and intramolecular hydrogen bonding between
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Figure 4. Depiction of unit cell with hydrogen bonding (12).
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cellulose. Hemicellulose is capable of forming hydrogen bonds but it does not
normally crystallize. Softwood hemicellulose is primarily composed of galactose,
glucose, and mannose; hardwood hemicellulose is composed of a xylan
backbone with glucuronic acid side chains. Xylan differs from the other major
carbohydrate constituents in that it is a five-carbon sugar . (While arabinose is a
five-carbon sugar, it cannot be considered a major component as it typically
comprises less than one percent of the wood mass.) It is more prone to
decomposition than are the hexoses. Hemicelluloses are thought to be
covalently bound to lignin and associated with cellulose through hydrogen
bonding (Figs 6,7, and 8).

3.2 The Steam Explosion Technique

As stated in the introduction, "steam explosion" refers to a process of fiber
separation where sudden decompression within the reaction vessel causes a
saturated wood chip to "explode”.

The degree of fiber separation and biopolymer degradation can be
influenced by controlling the temperature and residence time within the reaction
vessel. These two parameters have been combined into one factor . The reaction
ordinate, Ry , is given as (6):

Ro =P xt,
where t is the residence time in minutes and P = exp ((T-100/14.75). T is the
reaction temperature.

Schwald, Brownell, and Saddler (15), using enzymatic hydrolysis, came to
the conclusion that a single parameter such as log Ro is inadequate to
characterize a steam pretreatment over a temperature range greater than 40° C.
They also noted that the composition of the water soluble portion can be different
and still not affect accessibility or digestibility of the cellulose. They found that the
accessibility of the cellulose was governed by the amount of retained, alkali-
insoluble, lignin.

Although steam explosion is clearly a physical process it also incorporates
a chemical aspect. Organic acids in wood are mobilized and they control the pH
during the process. This lowering of pH coupled with the saturated conditions
promotes autohydrolysis (5,6). Cleavage of different ether linkages between the

12
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various components of the cell wall has been observed. Beta-aryl ether linkages
in lignin are prone to this type of attack as are accessible glycosidic bonds. The
covalent links between hemicellulose and lignin are also attacked (5,16). In fact,
the lignin content of SE biomass may exceed the Klason content determined for
the source biomass: concurrently, hemicellulose content decreases. This
phenomenon has been attributed to formation of "pseudo-lignin", a composite of
degraded hemicellulose and lignin (6).

Most conspicuous of the changes occurring is the coagulation of lignin into
micron-sized droplets (5,6). These spheres are readily dissolved in organic
solvents as well as weak alkali. Overall, this steam exploded lignin contains a
larger percentage of syringyl groups, fewer methoxyl groups, greater degrees of
oxidation of side chains, and a higher degree of substitution at the C-6 carbon.
The greater degree of substitution at C-6 has been attributed to substitution
reactions whereas the other changes have been attributed to cleavage (5,16).

The hemicelluloses are for the most part liberated or hydrolyzed by this
process. They are readily extracted with water. As a result of hydrolysis they may
be oxidized or deacetylated (5,17).

More important to this study is the observed increase in cellulose
crystallinity. Possibly the cleaved cellulose strands have been afforded enough
mobility to crystallize to a greater degree. (18)

The cellulose crystal lattice is not altered by SE, however the degree of
polymerization decreases substantially: from 10,000 initially down to several
hundred repeat units (5). Surprisingly these pulps have been shown to have good
strength properties relative to sulfite pulps (8). Due to this low DP, classical
definitions of a—cellulose have been deemed inappropriate (5). Steam exploded
biomass is readily hydrolyzed enzymatically (19), further indicating that structure
and arrangement of the cell wall components has changed.

The chemical and structural changes that occur in'the biomass due to
steam explosion allow for relatively simple isolation of component biopolymers.
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