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The enzymatic degradation of cellulose polymers is currently a rate-limiting step
in the bioconversion of biomass to biofuels. Cellulose polymers self assemble to form
crystalline structures stabilized by a complex network of intermolecular interactions such
as hydrogen bonding. The network of interactions in crystalline cellulose (cellulose
nanostructure) poses an energy barrier that limits enzymatic degradation as apparent from
the activity of Cel5H. To improve the degradability of cellulose the intermolecular
interactions must be disrupted. The interactions of the cellulose nanostructure prevent
solubilization by water and most other common solvents, but some organic solvents aid
degradation of cellulose suggesting they influence cellulose nanostructure. The objective
of this work is to understand the influence of solvents on cellulose nanostructure with the
goal of improving the degradability of cellulose nanostructure using solvents.

To understand solvent interaction with cellulose, phosphoric acid was used to first
solubilize cellulose (PAS cellulose) followed by adding an organic liquid or water to
wash the phosphate from the system. The Flory Huggins theory was used to predict wash

liquids that could favorably interact with cellulose. A favorable wash liquid was



predicted to prevent the reformation of crystalline domains to yield a disrupted cellulose
nanostructure, which should be more degradable. Low molecular weight alcohols and
glycols were calculated to be favorable wash liquids.

Washing PAS cellulose with the predicted favorable liquids yielded semi-
transparent gel-like materials compared to the opaque white precipitate formed when
water or unfavorable solvents were used in the wash. Fractal analysis of small angle
neutron scattering (SANS) of these apparent gels indicated cellulose polymers likely have
the properties of clustered rods. This partial disruption increased degradability relative to
the water washed PAS cellulose. The apparent rod-like cellulose nanostructures
suggested the presence of intra and interpolymer hydrogen bonding. Characterization of
the hydrogen bonding network by Fourier transform infrared resonance (FTIR) indicated
the gel-like material formed by ethanol washes was the result of heterogeneous
interpolymer hydrogen bond cross-links.

The interactions leading to gel-like materials were evaluated using Hansen
solubility parameters, which predicted mixtures of ethanol and water may be most
effective for disrupting cellulose nanostructure. Fractal analysis by SANS indicated 40
% ethanol/water was most effective. Similar results were obtained when 40 % ethanol
was used to disrupt the cellulose nanostructure in municipal office waste (MOW).
Ethanol washes increased the degradability of MOW by at least 30 % relative to
conventional water washing. This is significant because increased degradability of MOW
could further the development of cellulosic biofuels by reducing the amount of enzyme

required to digest the material.
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1. Introduction

The urgent demand for alternatives to fossil fuels has promoted research in
developing biofuels from biomass (1). The structural backbone of biomass is the
cellulose microfibril, which is composed of linear glucose polymers (2, 3). Cellulose is
produced through a biosynthetic process in which the polymers self assemble to yield
para-crystalline structures with both crystalline and amorphous regions (Figure 1.1) (4-6).
The crystal structure of cellulose is stabilized by its backbone B-1,4 linkage, hydrogen
bonding, van der Waals forces and hydrophobic interactions (in the presence of water) (2,
7, 8). This network of interactions poses an energy barrier to degradation which is a rate
limiting step in the biofuels process (1, 2). Understanding how the interactions of
cellulose can be manipulated to increase degradability is the subject of this dissertation.

One of the most promising means of degrading cellulose is by using enzymes to
catalyze the conversion of polymeric to monomeric glucose (1, 2). The most efficient
enzymes degrade cellulose processively, which means they release multiple glucose units
from the structure per binding event (9). The mechanism of the Saccharophagus
degradans cellulolytic system was investigated and several new processive enzymes were
identified. The degradation of cellulose by these processive enzymes was inversely
dependent on cellulose crystallinity, which demonstrated the necessity for disrupting the
ordered interactions of cellulose.

Numerous protocols have been developed to fractionate the components of
biomass to increase cellulose accessibility for enzyme degradation (10, 11). The
fractionation of cellulose is typically accomplished by solubilizing biomass in acid

followed by the addition of an extraction solvent (10, 12). Extraction solvents include



acetone and ethanol, but vary depending on biomass composition (13, 14). The use of
solvents has been empirically determined to increase the degradability of cellulose, but
how the interactions in the structure are affected is not well understood (15).

The network of intermolecular interactions causes cellulose polymers with seven
or more glucose units to be insoluble in water and most other liquids (16). To overcome
the energy barrier to solvation of cellulose phosphoric acid, a cellulose solvent, was used
to first solubilize the cellulose polymers (17). The acidic conditions of the phosphoric
acid solubilized (PAS) cellulose denature enzymes, which necessitated the use of a liquid
to wash the phosphate from the system (17). The wash liquid caused the cellulose
polymers to precipitate and thus reform a structure (17). The goal of the washing process
was to have the wash liquid favorably interact with cellulose to disrupt precipitation.

The interactions between the wash liquid and cellulose are important because they
affect the properties and morphology of the precipitate (18, 19). The Flory Huggins
theory was used to predict the interactions between the cellulose polymers and wash
liquid (20, 21). The Flory Huggins interaction parameter , which predicts favorable or
unfavorable interactions in a polymer/solvent system (20, 21), identified low molecular
weight alcohols and glycols as having potential favorable interactions with cellulose. To
test the predicted interactions PAS cellulose was washed with predicted favorable and
unfavorable liquids. The optical density of washed PAS cellulose in suspension was used
to characterize the state of polymer aggregation (21). In this work, optical density
indicated the precipitates had unique gel-like and opaque white properties depending on

the wash liquid.



Different polymer morphologies suggested unique nano scale properties, which
effect enzyme accessibility and thus degradation (22, 23). Small angle neutron scattering
(SANS) was used to characterize the washed PAS cellulose on the scale of 10 — 800 nm
(24-26). The scattering data exhibited fractal behavior and was fitted using a power law
model. The fitted power law exponent, o, represented the clustering of cellulose
nanostructures of each washed PAS cellulose (24, 25, 27). The a of the gel-like
precipitates was lower relative to the a of the opaque white precipitate formed by water
washing, which indicated a possible reduction in clustering of cellulose nanostructures.

The precipitation of clustered nanostructures suggested the presence of hydrogen
bonding. Fourier transform infrared resonance (FTIR) was used to characterize the
molecular interactions of the washed PAS cellulose structures. In cellulose structures
hydrogen bonding can occur both between cellulose polymers (inter) and within the same
polymer (intra) as well as between cellulose sheets (intersheet) (28-31). The patterns in
hydrogen bonding represented the tendency to form intrapolymer bonds in the opaque
white precipitates versus interpolymer bonds in the gel-like material. Understanding how
washing PAS cellulose with organic liquids and water affected hydrogen bonding
enabled the optimization of disruption.

The properties of the wash liquids that yielded cellulose gel-like precipitates were
quantified using Hansen solubility parameters (&) which enabled formulation of mixtures
to most effectively disrupt real materials. Hansen solubility parameters were used to plot
the Snydrogen Bonding VEI'SUS dpolarity tO identify a region of approximate gel-like formation
(32). Based upon the Hansen solubility parameters, solvent mixtures were used to

expand the region of gel-like formation. Ethanol/water mixtures were determined to



yield the most disruption and were applied to disrupt the cellulose structures of municipal
office waste (MOW). In this work the investigation of wash liquid/cellulose interactions

was applied to increase the enzymatic degradability of an actual recycled material.



Figure 1.1 - The structure of lignocellulosic biomass
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2. Background on Cellulose

2.1. Components of the plant cell wall

The cell wall gives plants the strength and rigidity to withstand the elements of
nature such as wind, and attack from animal and insect species (3). The cell wall is
composed of a diverse collections of polysaccharides (=70 %) and phenolic alcohols (=30
%) which yield the strength to withstand tensile and compressive forces (3, 5). The
backbone structural unit is the cellulose microfibril which is formed by assembly of
unbranched B-1,4 glucose polymers which form hexagonal shaped, rod-like para-
crystalline structures (2, 3). The para-crystalline cellulose structures are encased by a
diverse matrix of hemicellulose/pectin and lignin that protect the cellulose microfibrils
from degradation (1, 2).

The linkages and side chain functional groups of each polysaccharide determines
the degree of branching and distinguishes cellulose, hemicellulose and pectin components
(3, 5). Hemicellulose is most commonly composed of -1,4 linked xylan (5 carbon
sugar) and mannan (6 carbon sugar) (3, 5). Due to the heterogeneity of the hemicellulose
polymers they generally do not form crystalline structures like cellulose (33). The
possibility of multiple linkages also hinders the formation of ordered structures. Pectin is
similar to hemicellulose, but contains a more diverse collection of linkages and side-
polymer units, such as arabinan, galactan, and glucuronic acid (5).

Lignin forms a matrix which binds the hemicellulose/pectin and cellulose
structures (2, 3). Lignin is composed of phenolic alcohols which form a complex cross-
linked network that is not polymeric since there is no repeating unit (1). The aromatic

compounds of lignin act to inhibit the enzymatic degradation of cellulose (2). The



encased cellulose microfibrils aggregate into larger bundles that retain the ordered
structure of the individual microfibrils (1, 2).
2.2. Cellulose

Cellulose is a major component of lignocellulosic biomass (=30 — 40 %) (1, 2).
Cellulose exists as high molecular weight B-1,4 linked glucose polymers (degree of
polymerization ~200 — 10,000) (Figure 2.1A) (34, 35). Each cellulose polymer has one
reducing and one non-reducing end (2). These ends are useful for detecting sugars and
are used by enzymes to recognize their binding site (35). At the reducing end the C1
carbon is linked to an oxygen atom as an aldehyde group (35). The non-reducing end is
simply where the polymer no longer forms a p-1,4 linkage and is not able to act as a
reducing agent (35).

The individual glucose monomers have a chair conformation, which orients the
hydroxyl groups into equatorial positions and aliphatic hydrogen atoms into axial
positions (2, 8). This conformation induces interpolymer hydrogen bonding, which
contributes to the formation of planar sheets (2). The planar sheets of cellulose stack
through hydrophobic and van der Waals interactions (8, 36). These interactions cause
cellulose polymers to self-assemble in water during synthesis of the plant cell wall to
form highly ordered, para-crystalline microfibrils (Figure 2.1B) (2, 5).

A typical cellulose microfibril is composed of 36 cellulose polymers in a para-
crystalline (degree of crystallinity =70 %), linear, hexagonal arrangement with a ~20
nanometer diameter (Figure 2.1B) (2, 37). Crystalline cellulose forms a stable structure
due to multiple hydrogen bonds linking cellulose polymers in plane and van der Waals

and hydrophobic interactions between planes (2, 30, 38). The stability of crystalline



cellulose is evident in its onset temperature of decomposition of approximately 310 °C
and lack of an obvious melting temperature (39).

The ordering of cellulose polymers within the microfibril is effected by the
conformation of the 6™ carbon of each glucose unit (40). Each glucose unit of cellulose
is a 5 carbon glucopyranose ring that has a 6™, exo-cyclic carbon, not in the ring structure
(41). The exo-cyclic 6" carbon is linked to a hydroxyl group and together are referred to
as the “hydroxymethyl group” (Figure 2.2) (42). The hydroxymethyl group is important
because its conformation effects intrapolymer, interpolymer and intersheet interactions
(42). The conformation is defined by two torsion angles that are each represented by a
single letter. The first letter refers to the angle between the O5 — C5 — C6 — O6, and the
second refers to the angle between the C4 — C5 — C6 — O6 (40). When the angle is either
60 ° or -60 ° the letter is g (gauche) and when the angle is 180 ° the letter is t (trans) (40).
Three conformations of the hydroxymethyl group exist in cellulose: tg, gt, and gg (40).
The most important concept of the hydroxymehtyl group conformation is that 180 ° tg
means the hydroxyl group is in the horizontal plane of cellulose polymers, while the

hydroxyl group in the gg and gt conformations extends out of the plane.



Figure 2.1 — The cellulose polymer and microfibril
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(A) The cellulose polymer with a reducing and non-reducing end. Reproduced with
permission (43). (B) The cellulose microfibril is composed of 36 cellulose polymers in a
hexagonal geometry (2). The view is of the end of a cellulose microfibril. The large
dashed lines represent the edges of the microfibril. The small dashed lines in between
polymers represent hydrogen bonds. The solid black lines represent the cellulose

polymers.



Figure 2.2 — The hydroxymethyl group of cellulose
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2.3. Synthesis and crystallization of cellulose

Cellulose is created through a biosynthetic process by cellulose biosynthetic
enzymes (4, 5). Cellulose biosynthetic enzymes are found in families of algae, slime
mold, bacteria, cyanobacteria and tunicates (4, 5, 39). The cellulose biosynthetic
enzymes form a membrane structure called a terminal complex (TC), which has six fold
symmetry and a diameter of =30 nm (4, 5, 39). The TC has six units that each have six
individual cellulose biosynthetic enzymes (Figure 2.3A) (4, 5, 39).

The first step in the formation of cellulose structures is the polymerization of
glucose to yield B-1,4 linked cellulose polymers (4, 5). Cellulose biosynthetic enzymes
in the TC have been observed performing the three steps of polymerization: initiation,
elongation and termination using uridine diphosphate-a-glucose (UDP-a-glucose) as the
substrate (4, 5, 39). Cellulose biosynthetic enzymes act processively with two UDP-a-
glucose units in the active site at a time (4, 5, 39).

After extrusion from the TC, the cellulose polymers interact through hydrogen
bonding, van der Waals and hydrophobic interactions to form cellulose structures (44,
45). Cellulose polymers with 7 or more glucose units are insoluble in water and most
organic solvents (16). The crystallization of native cellulose is a two-step process
described by Cousins and Brown (44, 45). Each unit of the TC extrudes six cellulose
polymers, which form mini-crystals (5). The cellulose mini-crystals form sheets through
hydrogen bonding which stack due to van der Waals interactions to form a mini-crystal
composed of six cellulose polymers which aggregate to form cellulose microfibrils

(Figure 2.3B) (44, 45).
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Figure 2.3 — The terminal complex (TC) of cellulose biosynthetic enzymes

(A)

(B)

(A) The TC consists of six units with six cellulose biosynthetic enzymes each (4, 5). (B)
Each cellulose biosynthetic enzyme extrudes a single cellulose polymer, which assemble
to form mini-crystals with the six nearest polymers and then aggregate into 36 polymer

microfibrils (4, 5).
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2.4. The crystal structure of cellulose
2.4.1. Lattice structure of native cellulose (cellulose I)

Native cellulose has two unique phases depending on the alignment of the
cellulose polymers (8). In native cellulose, each cellulose polymer is extruded from the
TC in parallel, which means the hydroxymethyl groups align in the same direction (2, 46)
(Figure 2.4A). The alignment of the parallel cellulose polymers yields two dominant
crystal phases, alpha (I,) and beta (Ig) (Figure 2.4B) (30, 31). The alpha phase exists
mostly in bacterial and algal sources of cellulose while the beta phase predominately
exists in higher plants (30, 31). Using synchrotron x-ray and neutron fiber diffraction
the crystal structures of both 1, and I have been established (30, 31).

The unit cell of the I, phase is triclinic and has one cellulose polymer (Figure
2.5A). Each polymer is offset by 25 % the length of the polymer repeat direction (31).
The unit cell belongs to the P1 space group (P refers to a primative unit cell with a 1 fold
axis of rotation) (47). The lattice parameters of the unit cell are: a=6.7 A, b=6.0A, c=
10.4 A, 0=118.1° B =114.8° v=280.4 ° (31). The (110) is the plane of hydrogen
bonding and the (100) and (010) are both planes of hydrophobic and van der Waals
interactions (31). The a and b directions represent intersheet distances while the ¢
directions represents the polymer repeat direction.

The 1g phase has two cellulose polymers per unit cell with a polymer located at the
center and corners of the lattice (Figure 2.5B) (30). The polymer at the center of the unit
cell is offset by 25 % in the polymer repeat direction relative to the corner polymers (30).
This causes the glucose monomers to appear staggered when viewed on the (011) face of

the structure (8, 30). This ordering of cellulose polymers yields a monoclinic unit cell

13



with a P2; space group (P refers to a primitive monoclinic unit cell, 2 refers to a two-fold
axis of rotation and the sub-1 refers to the mirror plane) (30, 47). The plane of hydrogen
bonding is the (010), while hydrophobic and van der Waals interactions occur in the
(100), (110), and (110) planes. The lattice parametersarea=7.8 A,b=8.2 A, c=10.4
A, o =p=90°1vy=296.5° (Figure 2.4B) (30). (a) is the direction of the cellulose sheets
and (b) is the direction of hydrogen bonding within the cellulose sheets and (c) is the

polymer repeat direction (30).
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Figure 2.4 — The alignment of cellulose polymers
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(A) The repeat unit of cellulose is cellobiose, due to the conformation of the
hydroxymethyl groups (other hydroxyl groups not shown) (2). (B) The offset of cellulose

polymers affects the unit cell of the lattice structure (8). The view is of the (011).
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Figure 2.5 — The lattice structure of native cellulose

The view in (A) and (B) is orthogonal to the polymer repeat direction (c)

(A)

(110)

(B)

(A) The lattice structure of the I, phase (31). (B) The lattice structure of the Iz phase
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2.4.2. Lattice structure of cellulose 11

Native cellulose can be processed to yield cellulose 11 (48, 49). In cellulose 11 the
polymers are anti-parallel which yields opposite locations of the hydroxymethyl groups
(29). In native cellulose the dipole moments of each chain are forced into a parallel
conformation. During the transition the chains become swollen which allows some of the
microfibrils to be mobile. Opposite dipoles attract microfibrils of opposite charge to
become intertwined, which is called interdigitation (29, 50). Interdigitation is driven by
attractive polar interactions, which causes the anti-parallel structure to form (50, 51). In
the anti-parallel structure the hydroxymethyl groups are in the gt conformation, which
enables hydrogen bonding in the (110) plane (29, 38). structure of cellulose 11 is more
stable than native cellulose because of the added plane of hydrogen bonding (52). The
unit cell of cellulose 11 is monoclinic with two polymers per cell: a=8.0A, b=9.0A, ¢
=10.4 A with o =B =90°, y=117.1 ° (Figure 2.6A) (29). The most notable difference
between the native cellulose and cellulose 11 lattice structures is the angle, y, which is 96.5
¢ for native cellulose (lg) compared to 117.1 ° in cellulose 11 (29).
2.4.3 Lattice structure of cellulose 111

Native cellulose or cellulose Il can be transformed to cellulose 111 (52, 53). The
cellulose polymers of cellulose 111 are parallel with one polymer per unit cell (Figure
2.6B) (54). The hydroxymethyl groups are in the gt conformation which enables
intersheet interactions similar to those of cellulose 11, however the parallel alignment of
the polymers causes a unique structure to form (54). The transition of native cellulose to
cellulose 111 is reversible upon heating (55). The unit cell of cellulose 111 is monoclinic

(P21) with lattice parametersa=4.5A, b=7.9 A, c=10.4 A and y = 105.1° (54).
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Figure 2.6 — The lattice structure of cellulose Il and I11
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(A) The lattice structure of cellulose Il. (B) The lattice structure of cellulose Il1.
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2.4.4 Cellulose IV

Cellulose 1V is formed from native cellulose after processing to an intermediate
cellulose 11 or cellulose 111 structure (52, 56). The unit cell of cellulose IV is tetragonal
with the P1 space group (56). There are two polymers per unit cell in cellulose IV with
lattice parameters of a=8.0 A, b =8.1 A and ¢ = 10.4 A (56). The angles a, B, and y are
equal to 90 ° in a tetragonal structure (47).
2.4.5. Amorphous cellulose

By definition the structure of amorphous cellulose is highly disordered and does
not have defined lattice structure (42). Amorphous regions are present in native cellulose
between the ordered crystalline domains (2). During extrusion of cellulose polymers
from the TC, it is possible for some of polymers to misalign which causes disorder (4, 5).
The misalignment yields regions of weakened interactions due to increased distance and
non-linear bond angles.
2.5. Hydrogen bonding in cellulose structures

The crystal lattice of cellulose is stabilized, in part, by a complex network of
hydrogen bonding (2). The hydrogen bonding network of cellulose forms both inter and
intra polymer bonds in each polymorph (38, 40). These bonds have a range of ~2.6 — 3.1
A and generally form near linear angles (57). For this bond length and angle, the bond
energy, given in units of enthalpy is =5 kcal/mol (58, 59). When there are as many as
three hydrogen bonds per glucose unit, the theoretical energy is approximately ~15
kcal/mol. This energy is near the energy of the covalent B-1,4 linkages which has been

reported as ~23 — 30 kcal/mol (60, 61). Since the energy holding each monomer in the
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lattice is near, although still less than, that of the backbone B-1,4 linkage there is not a
distinguishable melting and decomposition temperature (7).

The three primary hydrogen bonds in native cellulose are the interpolymer:
O6H - 03, and intrapolymer: O3H — O5 and O2H — O6 (Figure 2.7A) (2, 40, 62).
Interpolymer bonding maintains sheets of cellulose, while intrapolymer bonding

reinforces the stiffness of each cellulose polymer (2). Intersheet hydrogen bonding

occurs only rarely in native cellulose due to the high ordering of in plane hydroxymethyl

groups (tg conformation) (63).

In cellulose 1l the most frequent hydrogen bonding occurs between intrapolymer:

O3H - 06 and O3H - O5 and interpolymer O6H — O2 (Figure 2.7B) (29, 57). Polarized

FTIR spectroscopy indicates there are 11 possible bonds that can form in cellulose Il

(57). The less frequently occurring hydrogen bonds have bond distances of ~3.0 A which

yields weak bonds with energy on the order of =2 — 4 kcal/mol (58).
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Figure 2.7 — The hydrogen bonds in native cellulose and cellulose 11
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(A) The most common hydrogen bonding network is native cellulose (Ig). (B) The most

common hydrogen bonding network in cellulose 1. Reproduced with permission (43).
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2.6. Enzymatic degradation of cellulose structures

Degrading cellulose structures to release glucose is necessary to produce the
precursors for biofuels production (1). One of the most promising means for releasing
glucose from cellulose is by using enzymes to degrade the cellulose structure (1, 2). In
the enzymatic degradation process, enzymes called cellulases catalyze the conversion of
polymeric glucose (cellulose) to glucose (2). The enzymatic degradation of crystalline
cellulose is a rate limiting step in the conversion of cellulose to glucose sugar (2).
Cellulase accessibility to its substrate and the network of intermolecular interactions in
the cellulose structure limits degradability (22, 23, 64).

A retaining mechanism is commonly used by cellulases such as Thricoderma
Reesei Cel7A (One of the most common commercially available cellulases) and is likely
used by the Saccharophagus degradans cellulolytic family to degrade cellulose (37, 65,
66). The first step is cleavage of the B-1,4 linkage (65, 66). This is accomplished by a
carboxyl group in the catalytic cleft of the enzyme which acts as an acid catalyst by
protonating the oxygen of the B-1,4 linkage (65, 67). A second carboxylic group in the
catalytic cleft of the enzyme acts as a nucleophile to form a covalent enzyme/cellulose
intermediate (60, 65). The glucose molecule is released when water is deprotonated by
the carboxyl group which protonated the -1,4 linkage (60). The conformation of the
hydroxyl group at the C1 anomeric carbon is retained (same as before degradation) (65).

This retaining mechanism is used by two classes of enzymes to degrade the
crystalline structure of cellulose (60). The crystalline structure limits access to cellulases
called endoglucanases, so they act primarily on amorphous regions of the cellulose

nanostructure (Figure 2.7) (68, 69). The other class of cellulase is called the
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cellobiohydrolase, which requires a specific end of the polymer, such as one of the ends
created by the activity of an endoglucanase, to begin degradation (Figure 2.8) (68, 69).
These cellobiohydrolases then degrade unidirectionally from that end (70). This means
only one enzyme can act on an available end of a cellulose polymer and this 1:1 enzyme-
substrate correspondence increases the amount of enzyme needed to process the material
(2). The primary difference between the two enzymes is that cellobiohydrolases
generally perform multiple processive rounds of cleavage before dissociation from the
substrate (70, 71).

Since each cellobiohydrolase requires a specific end, either reducing or non-
reducing, only the glucose units at the end of each cellulose microfibril are accessible for
degradation (70). The binding energy of each glucose unit varies depending on its
position within the microfibril (2, 72). For example the combined intersheet and
interpolymer interaction energies for the middle polymers is reported from simulations as
~-9.84 kcal/mol, whereas the total binding energy of the three polymers on the (100)
surface is =-8.14 kcal/mol (72). The difference in energy binding on the (100) surface
suggests only 3 glucose units at the end of the cellulose microfibril are available to begin
digestion. A cellulose microfibril with 36 polymers each having a degree of
polymerization of 200 has 7,200 glucose units, but only 3 that are easily accessible. The
most accessible are the glucose units on the surfaces with only 3 cellulose polymers each.
This means only 0.04 % of the glucose units are accessible which shows how the
interactions of the cellulose structure limits degradation. In order to overcome this low

accessibility high enzyme loadings are required which are expensive (2, 73).
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Figure 2.8 — The conventional cellobiohydrolase/endoglucanase mechanism for

enzymatic degradation of cellulose
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2.7. The conversion of native cellulose to other cellulose polymorphs
2.7.1. The conversion of native cellulose to cellulose 11

The transformation of native cellulose to cellulose Il can occur via two pathways:
alkali swelling, known as the Mercer process, or through acid regeneration (Figure 2.9)
(48, 74). In the Mercer process, strong base ( x > 20 % by mass NaOH or Ca(OH),) is
added to an aqueous suspension of cellulose (48, 75). The hydroxyl ion penetrates the
interstitial space, which causes the polymers to shift to anti-parallel through the process
of interdigitation (29, 48). This expands the lattice structure through electrostatic
repulsion (29, 48, 75). After a period of 24 hours the cellulose is washed with water to
remove the hydroxyl ions and cations (11, 75). Since cellulose 1l has a lower energy than
native cellulose, the transition is irreversible (52). Dissolution of the cellulose polymers
does not occur in the Mercer process, which is the notable difference from acid
regeneration.

Acid regeneration mixes cellulose with an acid (typically H,SO4 or H3PQOy),
which solvates crystalline cellulose, while generally leaving the backbone B-1,4 linkage
intact (74, 76). The increase in protonation competes with the hydrogen bonding network
of cellulose, while the anion penetrates the lattice structure similar to the Mercer process
(17). The anion (e.g. H,POy) is required to provide the electronegative driving force to
break the hydrogen bonding network (17). Upon the addition of a wash liquid (typically
water) the polymers precipitate to form cellulose 11 with amorphous regions (17). The
term “disrupted cellulose” is used in this dissertation to describe cellulose
nanostructures with disorder similar to amorphous cellulose with regions of

cellulose I1.
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Figure 2.9 — The conversion process from native cellulose to each cellulose polymorph
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2.7.2 The conversion of native cellulose and cellulose 11 to cellulose 111

Ammonia processing is used to convert raw biomass and cellulose 1 to cellulose
111 (53, 77). Cellulose 111 processed from native cellulose is called cellulose I11;and
cellulose I11;; when processed from cellulose 11 (53, 78). However, the structure has been
determined to be almost identical for cellulose 111, and cellulose I11; (53). In ammonia
processing 1-2 g of ammonia per gram of biomass is heated to 110 — 130 °C and
pressurized to approximately 4.5 MPa (53, 79). The ammonia ion disrupts electrostatic
interactions similar to that of the Mercer process, but causes cellulose polymers to be
parallel in the structure (54, 55). The transformation of cellulose I to cellulose 111 is
reversible upon heating above 200 °C (55). Cellulose 11 can also be transformed to
cellulose 11 by Mercerization or acid regeneration (52).
2.7.3. The conversion of cellulose Il and 111 to cellulose IV

Cellulose I is transformed to cellulose 1V, via a cellulose 11 or 111 intermediate
(56, 80). Cellulose Il or Il is transformed to cellulose 1V by heating at 260 °C in
glycerol (56, 80). There is debate as to how cellulose 11 and 111 are transformed to
cellulose 1V and how the structure differs from the other polymorphs (80).
2.8. Insolubility of cellulose in water and most solvents

Solvation of a structure occurs when the free energy of mixing is negative based
on entropic and enthalpic contributions (20, 21). The entropy of a high molecular weight
polymer such as cellulose decreases as molecular weight increases which increases the
free energy (20, 21). The increase in free energy causes cellulose polymers with seven or
more glucose units to be insoluble in water (16, 81). Cellulose is also insoluble in several

common organic solvents such as ethanol and acetone even though they have a tendency
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to form hydrogen bonding and polar interactions (16, 82, 83). Cellulose is amphiphilic
which means it has polar and non-polar regions that contribute to the enthalpic
interactions (82). The polar hydroxyl groups contribute to hydrogen bonding while the
non-polar faces of each glucopyranose ring contribute to hydrophobic and van der Waals
interactions (82). In general an amphiphilic polymer is best solvated by an amphiphilic
solvent which also has both polar and non-polar functional groups (82).
2.9. Intermolecular interactions between cellulose and solvents

The term “solvents” in this dissertation is used to describe chemicals that
dissolve cellulose. The term “wash liquids™ refers to chemicals that interact with
cellulose during washing of the cellulose solvent.
2.9.1. Mineral acids

Mineral acids are routinely used to fractionate cellulose and even hydrolyze
cellulose to glucose (11, 76, 84). Sulfuric acid has been used extensively due to low cost
and high strength (pK,=-3.0) (14, 41). Phosphoric acid is a relatively weaker acid (pK,
values: H,PO,* = 2.15, HPO,* = 7.20, PO,* = 12.37) (41), which is used to prevent
hydrolysis of the B-1,4 linkage (17). The phosphate ion forms cellulose esters through
electrostatic interactions at the hydroxymethyl group which disrupts interpolymer
hydrogen bonding and causes the cellulose polymers to dissociate (17). This disruption is
caused by the electronegativity of the phosphate ion, and not simply the pH of the
mixture (17, 76). An increase in protonation affects the properties of the phosphate ion,
but does not disrupt cellulose by itself due to the lack of an electronegative driving force.
The formation of cellulose esters is reversible upon addition of a wash liquid that is used

to precipitate cellulose which yields disrupted cellulose (17, 48).
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Sulfuric acid is used extensively to break down corn stalks to glucose (14, 85).
Mixing sulfuric acid with biomass at temperatures exceeding 200 °C causes the p-1,4
linkages to degrade (76). High temperature acid pretreatment yields toxic cellulose
derivatives, such as furfuryls, which inhibits downstream processing (86). The process of
degrading biomass directly to glucose is energy intensive and thus expensive, which are
reasons why alternatives are currently being sought (87).

2.9.2 Alkali

Strong bases such as sodium hydroxide have been used extensively in textile
production to swell cellulose fabrics to increase dyeability (88). The hydroxyl ion of the
strong base penetrates the interstitial space of cellulose (75). The electrostatic
interactions cause repulsion between the hydroxyl ion and the hydroxyl groups of
cellulose, which causes the polymers to shift to an anti-parallel conformation (29, 48, 75).
The anti-parallel conformation is formed through interdigitation, in which opposite polar
forces cause microfibrils to become intertwined (51). Several alkali species including
calcium, potassium, and ammonium hydroxide have been incorporated into pretreatments
(11). Sodium hydroxide is advantageous since it disrupts cellulose at low temperatures
and low cost (11, 48). However, the process is slow, often taking hours or days and is
corrosive (11).

2.9.3. Ammonia

Ammonia processing transforms native cellulose to a structure (cellulose I11) that
is more degradable by enzymes (79, 89). Under high temperatures and pressures,
ammonia penetrates the lattice of cellulose causing electrostatic interactions similar to

those caused by sodium hydroxide (53). Although pretreating cellulose with ammonia

29



produces cellulose that is significantly more degradable by enzymes, the high
temperature and pressure increases cost (79).
2.9.4. lonic liquids

lonic liquids have been developed to optimize cellulose dissolution and are
defined as liquid salts at temperatures under 100 °C (90, 91). Synthetic ionic liquids
form a complex with cellulose through electrostatic interaction with the hydroxymethyl
group, while also having hydrophobic groups to interact with the glucose ring structure
(90, 91). lonic liquids, such as 1-ethyl methylimidazolium chloride, are made through
synthetic processes which can be used to tailor the groups participating in hydrogen
bonding and hydrophobic interactions (90). lonic liquids are advantageous due to their
chemical stability, low vapor pressure, and reusability, but often cost 10 times greater
than organic solvents (90, 92). lonic liquids have a high charge distribution, which
causes them to also denature cellulase enzymes (92, 93). This means the ionic liquid has
to be washed from the material similar to the process for mineral acids. Due to cost and
incompatibility with enzymes, ionic liquids are prohibitively expensive for use on the
large scale.
2.10. Fractionation of cell wall components

While cellulose is a huge reservoir of sugars, their release by enzymes is impeded,
in-part, by the complex structure of biomass that has evolved to be highly resistant to
degradation (2, 23). In order to make cellulose more degradable by enzymes,
pretreatments are required to fractionate cellulose, hemicellulose/pectin and lignin into
separate streams (10, 11, 94). Fractionation significantly improves the degradability of

the complex polysaccharides in biomass, in part, by increasing enzyme accessibility (23).
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Pretreatments can employ a variety of processing conditions including dilute acid to
solubilize the components of biomass or caustic conditions such as in ammonia fiber
explosion (AFEX) (11). Pretreatment of corn stover using AFEX increased the
production of sugars and the ethanol yield, but it was only 60 % of the maximum
theoretical yield (79). Other pretreatments for corn stover have been reported to yield 96
% glucan degradability when high enzyme loadings are employed (15 FPU/gram glucan
in the substrate) (12, 14). Cellulose structure hinders enzymatic degradation, which was
evident in the degradation of Avicel using T. reesei Cel7A (37). The degradability of
Avicel (=70 % crystalline) using T. reesei enzyme was ~10 % compared to ~80 %
degradability on acid pretreated Avicel (> 10 % crystalline) (23).

Cellulases, in general, act on individual polymers of cellulose (2). The ordering
of cellulose microfibrils and bundles at the nano scale, in turn, effects enzyme
accessibility to cellulose polymers (95). Solvents such as acetone and ethanol can be
incorporated into pretreatment processes to disrupt cellulose structure and to improve
cellulose degradability (10, 12, 14). In the pretreatment of corn stover, for example,
AFEX reduces the degree of cellulose crystallinity by 14 %, as measured by x-ray
diffraction, but the use of dilute acids increases the degree of cellulose crystallinity by 2
% (85, 96). The degree of crystallinity does not yield information on cellulose
nanostructure or its hydrogen bonding network (18, 96, 97).

2.11. Influence of cellulose solvent on pretreated material

Cellulose solvents yield conditions that are not suitable for enzymatic degradation

due to high polarity and strong electrostatic interactions (92, 93). To yield conditions

suitable for enzymatic degradation the cellulose solvent is separated from the material by
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washing with a liquid (17). As the cellulose solvent is diluted a precipitation process
occurs in which the solubilized cellulose reforms a structure (17). The wash liquid is
most commonly water, but can include a variety of organic solvents (15, 17). The
properties of the wash liquid affect the precipitation of cellulose yielding polymers with
unique morphologies (19, 98).

Water is the most common liquid used to wash cellulose due to low cost and the
necessity for a near neutral pH environment for enzymatic degradation (11). Water has a
strong tendency to form hydrogen bonds with cellulose which contributes to the
formation of ordered cellulose nanostructures (82). The high level of ordering restores
significant crystallinity in the form of cellulose I1, and thus limits enzymatic degradation
(23). Due to these drawbacks, non-aqueous liquids are used in cellulose processing (10).

Organosolvent pretreatment uses acid or ionic liquid to solubilize cellulose
followed by washing with a non-aqueous liquid (15, 94, 99-101). Industrial processes
have experimented with a variety of wash liquids including acetone, ethanol, methanol
and glycols to empirically determine which wash liquids yield the most degradable
cellulose (12, 14, 15). Most work has focused on the liquids that yield the highest
recovery of each biomass component, thus yielding maximum enzyme accessibility (12,
14, 15). The solubility of hemicellulose and lignin in different liquids typically governs
which solvent is employed in the process and there is no uniform protocol (10). Ethanol
organosolvent pretreatment is used most frequently because of increase glucose yields
per mass of feedstock relative to other protocols (15, 99). Industrial processes primarily
focus on biomass fractionation and have largely ignored understanding the effects to the

crystalline structure of cellulose during washing by non-aqueous liquids (15).
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3. Processive Endoglucanases mediate the degradation of

cellulose by Saccharophagus degradans

3.1 Introduction

The microbial degradation of cellulose is of interest due to applications in the
sugar-dependent production of alternative biofuels (1). There are well-characterized
cellulolytic systems of bacteria and fungi that employ multiple endo-acting glucanases
and exo-acting cellobiohydrolases in the degradation of cellulose (2). For example, the
noncomplexed cellulase system of the wood soft rot fungus, Hypocrea jecorina
(anamorph Trichoderma reesei), the source for most commercially available cellulase
preparations, produces up to eight secreted p-1,4-endoglucanases (Cel5A, Cel5B, Cel7B,
Cell12A, Cel45A, Cel61A, Cel61B, Cel61C ), two cellobiohydrolases (Cel6A, Cel7A),
and several p-glucosidases (e.g., Bgl3A) (102). Cellobiohydrolases are critical to the
function of these systems as, for example, Cel7A comprises in excess of 60% of the
cellulases secreted by this organism (64).

Another well-characterized noncomplexed cellulase system is found in
Thermobifida fusca, a filamentous soil bacterium that is a major degrader of organic
material found in compost piles (70). This bacterium also secretes several
endoglucanases and end-specific cellobiohydrolases to degrade cellulose (70). An
alternative mechanism to degrade cellulose is found in microorganisms producing
complexed cellulolytic systems, such as those found in cellulolytic clostridia. In these
microorganisms, several B-1,4-endoglucanases and cellobiohydrolases assemble on
surface-associated scaffoldin polypeptides to form a cellulose-degrading multiprotein

complexes known as cellulosomes (69, 103). The unifying theme in either complexed or
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noncomplex systems is the importance of cellobiohydrolases in converting cellulose and

cellodextrins to soluble cellobiose.

Recently a complete cellulolytic system was reported in the marine bacterium
Saccharophagus degradans 2-40 (104-106). This bacterium is capable of growth on both
crystalline and noncrystalline cellulose as sole carbon sources and produces multiple
glucanases that can be detected in zymograms of cell lysates (104). The work of Weiner
and Taylor annotated the genome sequence of this bacterium, which predicted the
function of the cellulolytic system of this bacterium (104, 105). An annotation is a
predicted function of an enzyme based on comparing amino acid sequences with enzymes
with known functions as described by Henrissat (28). The annotation done by Weiner
and Taylor analyzed the amino acid sequences of each enzyme in the S. degradans
cellulolytic system which suggested the presence of ten GH5-containing -1,4-
endoglucanases (Cel5A, Cel5B, Cel5C, Cel5D, Cel5E, Cel5F, Cel5G, Cel5H, Celbl,
Cel5J), two GH9 B-1,4-endoglucanases (Cel9A, Cel9B), one cellobiohydrolase (Cel6A),
five B-glucosidases (Bgl1lA, Bgl1B, Bgl3C, Ced3A, Ced3B) and a cellobiose
phosphorylase (Cep94A) (104, 105). The apparent absence of a homolog to a scaffoldin
in the genome sequence and to dockerin-like domains in the proposed glucanases
suggests this bacterium produces a noncomplexed cellulolytic system. Two unusual
features of this cellulolytic system are the large number of GH5 endoglucanases and the
presence of only one annotated cellobiohydrolase, Cel6A (104, 105). The apparent
deficiency of cellobiohydrolases in this system raised the question as to the mechanism

by which this bacterium degrades cellulose.

34



To understand the mechanism for degradation of cellulose, the biochemical
activity for the predicted cellobiohydrolase Cel6A and each of the GH5 glucanases
predicted for the S. degradans cellulolytic system was evaluated. Cel6A exhibited
properties of a classic endoglucanase but three of the originally annotated
endoglucanases, Cel5G, Cel5H and Cel5J were shown to be processive, forming
cellobiose as the end product. Processive endoglucanases substitute for

cellobiohydrolases in this system to play a major role in the degradation of cellulose.

This chapter has been published in part: Watson, B.J. et al. J. Bacteriol. 191 5697-5705

(2009). Reproduced with permission from the American Society of Microbiology.
3.2 Materials and Methods

Bacterial growth media and conditions

Saccharophagus degradans 2-40" (ATCC 43961) was grown at 30 °C in minimal
medium containing (per liter) 2.3 % Instant Ocean (Aquarium Systems, Mentor, Ohio),
0.05 % Yeast Extract, 0.5 % (w/v) ammonium chloride, and 16.7 mM Tris-HCI, pH 8.6
supplemented by 0.2 % carbon source using standard protocols. Escherichia coli, DH5a
(Invitrogen, Frederick, MD) and Rosetta2™ (DE3) (Novagen, Madison, WI) strains were
grown at 37 °C in Luria-Bertani (LB) broth or agar supplemented with the appropriate
antibiotics. Antibiotics were added to media at the indicated concentrations (in ug/ml):
chloramphenicol, 30; and kanamycin, 50.
Molecular cloning and expression were performed by Dr. Haitao Zhang
Purification of glucanases
20 ml of overnight E. coli Rosetta™?2 (DE3)(pHZ-Cel) culture were inoculated into 500

ml LB broth and grown at 37 °C for 2 hours. Expression of cloned genes was induced by
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the addition of IPTG to a final concentration of 0.1 mM when the OD600 approached 0.6.
The culture was then incubated overnight at 15 °C with mild shaking. Cells from induced
cultures were harvested and resuspended in 50 mM sodium phosphate, 300 mM sodium
chloride, 10 mM imidizole, pH 8.0 and 0.5 mM phenyl methyl sulfonyl fluoride.
Lysozyme was added to a concentration of 1 mg/ml and the cell suspension incubated on
ice for 30 minutes. Lysis of cells was completed using five 30 second cycles in a Bead
Beater™ (Biospec Products). The lysate was clarified by centrifugation at 10,000 RPM
for 20 minutes. The expressed proteins in cleared lysates were purified using Ni-NTA
(Nitriltriacetic acid) chromatography according to the manufacturer’s recommendations
(Qiagen, 2003). The protein concentration was determined by the Pierce microBCA
protein assay reagent kit (23235) using bovine serium albumin (BSA) as the standard.
Enzyme Assays

Most assays were performed at pH 6.5 and 50 °C in a reaction mixture containing
1 % Instant Ocean™, 20 mM PIPES buffer, and 0.01 — 1.0 nmol purified enzyme for
soluble substrates and 0.1 — 2.0 nmol purified enzyme for insoluble substrates. For
alternative pH conditions, 20 mM MES (2-(N-morpholino)ethanesulfonic acid) for pH 3-
6, 20 mM PIPES (1,4-Piperazinediethanesulfonic acid) for pH 6-7 or 20 mM Tris (2-
Amino-2-(hydroxymethyl)propane-1,3-diol) for pH 7-8.5 were employed. The ionic
strength of the reaction mixture was adjusted by the addition of 0-10 % (w/v) Instant
Ocean™. All assays were performed in triplicate and reported as the mean with standard
deviation.

The carboxymethyl cellulose (CMC) assay was performed with 1 % substrate in a

total volume of 0.4 ml for a 15 min reaction time. Phosphoric acid swollen cellulose
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(PASC) was prepared as described (17). The PASC (1 mg) assay was performed in a
total volume of 0.15 ml for 30 minutes. The DNS (dinitrosalicylic acid) assay was used to
detect product formation in these reactions (107). Degradation of Avicel (1 mg) or
Whatman #1 filter paper (3 mg) was assayed in a total volume of 0.15 ml for 2 hours.
The reaction was stopped by incubation for 3 minutes at 95 °C and the substrate
separated by centrifugation at 10,000 rpm. The products of filter paper or Avicel
degradations were then digested with 0.45 nanomoles of the -glucosidase S. degradans
Bgl1A in a total volume of 0.2 ml at 50 °C for 1 hour. After 1 hour at 50 °C, the 3-
glucosidase was inactivated by incubation for 3 minutes at 95 °C. Glucose oxidase
(Sigma GAGO-20) was added to a volume of 0.6 ml and incubated at 37 °C for 30
minutes. 0.4 ml of 12 N sulfuric acid was added and the glucose concentration was
measured at OD540 with a glucose standard curve (108). Release of cellobiose was
calculated at 50 % the rate of glucose accumulation.
Assessment of Synergy

Evaluation of synergy was one method used to determine endoglucanase versus
cellobiohydrolase activity of S. degradans cellulases. Synergy was evaluated using the
filter paper assay as described above. T. fusca Cel6A (endo), T. fusca Cel9B (endo) and
T. fusca Cel6B (exo, cellobiohydrolase) were used as reference enzymes of known
activity (gifts of Professor David Wilson, Cornell University). Each assay utilized 1.0
nmol of S. degradans enzyme and 0.1 nmol of the indicated T. fusca enzyme. The yield
of glucose of each enzyme on filter paper was independently measured as described
above. The combined yield of glucose from two enzymes together in the filter paper

assay was also measured. The degree of synergy was calculated by dividing the
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combined glucose yield by the sum of the glucose yield of each enzyme independently.
If the degree of synergy was less than 1 the enzymes were considered anti-synergistic and
synergistic if greater than 1.
Viscosity measurements

Viscosity was monitored using a cross-arm viscometer (ASTM D455 and D2170).
T. fusca Cel6B (0.01 nmol), S. degradans Cel5H (0.01 nmol) or T. fusca Cel9B (0.001
nmol) was added to 2.0 ml of 1 % CMC solubilized in assay buffer. The viscosity of the
reaction mixture was measured periodically between 0.5 — 20 minutes.
Thin Layer Chromatography

One ul samples were spotted onto Fisher (5729-6) silica gel 60 plates and air
dried. Chromatograms were developed using nitromethane, 1-propanol, and water
(2:5:1.5) (v:v:v) (109). Two ascents of the solvent were used to ensure high resolution.
The plate was dipped in 5 % (v/v) sulfuric acid in methanol and heated to 140 °C for 5
minutes to visualize resolved products.
Processivity

The processivity was evaluated by measuring the ratio of soluble to insoluble
reducing sugar released during the filter paper assay as described by Zhang with minor
modifications (71). Reducing sugar in the soluble fraction was measured using glucose
oxidase method described above and reported in umols of cellobiose. The insoluble
reducing sugar was determined using a modified 2,2'-bicinchoninate (BCA) assay as
described by Doner and Irwin (110). At the end of the assay period, the filter paper was
washed with 6 M guanidine hydrochloride to remove bound protein. The filter paper disc

was then washed 4 times with assay buffer and water (71). The retained insoluble
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reducing sugar was measured using the Pierce microBCA reagent kit using glucose
standards. The processivity was determined using 0.1 — 1 nmol of the indicated S.
degradans glucanase and 0.1 nmol of T. fusca Cel6A (endo) and T. fusca Cel9B

(processive endo).
3.3 Results
Cellulose degradation by S. degradans

The genome of S. degradans is annotated to produce a multi-component
cellulolytic system (104, 105), but the mechanism of cellulose degradation was not clear.
To estimate the products formed as a result of the activity of the secreted components of
the S. degradans cellulolytic system, S. degradans was grown on Avicel to induce
expression of glucanases. The degradation products released from cellulose by the
activity of the secreted glucanases were determined. Irrespective of the cellulosic
substrate or reaction time, cellobiose was the primary product released by the glucanase
activity of S. degradans culture filtrates with a lower amount of cellotriose also observed
(Figure 3.1). Larger cellodextrin products were not apparent. This suggests that the
cellulolytic system of S. degradans has an efficient mechanism to release cellobiose

during the degradation of cellulose.
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Figure 3.1 — Degradation of cellulose by S. degradans
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S. degradans was grown on Avicel to induce expression of glucanases (left). After 24
hours 1 pl of the culture media was plated on TLC plates for product analysis. Samples
of the enzyme preparation and of the Avicel growth media at time zero were used to
control the TLC product analysis, to ensure the sugars observed were the products of S.

degradans activity.
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Activity of Cel6A

Cellobiose can be formed by the processive exoglucanase activity of a
cellobiohydrolase. The only annotated cellobiohydrolase in the S. degradans genome is
Cel6A (104). The cel6A gene had been cloned into pET28b in a form that lacked His-
tags. Cell lysates containing Cel6A released reducing sugar from CMC consistent with
its annotation as a glucanase. The processivity ratio (ratio of soluble to insoluble
products) of Cel6A activity and synergisms were values expected for an endoglucanase
(Table 3.1). Furthermore, the activity reduced the viscosity of CMC. This activity is
typical of a classic endoglucanase, indicating that other enzymes must be contributing to

the formation of cellobiose.
Expression of glucanases

Work by Dr. Haitao Zhang indicated that cel5H was the highest induced cellulase
in the S. degradans cellulolytic system and thus likely to be essential for cellulose

degradation.
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Table 3.1 — Properties of S. degradans Cel6 A

Degree of Synergy®
S. degradans Cel6A + T. fusca Cel6A (Endo) 0.64 (anti-synergistic)
S. degradans Cel6A + T. fusca Cel6B (Exo) 1.58 (synergistic)
Impact on Viscosity” -53%
Processivity* 1.02+0.11

*The degree of synergy: In general, two enzymes with the same type of activity will be
anti-synergistic, while two enzymes with different activity with be synergetic. Crude
lysate preparations of S. degradans Cel6A expressed in E. coli Rosetta ™ 2 (DE3) were
used. The independent yield of glucose was: S. degradans Cel6A: 0.87 = 0.15 pg, T.
fusca Cel6A: 7.57 £ 0.44 pg, T. fusca Cel6B: 0.34 = 0.02 pg. The combined yield of
glucose for S. degradans and T. fusca cellulases: S. degradans Cel6A + T. fusca Cel6A:
5.43 +0.27 g, S. degradans Cel6A + T. fusca Cel6B: 1.91 + 0.26 ug. The degree of
synergy was calculated by dividing the combined yield by the sum of the independent
yield of each cellulase.

® The reduction of viscosity of a CMC solution. In parallel experiments, the
exoglucanase T. fusca Cel6B caused a 30% increase in viscosity, whereas the
endoglucanase T. fusca Cel9B caused an 84% decrease in viscosity.

° The processive ratio is defined as the pmol cellobiose released divided by umol

insoluble sugar (glucose standard) (71).
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Activity of Cel5H

For determination of the biochemical activity of Cel5H, the gene had been cloned
to create His-tagged derivatives, which enabled purification (Zhang et al.). After
transformation into E. coli Rosetta™?2 (DE3), expression was induced by IPTG
(Isopropyl B-D-1-thiogalactopyranoside). The expressed Cel5H migrated at the expected
mass during SDS-PAGE and hydrolyzed B-glucan and HE (hydroxyethyl) cellulose in
zymograms consistent with its annotation. This enzyme appeared to be very active as
lystates of E. coli Rosetta™2 (DE3) transformants expressing Cel5H had to be diluted to
picomolar concentrations before a well-defined zone of activity typical of an individual
polypeptide could be resolved. After purification from Rosetta™2 (DE3) transformants
to near homogeneity by using nickel-NTA (nitriltriacetic acid) affinity chromatography,
the glucanase activity of the purified Cel5H exhibited a pH optimum of 6.5 and retained
greater than 84 % of its activity in the range between pH 6.0 — 7.0. Activity increased
linearly up to 50 °C but lost activity at higher temperatures. Addition of 1 % Instant
Ocean™ enhanced the activity of the enzyme 2.5 fold. The specific activity of purified
Cel5H was highest on swollen cellulose and CMC but activity was retained on filter

paper and Avicel relative to controls (Table 3.2).

To evaluate whether Cel5H is an endoglucanase like other GH5 enzymes (111),
its effect on the viscosity of CMC solutions was monitored. S. degradans Cel5H rapidly
decreased the viscosity of CMC similar to the endoglucanase T. fusca Cel9B ( a gift of D.
Wilson). In contrast, the exo-acting T. fusca Cel6B (a gift of D. Wilson) increased the

viscosity of CMC as expected (Figure 3.2).
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Table 3.2 — Specific activity of S. degradans Cel5H on cellulosic substrates

Specific activity on the indicated substrate

Enzyme (umol reducing sugar / minute / pumol enzyme *°)

cMmc? Swollen Cellulose* Filter Paper® Avicel®

Cel5SH 643 + 148 792 £119 2.21+£0.1 1.45+0.1

*Reducing sugar released from CMC and swollen cellulose was measured using a DNS
assay relative to a cellobiose standard curve whereas cellobiose released from filter paper
and avicel was measured using the glucose oxidase method after treatment with an excess
of B-glucosidase. Mean of triplicate trials and one standard deviation are reported.

® imol protein measured using BSA as the reference

¢ The approximate degree of crystallinity for each substrate (% crystallinity) (35):
carboxymethyl cellulose CMC (0%), PASC (<10 %), filter paper (50%), and Avicel

(70%)
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Figure 3.2 — Effect of endo- and exo-glucanases on CMC viscosity
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S. degradans Cel5H (-#-), T. fusca Cel9B (Endo) (-m-) and T. fusca Cel6B (Exo) (- A-)

were added to a 1 % CMC solution. The error bars represent one standard deviation from

triplicate trials.
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Synergistic interactions between glucanases also provide an indication of the
activity of the enzymes. S. degradans Cel5H acted synergistically with the exoglucanase
T. fusca Cel6B, producing at least 30 % more product when acting together than each
individually (Table 3.3). In contrast, anti-synergism was observed with the
endoglucanase T. fusca Cel9B with combined activities 15-25 % lower than theoretical as

seen previously in the interaction of classical endoglucanases (112).
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Table 3.3 — Synergy of S. degradans and T. fusca glucanases

Yield of Glucose (pg)
Independent  Theoretical ~ Observed

Enzyme Activity ~nmol Yield® Yield® Yield DoS*
S. degradans Cel5H 1 12.6 0.9
T. fusca Cel9B endo 0.1 59+0.5 18.5 143+04 0.77
T. fusca Cel6B exo 0.1 2.7+0.0 15.3 20.1+0.9 1.31
S. degradans Cel5G 1 10.5+1.3
T. fusca Cel9B endo 0.1 59+0.5 16.4 14.1° 0.86
T. fusca Cel6B exo 0.1 2.6+0.0 13.2 20.4+0.9 1.55

* The yields were measured after two hours as described for the filter paper assay. Mean

of three trials and the standard deviation reported are rounded to tenths

® The sum of the pg glucose produced by the indicated S. degradans and the T. fusca

glucanases during independent degradations.

° The yield obtained under the same conditions as the independent reactions in a

degradation containing Cel5H or Cel5G together with T. fusca Cel9B or Cel6B

4 DoS: The degree of synergy: product formed when both enzymes are present in the

reaction mixture divided by the sum of the yields from equivalent amounts of the same

enzymes under identical conditions.

°Representative of single trial due to lack of T. fusca endoglucanase
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Cel5H is processive

Cellobiose was the primary product released from swollen cellulose, filter paper,
and Avicel by the activity of purified Cel5H in heat stopped reactions, irrespective of the
time of degradation (Figure 3.3). Products larger than cellotriose were not apparent
during 45 second degradations or thereafter. The amount of Cel5H used did not affect

the product distribution.

The production of cellobiose by Cel5H activity could be an indication of
processivity. To evaluate the processivity of Cel5H, the ratio of soluble and insoluble
products was measured and compared to that of T. fusca Cel9A (processive
endoglucanase; a gift of D. Wilson) and T. fusca Cel6A (classical endoglucanase) (70).
Like the processive T. fusca Cel9A and in contrast to the classical endoglucanase T. fusca
Cel6A (113), 82 % of the products formed by the activity of the S. degradans Cel5H
were soluble (Table 3.4). For both T. fusca Cel9A and S. degradans Cel5H the rates of
soluble product formation exceeded that of insoluble products throughout a 2-hour time

course (Figure 3.4).
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Figure 3.3 — Products formed by S. degradans Cel5H activity
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Controls: E, Enzyme alone; A, Avicel alone; FP, Filter paper alone; SC, phosphoric acid
swollen cellulose alone. Substrate: Products formed by the activity of purified Cel5H on
the indicated substrate: A, Avicel; FP, filter paper; and SC, phosphoric acid swollen
cellulose. The markers, G1-G4, represent the migration of glucose, cellobiose, cellotriose
and cellotetraose. Time course: Time course of products (min) released by the activity of

S. degradans Cel5H on swollen cellulose.
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Table 3.4 — Processivity of S. degradans Cel5H

Specific Processive Soluble Insoluble
Enzyme® Activity® Ratio® Reducing Sugar! Reducing Sugar®
T. fusca Cel9A (Proc. Endo) 0.70£0.01 4.72+0.43 82.5% 17.5 %
T. fusca Cel6A (Endo) 1.33+0.14 2.55+0.28 71.9 % 28.1 %
S. degradans Cel5SH 1.66 £0.07 4.26+0.71 81.4 % 18.6 %

*0.1 nmol of each endoglucanase was used in each 2 h degradation of filter paper.

® The specific activity is reported as pmol reducing sugar / minute / pmol enzyme.

° The processive ratio is defined as the pmol soluble reducing sugar (cellobiose standard)

divided by umol insoluble sugar (glucose standard) as described in the Materials and

Methods.

4 The mass fractions of soluble and insoluble products given as percentages.
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Figure 3.4 — Processivity of Cel5H activity
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Diamonds (top line, 4) indicate soluble reducing sugar detected (umol cellobiose).
Squares (bottom line, M) indicate insoluble reducing sugar (umol glucose). Linear trend
lines were fitted using y = mx. For release of soluble reducing sugar, m = 0.0108, R* =

0.97. For formation of insoluble reducing sugar, m = 0.0020, R* = 0.94.
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The contribution of the resident CBM6 of Cel5H to its activity and processivity
was evaluated by comparing the activity of the full-length polypeptide to that of a
truncated derivative consisting of the GH5 catalytic domain constructed by specific
amplification (Cel5H'"). For these experiments, the GH5 domain of Cel5H was amplified
by PCR and ligated into pET28b as before (H. Zhang). Cel5H" was purified from
Rossetta2™ (DE3) transformants. The specific activity of Cel5H' was 69 % that of
Cel5H on near amorphous PASC and 78 % on soluble CMC. The ratio of soluble to
insoluble products, however, remained indistinguishable from that of Cel5H (Table 3.5).

Thus, the data suggests that processivity of the enzyme resides with the catalytic domain.
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Table 3.5 — Properties of S. degradans Cel5H'

(A) Specific activity of S. degradans Cel5H' on cellulosic substrates

Specific activity on the indicated substrate

Enzyme (umol reducing sugar / minute / pmol enzyme *°)

CMC Swollen Cellulose Filter Paper Avicel

CelSH' 500+ 10 545 £ 82 0.92+0.1 0.66 = 0.1

*Reducing sugar released from CMC and swollen cellulose was measured using a DNS
assay relative to a cellobiose standard curve whereas cellobiose released from filter paper
and avicel was measured using the glucose oxidase method after treatment with an excess
of B-glucosidase. Mean and standard deviation are reported.

® imol protein measured using BSA as the reference

(B) Processivity of S. degradans Cel5H’

Specific Processive Soluble Insoluble
Enzyme® Activity® Ratio® Reducing Sugar! Reducing Sugar®
S. degradans Cel5H' 092+0.01 4.42+1.07 81.1% 18.9%

*0.1 nmol of each endoglucanase was used in each 2 h degradation of filter paper.
® The specific activity is reported as pmol reducing sugar / minute / pmol enzyme.
° The processive ratio is defined as the pmol soluble reducing sugar (cellobiose standard)

divided by umol insoluble sugar (glucose standard)
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Purification and properties of other GH5 endoglucanases

As before, each gene for the other GH5 glucanases of S. degradans was amplified
by PCR and ligated into pET28 for expression in E. coli Rosetta™?2 (DE3) (H. Zhang).
Most of the expressed GH5 enzymes exhibited endoglucanase activity in -glucan and
HE cellulose zymograms consistent with their annotation as glucanases. Cel5B, Cel5D,
Cel5F, and Cel5H were comparatively stable with a single full-length polypeptide of the
expected size having glucanase activity. In contrast, Cel5E, Cel5G, and Cel5J were
unstable, either producing multiple degradation products with activity or the active
fragment migrated at a mass lower than expected. Full-length polypeptides as well as the
fragments of Cel5D, Cel5G and Cel5J sufficient to carry the catalytic domain retained
glucanase activity. None of the fragments derived from Cel5C or Cel5I1 exhibited
evidence of glucanase activity on any substrate. Cel5A was not investigated due to the

diversity of its multi-domain architecture.

Each polypeptide was purified to near homogeneity from Rosetta™2 (DE3)
transformants as previously either as the full length polypeptide (Cel5B, Cel5E, Cel5F) or
as an apparent catalytic domain (Cel5D, Cel5G, Cel5J) based upon the retention of
activity and size correspondence with the structural predictions of each polypeptide (104,
105). The glucanase activity of the expressed enzymes had pH optima near 6.5, did not
require salts and functioned up to 50 °C. In contrast to fungal endoglucanases (114),
Cel5B, Cel5D, Cel5E, Cel5F, and Cel5G retained at least 60 % of the optimal activity at
pH 8.0. The glucanase activity was inversely proportional to the crystallinity of the

cellulose substrate with the highest activity observed on CMC (Table 3.6).
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Table 3.6 — Specific activities of the S. degradans GH5 endoglucanases

Specific activity on the indicated substrate *°

(umol reducing sugar / minute / mg protein)

Enzyme CMC* Swollen Cellulose © Filter Paper* Avicel ©
Cel5B 2.23+0.36 0.07 +0.02 (1.84+£0.01)x 10° (1.44+0.1)x 107
Cel5D (8.59+2.23)x 10" (1.13+£0.06)x 10* (2.68+0.75)x 10~ N/D?

Cel5E 0.05 + 0.02 (5.96 £ 0.48)x 10°  (4.01£0.76)x 10° N/D?

Cel5F 0.37 + 0.08 0.18 + 0.04 (6.60 £ 0.46) x 10 (6.26£0.75) x 10™
Cel5G 4.62 +0.60 11.70 + 1.75 (5.12+£0.20)x 10°  (4.88 £0.44) x 107
Cel5H 9.61 £2.21 11.80 + 1.77 (329+1.64)x 107  (2.18 +1.52)x 107
Cel5J 6.97 + 0.56 4.06 +0.61 (6.67+0.40)x 10°  (2.18 £0.04) x 107

*Reducing sugar released from CMC and swollen cellulose was measured using a DNS

assay and a cellobiose standard curve. For activity on filter paper and avicel, released

cellobiose was converted to glucose using an excess of 3-glucosidase and the activity is

calculated at 50 % the rate of glucose release as measured using the glucose oxidase

method.

® milligrams of protein measured using BSA as the reference

¢ The approximate degree of crystallinity for each substrate (% crystallinity) (35):
Carboxymethyl cellulose (CMC; 0 %), PASC (<10 %), filter paper (50 %), and Avicel™
(70 %).

4 Activity not detected in a 15 h degradation period.
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Although Cel5F is expressed at 46 % that of Cel5H, its specific activity on the tested
substrates was significantly lower than that of Cel5H on the tested substrates, suggesting

that this enzyme makes a minor contribution to the degradation of cellulose.

The activity of Cel5B, Cel5D, Cel5E and Cel5F formed products typical of
classical endoglucanases with ratios of soluble to insoluble products similar to that of
other endoglucanases (Table 3.7). The processivity ratios for Cel5G and Cel5J, however,
were found to be significantly greater than 4 and each degraded filter paper and Avicel
like Cel5H. Interestingly, the activity of these processive endoglucanases was not
dependent upon the activity of classic endoglucanases. For example, Cel5H was not
synergistic with Cel5D, Cel5F, and Cel5G at three different molar ratios (1:4, 1:1, and
4:1) (Table 3.8). This indicated that Cel5H does not recognize the free non-reducing
ends of cellulose polymers like cellobiohydrolases (Table 3.8). The activity of Cel5G
was also not dependent on the activity of other endoglucanases similar to Cel5H. This

indicated that both Cel5H and Cel5G act as processive endoglucanases.
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Table 3.7 — The processivity of S. degradans cellulases

Cellulase® Processive Ratio® Type of Endoglucanase’
Cel5B 1.42+0.22 Classical
Cel5C? N/T Unknown
Cel5D 0.10+0.02 Classical

Cel5E 0.096 £ 0.01 Classical

Cel5F 0.77+0.22 Classical

Cel5G 4.59 + 0.68 Processive
Cel5H 4.26 +0.70 Processive
CelSI* N/T Unknown

Cel5J 4.04 +0.39 Processive

* Each GHS5 cellulase of the S. degradans system except Cel5A (104).

® The processive ratio is defined as the umol soluble reducing sugar (cellobiose standard)

divided by umol insoluble sugar (glucose standard). The error bars represent one

standard deviation from triplicate trials.

¢ Classical endoglucanase was defined by a processive ratio of less than 2. A processive

endoglucanase was defined by a processive ratio greater than 2.

4 Cel5C and Cel5I did not show activity on the substrates used in this work.
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Table 3.8 — Synergy within the S. degradans system

Yield of Glucose (pg)*
Nanomoles Independent Theoretical Observed
Cellulase Cellulase Yield" Yield® Yield DoS*
Cel5D 1 0.26 £0.15¢
Cel5F 1 1.64 +0.045
0.5 1.23 £0.081
Cel5G 0.8 6.17+0.33
0.5 4.92 £0.79
0.2 2.64 £ 0.09
CelSH 0.1° 20.4 £0.71°
0.8 18.7 £0.44
0.5 15.8£2.27
0.2 11.1+3.9
Cel5D + Cel5H 1+0.1(10:1) 20.7 12.2+0.78 0.59
Cel5F + Cel5H 14+0.2(5:1) 12.7 12.4+0.44 0.98
Cel5G + Cel5H 0.8+0.2 (4:1) 17.3 12.0 £ 0.62 0.69
0.5+0.5(1:1) 20.7 16.9 +0.54 0.82
0.2+0.8 (1:4) 21.3 19.3 +0.73 0.91
Cel5G + Cel5F 0.5+0.5(1:1) 6.2 6.09 +0.27 0.98

* The yield of glucose is measured from a two hour filter paper assay as described

® The independent yield was measured from a two hour filter paper assay

°The sum of the ug glucose produced for both the S. degradans cellulases independently
4 DoS: The degree of synergy: The actual yield divided by the theoretical yield

® Yield after 15 hours due to low activity of Cel5D
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3.4 Discussion

The noncomplexed and complexed cellulolytic systems of microorganisms
generally rely upon the activity of endoglucanases and cellobiohydrolases to solubilize
cellulose. Some exceptions to this model had been noted in bacterial systems that appear
to lack or have deficiencies in cellobiohydrolases (68). An example is the S. degradans
cellulolytic system that is predicted to produce an unusual abundance of GH5
endoglucanases but has a comparative deficiency in annotated cellobiohydrolases (104,
105). Experimental analysis showed that the single annotated cellobiohydrolase was in
fact a classic endoglucanase yet cellobiose was an early product of cellulose degradation
by the S. degradans cellulolytic system. Thus, it was not apparent how the enzymes of
the S. degradans cellulolytic system interact to produce cellobiose. The results presented
here indicate that the S. degradans cellulolytic system utilizes a novel set of processive
GHb5 endoglucanases (Cel5G, Cel5H and Cel5J) to substitute for the apparent deficiency
in cellobiohydrolase activity. These processive enzymes were not dependent on
endoglucanases for activity, as unlike cellobiohydrolases, there was an absence of
synergism with endoglucanases. Therefore, in contrast to other cellulolytic systems
dependent upon endoglucanases and cellobiohydrolases, a processive endoglucanase
coupled with the activity of p-glucosidases or a phosphorylase is sufficient for this

bacterium to metabolize cellulose.

S. degradans Cel5G, Cel5H and Cel5J exhibit endoglucanase activity as indicated
by the effect of these enzymes on the viscosity of CMC solutions and the synergisms
detected with a known exoglucanase. The identification of Cel5G, Cel5H and Cel5J as

processive endoglucanases acting on the B-1,4 bonds linking cellobiose units is supported
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by the constant ratio of soluble to insoluble products formed during reaction time courses.
Unlike classical endoglucanases that randomly cleave cellulose polymers to form a
variety of degradation products, these enzymes appeared to primarily release cellobiose
from a variety of cellulose substrates. Although this is not demonstrative of processivity
due to the turnover rates of many endoglucanases (9), the processivity values for Cel5G,
Cel5H and Cel5J exceeded 4, irrespective of the reaction time. The processivity values
reported for T. fusca Cel9A, an extensively characterized processive endoglucanase,
range from 3.1 to 7.0 under similar conditions (115, 116) as well as in our own
experiments. In contrast, the T. fusca classic endoglucanase, Cel6A, only released twice
as much soluble sugar as insoluble sugar (113). Therefore, the processivity values for S.
degradans Cel5G, Cel5H and Cel5J were most similar to that of the processive T. fusca
Cel9A. While a cloning artifact resulting in the observed processivity cannot be
completely excluded, the cloning strategy was designed to take advantage of the enzyme

modularity such that functional domains were retained in the expressed protein.

The processivity of most endoglucanases is dependent upon their associated CBM
module. For example, the processivity of several bacterial GH9 endoglucanases is
dependent upon the resident CBM3 module (117, 118). The processive GH5
endoglucanases identified in this study are all linked to CBM6 modules via flexible
linkers (119). These CBM6 modules are expected to bind to individual polysaccharide
polymers (120). The CBM®6 of Cel5H or Cel5G, however, were not necessary for
activity or processivity. A specifically designed derivative of Cel5H lacking the CBM6

as well as the expressed form of Cel5G that due to its size appeared to lack its CBM6
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retained significant activity. The processivity ratio of either enzyme was not affected by

the absence of the CBM6.

The processivity of the GH5 domains of S. degradans Cel5G, Cel5H and Cel5J is
unusual. In bacterial systems, processive endoglucanases have almost exclusively been
found in the GH9 family (68). Processive endoglucanase activity, however, has been
reported for another member of the GH5 family, Cel5A produced by the brown rot
basidiomycete Gloeophyllum trabeum (121). Because this is an atypical activity for GH5
enzymes, the processive endoglucanases of S. degradans should have distinctive
structures. The catalytic sites of processive enzymes are typically associated with either
tunnel conformations that enclose the substrate during catalysis or are located in deep
clefts that partially enclose the substrate (122). The catalytic sites of GH5 enzymes are
clefts and the 7 residues that form the active site and cleft of the GH5 domains of Cel5G,

Cel5H and Cel5J are conserved (67, 123).

Other systems lacking obvious cellobiohydrolases have also been reported where
the role of processive endoglucanases is not well understood (68). For example, the
cellulolytic system of Cytophaga hutchinsonii appears to be composed of 9 candidate
endoglucanases containing either a GH5 or GH9 domain and 4 candidate B-glucosidases
(124). Cellobiohydrolases are not obvious in this system. A similar system appears to be
found in Fibrobacter succinogenes that contains five endoglucanases including Cel9D
(125, 126). Cel9D is interesting in that it exhibits a wide range of synergistic interactions
with other members of its own family (126). C. hutchinsonii, F. succinogenes, and S.

degradans all share the property of having a large number of predicted endoglucanases
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with relatively few cellobiohydrolases. Processive enzymes would enable these

organisms to more efficiently metabolize cellulose.
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4. Influence of Organic Liquids on Cellulose Nanostructure

4.1 Introduction

The objective of this chapter is to understand how solvents can be used to disrupt
cellulose nanostructure. The strong network of interactions in the nanostructure of
cellulose poses an energy barrier to enzymatic degradation (2). In this work, phosphoric
acid was used to solubilize the cellulose nanostructure to overcome this energy barrier.
Phosphoric acid mixed with cellulose yields an acidic state (pH = 1.5) which is not
compatible with enzymatic degradation. In order for phosphoric acid solubilized
cellulose (PAS cellulose) to be compatible with enzymes, the phosphoric acid must be
removed. Washing PAS cellulose with a liquid dilutes the concentration of phosphate
ions, which causes the cellulose polymers to precipitate (17). Through successive washes
the phosphate is almost completely removed from the system. The relative fractions of
amorphous and crystalline domains in the washed PAS cellulose nanostructure is
dependent on the interactions between the wash liquid and the cellulose (82).

The material used to investigate the influence of organic wash liquids on cellulose
nanostructure was microcrystalline cellulose, which is commonly marketed under the
trade name: Avicel. Microcrystalline cellulose is the cellulose extracted from biomass in
the crystalline state under controlled acid hydrolysis using sulfuric acid (127). The
sulfuric acid solubilizes the biomass components such as hemicellulose and lignin while
also dissolving amorphous regions in the cellulose. The sulfuric acid is diluted to prevent
solubilization of the cellulose polymers in the crystal lattice, which yields

microcrystalline cellulose that is =70 % crystalline (127). Avicel is a white powder with
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spherical particles (diameter = 50 um). The spherical particles are aggregates of cellulose
microfibrils which form micron scale structures (127).

Solvents such as methanol, ethanol, acetone, and ethylene glycol have been used
in industrial processes. Ethanol has been shown to increase the degradability of biomass,
but most studies have just focused on industrial aspects such as glucose yield and percent
conversion of the material (99, 100). For example, Miscanthus x giganteus has been
pretreated using ethanol organosolvent pretreatment as described by Brosse et al. (99). In
the work of Brosse, using 60 % ethanol in water to wash acid solublized biomass
increased the glucose yield by approximately 40 % relative to washing with pure water
when pretreated at 170 °C and using 20 FPU per gram cellulose (99). Although solvents
including ethanol have been shown to increase degradability, how they interact with
cellulose and thus affect nano and molecular scale structures during pretreatment is not
well understood (10, 12, 15).

Solution thermodynamics as summarized by the Flory Huggins theory, evaluates
potential interactions between a liquid and polymer (20). In this theory, the free energy
of liquid-polymer interactions is calculated from the sum of entropic and enthalpic
contributions, where the Flory Huggins interaction parameter Y, largely determines the
enthalpic interactions (20). 7 is calculated, in part, using Hildebrand solubility
parameters which represent the cohesive energy density of each polymer and liquid. The
interaction parameter predicts the interactions to be either favorable (y < 0.5) or
unfavorable (% > 0.5) (21, 34). A favorable interaction is defined in this work as one that
disrupts the precipitation process of PAS cellulose, thus yielding increased amorphous

content relative to water washed PAS cellulose. The activation of crystal formation is
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driven largely by enthalpic contributions to the free energy, which indicates a
thermodynamic activation barrier. Organic liquids including methanol, ethanol, and
ethylene glycol were predicted to interact favorably with cellulose.

The solvents predicted by the Flory Huggins theory to interact both favorably and
unfavorably with cellulose were used to precipitate PAS cellulose. Differences between
favorable and unfavorable wash liquids were visually apparent in the form of semi-
transparent cellulose gels and opaque white cellulose precipitates. Optical density was
used to characterize the disruption in the washed PAS cellulose by quantifying the
aggregation of the polymers. Optical density is a technique commonly used in the life
sciences to measure cell density in liquid cultures (128). The optical density was reduced
for the cellulose structures washed using ethanol, methanol and ethylene glycol relative
to water washed PAS cellulose, which indicated the possibility of increased disruption.

The disruption to the washed cellulose nanostructures is an important factor in
enzyme accessibility and degradability (22). The nanostructure of each washed PAS
cellulose was characterized using small angle neutron scattering (SANS). SANS is
commonly used to probe polymers in solution or suspension to determine trends in
polymer configuration and aggregation (24, 25). SANS has been applied to characterize
cellulose polymer properties in-situ during enzymatic polymerization and hydrolysis
(129, 130). SANS has also been used recently to examine the effects of acid hydrolysis
on the separation of biomass components. However, the effects solvent interactions have
on the removal of acid has not been studied (18). In this work the fractal nature of the
precipitates was characterized to assess trends in the polymer clustering and

configuration and relative to the starting material and water washed cellulose.
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Differences in the aggregation and morphology between PAS cellulose samples
washed with different liquids suggests unique bonding networks on the molecular scale.
The molecular structure of the washed PAS cellulose was characterized using Fourier
transform infrared resonance (FTIR). FTIR measures the absorbance of infrared
radiation over a range of wavenumbers, which yields information about the vibrations of
each bond in the structure (131, 132). FTIR has been used to characterize interactions
such as hydrogen bonding in the polymorphs of cellulose (133, 134). In this work, FTIR
was used to characterize the hydrogen bonding and the carbon — oxygen interactions of
the gel-like and opaque white washed materials to compare the bonding networks and
relative properties of inter and intra molecular hydrogen bonds (Figure 4.1).

The gel-like material was more susceptible to enzyme degradation than water
washed PAS cellulose. The Hildebrand solubility parameters used in the Flory Huggins
theory do not explicitly predict the interactions caused by hydrogen bonding and polar
interactions. Hansen solubility parameters were used to evaluate the contribution of
hydrogen bonding and polarity during the washing of PAS cellulose (32). Hansen
solubility parameters are calculated based on physical properties such as the dipole
moment, whereas the Hildebrand solubility parameter is the cohesive energy density (34,
135). Understanding how solvent interactions can increase the degradability of cellulose
relative to current water washing could lead to the discovery of the next generation of

cellulose solvents.
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Figure 4.1 — Hydrogen bonding interactions characterized in this chapter
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In an amorphous structure, interpolymer interactions are heterogeneous due to a range of
bond distances and angles (21). In a crystalline structure, such as cellulose 11, ordered
intersheet and interpolymer interactions stabilize the lattice (29, 38). Intrapolymer

interactions are common to both amorphous and crystalline cellulose structures (38).
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4.2 Materials and Methods

Materials and chemicals: The cellulose used in all experiments was Avicel™ (PH-101)
(Sigma Aldrich). The chemicals were obtained from Sigma Aldrich, Fisher Scientific,
and VWR: phosphoric acid (85 % in water), methanol, ethanol, 1-propanol, 2-propanol,
1-butanol, 2-butanol, acetone, methyl ethyl ketone (MEK), ethylene glycol (EG) and
glycerol.

Prediction of cellulose/wash liquid interactions: The Flory Huggins theory was used to
predict interactions between liquids and cellulose that was solubilized in phosphoric acid.
The Flory Huggins interaction parameter y was calculated using equation (1) with
Hildebrand solubility parameters and molar volumes from literature (Table 4.1) (20, 34).
As cellulose is produced from a biosynthetic process, its chain length varies widely,
which affects its cohesive energy density and thus Hildebrand solubility parameter. The

Y2 for cellulose and the literature

¥ parameter was calculated using a range of 25 — 30 MPa
value for the wash liquid. The minimum value of x was reported in Table 4.1. y was
calculated at 277 °K and R = 8.31 J/(mol x °K). The units of the solubility parameter,

MPa'’? represent the square root of the energy per unit volume. Units of pressure are

often expressed as energy per volume. One Pascal is equivalent to a joule per volume.

(6('«”“/0\'0 - 5SKih‘(’rH )2 ‘/M (1)
RT
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Table 4.1 — The Hildebrand solubility parameters and molar volumes of the liquids used

to calculate the y parameter (34).

Solubility Parameter V Molar
Wash Liquid (MPa*?)? (cm*/mol)? YMinimum’
MEK 19.0 90.1 141
Acetone 20.3 74.0 0.71
2-Butanol 22.1 92.0 0.34
1-Butanol 23.3 91.5 0.11
2-Propanol 23.5 76.8 0.08
1-Propanol 24.3 75.2 0.02
Ethanol 26.0 58.5 0.00
Methanol 29.7 40.7 0.00
EG 29.9 55.8 0.00
Glycerol 33.8 73.8 0.46
Water 47.9 18.0 251

The boxes indicate the wash liquids predicted to be the most favorable, based on their
calculated y values.

% The values are from literature (34)
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Preparation of washed PAS cellulose: Preparation followed the protocol for making
phosphoric acid solubilized (PAS) cellulose as described by Zhang with minor
modifications (17). Avicel (PH-101; 1 g) was added to 0.6 ml water to form a slurry
(Figure 4.2). 100 ml of 85 % phosphoric acid was added to dissolve the cellulose and
chilled (4 °C) to minimize formation of cellulose phosphate esters (electrostatic
interaction). After 1 hour at 4 °C, 400 ml of cold liquid (4 °C) (Table 4.1) was added to
wash the phosphate and precipitate the cellulose. After 30 minutes, the washed PAS
cellulose was collected by centrifugation at 5000 RPM for 10 minutes. The wash process
was repeated 4 times using 250 ml of fresh wash liquid each time. The concentration of
liquid-washed cellulose was determined by drying 1 ml of the cellulose-liquid suspension
and weighing the dried material.

Verification of removal of phosphate: FTIR was used to confirm the complete washing of
phosphoric acid from the system. The spectra of liquid phosphoric acid was analyzed
using attenuated total reflectance (ATR) to determine its unique peak locations (see
molecular characterization). The peak locations in the spectra of phosphoric acid and
washed PAS cellulose cast as films (see preparation of cellulose films) were determined
using the peak finder in Omnic 6.2 software with a sensitivity of 100. The removal of
phosphate was defined as no detection of peaks at 944 and 873 cm™ by the Omnic 6.2

peak finder (Figure 4.3 and Table 4.2).
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Figure 4.2 — Preparation of washed PAS cellulose
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Figure 4.3 — FTIR spectra of liquid phosphoric acid control
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If residual phosphoric acid were present in the washed PAS cellulose samples, peaks

would have been apparent in the region of 873 to 1110 cm™. (See Table 4.2 below)
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Table 4.2 — Detection of phosphate in washed PAS cellulose samples

Absorbance above baseline
phosphate peaks (cm™)?

Sample 944 867

Controls” Starting Material - -
Phosphate Control 1.29 1.07

Wash Liquid® MEK - -
Acetone - -
2-propanol - -
Butanol - -
Ethanol - -
Methanol - -
Ethylene glycol - -

Water - -
# The Omnic peak finder with a sensitivity of 100 was used to detect phosphate peaks

® The absorbance above the baseline, established by liquid phosphoric acid (85 % in
water)
° Films of the washed PAS celluloses were cast and characterized in the region of the

phosphate peaks determined from the controls.



Optical characteristics: The optical characteristics of the washed cellulose suspensions
were measured 2 ways. First, the samples were examined visually noting opacity and
settling volume. Then the optical density was measured using a Pharmacia Biotech
spectrophotometer using a wavelength of 600 nm. The samples were suspended in quartz
cuvettes with a 1 cm pathlength. The optical density was measured from suspensions
with the cellulose concentration =~ 5 mg/ml. The optical density was monitored over the
course of 1 hour to ensure the suspended material did not settle.

Thermal analysis: The onset temperature of decomposition of the washed PAS cellulose
was measured to assess trends in crystallinity. Thermal analysis was performed using a
Shimadzu TGA-50 thermal gravimetric analyzer. The temperature range was 50 °C to
400 °C with a heating rate of 5 °C per minute in a nitrogen atmosphere. Approximately 5
mg of cellulose dried at room temperature were used in each trial. TA Universal
Analysis 2000 software calculated the onset temperature of decomposition using
tangents.

Nano scale characterization: The nanostructure of the washed PAS cellulose samples
was characterized using small angle neutron scattering (SANS) at the 30 meter NG3
(neutron guide) beam line at the Center for Neutron Research at the National Institute of
Standards and Technology, Gaithersburg, MD (136). Each sample contained a mass
fraction of 0.5 % cellulose suspended in deuterated liquid obtained from Cambridge
Isotope Laboratories: d-acetone (99.9 % D), d-ethanol (99 % D), d-ethylene glycol (98 %
D), d-2-propanol (99 % D), d-methanol (99.5 % D), d-phosphoric acid (D3) (85 % in
D,0) (99 % D), and d-water (99.9 % D). Three instrument configurations were used to

yield a range of 0.001 A™ < q = 4n/Asin(6/2) < 0.474 At with A equal to the neutron
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wavelength and 6 equal to the scattering angle (Figure 4.4). Three scattering distances 13
mA=8A),7m(A=6A), and 1 m (L =6 A) were used for low g: 0.001 A* < q<0.025
A’ intermediate q: 0.006 A < q < 0.077 A, and high : 0.029 A* < q<0.474 A
respectively. The sample thickness was 1 mm and the sample aperture diameter was 1.27
cm. The samples were allowed to settle for 24 hours before characterization to ensure no
visual phase separation. Scattering was measured in the range of (10 to 140) °C
dependent on the boiling point of the liquid to assess the thermal stability because
disruption decreases stability. The low g configuration used a system of MgF, neutron
focusing lenses that were inserted into the pre-sample neutron flight path to yield a lower
g minimum and smaller beam spot on the detector.

Transmission and scattering runs from an empty and blocked beam were used for
standard data correction using Igor Pro 6.11 (137). SANS data analysis was performed
using a power law analysis. The scattering by each sample was divided by the contrast
factor, (Ap?), to normalize for contrast variations for comparison. The intensity of
scattering is a function of the differential cross section per unit solid angle per unit
volume: d=(g)/dQ = I(q) (cm™) (25). To quantify the fractal nature of the washed PAS
cellulose, the SANS data were fitted with a power law model. In the power law model,
the fitted exponent, a, is representative of the polymer configuration on the nano scale
(25, 27). The power law exponent was fitted in the range of 0.0010 A< q<0.15 A™*

with coefficient, A and background B.

dz
—(q)=Aq" +B
dQ(q) g+ (2)(25)
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Figure 4.4 — The experimental setup for small angle neutron scattering (SANS)
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Degradability of cellulose by enzymes: Enzyme assays were performed as described
previously in Chapter 2 and by Watson et al (128). Liquid-washed PAS cellulose was
washed twice in aqueous assay buffer [20mM PIPES (piperazine-N,N’-bis(2-
ethanesulfonic acid)), 1 % Instant Ocean, pH 6.5] by centrifugation at 5000 RPM for 10
minutes. 0.1 nmol of Saccharophagus degradans Cel5H were used in each assay. All
assays were conducted at 50 °C. Reducing sugars were detected using the DNS
(dinitrosalicylic acid) method (107), with the average * one standard deviation reported.
The product yield as a function of time was measured using 2 mg of methanol,
ethanol, ethylene glycol or water washed PAS cellulose in a total volume of 0.7 ml. S.
degradans Bgl1A (0.1 nmol) was added to metabolize cellobiose to glucose. At periodic
time points (0 to 24) hours, the samples were centrifuged at 8000 RPM for 15 seconds
and 0.05 ml of the supernatant was removed to measure the glucose concentration. The
substrate was then resuspended and placed back in the incubator.
Preparation of cellulose films for characterization
Films of washed PAS cellulose were cast by depositing 1 mg of washed PAS cellulose
onto glass slides. To remove excess wash liquid the films were held at room temperature
for 16 hours as described in literature with minor modifications (43, 138-141). Then the

gelled films were removed from the glass using a razor blade (Figure 4.5).
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Figure 4.5 — Preparation of cellulose films to partially separate the wash liquid
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X-ray diffraction: The cast films of washed PAS cellulose were analyzed using a Rigaku
x-ray diffraction instrument to assess crystallinity. Avicel powder (included as a control)
and cellulose films of water washed and ethanol washed cellulose were characterized

over the range of 10 to 40 ° 20. The voltage was 40 kV and the current was 40 mA. The

crystallinity of the cellulose samples was calculated from equation 3 (96, 142).

Lo =1
CV’)’Stalllnlly Index = 100 X ( (200) (amorphom)) (3)

(200)
Molecular characterization: The hydrogen bonding of the washed cellulose was
characterized using a Nexus 670 Fourier transform infrared spectrometer with a
deuterated triglycine sulfate (DTGS) detector (Figure 4.6A). Liquid samples were
characterized using attenuated total reflectance (ATR) with a thermo scientific ATR
accessory with a diamond interface (Figure 4.6B). Spectra were collected with a
resolution of 4 cm™ using 64 scans in the range of (400 to 4000) cm™ using transmission
geometry in a nitrogen atmosphere at room temperature. The automatic peak finder in
Omnic 6.2 with a sensitivity of 100 was used to detect peak location and absorbance of
peaks in the range of 970 to 1190 cm™, which represents C — O interactions and greater
then 2900 cm™, which represents O — H interactions (58). Difference spectra were
processed using the subtraction function in Omnic 6.2. The spectra of water washed PAS
cellulose was subtracted from the spectra of ethanol washed PAS cellulose to yield
differences in the pattern of hydrogen bonding between the two washed PAS materials.
The peak absorbance values were analyzed from at least 5 unique batches of washed
cellulose to calculate the instrument and experimental error (reported as one standard

deviation).
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Control experiments for molecular characterization

Detection limit of ethanol: The sensitivity of the FTIR to ethanol and water in the system
is critical to establishing that cellulose/cellulose interactions and not solvent/cellulose
interactions were being characterized. Mixtures of ethanol and water were prepared with
volume fractions of ethanol ranging from 1 to 0.5 % vol. The Thermo Scientific ATR
accessory was used to characterize the liquid mixtures. The peak finder with a sensitivity
of 100 was used to detect the characteristic peaks of ethanol at 1046 and 1085 cm™. The
sensitivity limit was determined when the peak finder was not able to detect the peak of
ethanol at 1046 cm™.

Verification that casting of the films did not alter the degree of crystallinity: Crystalline
cellulose (I and I1) were used as controls in the analysis of the spectra of washed PAS
cellulose. The native cellulose (cellulose 1) control was Avicel. The spectra of Avicel
was collected using between 1 to 8 mg of Avicel pressed into a potassium bromide (KBr)
pellet with a total mass of 100 mg. Cellulose Il was prepared using the Mercer process
(48). Cellulose 11 was prepared by suspending 1 g of Avicel in 25 % sodium hydroxide
in water. The caustic suspension of Avicel was stirred for 24 hours at 4 °C. The sodium
hydroxide was separated from the suspension by centrifugation at 5,000 RPM for 10
minutes. The supernatant was decanted and 250 mls of fresh water was added. This

process was repeated 4 times.
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Figure 4.6 — Process diagram for Fourier transform infrared resonance (FTIR)
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(A) FTIR process diagram (132, 143). (B) Attenuated total reflectance (ATR) is an

accessory that is mounted into the IR beam, to characterize liquid samples (132).
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4.3 Results
Identification of candidate cellulose precipitation liquids

To understand how organic liquids interact with cellulose, liquids predicted to
have favorable interactions with cellulose were first identified. To do this, the Flory
Huggins interaction parameter was calculated for selected cellulose/liquid pairs using the
published Hildebrand solubility parameters for liquids (34), an estimate of 25 to 30
MPa'’? for cellulose (34, 144, 145), and eqn. 1. As cellulose contains multiple hydroxyl
groups per monomer, the primary focus in these evaluations was alcohols, glycols and
ketones with electronic structures most likely to interact with glucose. The liquids with
the most favorable potential interactions with cellulose (x = 0.00) were methanol, ethanol,
and ethylene glycol (Table 4.1). It is important to note that these methanol, ethanol, and
ethylene glycol have been incorporated into pretreatments, and this work seeks to
understand how they influence the cellulose nanostructures. Other liquids predicted to
have favorable interactions with cellulose included 2-propanol and 1-butanol. Water,
methyl ethyl ketone, and acetone were predicted to have unfavorable interactions with
cellulose.
Influence of organic liquids on the precipitation of cellulose

To determine the effects of the wash liquids on PAS cellulose, samples were
washed with each liquid in Table 4.1. Each washed PAS cellulose sample was poured
into a test tube and allowed to settle overnight. Then the samples were characterized
visually and by optical density measurements. Figure 4.7 shows that the most favorable
wash liquids yielded the largest settling volumes and least opaque systems. The least

favorable liquids produced the most opaque systems and the smallest settling volumes.
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The optical density of the favorable liquids was less than that of the control, water
washed PAS cellulose. Complete washing was confirmed by Fourier transform infrared

resonance (FTIR) that showed the absence of peaks at 944 cm™ and 873 cm™.
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Figure 4.7 — Effect of selected liquids on washing of phosphoric acid solubilized

cellulose (PAS cellulose)
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Each test tube was filled with approximately 100 mg of washed PAS cellulose in a

volume of approximately 30 ml and allowed to settle overnight. The OD600 evaluated

the opacity of washed PAS cellulose that was well dispersed in the suspension. The

OD600 was measured on the 5 mg/ml suspensions of washed material in the respective

solvent and reported relative to water washed PAS cellulose as no change (N/C) or

decrease in OD600 ( -).

84



The optical density (OD600) of each washed sample was measured to evaluate the
number density. A suspension of 5 mg/ml of water washed PAS cellulose was used as
the baseline to compare the washed PAS cellulose samples. The OD600 of washed PAS
cellulose in suspensions was stable for greater than 1 hour. The OD600 of suspensions of
PAS cellulose washed with methanol, ethanol, 2-propanol, acetone and ethylene glycol,
was reduced relative to the water washed PAS material (Figure 4.7). In contrast, PAS
cellulose washed with butanol and methyl ethyl ketone showed no significant decrease in
OD600 relative to water washed PAS cellulose (significance determined by one standard
deviation from the baseline control). The reduced optical densities of several of the
washed PAS cellulose materials indicated increased disruption relative to the water
washed PAS cellulose.

Thermal characterization of washed PAS cellulose

Decreased optical densities of the liquid-washed PAS celluloses suggest
disruption to the nanostructure. If such a change occurred, the thermal stability of
celluloses washed with favorable liquids should decrease (34, 146). The onset
temperature for thermal decomposition of Avicel and water-washed PAS cellulose was
309 £5 °C and 281 £ 14 °C, respectively, as indicated by the loss of mass (Figure 4.8).
The onset temperature of thermal decomposition for PAS cellulose washed with acetone,
2-propanol, ethanol and methanol was 195 - 210 °C suggesting increased disruption
relative to the water washed and starting material. PAS cellulose washed with ethylene
glycol decomposed at 251 £ 2 °C. As there were similar onset temperatures of
decomposition for acetone and the alcohols, significant differences in disruption between

the PAS celluloses washed with favorable liquids could not be resolved further.
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Figure 4.8 — Thermal characterization of washed PAS cellulose
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The disruption to the nanostructure was characterized using thermal gravimetric analysis
(TGA). The onset of thermal decomposition was determined by the intersection of
tangent lines drawn from the initial flat slope and the slope during mass loss. Each onset
temperature was measured in at least duplicate trials and the error is reported as one

standard deviation.
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Nano scale characterization of washed PAS cellulose

To evaluate disruption of cellulose nanostructure, the liquid washed PAS
celluloses were analyzed in a suspension with deuterium-substituted liquid by small angle
neutron scattering (SANS). The relative scattering intensity at low g is one indication of
polymer solvation since intensity decreases as solvation increases due to a reduction in
concentration fluctuations (25). The scattering intensity at low q (q = 0.0013 A™?)
corresponds to scattering from cellulose bundles on the length scale of 483 nm (d = 2x/q)
(Figure 4.9). PAS cellulose washed using methanol, ethanol, and ethylene glycol,
forming apparent gel-like material, had the lowest SANS intensity at low q relative to the

suspensions of starting material and water washed PAS cellulose.
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Figure 4.9 — Small angle neutron scattering from cellulose washed with selected liquids.
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The Y-axis represents the SANS intensity. Liquid-washed PAS cellulose was
re-suspended in the same deuterated liquid for contrast with cellulose. The decrease in
scattering at low q relative to the starting material, and the slope of the low q region were
used to compare cellulose disruption and fractal nature. The error bars represent the
instrument error and are too small to be shown outside the data point except for PAS

cellulose.
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The linear region of the SANS data was fitted using a power law to quantify the
fractal nature of each washed PAS cellulose. The fitted power law exponent, a, is the
slope of the linear section of the scattering curve log(l) vs. log(q) at low to intermediate q
and provides a fractal representation of the material (25). The slopes for low q (g < 0.01)
and intermediate q (0.005 < g < 0.1) were not statistically different within instrument and
experimental error. Thus, the average power law was fitted for each sample over the
range of 0.0010 A< q < 0.15 A™. Table 4.4 shows the fitted power law exponents for
the washed PAS cellulose samples. The fitted o of the starting Avicel material was
-3.56 whereas the o of PAS cellulose in Ds-phosphoric acid increased to -1.89 (Table
4.3). PAS cellulose washed with water exhibited an a of -2.40 consistent with partial
reformation of cellulose nanostructure relative to PAS cellulose. The a’s of the gel-like
PAS cellulose washed in methanol, ethanol, or ethylene glycol were -2.10, -2.17, and
-2.09 respectively. In contrast, the fitted a’s of acetone- and 2-propanol-washed
cellulose were closer to that of the water washed PAS material.

The power law was used to fit scattering data from unique batches of cellulose to
determine the reproducibility. Duplicate trials of water, methanol and ethylene glycol
washed PAS cellulose yielded an average power law exponent + one standard deviation
of -2.40 £ 0.01, -2.10 £ 0.06 and -2.09 + 0.02 respectively and triplicate trials for ethanol

washed material, yielded -2.17 £ 0.06. This indicated that the results were reproducible.
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Table 4.3 — Fitted power law exponents of liquid washed PAS cellulose as determined by

SANS.

Wash Liquid Fitted Power Law Exponent?

Avicel in water -3.56 + 0.02
Water -2.40 £ 0.01
Acetone -2.39+0.01
2-propanol -2.26 £ 0.01
Ethanol -2.17+0.01
Ethylene Glycol -2.09 £ 0.01
Methanol -2.10+0.01
Phosphoric Acid -1.89 £ 0.03

#The statistical error is reported for each power law fit.
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Thermal stability of washed PAS cellulose characterized by SANS

Weakened polymer interactions are also apparent in the thermal stability of
washed cellulose samples. The rate of change in the power law exponent, do/dT, was
calculated to evaluate the thermal stability of the washed PAS cellulose samples by
characterizing the scattering at elevated temperatures (Figure 4.10). The do/dT of water
washed PAS cellulose was (2.6 + 0.3) x 10 °K™. PAS cellulose washed with methanol,
ethanol, or ethylene glycol yielded significantly lower calculated values of da/dT: (-7.3 +
2.7, -9.8+ 2.1 and -3.1 + 0.8) x 10™ °K™, respectively. This trend suggests ethanol
washing yielded the least thermally stable and thus the most disrupted cellulose

nanostructure.
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Figure 4.10 — Thermal stability of gel-like washed PAS cellulose samples as

characterized by SANS
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Degradability of washed PAS cellulose

The disruption of cellulose structure after washing with the selected alcohols and
glycols suggests that these materials should be more degradable by enzymes.
S. degradans Cel5H, which is highly biased toward amorphous cellulose (128), was used
to compare the glucose yield from organic liquid and water washed PAS cellulose. The
washed PAS cellulose samples were re-equilibrated in aqueous assay buffer, which may
have caused a partial reversal in the gel-like properties. Ethanol washed PAS cellulose
yielded ~30 % more glucose than water-washed PAS cellulose (Figure 4.11). The
glucose product was also measured from methanol and ethylene glycol washed PAS
cellulose, but the yield was not significantly different than water washed PAS material.

A CMC assay was used as a control to evaluate if the leveling of the product as a
function of time was due to material properties or reduced enzyme activity, which could
be caused by thermal or solvent effects. To evaluate if Cel5H was still active after 20
hours, aliquots from the water and ethanol washed PAS cellulose samples were used as
the enzyme source for a CMC assay. Positive activity on CMC relative to a negative
control was observed which suggested that the maximum product concentration was due
to material properties and was not caused by thermal or solvent inactivation of the
enzyme. The increased degradability suggests that ethanol washed PAS cellulose has the

most disrupted structure of the washed PAS cellulose samples characterized.
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Figure 4.11 — The degradation of washed PAS cellulose samples by S. degradans Cel5H
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The error bars represent one standard deviation from triplicate trials.
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Molecular scale characterization of washed PAS cellulose

The formation of a gel when PAS cellulose is washed by ethanol suggests the
presence of unique structural features at the molecular scale. Fourier transform infrared
resonance (FTIR) was used to characterize the hydrogen bonding networks to determine
why PAS cellulose washed with ethanol yielded a gel-like material, whereas PAS
cellulose washed with water yielded an opaque white precipitate. Due to the limit of
instrument resolution, this analysis is not meant to be a crystallographic representation of
bonding, but rather an analysis of the patterns of hydrogen bonding contributing to the
formation of gel-like material and opaque white precipitate.

Water washed PAS cellulose was initially characterized in suspension with the
wash liquid to determine patterns in bonding. To collect spectra of the washed PAS
cellulose suspended in its wash liquid, attenuated total reflectance (ATR) was used with
the spectra of the pure liquid used as the background. The spectra were very noisy. Inan
effort to reduce the background contributed by free wash liquid, the wash liquid was
exchanged for deuterated wash liquid. This is advantageous because the IR absorbance
of deuterium occurs at %2500 cm™ compared to ~3400 cm™ for hydrogen so O — D bonds
in the wash liquid could be distinguished from O — H bonds in the cellulose (41). A
signal to noise ratio (SNR) greater than 3 is necessary to quantitatively analyze FTIR
spectra (132). However, the SNR for water washed PAS cellulose suspended in D,0O was

calculated to be 1.55 (Figure 4.12). Thus, further sample preparation was necessary.
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Figure 4.12 — The FTIR-ATR spectra of water washed PAS cellulose in suspension of
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Note: The peak absorbance was evaluated at =~ 3450 and was 0.04 and the noise was

evaluated at ~2200 cm™ and was 0.025. Therefore the signal to noise ratio was 1.55.
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The high background level from the wash liquid indicated that it needed to
separated from the washed PAS cellulose. To determine the volume fraction of wash
liquid that had to be separated from the washed PAS cellulose suspension, the sensitivity
of the FTIR to ethanol in water was evaluated. ATR was used to determine the lowest
detectable volume fraction of ethanol in liquid ethanol/water mixtures. Liquid ethanol
has peaks at 1046 cm™ and 1086 cm™ characteristic of C — O and C — C interactions (41,
131). The peak finder in Omnic 6.2 with a sensitivity of 100 was used to determine if the
peak at 1046 cm™ was present. The peak finder was not able to detect ethanol in volume
fractions less than 0.75 %, which indicated that greater than 99.25 % of the wash liquid
had to be separated (Figure 4.13). This suggested films cast to separate the liquid would
be required.

The cellulose films were first characterized to determine if the spectra reflected
cellulose/cellulose interactions or retained solvent/cellulose interactions. The spectra of
water and ethanol washed PAS cellulose films were analyzed in the region of covalent C
— O interactions in cellulose near the locations of the C — O and C — C interactions in
ethanol. Because FTIR cannot resolve individual covalent interactions, the region of the
C - O interactions of cellulose is an average of interactions with discrete peaks for the
most occurring bonds. This means that if ethanol/cellulose interactions were being
detected the cellulose peaks would shift towards the characteristic peak of ethanol (1046
cm™). The peak locations of the ethanol washed PAS cellulose at ~1022 cm™ and 1060
cm™ were either farther from the standard location of the ethanol peak or not significantly
different from the peak locations of water washed PAS cellulose, which indicated

cellulose/cellulose interactions were being characterized (Figure 4.14).
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Figure 4.13 — FTIR detection of ethanol in ethanol/water liquid mixtures
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The baseline spectra (red) is pure water.
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Figure 4.14 — FTIR analysis of C — O interactions in washed PAS cellulose suspensions

after partial separation of the wash liquid. The locations of the C — O bonds in cellulose

are indicated.
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Note: The peak location of the ethanol washed PAS cellulose at ~1022 cm™ was farther

away from the location of where pure ethanol would be detected relative to water washed

PAS cellulose.
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The impact of partial separation of the wash liquid on the cellulose crystal
structure was evaluated to verify that the cellulose films were representative of the
interactions in the suspensions of washed PAS cellulose. Native cellulose (Avicel:
cellulose 1) and crystalline cellulose 11 were used as controls to determine if partial
separation of the wash liquid altered the crystal structure in the cellulose films. Peaks
representing crystalline cellulose were identified at 3345 cm™ (cellulose 1), 3450 cm™
(cellulose 11), and 3494 cm™ (cellulose I1) (Figure 4.15). These peaks were largely absent
in both water and ethanol washed PAS cellulose. This suggested both samples remained
in the amorphous state after partial separation of the wash liquid and thus were not
significantly affected.

X-ray diffraction was used to confirm the amorphous character of the PAS
cellulose films after partial separation of the wash liquid. Native cellulose in the form of
Avicel: cellulose | was used as the positive control to detect peaks from crystalline
cellulose. The crystallinity index of Avicel was calculated using equation 3 to be 73 %.
The x-ray diffraction spectra for both water and ethanol washed PAS cellulose was in the
form of broad peaks in the region of =15 to 25 ° 20 (Figure 4.16). This confirmed both

PAS cellulose films were amorphous after partial separation of the wash liquid.
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Figure 4.15 — FTIR was used to determine the impact of partial separation of the wash

liquid on the crystalline structure of the cellulose films
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Native cellulose (Avicel: cellulose 1) and Mercerized cellulose Il were used as controls to

show both possible crystalline structures.
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Figure 4.16 — XRD characterization of the crystallinity of cellulose films of washed PAS

cellulose after partial separation of the wash liquid
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The washed PAS cellulose was characterized to determine if reformation of the crystal

structure occurred. Native cellulose (Avicel: cellulose 1) was used as the control to

demonstrate the ability to detect crystalline peaks.
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Characterization of O — H bonds

Differences in the fitted power law exponents suggest the gel-like and white
precipitate have distinct hydrogen bonding networks. The covalent O — H bonds in
cellulose absorb IR at ~3600 cm™ (41, 131). When the hydrogen atom of a cellulose
hydroxyl group forms a hydrogen bond, the vibrational energy of the covalent O — H
bond is reduced. Decreasing vibrational energy decreases the wavenumber of the
absorbance to the region of 3000 to 3600 cm™. This broad peak represents the average
absorbance by the O — H groups of cellulose involved in hydrogen bonding (41, 131).
The peak at ~2900 cm™ corresponds to C — H bonds in the glucosyl ring structure and
was used to scale the spectra (58). A discrete peak in the spectra of water washed PAS
cellulose was observed at 3442 + 2 cm™ which indicated a preference for intrapolymer
bonding similar to cellulose Il (133, 147, 148) (Figure 4.17). Only a broad peak at 3402
+ 8 cm™ was observed in the spectra of ethanol washed PAS cellulose. The lack of a
discrete spectral feature at ~3440 cm™ in the hydrogen bonding region of ethanol washed

PAS cellulose indicated a diverse collection of hydrogen bonds.
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Figure 4.17 — FTIR characterization of the hydrogen bonding network of washed PAS

cellulose
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Measurement of 5 of unique batches of washed PAS cellulose were used to determine the
experimental error of the peak locations reported as one standard deviation. The error

bars are too small to be visible at this scale.
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Characterization of hydrogen bonding through spectral subtraction

A linear trend in the FTIR absorbance characteristics of hydrogen and covalent
bonding in cellulose was observed (Figure 4.18). This shows Beer’s Law was satisfied so
spectral subtraction could be used to evaluate the relative contributions of the hydrogen
bonding in cellulose as a function of the wash liquid (132). The spectra of water washed
PAS cellulose was subtracted from the spectra of ethanol washed PAS cellulose to yield
differences in the pattern of hydrogen bonding between the two washed PAS materials.
The difference spectra indicated a minimum peak at 3488 cm™ with a shoulder at 3452
cm™. This suggests greater intrapolymer bonding in water washed PAS cellulose (Figure
4.19). The maximum peaks in the difference spectra at 3380 and 3220 cm™ indicated
increased interpolymer interactions in ethanol washed PAS cellulose. The broad peak at
3045 cm™ indicated greater possible intersheet interactions in ethanol washed PAS
cellulose. The difference spectra indicated that intrapolymer interactions are dominant in
water washed PAS cellulose. Whereas interpolymer and intersheet interactions are more

significant in the structure of ethanol washed PAS cellulose.
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Figure 4.18 — FTIR absorption as a function of mass of cellulose showing Beer’s Law
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The absorbance of the peaks at 2900 cm™ (C — H bonds) and 1160 cm™ (B-1,4 linkage)
are nearly constant regardless of disruption to the structure. The absorbance was

measured in triplicate with the average absorbance + one standard deviation reported.
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Figure 4.19 — Difference spectra of water washed PAS cellulose subtracted from ethanol

washed cellulose
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Characterization of C — O interactions

The spectral region of 950 to 1200 cm™ represents covalent C — O interactions in
cellulose, which are affected by hydrogen bonding (58). When hydrogen bonding is
present the C — O vibrational energy is altered depending on the bond angle and distance.
This creates a diverse set of environments which yields peak broadening. The C3 - 03 is
important because it can form an intrapolymer hydrogen bonds to the O6 or O5 of the
same polymer or it can form interpolymer and intersheet interactions to the O6 of
neighboring polymers. The peak width was measured from the base of the peak
(inflection point in the slope) at ~1040 cm™ to the corresponding horizontal wavenumber
of the other side (significance determined by one standard deviation from at least 3
unique batches of material) (Figure 4.20). The peak width of the water washed PAS
cellulose was 53 * 5 while ethanol washed PAS cellulose was 31 + 5. This indicated
greater hydrogen bonding at the C3 — O3 in water washed PAS cellulose.

The hydroxymethyl group is important because it can be involved in intersheet,
interpolymer and intrapolymer interactions (42). The absorbance was scaled to the -1,4
linkage (1160 cm™) and was used to compare bond formation of water and ethanol
washed PAS cellulose. When the conformation of the hydroxymethyl group is out of the
cellulose plane in either gg or gt, a peak is observed at ~995 cm™ (42, 58). A discrete
peak was detected in the spectra of water washed PAS cellulose at 997 cm™, where the
scaled absorbance ratio was calculated, 0.96 + 0.03 (Figure 4.20). This peak was not
detected in the spectra of ethanol washed PAS cellulose by the peak finder in Omnic 6.2
although the calculated scaled absorbance was 1.10 + 0.08. The lack of detection of a

discrete peak in the spectra of ethanol washed PAS cellulose indicated the presence of a
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shoulder and thus less ordered intersheet interactions relative to water washed PAS
cellulose. The increased scaled absorbance in ethanol washed PAS cellulose, indicated
numerous intersheet interactions consistent with the difference spectra relative to water
washed PAS cellulose.

The hydroxymethyl group can also have the tg conformation in the cellulose plane
which yields a peak at ~1030 cm™ (42, 58). The scaled absorbance for ethanol washed
PAS cellulose, 1.34 + 0.05, was significantly greater than that calculated for water
washed PAS cellulose, 1.19 + 0.07, which was an indication of a broad shoulder at 1030
cm™ in water washed PAS cellulose. The broad shoulder in the spectra of water washed
PAS cellulose indicated greater in-plane hydrogen bonding relative to ethanol washed
PAS cellulose. There were not significant differences in the scaled absorbance’s for the

C3 - 03 and C2 — 02 bonds between water and ethanol washed PAS cellulose.
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Figure 4.20 — FTIR characterization of the covalent interactions in washed PAS cellulose
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The spectra were scaled to the peak at ~1160 cm™ which represents the f-1,4 linkage of
cellulose. The vertical error bars represent one standard deviation of the peak absorbance
divided by the absorbance of the scaled peak for 5 unique batches of material. The

horizontal error bars represent one standard deviation in the peak location.
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Summary of FTIR characterization
1. Characterization of O — H interactions

a. Discrete peak observed in the hydrogen bonding region of the spectra of
water washed PAS cellulose suggesting intrapolymer hydrogen bonding.

b. No discrete peak observed in the hydrogen bonding region of the spectra
of ethanol washed PAS cellulose. The peak of the broad hydrogen
bonding region indicated heterogeneous interpolymer interactions.

2. Characterization of C — O interactions

a. C3 - 03 peak broader in the spectra of water washed PAS cellulose
relative to ethanol washed PAS cellulose. Indicated greater hydrogen
bonding at the C3 — O3 in water washed PAS cellulose relative to ethanol
washed PAS cellulose.

b. Broad shoulder at 995 cm™ in the spectra of ethanol washed PAS cellulose
suggesting diverse intersheet interactions relative to water washed PAS
cellulose.

c. Discrete peak at 995 cm™ in the spectra of water washed PAS cellulose,
which was an indication of cellulose II structure.

d. Broad shoulder at 1030 cm™ in the spectra of water washed PAS cellulose
indicated more hydrogen bonding in plane at the C6 relative to ethanol

washed PAS cellulose.

111



4.4 Discussion

To facilitate the development of advanced pretreatments, the interaction of
individual organic liquids with cellulose was characterized in the attempt to understand at
the nano scale the interactions of selected organic solvents with cellulose during a
pretreatment. Uniform starting conditions of PAS cellulose enabled the disruption to the
cellulose nanostructure caused by washing with organic liquids to be investigated. PAS
cellulose washed with selected thermodynamically favorable liquids, as determined by
Flory Huggins theory, formed partially transparent gels with increased disruption and
altered hydrogen bonding networks. The main effect of the favorable liquids was the
apparent disruption of the hydrogen bonds linked to the C6 hydroxyl of each sugar in the
cellulose structure. Favorable cellulose/organic liquid interactions at the C6 hydroxyl
increased heterogeneous interpolymer hydrogen bond cross-links which may have
contributed to the gel-like qualities of the material. Unfavorable interactions that
increased intrapolymer interactions and ordered interplaner interactions were associated
with the formation of an opaque white precipitate. The results indicate that solvent
properties such as the tendency to form hydrogen bonds and polar interactions, likely
associated with ethanol and acetone, disrupt cellulose nanostructure which improves
accessibility for enzymes to digest the material. The results provide a molecular
explanation for the effects of some organic liquids in pretreatments and should lead to the
development of advanced pretreatment technologies involving solvent mixtures.

Initially, the Flory Huggins theory for solution thermodynamics of polymers was
used to predict potential organic liquids with favorable interactions with cellulose.

Selection of the liquids to be evaluated was further refined by their potential affinity to
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interact with hydrogen bonding and hydrophobic regions of the glucose units in cellulose
and their impact on the efficacy of pretreatments. Alcohols were selected based on their
ability to form hydrogen bonds with the hydroxyls of glucose that would disrupt
hydrogen bonding interactions between cellulose polymers. This was supported by prior
work showing that alcohols have improved the degradability of biomass (98, 99). Based
on the SANS fractal analysis the wash liquids that yielded the lowest y parameters,
(methanol, ethanol, and ethylene glycol) yielded the most disrupted cellulose, while the
least favorable, water, yielded the least disrupted cellulose. The calculated y parameters
for 2-propanol and acetone were in between the alcohols/glycol and the result was
intermediate disruption. The calculated y parameter was determined to scale inversely
proportional to increased disruption in agreement with theory. The x = 0.5 boundary for
favorable/unfavorable interaction often given in literature was not consistent with the
results, since 2-propanol and butanol did not follow predictions.

To reduce the impact of the energy barrier to solubilization and to simply focus on
solvent-cellulose interactions, a two step process was employed in which cellulose was
first solubilized in phosphoric acid (17) and then a second liquid was used to wash the
solubilized PAS cellulose. Solvent-polymer interactions were explored in the second
liquid in which retained phosphate was not apparent. When the tested liquids were used
to wash PAS cellulose, two types of material were observed: a semi-transparent gel or an
opaque white precipitate. The wash liquids predicted to have unfavorable interactions
with cellulose (methyl ethyl ketone and water) yielded an opaque dense white precipitate
whose physical properties were consistent with minimal disruption of the cellulose

nanostructure. The liquids predicted to have the most favorable interactions (methanol,
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ethanol, and ethylene glycol), formed a partially transparent gel with properties consistent
with increased disruption.

The washed PAS cellulose had distinct structures and morphologies. The fitted
power law exponent (o) of the SANS data represents the fractal dimension of the
cellulose nanostructure on the length scale of 6 to 483 nanometers (d = 2n/q) (24, 27).
The a of Avicel was -3.56 which represented a fractal surface, with unsmooth edges (24,
25). After Avicel was solubilized in phosphoric acid the a was -1.89 which indicated
disruption to the fractal surface to yield swollen polymers. Water washed PAS cellulose
had an a. of -2.40 consistent with the disruption of the cellulose nanostructure relative to
Avicel (18, 129, 130). The increased value of a. for PAS cellulose washed with methanol,
ethanol or ethylene glycol relative to water washed PAS cellulose indicated increased
disruption of the cellulose nanostructure (18, 24, 149) (Figure 4.21). The a =~ -2 indicated
the cellulose nanostructures still formed rod-like aggregates, which could be caused by
hydrogen bonding cross-links in cellulose. PAS cellulose washed with acetone and 2-
propanol had values of o similar to that of water, which indicated these liquids did not
improve disruption. The fitted power law exponent indicated the nanostructures of PAS
cellulose washed with methanol, ethanol and ethylene glycol were the most disrupted of

the washed structures characterized.
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Figure 4.21 — Possible interpretation of the fitted power law exponent applied to

disrupted cellulose
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(24).
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To verify the trend in disruption of cellulose the rate of change of the fitted power
law exponent with respect to temperature, do/dT, was calculated to evaluate thermal
stability. Hydrogen bonding is highly influenced by temperature (34, 131), with
disrupted cellulose structures becoming increasingly unstable at higher temperatures.
do/dT indicated that ethanol washed PAS cellulose was the most disrupted relative to
water washed PAS cellulose.

The thermal stability of the washed PAS celluloses was also measured by TGA
and was reported as the onset temperature of thermal degradation. Avicel was used as
negative control to show the thermal stability of a crystalline material. Water washed
PAS cellulose was used as a positive control to establish a baseline for disruption. The
material washed with acetone, methanol, ethanol, 2-propanol, and ethylene glycol all had
reduced thermal stabilities relative to water washed PAS cellulose, which suggested
increased disruption. However, inconsistencies were observed in that the onset
temperature of ethylene glycol washed PAS cellulose was greater than PAS cellulose
washed with the other organic liquids, and acetone and 2-propanol washed PAS cellulose
had onset temperatures similar to those of ethanol and methanol washed PAS cellulose.

It is possible that variation in the film thickness and the rate of drying of ethylene glycol
may have adversely affected the characterization (39, 146). For these reasons the thermal
stability of the organic liquid washed samples could not be resolved. The most important
conclusion was that the thermal stability of the organic liquid washed material was
reduced relative to the Avicel and water washed PAS cellulose controls.

The degradability of washed PAS cellulose by Cel5H was consistent with

disruption of the cellulose nanostructure. This enzyme is strongly biased towards
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amorphous cellulose (disrupted cellulose) (128). The activity of Cel5H after 20 hours in
the assay was verified using a CMC assay, which indicted significant activity relative to a
control. The CMC control was essential because it showed the enzyme was still active
and not denatured by residual solvent or heat of the assay. The washed PAS cellulose
was equilibrated in aqueous buffer, which most likely caused a partial reversal of the
disruption as cellulose is insoluble in water (82). An increase in the glucose yield, even
with a partial reversal in the properties, represents the minimum increase to degradability.
While methanol, ethanol, and ethylene glycol washed PAS cellulose gels indicated
disrupted structure, only ethanol yielded a more degradable material compared to water
washed PAS cellulose. The increased degradability of ethanol washed PAS cellulose was
consistent with the SANS temperature analysis which indicated ethanol washed material
to be the most disrupted.

The purpose of characterizing the molecular structure of washed PAS cellulose
was to determine patterns in the hydrogen bonding networks that led to gel-like and
opaque white precipitate formation. Due to low signal to noise ratio caused by the wash
liquid, the characterization could not be completed in suspension, but after partial
separation of the wash liquid, acceptable spectra were obtained from the washed PAS
cellulose. While partial separation of the wash liquid could have altered the aggregation
of the micro and nano-scale structure, comparison with crystalline cellulose controls was
used to ensure the molecular scale interactions represented the patterns of bonding.

Networks of cellulose polymers are held together at the molecular level by a
complex network of hydrogen bonding. Resolution of individual hydrogen bonds is

difficult due to the disorder of the amorphous regions and 11 possible hydrogen bonds
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which have similar vibrational energies (57, 150). The absorbance of the broad peak in
the hydrogen bonding region of the spectra is affected by the heterogeneity of bonding.
The peak wavenumber of the hydrogen bonding region is effected by bond distance and
angle (131, 143). Thus the location of the peak in the hydrogen bonding region is an
indicator of which type of bonds (e.g. intra vs. inter) were favored in the structure. In
PAS cellulose washed with water, a discrete peak was observed in the hydrogen bonding
region. This was interpreted to mean there is more ordered intrapolymer bonding in
water washed PAS cellulose relative to ethanol washed PAS cellulose (58, 134).

The conformation of the hydroxymethyl group influences the ordering of
hydrogen bonding. In water washed PAS cellulose a discrete peak was detected at ~995
cm™ for the hydroxymethyl group out to the cellulose plane in either the gt or gg
conformations. This indicated ordered intersheet interactions similar to the structure of
cellulose 11 in water washed PAS cellulose relative to ethanol washed PAS cellulose.
The scaled absorbance was greater near ~995 cm™ in the spectra of ethanol washed PAS
cellulose, but was only detected as a broad shoulder, suggesting intersheet or
interpolymer interactions with a diverse set of distances and angles consistent with
amorphous structure. The broad shoulder in water washed PAS cellulose at 1030 cm™
indicates greater hydrogen bonding in plane relative to ethanol washed PAS cellulose,
which likely forms intrapolymer hydrogen bonds to the O3 as suggested by the
broadening of the C3 — O3 peak. In water washed PAS cellulose the increased ordering
of intersheet interactions and intrapolymer hydrogen bonding was similar to the cellulose
Il control which suggests ordered packing of cellulose polymers. The increased ordering

in water washed PAS cellulose likely explains the white precipitate (Figure 4.22).
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Figure 4.22 — The hydrogen bond networks favored in the gel-like and opaque white

precipitate
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Summary of the hydrogen bonding networks in the gel-like and opaque white precipitated
materials

Left: The gel-like material is composed of increased heterogeneous interpolymer
hydrogen bond cross-links relative to the opaque white precipitate. The heterogeneous
interpolymer bonds indicate a diverse set of bond distances and angles, which suggests
increased amorphous content relative to the opaque white precipitate. Right: The opaque
white precipitate has a tendency to form relatively more ordered intrapolymer hydrogen
bonds compared to the gel-like material. The discrete peak at 995 cm™ indicated
ordering of the hydroxymethyl groups similar to cellulose Il. Both the intrapolymer and
the hydroxymethyl group suggest a relatively greater fraction of cellulose I1 in the opaque

white precipitate relative to the gel-like material.
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Although favorable liquids were identified using the Flory-Huggins theory,
exceptions to the predictions were noted. A shortcoming of the Hildebrand solubility
parameter used initially to evaluate compatibility of these liquids with cellulose is that it
does not take into account polar and hydrogen bonding interactions (32). It is clear that
polar and hydrogen bonding properties of these wash liquids are important in the
disruption of cellulose because of the presence of hydroxyl groups in cellulose. Water,
which easily forms hydrogen bonds with many substances including cellulose, is a poor
solvent of cellulose (82). Short alcohols that can also form hydrogen bonds, but also
disrupt polar interactions, increased the solvation of celluloses but longer chain alcohols
with the similar properties were less effective. This argues that a balance between the
disruption of polarity and hydrogen bonding is necessary to disrupt the cellulose
nanostructure.

Hansen solubility parameters for dispersion, polarity and hydrogen bonding, can
be used to quantify the polar and hydrogen bonding properties of the wash liquids (32,
34). Hansen solubility parameters are calculated in literature for the interactions of
dispersion, polarity and hydrogen bonding (32, 135). As dispersion is nearly constant for
the wash liquids, only the interactions for polarity and hydrogen bonding were evaluated
(32). The polar and hydrogen bonding Hansen solubility parameters of each wash liquid
were plotted to identify the contributions of each interaction in precipitation (Figure 4.23)
(32, 151). The plot of the polar vs. hydrogen bonding solubility parameters (32, 135,
152) hypothesized that a region of gel-like structures is indicated. Hansen solubility
parameters were not available for phosphoric acid (32, 34). It suggests a ratio of polar

and hydrogen bonding interactions is required to yield gel-like material.
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Figure 4.23 — The Hansen solubility parameters for each wash liquid
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The characterization of PAS cellulose washed with organic liquids yielded
information on how cellulose/solvent interactions affects the disruption of cellulose
nanostructure after cellulose has been solubilized using phosphoric acid. Understanding
cellulose/solvent interactions during pretreatment will enable the development of new
solvent based pretreatments that could yield cellulose with disrupted nanostructure,
which will ultimately increase degradability. The increase in digestibility was similar to
other ethanol organosolvent processes in literature such as the work by Brosse et al. The
work in this dissertation obtained a similar increase in glucose conversion when using
ethanol in the wash, but at lower temperature and reduced enzyme loading. By
increasing degradability, the required enzyme loading will be reduced yielding potential
cost savings.

Favorable wash liquids formed a reversible gel-like material that by definition
indicates that some hydrogen bonds and/or van der Waals interactions reformed to
generate cross-linking between cellulose polymers as indicated by SANS. The
cellulose/liquid interaction affected the orientation of the C6 hydroxyl which disrupted
both inter and intrasheet interactions as indicated by FTIR. Retention of the ability to
form some hydrogen bonds for interpolymer interactions could allow the formation of the
observed gels. By incorporating non-aqueous liquids into pretreatments to disrupt
cellulose structure, increased degradability could be accomplished with lower associated

costs.
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5. Optimization of Wash Liquids and Application to

Municipal Office Waste

5.1 Introduction

The objective of this chapter is to apply the investigation of fundamental wash
liquid/cellulose interactions from Chapter 4 to make wash liquids more effective through
the formulation of mixtures, and applicable to real materials. None of the pure wash
liquids in this dissertation were able to completely solubilize cellulose. When a single
solvent is unable to dissolve a polymer, often using a mixture of at least two solvents can
yield increased solubilization (153). Mixtures are generally most beneficial when the
polymer is stabilized by multiple forces such as in cellulose (153). The solvent mixture
can be formulated to interact with properties of the polymer such as hydrogen bonding, to
more effectively solubilize its structure. It is hypothesized that mixtures of wash liquids
could increase the disruption of PAS cellulose. This could also be applied to process
diverse biomass feedstocks to make biofuels more economical.

Of the pure wash liquids studied, ethanol was found to have the greatest impact
on the disruption of PAS cellulose. Thus, ethanol was included in all mixtures with other
liquids added to differ the hydrogen bonding and polar interactions. These mixtures were
examined to determine if such wash liquid mixtures could increase the disruption in the
cellulose structure. Ethanol/water mixtures were determined to yield the most disrupted
cellulose of the blends investigated. The most effective ethanol/water mixture was
defined as the mixture with the lowest volume fraction of ethanol (Veion) required to
yield a gel-like material. The most effective ethanol/water mixture was applied to wash

phosphoric acid solubilized (PAS) recycled municipal office waste.
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Municipal office waste (MOW) is composed of waste office paper and newsprint
and is currently under consideration for use a feedstock for biofuels production (154).
MOW is a near ideal feedstock because it is generally rich in cellulose, abundant, low
cost, and non-edible (87, 154). MOW is advantageous because it is processed to remove
lignin and hemicellulose when first made into paper (155, 156). One of the most
common methods of producing paper is the Kraft process in which wood chips are heated
in an alkali solution of sodium hydroxide and sodium sulfide (155, 156). This solubilizes
and separates most of the hemicellulose and lignin from the cellulose pulp (155, 156).
The processed cellulose pulp is washed with water and dried prior to being milled into
paper (155, 156). Coatings containing calcium carbonate are often applied to paper to
enhance texture and are often found on MOW (87). The degradability of the PAS MOW
was improved by ~30 % when washed with the most effective ethanol/water mixture
(Veton = 0.4) compared to conventional water washing which demonstrated the
applicability of this approach. By increasing the degradability of a recycled feedstock
biofuels processing could become commercially viable.
5.2 Materials and Methods
Materials and chemicals: The cellulose used in all experiments was Avicel™ (PH-101)
(Sigma Aldrich). MOW was obtained from the Washington DC metropolitan area in the
form of an ink free dried solid. The chemicals were obtained from Sigma Aldrich, Fisher
Scientific and VWR: phosphoric acid (85 % in water), ethanol, 1-butanol, and acetone.
Calculation of the Hansen solubility parameters for binary wash liquid mixtures
The Hansen solubility parameters for polarity (Sporarity) @nd hydrogen bonding (Snydrogen

bonding) Were used from literature (Table 5.1) (32, 34). A simple mass balance was used to
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calculate the Hansen solubility parameters for each binary mixture. Each binary mixture
contained ethanol, with a mass fraction of 0, 0.25, 0.5, 0.75 or 1.

Preparation of disrupted cellulose: Preparation of phosphoric acid solubilized cellulose
followed the protocol reported by Zhang with minor modifications as described in
Chapter 4 (17). Please see Figure 4.1 for the process diagram.

Small angle neutron scattering was conducted at the Center for Neutron Research at the
National Institute of Standards and Technology, Gaithersburg, MD using the NG3
(neutron guide) and NG7 beam lines. Minor modifications to the protocol reported in
Chapter 4 were used since most of the work was performed using NG7. Each sample
contained a mass fraction of 0.5 % cellulose suspended in deuterated liquid obtained from
Cambridge Isotope Laboratories: d-ethanol (99 % D) and d-water (99.9 % D). Three
instrument configurations were used to yield a range of 0.0009 A™ < q = 4x/Asin(6/2) <
0.474 At with A equal to the neutron wavelength and 6 equal to the scattering angle.
Three scattering distances 13m (L =8 A), 7m (A =6 A), and 1 m (. = 6 A) were used for
low g: 0.0009 A™ < q<0.025 A?, intermediate g: 0.006 A* <q<0.077 A*, and high g
0.029 A' < q<0.474 A™ respectively. The SANS data analysis was performed as

reported in Chapter 4.
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Table 5.1 — The Hansen solubility parameters of solvents evaluated

Wash Liquid dpolarity Ohydrogen bonding
Acetone 10.4 7.0
1-Butanol 5.7 15.8
Ethanol 8.8 19.4
Water 16.0 42.3

These values were taken from literature (32, 34).
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Composition analysis of MOW was performed using FTIR. The FTIR settings are
described in Chapter 4. The potassium bromide (KBr) pellet technique was used in
which a powder mixture of 99 % KBr and 1 % MOW was mixed and pressed at 8,000 Ibs
of pressure (132). The spectra were recorded in units of absorbance in transmission
geometry in a nitrogen atmosphere. Control samples of pure Avicel, xylan, lignin, and
calcium carbonate were used to determine the source of each peak in the MOW spectra.
The peaks unique to each component were: cellulose, 1060 cm™; hemicellulose, 1465 cm®
L lignin, 1510 cm™; and calcium carbonate, 875 cm™ (58, 157). The peak height tool in
Omnic 6.2 was used to determine the peak height relative to the baseline, which was used
to calculate the ratios of each component.

Degradability of MOW was assessed using the protocol described in Chapter 4 and by

Watson et al. (128).
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5.3 Results
Prediction of mixtures to increase the disruption of washed PAS cellulose

Wash liquids with polar and hydrogen bonding interactions were mixed with
ethanol in an attempt to increase the disruption of washed PAS cellulose. The plot of the
Hansen solubility parameters for polarity and hydrogen bonding was used to predict wash
liquid mixtures that could potentially expand the region of gel-like precipitation, and thus
identify a more effective mixture. A mass balance was used to calculate the &pojsr and
OHydrogen bonding TOr €ach binary ethanol mixture. Acetone was used to test the effect of
increasing polar interactions, water was used to increase polar and hydrogen bond

interactions and butanol was used to reduce polarity (Figure 5.1).
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Figure 5.1 — The contributions of the polar and hydrogen bonding interactions for the

wash liquid mixtures examined represented by Hansen solubility parameters.
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The approximate area of gel-like formation was determined from the behavior area of
pure liquids that yielded disrupted PAS cellulose. Each point on the chart corresponds to

a binary ethanol wash liquid mixture.
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Effect of mixtures on the disruption of washed PAS cellulose

PAS cellulose was washed with mixtures of liquids with varying degrees of
hydrogen bonding and polar interactions to explore how to produce the maximum
possible disruption of cellulose nanostructure. The apparent disruption caused by each
mixture was characterized by measuring the optical density of each suspension of washed
PAS cellulose. The ratio of Hansen solubility parameters, Snydrogen Bonding/Opolar, Was used
to quantify the contributions of hydrogen bonding and polar interactions during washing
of PAS cellulose. When acetone and butanol were added to ethanol as the 2" wash
liquid, PAS cellulose formed an opaque white precipitate with opacity greater than or
equal to that of ethanol washed PAS cellulose (Figure 5.2). This indicated no
improvement to the disruption of cellulose nanostructure.

Mixtures of ethanol and water yielded washed PAS cellulose with gel-like
properties when the volume fraction of ethanol (Vewon) was > 50 %. The formation of a
gel-like precipitate using ethanol/water wash mixtures was consistent with the triangle of
gel-like precipitate in Figure 5.1. This suggested mixtures of ethanol and water may
more effectively disrupt cellulose nanostructure relative to water or ethanol washed PAS
cellulose. Other process conditions such as washing with liquids with increased pH,
elevated temperature, or residual phosphate did not yield material with increased

disruption.
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Figure 5.2 — Optical density (opacity) of PAS cellulose washed with ethanol mixtures as

a function of Hansen solubility parameters, Snydrogen Bonding/Opolar-
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The dashed line represents the optical density of samples washed with pure ethanol.
Samples with optical densities below the dashed line indicate mixtures that were less
opaque and likely more disrupted than samples washed with pure ethanol. The error bars

represent the standard deviation of triplicate measurements of each material.
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Effect of ethanol/water mixtures on the disruption of washed PAS cellulose
Ethanol/water mixtures appeared to yield washed PAS cellulose with gel-like
properties that was at least as disrupted as material washed with pure ethanol or pure
water. PAS cellulose washed with ethanol/water mixtures was initially characterized
using OD600 to determine the apparent number density, which is indicative of polymer
aggregation. The OD600 reading was stable for greater than 1 hour. The OD600 of PAS
cellulose washed with pure ethanol was 0.86 + 0.04 and was used as a control to
determine if washing with mixtures yielded washed material with increased disruption.
When PAS cellulose was washed with Vgon in the range of 0.4 to 0.75, the OD600 of the
washed PAS cellulose was statistically significantly lower relative to that of the PAS
cellulose washed with pure ethanol as defined by one standard deviation (Figure 5.3).
This indicated that the combination of hydrogen bonding and polar interactions of
ethanol/water mixtures may increase the disruption of PAS cellulose relative to washing

using only pure liquids.
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Figure 5.3 — Optical density as an indicator of the apparent disruption of washed PAS

cellulose in ethanol/water mixtures
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The trend lines was drawn by hand. The error bars represent the standard deviation

calculated from duplicate measurements of each material.
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Effect of ethanol/water wash mixtures on the cellulose nanostructure

The apparent increased disruption to the cellulose nanostructure of PAS cellulose
washed with ethanol/water mixtures was characterized and was compared relative to PAS
cellulose washed with pure liquids. SANS was used to characterize suspensions of
disrupted PAS cellulose washed with ethanol/water mixtures. The relative scattering
intensity at low g is one indication of disruption since scattering intensity decreases as
disruption increases due to a reduction in concentration fluctuations (24, 25) (Figure 5.4).

The scattering from suspensions of PAS cellulose washed with ethanol/water
mixtures exhibited fractal behavior indicative of the level of clustering in the cellulose
nanostructure (24, 25). To quantify the clustering of washed PAS cellulose, the average
power law exponent, o, was fitted in the range of 0.0030 A™ < q < 0.18 A using
equation 2 from Chapter 4. There was not a significant difference in the slope between
the low g and intermediate g range due to instrument error. The fitted o was analyzed as
a function of Vewon (Figure 5.5). The R? values of linear fits in the region of Veon =0 to
0.4 and 0.5 were assessed to determine at which point increasing Vewon did not further
decrease the fitted power law exponent. Consistent with the R? value for the SANS
scattering intensity, the highest value was 0.99 for the range of Veion =010 0.4. The
disruption of washed PAS cellulose was similar between Veion = 0.4 (00 =-2.21 £ 0.01)
and Veion = 1 (o 0f -2.17 + 0.01) which suggests PAS cellulose forms gel-like

nanostructures when Vgon = 0.4 or greater.
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Figure 5.4 — SANS characterization of washed PAS cellulose using ethanol/water

mixtures
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Figure 5.5 — Fitted o’s of ethanol/water washed PAS cellulose
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The error bars represent the statistical fitting error calculated using Igor Pro 6.11. Each
value of o on the y-axis represents the (-) value. The R? values represent the goodness of

fit of the linear trend lines. The trend line was drawn by hand to guide the eye.
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Application to real biomass: processing municipal office waste (MOW)

To further the development of biofuels processing, the most effective
ethanol/water mixture (Veion = 0.4) was applied to washing acid solubilized MOW.
FTIR was used to evaluate the composition of the MOW to determine the cellulose
content. The composition of MOW was calculated to be approximately 66 % cellulose,
15 % xylan, and 19 % calcium carbonate (instrument and experimental error were
approximately 8 %) (Figure 5.6). Since cellulose was calculated to be the dominant
component, MOW is likely a feasible feedstock for biofuels applications.
Demonstration of Principle with MOW

To determine the feasibility of applying ethanol/water mixtures to actual recycled
biomass to yield digestible material, the effects to the nanostructure of MOW from
washing were compared to that of Avicel prepared under identical conditions. The MOW
was solubilized using phosphoric acid and was washed using Veion = 0.4 in water. SANS
was used to compare the disruption to the cellulose nanostructure of PAS MOW to that
water washed PAS cellulose (Figure 5.7). The fitted power law exponent, a, of the PAS
cellulose washed with Veion = 0.4 was -2.21 + 0.004 whereas the o of the washed PAS
MOW was -2.26 + 0.004. The minimal difference indicated the ethanol/water mixture

could be applied to disrupting the nanostructure of cellulose in MOW.
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Figure 5.6 — FTIR composition analysis of as received MOW
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The composition of MOW was analyzed to determine if there was sufficient glucose

content to be used as a feedstock for biofuels. Each region of the spectra is labeled to

show the absorbance contributed by each component (58, 157, 158).
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Figure 5.7 — Comparison of SANS data for PAS cellulose and PAS MOW washed with a
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The applicability of the acid solubilization protocol was determined by comparing PAS

cellulose and PAS MOW side by side. Error bars were too small to be shown at this

length scale.
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Degradability of washed PAS MOW

The degradability of PAS MOW washed with Vgion = 0.4 in water was compared
to that of PAS MOW washed with water (conventional process) to assess the benefit of
using ethanol in the wash. Each PAS washed material was equilibrated in aqueous
enzyme assay buffer. While this may have caused a partial reversal in the gel-like
properties, it was necessary to create optimal assay conditions for the enzyme and was
common to both washed samples. The degradability was measured from the glucose
yield produced by S. degradans Cel5H, which preferentially acts on amorphous cellulose
(128). After 20 hours the glucose product concentration from MOW pretreated with
Veion = 0.4 was 0.64 £+ 0.02 umol/ml compared to 0.44 £+ 0.03 umol/ml for water washed
PAS MOW (Figure 5.8). This indicated that PAS MOW washed with Vgion = 0.4
increased enzyme accessibility to the substrate and thus by inference, disruption of the

material relative to PAS MOW washed with water.
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Figure 5.8 — The degradability of PAS MOW by S. degradans after washing with Vgion =

0.4 in water
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The error bars represent one standard deviation calculated from triplicate trials.
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5.4 Discussion

Ethanol was previously determined to produce the least stable and most
degradable PAS cellulose nanostructure, due in part, to its hydrogen bonding to hydroxyl
groups and aliphatic methyl groups. Other wash liquids were mixed with ethanol to vary
the hydrogen bonding and polar interactions of the wash liquid to disrupt the cellulose
nanostructure in the washed PAS material. The significant finding was that mixtures of
ethanol and water were the most effective in producing washed PAS cellulose. It is
hypothesized that the ethanol moderated the high polar and hydrogen bonding
interactions of water. The addition of polar (acetone) and less polar (butanol) liquids did
not increase disruption relative to PAS cellulose washed with pure liquids. Using a 40 %
ethanol/water mixture the degradability of MOW was improved by ~30 % which
demonstrates the potential to yield sugars from recycled materials for subsequent biofuels
production.

Ethanol was included in all mixtures examined because it increased the
degradability and reduced the thermal stability (SANS) of the washed PAS cellulose the
most relative to the other wash liquids investigated in Chapter 4. Ethanol has also been
found to increase the degradability of cellulose in industrial pretreatments (99). Ethanol
is advantageous because it has a hydroxyl group capable of hydrogen bonding and two
methyl groups that can interact with the face of the glucosyl ring of cellulose (34). The
polarity of the wash mixture was varied by adding acetone, which has a highly polar
double bonded oxygen, and butanol which has reduced polarity compared to ethanol due
to the increased number of methyl groups (34). The hydrogen bonding character of the

wash mixture was varied by adding water which has a strong tendency to form hydrogen
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bonding (also highly polar) (34). Increased polar interactions contributed by acetone in
ethanol mixtures did not increase the observed disruption relative to PAS cellulose
washed with pure ethanol or acetone. The increase in hydrogen bonding interactions
from water was the most effective in increasing the region of gel-like structures in
washed PAS treated cellulose (Figure 5.9). By identifying the region of polar and
hydrogen bonding interactions that yielded gel-like disrupted cellulose, mixtures of wash
liquids could be tailored to individual applications. Although the region of gel-like
formation was constructed using several different pure liquids and mixtures, it was not
universally applicable to the washing of PAS cellulose. For example, acetone/water
mixtures in this range were not able to yield gel-like material, which suggests other

factors such as molecular size and functional groups must be considered.
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Figure 5.9 — The mixtures of wash liquids that yielded washed PAS cellulose with gel-

like properties as a function of Hansen solubility parameters
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pure methanol and ethylene glycol (triangles) yielded gel-like precipitates.
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The scattering at low g of the mixture washed PAS cellulose could be described
using fractals. The power law model was used, in which the exponent a, represents the
fractal dimension of the cellulose nanostructure (24, 25, 27). The fitted power law
exponent, a, represents an average of clustered swollen polymers o = -2 and clustered
networks when a = -3 (24, 25). The increase in a from -2.40 to -2.21 as Vgion Was
increased from 0 to 0.4 indicated increased disruption to the cellulose nanostructure.
This corresponds to a transition in the washed material from an opaque white precipitate
to gel-like formation. The disruption to PAS cellulose when Vgion > 0.4, o = -2.20, only
improved to o = -2.17 for Veon = 0.75 and 1 which was consistent with the SANS
intensity at low g which indicated that increasing Veion > 0.4 did not change disruption.
Both the SANS intensity and fitted o indicated that after the washed PAS cellulose has
undergone the gel-like transition near Veion = 0.4, increasing Vewon did not further disrupt
the nanostructure and was thus the most effective wash liquid mixture.

Further analysis of this phase transition was attempted through SANS at different
temperatures. Initial experiments attempted to determine the transition temperature by
analyzing the inverse SANS intensity at low q as a function of inverse temperature (159).
However, since the cellulose polymers were in suspension and not solution, it is unclear
what physical significance this transition temperature represented.

The ultimate goal of cellulose materials research is to develop a solvent system, to
fully solubilize cellulose in conditions suitable for enzymatic degradation. The
interactions of ethanol and water indicated that both polar and non-polar functional
groups are required to disrupt cellulose. The non-polar groups are required to interact

with the glucopyranose ring, while the polar group is required to interact with the
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hydroxyl groups of cellulose. Further research is necessary to determine how the
electronic structure of the molecule affects interactions with cellulose. By completely
solubilizing cellulose, increased enzyme accessibility would likely yield a dramatic
increase in degradability, which could make cellulosic biofuels commercially viable.

In order for any feedstock to be commercially viable it must contain a high
fraction of cellulose. In this study, the cellulose fraction of MOW was evaluated through
a composition analysis using FTIR. The finger print region of cellulose (900 to 1200 cm’
1 clearly indicated the presence of cellulose in the MOW spectra (58). The broad peak in
the region of 1430 to 1460 cm™ indicated crosslinking of the cellulose and xylan
polymers which suggested the presence of hemicellulose (157). Discreet peaks for
calcium carbonate were observed at 875 cm™ and 775 cm™. The absence of lignin was
obvious due to the lack of an aromatic signature in the region of ~1510 cm™ (158). The
relative amount of cellulose was 66 % so the composition analysis established MOW is
rich in cellulose and is thus a suitable feedstock.

Acid pretreatment is widely applicable to a variety of biomass feedstocks, but the
use of Veion = 0.4 in water for washing PAS treated recycled MOW is novel and had to
be demonstrated to show applicability of the method. Avicel and MOW were pretreated
side by side using the protocol to prepare PAS cellulose. SANS was used to compare the
effects to the disruption of the cellulose nanostructure of washed PAS cellulose (Avicel)
to washed PAS MOW. Comparing the SANS intensity directly was not appropriate
because the MOW contained additional phases (contaminants). Thus, the SANS power

law exponent fitted to the scattering from both materials was compared. The values of o
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only varied by 0.05, which indicated the protocol to prepare PAS cellulose (Avicel) could
be applied to MOW.

The degradability of cellulose structure to enzymatic degradation is a critical
barrier to the efficient release of sugars (2). The glucose yield is the best measure to
compare the degradability of two materials, because the data are taken over a time course
which provides numerous points for statistical analysis. The conversion of material is
also important because higher material conversion translates to lower cost. The ~30 %
increase in degradability of the PAS MOW washed with Vgion = 0.4 relative to water
washed PAS MOW demonstrated the application of non-aqueous liquids in wash
mixtures to a real material.

Ethanol/water mixtures were determined to cause similar disruption to cellulose
nanostructure compared to pure ethanol washed PAS cellulose and were successfully
applied to increase the degradability of MOW. The combination of hydrogen bonding
and polar interactions in the wash mixtures induced disruption of washed PAS cellulose
to form a gel-like material. The transition from an opaque white precipitate to gel-like
material was investigated which determined that increasing Vewon after the transition to
gel-like material only marginally enhanced disruption. The ethanol/water mixture that
produced the most disrupted washed PAS cellulose using the least ethanol was applied to
processing MOW. The application to MOW represents how fundamental thermodynamic

interactions can be applied to diverse and especially, commercial materials.
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6. Conclusion

The objective of this dissertation was to develop an understanding of how
solvents could be used to disrupt cellulose nanostructure to improve degradability by
enzymes. The most effective pure wash liquid was ethanol, which after washing PAS
cellulose yielded a gel-like material. The properties of the gel-like material were
characterized on both the nano and molecular scale to understand how the interactions of
the wash liquid affected the polymer structure in terms of the state of aggregation of the
cellulose nanostructures and in particular, the relative fractions of inter and intrapolymer
hydrogen bonds.

Specifically, the gel-like material indicated there was increased disruption of the
cellulose nanostructure as indicated by the SANS results (o = -2.17) relative to the
opaque white precipitate (a = -2.40). The increased a of the gel-like material indicated
reduced polymer clustering of the rod-like cellulose polymers relative to the opaque
white precipitate. Hydrogen bonding is the force binding the cellulose nanostructures
characterized by SANS. The gel-like material has a network of heterogeneous
interpolymer cross-links which likely prevented ordering of the system, which was
evident by the increased SANS a (o = -2.17) relative to the opaque white precipitate (a =
-2.40). The hydrogen bonding of the opaque white precipitate showed ordered
intrapolymer hydrogen bonding and a hydroxymethyl group conformation similar to that
of cellulose Il relative to the gel-like material. The increased crystallinity of the opaque
white precipitate is believed to be a result of increased clustering of the cellulose
polymers relative to the gel-like material, which is consistent with the reduced o (o = -

2.40). Understanding the influence hydrogen bonding and polar interactions have on the
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washing of PAS cellulose, enabled the formulation of wash mixtures that were as
effective as pure ethanol but more appropriate for enzymatic degradation due to
decreased ethanol content.

Reducing the polymer clustering and increasing the amorphous content of the gel-
like material relative to the opagque white precipitate improved enzyme accessibility.
This was evident by the 30 % increase in the glucose yield of Cel5H acting on the gel-
like material relative to the opaque white precipitate. Since the substrate material was re-
equilibrated in aqueous assay buffer, this represents the minimum possible increase to
degradability.

Wash liquid mixtures were formulated to increase the disruption to the material.
The most effective wash mixture was 40 % ethanol in water, which was the lowest
volume fraction of ethanol required to yield a gel-like material. The efficacy of this wash
mixture was tested using municipal office waste (MOW). The pretreated MOW was
characterized using SANS, which had an o = -2.26 compared to o = -2.21 for PAS
cellulose washed under identical conditions. Since the o’s only varied by 0.05 the wash
protocol was applicable to MOW. As with pure Avicel, the cellulose nanostructure of
PAS MOW was disrupted and had the morphology of a gel-like structure after washing
with 40 % ethanol in water. Cel5H acting on gel-like PAS MOW yielded a similar 30 %
increase in glucose yield which indicated increased enzyme accessibility. This work has
the potential to enhance the commercial viability of cellulosic biofuels production by
using a common solvent to disrupt the cellulose nanostructure of a recyclable biomass
feedstock.

The main contributions of this dissertation are:
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1. Identification of novel processive enzymes, which enable S. degradans to
degrade cellulose independent of cellobiohydrolase activity. The processive
ratios of Cel5G, Cel5H and Cel5J were greater than 4, which indicated
multiple rounds of cleavage before dissociation from the substrate. By
utilizing enzymes with characteristics of both an endoglucanase and a
cellobiohydrolase only one enzyme is required to degrade cellulose directly
to cellobiose, which reduces the required enzyme loading.

2. The gel-like cellulose nanostructures observed in ethanol washed cellulose were
related to heterogeneous interpolymer hydrogen bonded cross-links. The
formation of the opaque white precipitate for water washed materials was the
result of more highly ordered intrapolymer and hydroxymethyl groups in a
structure similar to crystalline cellulose I1.

3. Hansen solubility parameters were used to identify ethanol/water mixtures as
having the best potential to interact through hydrogen bonding and polar
forces. SANS characterization indicated the most effective wash liquid
mixture was 40% ethanol in water. This mixed wash liquid yielded gel-
like cellulose structures while minimizing the amount of ethanol in the
mixture. This is important because the enzymes denature in pure
ethanol and ethanol is more expensive than water.

4, Application of the 40 % ethanol in water wash liquid mixture to disrupt the
cellulose nanostructure of MOW. This suggests a pathway to an
economical recyclable feedstock for the production of cellulosic

biofuels.
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7. Future Directions

The work of this dissertation examined the intermolecular interactions that yield
material with increased disruption relative to the conventional water washing process.
Future research should work to synthesize new wash liquids that have both polar and
hydrogen bonding properties on the same molecule. By increasing the electrostatic
interactions between the solvent and cellulose the driving force to keep the polymers
soluble will become greater. To achieve this objective several questions related to the
pretreatment and enzymology processes could be addressed:

1. Use of favorable liquids to lower the concentration of cellulose solvent

One of the most costly steps of the bioconversion process is solubilization of

cellulose using 85 % phosphoric acid. It is likely the favorable liquids could be

added to reduce the acid concentration. Because phosphoric acid is soluble in
ethanol/water mixtures a potential future experiment could evaluate more dilute
phosphoric acid solutions in the ethanol/water solvents. If favorable interactions
reduce the amount of phosphoric acid required, cost and negative environmental
impacts would be reduced.

2. Using glucose to increase disruption to cellulose nanostructure

Cellulose chains reform structures through hydrogen bonding, after washing PAS

cellulose. Cellulose/solvent hydrogen bonds with a pure solvent such as ethanol

were not strong enough to completely disorder the structure, but a molecule

capable of increased hydrogen bonding could increase disorder. By adding a

molecule to the wash that the cellulose can form increased hydrogen bonding

with, such as glucose could disorder the cellulose nanostructure.
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3.

Investigation of the phase transition that occurs during washing to yield a gel-like
material or opaque white precipitate

Understanding how the material can be transformed into a more degradable state
is important because the thermodynamics could be used to predict even more
favorable liquids. The research question could ask: What is the mechanism of the
phase transition? To address this question analyzing material washed with
ethanol/water mixtures using SANS at elevated temperatures could be insightful.
Initial SANS analysis at varying temperatures of solubilized cellulose washed
with ethanol/water mixtures suggested the presence of a critical temperature.
However, the nature of the critical temperature was unclear and should be
investigated further. To further investigate this transition, analyzing SANS under
pressure could be used to define the thermodynamics using an added state.
Understanding the contributions to the energy of the transition, would guide the
development of new solvents.

The Flory Huggins interaction y parameter and Hansen solubility parameters were
effective in predicting favorable interactions. Figure 5.9 indicated the
contributions to the hydrogen bonding and polar interactions of the liquid, which
can be predicted for new solvents prior to synthesis. Group contributions to each
polar and hydrogen bonding interactions could be used to estimate the properties
of new synthetic solvents. This would yield the architecture of functional groups
that would be required in a new solvent molecule. By predicting polar and
hydrogen bonding groups, on the same molecule, it maybe possible to increase

disruption.
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Several research questions on S. degradans could address the following:

1. Several cellulases (Cel5D, Cel5l, Cel6A and Cel9B) have carbohydrate
binding modules belonging to families 2 and 10 which bind specifically
to crystalline cellulose. What role do these CBMs play in the
degradation of crystalline regions?

2. The processivity was measured on insoluble filter paper by taking the ratio
of soluble to insoluble sugar. How does the processivity of Cel5H vary
between insoluble and soluble substrates? How do the different binding
interactions in solution versus on the surface of the substrate affect the

processive mechanism?
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