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ABSTRACT

Second-generation biofuels are being developed from non-food plant resources to address the
socio-economic concerns derived from first-generation biofuels of food and land competition.
However, second-generation biofuel processing confronts many processing challenges with
high yield stresses at economically necessary solids loadings (>20wt.%). Various liquefaction
techniques are employed to convert sugars from corn stover biomass slurries, which directly
impact the rheological response through lowering solids concentrations and altering particle
properties. In this study, the flow response of corn stover biomass slurries processed by enzyme
liqguefaction and dilute acid pretreatment are explored using a wide-gap geometry rheometer.
Flow curve experiments reveal that yield stress is a function of solids loading and enzyme
liquefaction further reduces the yield stress by reducing the total insoluble solids within the
slurry. Combined dilute acid pretreatment and enzyme liquefaction reduce static yield stress
and particle size. Drying and fractionating of particles from slurries reveal that larger particles
produce a larger shear stress response than smaller particles. For successful processing on a
large scale, maximizing the initial solids loading and minimizing the yield stress and viscosity

of corn stover biomass slurries are essential.
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1. INTRODUCTION

1.1 Research Motivation

The growth in demand for energy and the depletion of fossil fuel reserves summon the need to
develop alternative resources of sustainable energy systems around the world. Energy crops
have been grown and harvested for conversion of plant product to liquid fuel. Biofuel produced
from starch and sugar-based plants are classified as first-generation biofuels and are most
commonly used in the United States and Brazil ([1]-[3]). To offset fossil fuel consumption,
bioethanol is used as an additive in gasoline. Currently, gasoline contains up to 10% bioethanol.
Since first-generation biofuels are directly extracted from the food source of plants,

competition of consumable food sources and land is of main socio-economic concern.

Second-generation biofuels which are derived from lignocellulosic plant waste, are being
developed to address the socio-economic concerns of first-generation biofuels. Feedstock
material used for second-generation biofuels includes wood, organic waste, and other plant
residues, such as switchgrass and corn stover. Corn stover biomass is derived from corn waste
materials consisting of corn cobs, stalks, and leaves that can be converted to ethanol with high
theoretical yields of ethanol between 60-90% ([4],[5]). Although corn stover biomass is a
promising solution for bioethanol, there are many issues preventing it from becoming

economically feasible for immediate use.

Despite the great appeal of corn stover as a feedstock candidate, transportation of these slurries

in a biorefinery is difficult because of their considerable yield stress and high viscosity. High
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solids loading of biomass is necessary to reduce capital and energy costs by reducing the
volume of transported material ([9]). However, with reduction of water within the system
comes a repercussion of considerable yield stresses and viscosities which make slurries
difficult to pump and move the material throughout a refinery to process the required ethanol
conversion. Creating a solution by reducing the yield stress and viscosity of the slurry system
while maintaining high solids loading is imperative for the success of second-generation
biorefineries. Through enzymatic liquefaction and dilute acid pretreatment, it is possible to
lower yield stress in high-solid containment systems. Understanding impact of the various

processing techniques on the flow behavior of the corn stover slurry system is necessary.

While others have explored corn stover biomass and the rheological behavior of pretreated
slurries, the liquefaction of corn stover pellets prior to addition into a pretreatment tank has
been proposed. This liquefied slurry would reduce issues with high yield stresses and
viscosities associated with the front-end of the process. In this work, slurries were liquefied
with enzymes without an initial dilute acid pretreatment to explore the impact on yield stress
reduction. The slurry structure varied based on the degree of processing. Various rheological

techniques were employed to characterize changes in yield stress of the processed slurries.

1.2 Thesis Scope and Objectives

In the present work, the rheological behavior of corn stover biomass of various initial solids
loadings (10-30wt.%) that have been processed with different techniques were characterized
using a wide-gap geometry. Calibration of the wide-gap rheometer setup was completed to

account for the increased gap size compared to traditional setups. The static and dynamic yield
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stresses of various compositions were measured through a variety of rheological techniques.
The particle size distribution of combined dilute acid pretreatment and enzyme liquefaction
was measured through dynamic light scattering (DLS) to determine particle level effects on
the flow response of processed slurries. The data in this work is in preparation for a soon to be
submitted publication “New Strategy for Liquefying Corn Stover Pellets without Pretreatment”
by Overton, J. C., Freitas dos Santos, A., Szeto, R., Patel, M. H., Gutierrez, D. M., Eby, C., ...

Ladisch, M. R.

The objectives of this study were to:
1. Determine a robust rheological method to evaluate the yield stress and pumpability of
corn stover biomass slurries.

2. Understand the impact of enzyme liquefaction and its effect on the flow behavior of

corn stover slurries.

3. Measure the relationship between particle size and shear stress response of

reconstituted slurries.
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2. BACKGROUND

2.1 Corn Stover Biomass Overview

Biomass is an organic matter that is derived from plant or animal materials and can be
converted to biofuels as a renewable energy resource as the materials can be replenished. First-
generation biofuels are derived from food sources such as corn starch, sugar cane, or vegetable
oil. Since first-generation biofuels are converted from food sources, the price of corn increases
the competition with food and livestock producers and creates a “food vs. fuel” debate ([6]).
To address the competition with food consumption, second-generation biofuels are being
developed from lignocellulosic biomass, which include agricultural waste such as bagasse,
switchgrass, and corn stover ([7]). Lignocellulosic biomass has high theoretical yield for

ethanol conversion and a reduced feedstock material cost relative to first-generation biofuels.

Although lignocellulosic biomass is an attractive feedstock material for biofuels, it is
recalcitrant and requires additional processing steps for ethanol conversion increasing
production costs. Lignocellulosic biomass undergoes four major units of operations prior to
conversion that include pretreatment, hydrolysis, fermentation, and purification ([8]). In
addition to processing, it has been identified that high solids loading of feedstock (>20 wt.%)
to reduce water and energy usage is necessary to lower processing costs for economic viability
([9]-[11]). At these high-solid concentrations, considerable yield stresses are developed
requiring more energy for transporting material within a process. In addition to increased

conversion, it is necessary to reduce the yield stress when processing lignocellulosic biomass.
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2.2  Yield Stress

2.2.1 Defining Yield Stress

Yield stress is a material property that is associated with many complex fluids and material
systems and can be defined as the necessary stress value to be exceeded for flow to occur (cite
a source). The concept of yield stress fluids was idealized by Bingham et al. and was adopted
from the plastic yield stress in metals ([12]). This property finds many uses in everyday
products such as squeezing toothpaste from a tube or spreading peanut butter on bread.
Quantifying the value of yield stress is necessary for the design of plants and systems because
it will define the necessary pump requirements to transport material within a process. Although
yield stress is an important parameter to quantify within fluid systems, there is no universal

testing procedure that is standardized to determine yield stress on any material.

Many techniques have been proposed and employed to evaluate yield stress; differences in
data on the order of a magnitude can occur based on material handling and technique used for
the same material system ([13]). It has been proposed that yield stress materials can be
identified as either simple or thixotropic ([14]). In the case of simple yield stress materials, the
viscosity only depends on shear rate and the yield stress is well defined and examples of these
materials include emulsions such as hair gel and shaving foam. Alternatively, thixotropic yield
stress materials have a response that is dependent on the deformation history in addition to the
shear rate ([15]). Since the yield stress can vary within a material system, two different yield

stresses need to be defined: static and dynamic.
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The static yield stress is defined as the minimum stress necessary to start flow. In thixotropic
materials, the static yield stress can vary in magnitude depending on the amount of time
allowed for the microstructure to build up. The dynamic yield stress is defined as the minimum
amount of applied stress required before flow ceases. The value of dynamic yield stress can
depend on the flow history and the amount of time a material has been sheared at different
shear rates ([16]). It should be noted that the static and dynamic yield stresses are equivalent
in simple yield stress fluids as their properties and structures do not depend on shear rate and

structure rejuvenation ([17]).

2.2.2 Current Techniques for Yield Stress Measurements

Synonymous with the various ranges of values for yield stress that a yield stress fluid can have,
there are numerous techniques that are used to determine the yield stress of a fluid. Sample
handling must be noted as shear deformation from sample loading can change the response of
the material. Commonly, rest periods or pre-shearing is completed prior to testing to gather

consistent results.

The classical method for determining yield stress is to utilize flow curve measurements using
a rheometer. A flow curve consists of a range of data points taken from shear rate or shear
stress sweeps. Flow curve measurements can be a powerful tool because based on the direction
of the sweep, the static or dynamic yield stresses can be measured. A measurement sweep with
increasing shear rate or shear stress can be used to measure the static yield stress while a sweep
with decreasing shear rate or shear stress can be used to measure the dynamic yield stress. The

yield stress using this method can be determined by extrapolating the shear stress to a zero
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shear-rate or by fitting rheological models to the data. A commonly used yield stress flow

model is the Herschel and Bulkley model:

T< 17, => ¥ = 0(Solid Regime)
T> 1. > 0 =0, + Ky" (Liquid Regime) (Eq.1)

where 7 is shear stress, ¢ is a critical shear stress, oy is the yield stress, y is the shear rate, and
K and n are empirical values. Below the yield stress, the material behaves as a solid and does
not flow, and above the yield stress, the material will flow based on the equation ([17]). Other
yield stress models include the Bingham model, Casson model, and the Ellis and Cross model
which similarly estimate a yield stress through the extrapolation of the value to a zero-shear

rate ([18]).

Another rotational rheometry technique that is used to measure yield stress is through
determination of the maximum torque, which corresponds to the vyield stress. In this
measurement, a constant shear rate is applied to the material, typically at a low shear rate. The
shape of the curves from the data can be different between sample and material. Different yield
stresses can be determined using this technique based on how the yield stress is defined and
include the departure from linearity, maximum stress, or the value where stress reaches a
constant value. In corn stover biomass slurry systems, the yield stress using this technique is

by the definition of maximum stress in the profile ([19]).

Aside from rotational rheology methods, oscillatory methods are also employed to measure the

yield stress through completing an oscillatory strain sweep at a fixed frequency. In this method,
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the strain sweep is carried out with low values of strain to increasing values of strain. There
are many ways the yield stress value is determined. The yield stress can be identified as the
stress amplitude where the elastic modulus G’ is lesser than the shear modulus G”. The yield

stress can also be identified as the maximum elastic stress through the given equation:

c=G"y (Eq. 2)

where o is the elastic stress, G’ is the elastic modulus, and vy is the strain ([20]). The last
common interpretation using this oscillatory method is by fitting the data beyond the G’ and
G” cross over data with a power law function and identifying the yield stress point as the
intersection with the extrapolation of the horizontal line from the linear viscoelastic regime
([15]). Although oscillatory methods are less commonly used for determination of yield stress,
this method proves useful as this strain amplitude sweep can be used to probe other values of

the sample in the same experiment and can require lower volume of the sample.
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Figure 2.1. Different yield stress technique measurements: (a) Oscillatory rheometry
evaluation of yield stress of mayonnaise through G’/G” crossover point and intersection of
extrapolation of the linear viscoelastic regime and power-law fit. (b) Elastic yield stress
method calculated from oscillatory data of mayonnaise. (¢) Flow curve determination of
yield stress extrapolating to a “zero-shear” rate of mayonnaise. (d) Low torque yield stress
measurement of corn stover.

It is imperative for success to be aware of all the methods used to measure yield stress and how
to interpret the data from these evaluations to understand whether one is exploring the static or
the dynamic vyield stress. Figure 2.1 shows the different yield stress measurements of
mayonnaise which has been extensively studied because of its commercial important for
processing ([1]). Selection of the rheological fixtures and setups must be adapted to the test
sample to ensure accurate measurements. When evaluating a new material, it is advised to

explore all of the common testing procedures to identify the most suited techniques for your
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system. There is plenty of room for debate when measuring yield stress as demonstrated
through various inter-laboratory studies using a multitude of methods and setups to simply

measure yield stress ([13], [19]).

2.3 Current Efforts in Corn Stover Rheological Measurements

Measuring and understanding the rheology of corn stover biomass slurries is important to
inform on pump requirements for refinery designs because transportation in the process is
necessary for conversion. The yield stress has been identified as a key parameter to create a
viable continuous process because it is related to the minimum power output required for a
pump ([19]). There have been many efforts within the field to create the best conversion of
biomass to ethanol for biofuels and alongside it, there have been numerous amount of work
done to measure the yield stress of the slurries used for conversion ([19], [21], [23]-[29]). Since
the conversion process of biomass corn stover modifies the composition of the sample, care
must be taken to understand at what stage of processing the sample was prior to measurement
to better compare data between studies. Data should not be expected to be whittled down to a

precise range of values because of the array of techniques and variances in materials ([21]).

Although there is variance with materials and processes, yield stress data from various groups

have found that there is a correlation between yield stress and insoluble solids concentration

for their individual systems:
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T, = aCh (Eq. 3)

where 7y is the yield stress, C is the insoluble solids concentration, a and b are empirical fits.
The reported values of the empirical constants have a large range between 0.1<a<10Pa and
3<b<6 ([21]). This range of values is a result from different materials and processing
techniques. The power law predicts that as solids loading of corn stover increases, the yield
stress will increase tremendously which is unfavorable for the necessary high solids loading

for corn ethanol economic viability ([9]).

The corn stover biomass slurry created for conversion is typically a complex mixture of corn
stover particles, enzymes used for conversion, and buffered solutions used to maintain pH
levels. Corn stover biomass slurries contain a yield stress and are shear-thinning ([27]). Based
on the insoluble solid concentration, the rheological behavior can change drastically from a
dilute suspension to a thick paste as shown in Figure 2.2. In the concrete field, where the
material behavior is also not consistent with varying composition, concrete can be considered
one of two types of materials depending on the quantity of coarse aggregates. The first type is
a concentrated suspension of solids within water; traditional fluid mechanics and rheology can
be used to describe the material. In the second case, Coulomb’s principle can be applied where
the stress for deformation is proportional to the applied normal stress ([22]). This definition of
material behavior in concrete can possibly be adopted in corn stover biomass slurries to better

describe the material system.
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Figure 2.2. Various compositions of corn stover biomass slurries by increasing initial weight
concentrations (10, 15, 20, 25, 30%) showing the difference in slurry morphology by
concentration.

Corn stover biomass is not an ideal rheological sample because measurements are difficult to
obtain due to large particle sizes, wall slip, sample fracture, plate ejection, and particle settling.
In an attempt to measure lignocellulosic biomass slurries, many researchers have used novel
rheometers and techniques in addition to traditional rheometry yield stress experiments ([19],
[23]-[26]). A novel rheometer for measuring biomass at high temperatures, extreme pH, and
high solids concentrations with large particle sizes has been created by Klingenberg et al. who
reported consistent measurements with other equipment ([27]). Another novel measuring
technique that has been used is magnetic resonance imaging of corn stover slurry flow profiles
during pipe flow coupled with pressure drops to determine a yield stress ([28]). Besides novel
rheometer usage, other researchers have explored corn stover using large amplitude oscillatory
shear tests (LAOS) and discovered that corn stover in various stages of processing showed
different rheological fingerprints ([29]). LAOS has also been reported to be useful for
measuring yield stress fluids utilizing Fourier transformations and Lissajous curves for data
analysis ([30]). Outside of taking raw measurements and characterizing the rheological
properties of corn stover, particle properties of the biomass must be considered as they greatly

influence the material response.
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2.4 Particle Level Properties

Particle size of a suspension or slurry can greatly influence the rheological response of a
material system. Depending on the sample and inter-particle effects, changing the particle size
can either increase or decrease viscosity. In a study of silica-sand suspensions, a trend was
observed where the viscosity increased with an increase in particle size and solids
concentration ([31]). Conflictingly, in rheological evaluations of ball-milled mineral slurries
the opposite observation was documented where a decrease in particle size led to an increase
in viscosity ([32]). The increase in viscosity for the mineral slurries was attributed to particle
interactions leading to an increase in solids concentrations. It should be noted that the particle
sizes for both studies were different: 90-300um in the silica-sand suspension study and 44-
74um in the mineral slurries. Particle sizes of greater than 100um are expected in biomass

slurries and the viscosity has been shown to increase with increasing particle size ([33], [34]).

Aside from observing particle size, it is necessary to take the particle size distribution into
account. At a constant solid fraction, a monodisperse system will produce a higher viscosity
compared to a bidisperse or polydisperse system because the maximum packing fraction is
lower ([35], [36]). Ina study of the liquefaction of corn stover slurries, the value of yield stress
was reduced with a decrease the average particle size of the particle size distribution ([37]).
Understanding the effects of both particle size and particle size distribution will lead to better

comprehension of rheological behavior.

Thixotropy describes the shear-history dependent behavior of a material where response of the
material depends on the structure of the material. Thixotropy is important to measure to

account for the network structures that corn stover slurries can form when sedimented.
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Particles in dilute corn stover slurries are known to quickly settle due to gravity ([38]). It is
possible to premix the settled slurry sample to resuspend particles during the measurement, but
a pre-shearing step would remove the ability to observe the bifurcated shear stress response as
particles transition from a settled to resuspended state ([40]). Understanding of the flow
response of the slurry in a sedimented state is important as particles will be allowed to settle
during the event of a process shutdown. It has been reported that in a pipe where a thixotropic
liquid is allowed to enter and rest, there is a large pressure required for the start-up flow and

demands higher pump performance ([41]).

Insoluble solids concentrations have beenrepertedto-have the largest impact on the yield stress
of corn stover slurries. This is correlated to the volume fraction of solids within the system and
is a primary factor in the response of any rheological sample. However, there are secondary
effects of the particles that can impact the response of the system. A greater understanding and
exploration into these particle properties can be used to better inform experimental data and

can be used to improve computational and model work.

2.5 Pumpability

Rheological studies are carried out to better understand the flow and deformation behavior of
a material and can be used as a powerful lens to characterize a material. However, directly
relating rheological data to practical processing parameters such as pumpability is not as simple
as there are various factors that can affect flow such as pipe dimensions, slip layers, and pump
design. Viscosity in concrete was correlated to pressure drops in pipe flow which leads to

increased pump flow ([46]). Yield stress is useful to understand as it will dictate the minimum
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power requirements for pumps and other processing equipment used for mixing or transport
([19]). The type of pumps employed will also impact the flow as it was suggested that yield
stress is the main governing parameter in piston pumps, while viscosity is the dominating
property for pumpability in a rotor pump and therefore, these two properties are key parameters
to understand flow ([47]). In a study on biomass and coal slurries, pump selection is based on
experimental evaluation of shear stress at specific shear rates, yield stress, and settling rate of
a biomass slurry ([1]). In this same work, it was suggested that a pumpable slurry will have a
maximum viscosity of 1.0 Pa-s, but do not define the shear rate or shear stress of this viscosity.
While rheometry experiments can help identify relations to pumpability, there is not a clearly
defined parameter that will describe the pumpability of a material as flow is dependent upon

the material, the dimensions of a pipe and the power and type of pump within a system.
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3. EXPERIMENTAL METHODS

3.1 Materials

Corn stover slurries

Corn stover slurries were produced by the Laboratory of Renewable Energies (LORRE),
Department of Agricultural and Biological Engineering at Purdue University, West Lafayette,
Indiana. Slurry formation by enzymatic liquefaction was carried in a 600mL glass beaker at
50°C for 6 hours at solids loadings of 30% (w/v) using Celluclast 1.5 L (Novozyme, Bagsverd,
Denmark - 57 FPU, endoglucanase 800 Ul/mL and 126 mg protein/mL). Mixing was
performed by an IKA-WERKE overhead stirrer (Eurostar PWR CV S1+) out fitted with marine
impellers on a 23 cm long shaft with a blade pitch of 45 degrees in an up-down configuration.
The impeller was 304SS, with dimensions of 5.3 cm diameter, and with impeller spaced 5 cm
apart. Rotor speed was 300 RPM for all experiments. Corn stover pellets were added in a fed
batch manner. After 6 hours had elapsed from the start of corn stover addition, the slurry was

transferred to a sealed storage container and stored at 4°C until further analyses.

Corn stover liquefaction with Maleic Acid

Slurry formation using maleic acid was produced by LORRE lab at lab scale and Idaho
National Lab (large scale samples). Lab scale liquefactions were conducted ina 50 mL total
volume stainless steel reactor constructed from 1-inch stainless steel tubing sealed with
Swagelok threaded endcap fittings. Corn stover pellets were loaded to 25% (w/v) solids
concentration and 30 mL of maleic acid solution with different concentrations (20, 30, 40, 50,

or 100 mM, respectively) was added to the reactor. The reactors were placed into a Tecam®
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SBL-1 fluidized sand bath at 150°C for a total time of 36 minutes, with a 6 minute heat-up
time (20°C to 150°C) and a 30 min hold time at 150°C. The reaction tubes were then placed
in two liters of ice water for 10 min. The tubes were then opened, and their contents poured
into a plastic screw-top bottle for storage at 4°C until needed. Larger scale maleic acid
liquefaction g of pelleted corn stover were performed under similar conditions as described
above for a solids concentration of 300 g/L solids and addition of 40 mM maleic acid (i.e.
reaction at 150 °C (69 PSIG) for 30 minutes incubation period at temperature (£ 2°C)) ina 10-

L batch reactors attached to Idaho National Laboratory’s chemical preprocessing system.

Slurry Formation Using Enzymes Individually and Combined to Maleic Acid Treatment

The sample procedure for enzyme liquefaction was applied for slurry formation (corn stover
pellets at 30% (w/v) solids) through sequential maleic acid (large scale treated samples,
liquefied at 40 mM) and enzyme treatments. However, in this case, cellulolytic enzyme (1 FPU;
2.2 mg protein/g solids) was directly added to the reactor with the maleic acid treated sample,
and the resulting mixture was incubated for up to 48 h, with samples taken at 6, 24 and 48 h

for rheology measurements.

3.2 Flexible Cup Holder

Rheological measurements were carried out with an Anton Paar MCR 702 rheometer using an
Anton Paar Flexible Cup Holder cell. The Flexible Cup Holder allows for measuring cells of
different dimensions for experimentation with proper calibration. Each unique measuring
fixture and measuring cell was calibrated using a heavy mineral oil (Sigma-Aldrich 330760).

Viscosity of the mineral oil was measured at constant shear rates of 0.1, 10, and 100s? in a
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steel concentric cylinder setup (27mm fixture with a 1mm gap size). Desired measuring fixture
and cell combinations were calibrated with the Flexible Cup Holder setup by measuring the
viscosity of the mineral oil at constant shear rates of 0.1, 10, and 100s™*. Since operation of the
rheometer was conducted in a shear-rate controlled mode, the CSR Factor (Controlled Shear
Rate) must be changed to account for any changes to the dimensions of the rheometer. Using
the equation below, the new CSR Factor for non-standard dimensions, CSR Factor (x), can be
calculated to ensure accurate data from measurements for gap sizes larger than the standard

calibrations.

Viscosity (x)*CSR Factor (SI)
Standard Oil Viscosity

CSR Factor (x) = (Eq. 4)

In this equation, Viscosity (X) is the viscosity measured with the desired setup, CSR Factor (SI)
is the default value for the desired setup, and Standard Oil Viscosity is the value measured in
the concentric cylinder setup. The calculated CSR Factor (x) is implemented into the Anton
Paar software to account for changes to the measuring system and viscosity tests are run to
confirm that measurements with the desired system produce equivalent oil viscosities to the

concentric cylinder setup.
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Guide Screw

Guide Screw

Guide Screw

Figure 3.1. Anton Paar Flexible Cup Holder setup showing guide screws used for fixation
onto MCR 702 Rheometer.

3.3  Yield Stress Measurements

The yield stress of corn stover biomass slurries were evaluated with a vane-in-glass or starch
cell-in-glass rheological setup using the Anton Paar Flexible Cup Holder setup shown in Figure
3.2. The Anton Paar starch cell (ST24-2D/2V/2V-30) had a 24mm diameter and active length
of 30mm. The Anton Paar vane fixture (ST24-4V-30/124) had a diameter of 24mm and active
length of 30mm. After lowering of the measuring head and fixture into the sample, 15 minutes
of rest was allowed to mitigate shear deformation from sample loading. Both a constant
rotation rate and flow curve measurement technique were used to evaluate the static and

dynamic yield stresses of the material.

Constant rotation rate experiments were conducted to evaluate the static yield stress of pasty
corn stover slurry samples (initial 30wt.%) using a vane fixture. The constant applied rotation

rate was 0.1s1. The maximum measured stress or torque was identified as the static yield stress

([19D).
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Flow curve experiments were conducted in a shear-rate controlled mode using a vane or starch
cell setup to evaluate both the static and dynamic yield stresses of corn stover slurry samples.
An initial logarithmic ramp between 0.1-1000s* was used to determine the static yield stress
and a subsequent decreasing logarithmic ramp between 1000-0.1s* was used to evaluate the
dynamic yield stress. The static yield stress was identified as the largest measured shear stress
in the low shear-rate regime between 0.1-10s%. The dynamic yield stress was determined as
the value at “zero-shear rate” from an extrapolation of the flow curve data from the decreasing

shear rate ramp. For flow curve data of corn stover slurries, the static yield stress should always

be larger than the dynamic yield stress data.

SO S . e m 12 mm

(=S

Figure 3.2. (a) Yield stress measurement setup of measuring fixture in a 15wt.% corn stover
slurry sample. Elevated to show the entire setup. (b) Starch cell fixture. (c) Vane rheological
fixture.
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3.4 Hysteresis Studies

Hysteresis studies were conducted to better understand how the yield stress of a system
recovers. These experiments were conducted on slurries with initial solids loadings of 15 and
20wt.%, with and without enzyme treatment. Flow curve experiments were conducted in a
shear rate controlled mode between 0.1-1000s* with the use of a starch cell and beaker to
measure yield stress as described in Section 3.3. Established periods of rest (5 minutes, 30
minutes, 1 hour, and 3 hours) were allowed after the initial shear rate ramp. The RheoCompass
software was programmed to remain at a shear rate of 0s™* during rest times to ensure that the
measuring fixture did not move. At each period of rest, the sample was subjected to another
shear rate ramp between 0.1-1000s. The static yield stress was determined as the maximum
shear stress between 0.1-10s™. The recovery of the initial yield stress was calculated as the

magnitude of the measured yield stress relative to the initial yield stress.

3.5 Dynamic Light Scattering

Particle size distribution measurements for particles >1mm were evaluated using a Malvern
Mastersizer 3000 HV. Deionized water was used as the liquid dispersant. The stirrer was set
to 2000 RPM (revolutions per minute) to enable adequate circulation of particles during
measurements. Samples were thoroughly hand mixed prior to loading then loaded with a metal
spatula until an obscuration of ~10% was detected by the system with obscuration limits set
between 5 and 20%. Three separate measurements from one sample were collected and

averaged to generate data curves.
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3.6 Optical Microscopy

Optical microscopy images were taken using a microscope and analyzed using the program
ImageJ. Corn stover slurries were placed onto a glass slide and diluted with water to allow
better visualization of samples. The average aspect ratio (length/width) was calculated from
measurements of 25 particles with lengths greater than 1mm were measured for particles that
were untreated (control), enzyme liquefied, or sequentially treated with maleic acid and
enzyme for 48 hours. Particle length was identified as the longest dimension of an observed

particle.

3.7 Fractionated Slurries

Fractionated slurries were produced from corn stover slurries that were either untreated or
processed with an enzyme at initial solids loadings of 30wt.%. Particles were strained using a
sieve with an opening size of 44um to remove excess liquid. Separated particles were placed
onto a glass dish, which was then placed on a hot plate and allowed to dry overnight. Particles
were separated through a series of sieves with the aid of a RO-T AP RX-29 shaker unit shown

in Figure 3.3.
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Figure 3.3. RO-TAP RX-29 sieve shaker unit fixated to table for use of particle separation
with a sieve stack.
Slurries were reconstructed using particles isolated by sieves to the desired solids
concentrations. The solids concentrations used in this section can be considered insoluble
solids concentration as the samples did not undergo further liquefaction after sample
manufacture. Initial flow curve experiments between shear rates of 0.1 and 100s* were
conducted in a conventional steel concentric cylinder setup with a gap size of 1mm to probe
the effect of particle size. These initial samples were produced to a weight fraction of 15% in
water assuming that the density of water is 1g/mL from particles from Sieve No. 50 and 80

with opening sizes of 177 and 297um, respectively.

Other reconstituted slurries were constructed to weight fractions of 15, 20, and 30wt.% solids
to a total mass of 100g in water. Flow curve measurements of these reconstructed slurries were
conducted in the wide-gap rheometry setup with the vane fixture between shear rates of 0.1
and 1000s* for static yield stress determination and 1000 and 1s™ to measure the dynamic
yield stress. The measured yield stresses were fitted to power laws with concentration as the

variable.
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4. RESULTS AND DISCUSSION

4.1 Calibration of Flexible Cup Holder Set-ups

All of the wide-gap rheometry setups in this study were calibrated to ensure accurate data
collection using non-factory standard dimensions. Shear viscosity tests were conducted using
a conventional concentric cylinder setup with a Newtonian mineral oil. At all shear rates (1,
10, and 100s?), the measured viscosity was 152mPa*s in the concentric cylinder setup. The
glass beaker used as the sample cell had an inner diameter of 46mm. The starch cell and vane
fixtures had outer diameters of 24mm, allowing the combined setup with both fixtures and the
glass beaker to have a measuring gap size of 11mm. The initial measured viscosities with the
starch cell and vane were 90.7mPa*s and 73.3, respectively. The calculated values for the
corrected (calibrated) CSR Factors were 33.7s/s for the starch cell and 27.0s/s for the vane
setups with the glass beaker. Initial and calibrated viscosity values with corrected readings are
shown in Table 4.1. Measured viscosity values at 100s™ using the wide-gap setups with
calibrated CSR Factors were higher than 170mPa*s due to secondary flow effects from the

large gap size. This effect should be noted when making measurements at high shear rates.

Table 4.1. Calibrated values and corresponding viscosities for measuring setups with
46mm inner diameter glass beaker

CSR CSR Viscosity @ Calibrated
Fixture (Factory)  (Calibrated) 1051 [mF{a xg] Viscosity @ 10s*
[s/s] [s/s] [mPa*s]
Concentric Cylinder 78.0 - 152 -
Starch Cell 60.0 33.7 90.7 152
Vane 60.0 27.0 73.3 152
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4.2 Effect of Solids Loading and Enzyme Liquefaction

The yield stress data of various solids loadings and enzyme liquefaction are shown in Figure
4.1. Inthis study, the starch cell setup was used to measure samples with an initial solid loading
between 10-20wt.% and the vane setup was used to measure samples with solids loading
between 20-30wt.%. The variances in the setups were to account for particle settling, slip, and
sample structure as displayed in Figure 2.2. Difficulties in loading the vane fixture may occur
as the rheometer’s moving profile ceases upon reaching normal force values of 15N. When
15N is reached, the vane will not proceed to the designated loading position of 0Omm in the
Anton Paar RheoCompass software. When working with samples of solely pasty nature, it is
advised to use a parallel plate setup as detailed in other rheometry studies to avoid issues with

sample loading ([19]).
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Figure 4.1. Static yield stress data from increasing flow curves of corn stover biomass
slurries. Standard deviation is calculated from a sample size of three separate measurements.
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As the percentage of initial solids loading increased, the yield stress also increased producing
an upward trend as observed in Figure 4.1. This result was expected due to the increased
volume fraction of solids. Similar results were reported in other research on corn stover slurries
([21], [23]-[27]). Across all solids loading, the yield stress of enzymatically liquefied particles
decreased as a result of the reduction in insoluble solids concentration. The insoluble solids
concentration was related to the volume fraction of the slurry as shown in Table 4.2; data for
insoluble solids concentrations for both untreated and enzyme liquefied samples are also
summarized. Insoluble solids data was collected by the LORRE (Laboratory of Renewable
Resources Engineering) team at Purdue University. Data for the enzyme liquefied sample with
15wt.% initial solids loading is not available (N/A) as the sample was visibly contaminated by
fungus prior to testing. Of note, shear processes involved in slurry creation will mechanically

breakdown some biomass to reduce crystallinity and particle size ([38]).

Table 4.2. Insoluble solids concentration of corn stover
slurry samples post-processing

Initial Solids Loading Control Enzyme
(wt.%) (Wt.%) (wt.%)
10 6.95 4.04
15 9.38 N/A
20 14.2 11.76
25 17.17 14.2
30 21.32 17.8

There are three distinct behaviors at different shear rates: initial regime (0.1-1s), transition
regime (1-100s?), and suspended regime (100-1000s?). In the initial regime, corn stover
particles are fully settled and hold random orientation. A yield stress needs to be reached to

break down this structure and initiate flow ([19]). Once the structure is broken, at higher shear
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rates, the transition regime is reached, and shear thinning behavior is observed as particles
align in the shear direction ([17]). The shear stress response is controlled by the frictional
contacts between particles in these first two regimes. At sufficient shear rates (<100s?) in the
suspended regime, particles lose frictional contacts and the flow becomes turbulent and the
shear stress response is a measure of particle collisions and secondary flows ([40]). It should
be noted that flow curve data from higher solids loading cannot be used outside of a yield stress,
which produces data equivalent to a low-torque measurement. High solids loading samples
will fracture and measurements will be a reading between a sample plug and remaining
biomass. Figure 4.2 shows the flow response curve of a dilute slurry at 15wt.% initial solids

loading that had been liquefied with enzyme for 6 hours. The hypothesized structure during

testing is also illustrated in Figure 4.2.
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Figure 4.2. Flow curve data of an enzyme liquefied 15wt.% initial solids loading corn stover
slurry. The hypothesized structure is shown: initial regime (0.1-1s), transition regime (1-
100s?), and suspended regime (100-1000s?).

4.3  Hysteresis Studies

Hysteresis flow curve measurements of 15wt.% untreated and 15wt.% enzyme-liquefied
slurries are shown in Figure 4.3. Results from hysteresis flow curve measurements showed
the enzyme-liquefied 15wt.% slurry sample fully recovering its initial yield stress after 3 hours
of rest time between flow curve retests. Other observations showed that after a set period of
rest, the subsequent flow curve had lower yield stress than the initial curve because the
structure has not fully rested. It has also been reported that for systems with wide-gap
geometries, the flow curve response based on the direction of the test will produce different

viscosities, arising from different packing of the particles when fully settled ([40]).

As summarized in Table 4.3, the 15wt.% control and both 20wt.% samples did not fully recover
their initial yield stress, which is likely a result of particles permanently migrating to the outer
wall of the glass beaker setup. This migration would leave a depleted zone of particles near the

measuring fixture resulting in a decreased yield stress.
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Figure 4.3. Hysteresis flow curve measurements of (a) 15% enzyme liquefied corn stover
slurry and (b) 15% untreated corn stover slurry. Time is amount of rest time between
sequential flow curve evaluations after the initial flow curve measurement.

Table 4.3. Yield stress %recovery with increasing rest time in hysteresis
flow curve measurements

Sample Ir(1Ii3tai1()JII Mir?utes Mif\gtes 1 Hour 3 Hours
15% Enzyme 66 40% 78% 75% 95%
15% Control 205 36% 46% 42% 59%
20% Enzyme 165 27% 44% 52% 58%
20% Control 606 34% 27% 28% 35%

4.4 Impact of Dilute Acid Pretreatment and Enzyme Liquefaction

Dilute acid pretreatment was used to promote hydrolysis through the breakdown of
hemicellulose and lignin ([8]). Enzyme liquefaction was then performed after sequentially to
perform further hydrolysis and liquefaction of the slurry ([42]). Combining the two methods

significantly lowered yield stress relative to the untreated slurry control as shown in Figure 4.4.
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A 100-fold reduction in yield stress from 5000Pa to 50Pa was observed between the control
and maleic acid + 48hr enzyme liquefied samples. The data also followed an exponential decay
that is similar to another research with corn stover that combined dilute acid pretreatment and

enzyme liquefaction ([37]).
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Figure 4.4. Static yield stress data of various treatments of corn stover with maleic acid and
enzyme liquefaction.
Dynamic yield stress experiments were conducted on corn stover slurries with combined
treatments of maleic acid and enzyme liquefaction. As shown in Figure 4.5, the dynamic yield
stress was lower than the static yield stress, which was determined as the largest shear stress
value between shear rates of 0.1-10s*. This was expected as the dynamic yield stress should
always be lower than the static yield stress as particles are fully suspended and particles retain
some orientation from shear during testing. Dynamic yield stress values from extrapolation to
a zero-shear rate using the Herschel-Bulkley yield stress model revealed yield stresses of 9, 13,

and 14Pa for combined maleic acid and enzyme liquefaction of 6, 24, and 48 hours,
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respectively. Results using the Herschel-Bulkley model also showed that increased time of
enzyme liquefaction resulted in decrease in the shear thinning index indicating that samples

have more shear thinning behavior ([43]).
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Figure 4.5. (Left) Static and dynamic flow curve data of a corn stover slurry pretreated with

maleic acid and then enzyme liquefied for 6 hours. H-B Equation for fit: 9 + 1.1y%8> (Pa)

(Right) H-B model shear thinning index of corn stover slurries of combined maleic acid and

enzyme liquefaction.

Dynamic light scattering (DLS) measurements were conducted on samples to determine the
changes in particle size distribution with various processing techniques. In Figure 4.6, it was
observed that the particle size distribution for the control and the enzyme liquefied samples
had average sizes larger than the limits of the measuring technique (>1mm) and would need to
be observed through optical microscopy. A reduction in particle size was observed between
the combined maleic acid pretreatment and enzyme liquefaction of 6 hours and 48 hours. The
average particle sizes were reduced from 425 and 55.2um for 6 hours of enzyme liquefaction
to 330 and 33.2um for 48 hours of enzyme liquefaction. This reduction in particle size may

also be attributed to the observed reduction in yield stress as smaller hydrodynamic size may

result in a reduced yield stress as found in other biomass slurry studies ([37]).
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Figure 4.6. Particle size data obtained from DLS measurements. (Left): Particle size data of
corn stover slurry particles without treatment (control) and with enzyme liquefaction
(enzyme only) showing peaks approaching the maximum size detection limits. (Right):
Particle size data of combined maleic acid pretreatment with 6 and 48 hours of enzymatic
liquefaction.

Optical microscopy images were obtained for diluted samples of various treatments of corn
stover slurries to determine the aspect ratio of particles larger than 21mm. Figure 4.7 showcases
the heterogeneity of the particles within the system with regards to both particle size
distribution and particle shape. The longest dimension of particles was measured as the length
of the particle and the average aspect ratio of particles were 6.0, 6.5, and 6.1 for control,
enzyme only, and maleic acid + 48 hours of enzyme liquefaction respectively as shown in
Figure 4.8. The average length measured was 1.5mm. Larger particles in corn stover slurries
have been reported to increase the yield stress of slurries and a more thorough understanding
of these particles is necessary to understanding the rheological response at these particle sizes
([33]). Although the aspect ratio of these particles is similar, it is suggested in other work that
the roughness of the particles might change as a result of treatment which can impact the
rheology and that particle size change does not always equate to reduction in yield stress ([44]).
Further understanding of particle properties will provide better insight into slurry flow

behavior.
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Figure 4.7. Optical microscopy image of corn stover particles taken at 1x magnification
showecasing particle heterogeneity. Scale bar indicates a 1mm length.
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Figure 4.8. Aspect ratio of corn stover particles with lengths greater than 2mm. Distributions
of aspect ratios are lognormal fits.
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45 Fractionated Slurries

Untreated and enzyme liquefied corn stover slurries were dried to isolate particles to explore
the effect of particle size and the effect of enzymatic treatment. The particle size distribution
of corn stover particles separated through a sieve stack and measured by mass is shown Figure

4.9.
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Figure 4.9. Particle size distribution by weight fraction of corn stover particles separated by a
series of sieves.
Isolated particles from Sieves No. 50 (>297um) and No. 80 (>177um) were used to a generate
slurries of 15wt.% from the dry particle mass. The flow curves of these initial reconstituted
slurries measured within a steel cylinder and vane fixture (1mm gap) are shown in Figure 4.8.
These experiments showed that larger particles from Sieve No. 50 produced a stronger shear
stress response than slurries created from corn stover particles in Sieve No. 80 regardless of
processing technique. Interestingly, from slurries created from Sieve No. 50, enzymatically
treated particles produced a larger shear stress than untreated particles. It is hypothesized that
the enzymatically treated particles are more porous as the processing will convert some of the

solids to solubilized sugars. Ina drying study, measuring the amount of absorbed water showed
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that this was the case as enzymatically treated particles absorbed more water than untreated
particles. This larger absorbance of water reduced the available free water within the system
and increased the shear stress response as the solid volume fraction was larger. The
measurements from these fractionated slurries supported the findings in the combined maleic

acid and enzyme liquefaction slurry samples that decreasing particle size reduces the system’s

yield stress.
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Figure 4.10. Larger particles will produce a larger shear stress response because their larger
hydrodynamic size offers more flow resistance.
Figure 4.11 shows the static and yield stress data of reconstituted slurries created from particles
sieved with Sieve No. 50. Particles were pre-hydrated to account for absorption and the wet
weight was used as the mass to create slurries of different weight fractions with water. The
measured static yield stress was greater than the dynamic yield stress across all compositions,
which was consistent with other works. Additionally, each yield stress followed a power law
in terms of growth with weight fraction, which has been reported by many other groups on

cellulosic biomass slurries studying yield stress. The exponent for the dynamic yield stresses
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was 5.2 and 4.6 for the control and enzyme treated particle slurries respectively. The exponent
for the static yield stress was 6.5 and 7.4 for the control and enzyme treated particle slurries
respectively. The lower exponent in the dynamic yield stress power law can be attributed to
the nature of the measurement as particles are aligned in the shear direction, unlike a random

settled state in the static yield stress measurement.
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Figure 4.11. Static and dynamic yield stress data of reconstituted slurries with power law fits
showing an increase in magnitude with solids concentration.
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5. CONCLUSIONS

5.1 Summary and Main Conclusions

In this study, corn stover slurries with various solids concentrations and liquefaction processing
were characterized through the use of a rheometer equipped with a wide-gap geometry to
identify the yield stress and understand flow properties. Solid concentrations of produced
slurries were between initial weight compositions of 10-30% with various processing
techniques used to lower the yield stress. The shear stress response of the system was measured
through flow curve experiments to determine how the system responded to different shear rates.
The vyield stress of slurries processed with combined liquefaction techniques of dilute acid
pretreatment and enzymatic liquefaction was measured to show a further decreased yield stress.
Corn stover particles were dried and fractionated by particle size and slurries were
reconstructed in water to probe the effect of particle size. The main experimental outcomes

were the following:

1. The yield stress of corn stover slurries is primarily a function of the volume fraction of
solids within the system and is directly impacted by the initial solids loading during
processing and the degree of liquefaction during mixing. Slurries between 10-30wt.%
initial solids loading were evaluated with a rheometer and the yield stress was shown
to increase with the solid fraction and enzymatically treated slurries were shown to
decrease the yield stress across all weight fractions showing that the enzyme was not

inhibited despite the increase in pasty structure at higher solids concentrations.
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2. Corn stover slurries were created using an additional dilute acid pretreatment prior to
enzymatic liquefaction to further hydrolyze the corn stover. Slurries that were liquefied
for 48 hours after dilute acid pretreatment showed an approximate 100-fold reduction
in yield stress relative to a slurry created without any liquefaction. The shear thinning
index of these slurries was also shown to decrease with liquefaction time indicating
more shear thinning behavior. The average particle size and particle size distribution
was shown to decrease in samples from 425 and 55.2um for 6 hours of enzyme
liquefaction to 330 and 33.2um for 48 hours of enzyme liquefaction. It is possible that
the reduction in average particle size has a secondary effect in the yield stress reduction

aside from a decrease in solids volume fraction.

3. Drying and fractionating particles though a series of sieves and reconstructing slurries
from isolated particles by size shows that slurries produced from larger particles will
have a larger shear stress response regardless of particle treatment. Enzymatically
treated particles were also shown to absorb more water suggesting that the particles
were more porous. Reconstructing slurries from prewet particles and measuring their
shear stress response demonstrates that volume fraction is a primary factor in
determining the yield stress and shear stress response of a slurry. No difference in
yield stress was found between reconstituted slurry samples created from enzyme

treated particles or untreated particles.
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5.2 Future Work

The implications of this work are to establish an experimental method that can be used to
measure corn stover slurries at multiple solids concentrations that vary in character from a
dilute slurry to a thick paste. Future experimental work in this field should be directed towards
measuring and evaluating physical particle properties such as roughness, aspect ratio, and
modulus. Rheometry experiments can probe the changes in particle size distribution, particle
surface properties, and changes to the liquid medium for corn stover slurries. Specifically,
scanning electronic microscopy could be used to observe the qualitative effects of treatment
on surface roughness and atomic force microscopy can give insight on the quantitative data of
treated biomass particles. Connections between particle size distribution and confirmation of
the data from these techniques have also been discussed in other work ([44]). These particle
properties can be applied as variables in computational studies and can help improve the ability

of models to predict the response of the material with more data.
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APPENDIX - FLEXIBLE CUP CALIBRATION PROCEDURE

Section 1 — General Safety

To ensure safety of an individual while conducting experiments, it is required that a researcher
must undergo the required lab safety training to gain access to the labs. The rheometer utilizes
moving parts to characterize material and any contact with the rheometer should be avoided
during an experiment. If at any time, an experiment needs to be terminated during an
unforeseen event, the experiment can be aborted by clicking a red “Stop” icon on the top of
the Rheocompass software screen.

Section 2 — Overview

This Standard Operating Procedure (SOP) will serve as the guidelines for best practices for
measuring yield stress of corn stover slurries. Yield stress is defined as the minimum stress
necessary to initiate or maintain flow.

Section 3 — Equipment

Anton Paar Modular Compact Rheometer (MCR) 702 MultiDrive

The MCR 702 is arheometer is equipped with a single motor/transducer in the measuring head.
This duality enables the user to operate the rheometer in either controlled strain mode or a

controlled stress mode.

MCR measuring head

.. MCR coupling for
measuring system

.. Flange ring:
mechanical self-alignment

T e Minimum Torque 1nNm
) Maximum Torque 230 mNm

Torque Resolution 0.1 nNNm
Deflection Angle 0.05 to oo urad
Maximum Speed 314 rad/s
Frequency Range 10" to 628 rad/s
Normal Force Range* 0.005to 50 N
Normal Force | 0.5 mN
Resolution

*Note: Even though this is the limit of the rheometer, a moving profile has been set to restrict
the rheometer to only reach 15N to protect the transducer from damage. DO NOT override this
setting.
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Anton Paar Flexible Cup Holder

The flexible cup holder is a device that can be mounted and aligned directly onto the MCR 702
unit using the guide and fixture screws on the rheometer. The flexible cup holder can affix any

cylindrical measuring vessel with diameters between 40 - 100 mm.

Guide Screw

Guide Screw

Guide Screw

Measuring Fixtures

The MCR 702 can utilize a variety of measuring systems using the modularity of the system
and its components. VVane and Starch Cell fixtures have been identified as the most effective
fixtures for the corn stover slurry system. The vane is typically used for samples of more

paste/solid-like character and the starch cell is better employed for sedimenting systems.

Fixture Vane (ST24-4V-30/124) Starch Cell (ST24-
2D/2V/I2V-20)
Diameter (mm) 24.000 24.000
Length (mm) 30.000 30.000
CSS Factor (SI) [Pa/Nm] 76220.000 138000.00
CSR Factor (SI) [s/s] 60.000 60.000
Active Length (mm) 124 108.5
Positioning Length (mm) 72.5 72.5
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Anton Paar Rheocompass

Rheocompass is software developed by Anton Paar which creates an interface between the

user and equipment. The user can select and change any specific measuring parameters for an

experiment and collect data using this software.

Section 4 — Initial Start Up

Section 4.1 — General Setup

1.

Turn on the power for the MCR 702 unit and allow the system to remain on for 1
hour prior to any measurements or calibrations to allow the system to adequately
warm up and ensure accuracy of measurements.

After an hour or more has passed, open the Anton Paar Rheocompass Software and
enter a registered Username and Password to access the program.

Link the program and rheometer by selecting “initialize” in the control panel on the
top-right corner of the window. Allow rheometer to adjust and align with the
software.

Under “Measuring Set”, select “Flexible Cup” as the Current configuration and click
“Check communication”. Proceed when receiving an “Ok” message in the new pop-
up window. This will notify the program that the Flexible Cup Holder has been
mounted and will use the moving profile associated with this setup.

Remove the guard ring on the measuring head by unscrewing counterclockwise.

Affix desired measuring system to the measuring head and allow the rheometer to
identify the specific fixture. An audible ring and status message will appear when the
fixture has been identified.
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Section 4.2 — Verifying Sample Measuring Vessel

When it is desired, to change the dimensions of the measuring cylinder based on particle size
for characterization, a set of validation experiments need to be run to obtain accurate
measurements. The rheometer will convert measured values of torque based on the gap size
between the outer diameter of the measuring fixture and inner wall of the measuring cup. A
series of constant shear rate experiments using a Newtonian-viscosity fluid will be used to
validate any changes in dimensions.

1. Obtain a Newtonian-viscosity fluid (Typically mineral oil) and measure its viscosity
in a measuring setup with calibrated values at shear rate values y=0.1, 1, 10, 100s*
(e.g. Stainless-steel concentric cylinder).

2. Repeat step 1 with the desired measuring fixture and measuring cup.

3. Calculate the CSR factor (x) for the new dimensions of the cup using the average
measured viscosity using the following equation:

Viscosity (x) * CSR Factor (SI)

CSR Fact =
actor (x) Standard 0il Viscosity

4. Goto: Setup = Measuring systems = Select measuring fixture - Dimensions,
Factors = input calculated CSR factor (SI)

Section 5 — Measuring Head Calibration

The system must be calibrated to obtain robust and accurate data. Calibration ensures that the
motor and air bearing will record torque and rotation accurately through inertial measurements.
Each individual fixture must be calibrated separately. It is recommended to recalibrate the
system every 30 days for each fixture in use.

1. Connect the Rheometer and Rheocompass software as outlined in Section 3 and
ensure that the rheometer has been powered on for a minimum time of an hour.

2. Inthe program, open the sequence for calibration by clicking through the following
tabs:

My Apps = Verification & Adjustment - Motor adjustment (CC/CP/DG/PP/ST), Air
bearing

Place desired measuring container into the flexible cup holder.
4. Click “Start” and enter the fixture and date into Test name. Then press Continue.

Define waiting position as “0O mm” and then press continue.
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6.

8.

Ensure that the calibration has begun by confirming that data is being populated on
the diagram. It is recommended to leave the room until calibration has been
completed as the system is sensitive to vibrations or other disturbances.

A report will be generated ensure that the torque is within -0.025 uN*m and
0.025uN*m. If the torque is within these limits, the calibration is sufficient for future
measurements.

The report can be exported if necessary. Click Continue to complete the calibration.

Section 6 — Yield Stress Measurement

Yield stress measurements are conducted through flow curves which are ramps of increasing

or decreasing shear rates®. For corn stover biomass slurries, multiple measurement methods

have been evaluated and found to produce similar values?. This protocol will determine both

the static and dynamic yield stresses. Static yield stress is the minimum stress necessary to

initiate flow and dynamic yield stress is the minimum stress necessary to maintain flow?.

Section 6.1 — Establishing Experiment Parameters

1.
2.

Open a measurement file from the home page of the Rheocompass software.

Select the Measurement tab and in the new window, right click and add a set variable.
Select shear rate in the drop down menu.

Click into the first interval that appears and set each data point to be collected every 2
seconds.

Set the Profile to “Ramp Logarithmic” and set the shear rate range between 0.1 and
1000s™.

For convenience, use the calculator tab and set the measurement to 15 pt./dec. (points
per decade) and click apply.

To set up the dynamic flow measurement, right click the main display and select
append interval create a measurement immediately after the static yield stress
measurement.

Click into the second interval that appears and set each point to be collected every 2
seconds.

Set the Profile to “Ramp Logarithmic” and set the shear rate range between 1000 and
0.1s.

Use the calculator tab and set the measurement to 15pt./dec. and click apply.
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Section 6.2 — Sample Loading

1.

Attach desired measuring fixture to measuring head and wait for an audible tone to
play to signal that the rheometer has identified the fixture.

Raise the measuring head to a position of 160mm using the control panel to allow
space for the measuring cylinder and sample to be loaded.

Hand-mix slurry sample to ensure adequate particle dispersion and pour into the glass
cylinder.

Pull the right side of the flexible cup holder to open the chamber and place the sample
container. Release the flexible cup holder gently to lock the sample-containing glass
cylinder in place.

Lower the measuring head to a position of 0Omm to place the vane into the sample.

6. Allow the sample to equilibrate for 15 minutes.

Section 6.3 — Characterization

1.

Click Start on the top-left corner of the measurement screen and type in the desired
sample file name and fill out any other desired information.

Click Continue and the measurement will begin with the parameters outlined in
Section 6.1. The data will be plotted in the software in real time.

Once the measurement has been completed, click the Table tab to access the raw data.
Select the sample and check the curves that you want to extract.

Click into the table, Press “Ctrl + A” to select all of the data for the test and then paste
the data into an excel file for data analysis. Repeat for all desired data.

Raise the measuring head to a position of 160mm using the control panel to remove
the vane from the sample.

Remove sample from the glass measuring cylinder and flexible cup holder. Remove
the vane from the rheometer.

Wash rheometry fixture and glass cylinder with water. Dry with compressed air or
dry paper towels.
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