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A B S T R A C T

Apparent viscosities of Wiley milled white birch at various particulate sizes, suspension concentrations, and
solvent and acid concentrations were measured as a function of temperature. Apparent viscosities decreased
reversibly with increasing temperature below 150 ◦C in water in the absence of acid and/or solvent. At
temperatures above 150 ◦C, or with added solvent or acid, the variation of the apparent viscosities with
temperature became irreversible. The steady-state shear dependent behavior is well described by a Bingham
model where the yield stress is a strong function of temperature and follows an Arrhenius-type behavior. The
suspensions exhibited a negative plastic viscosity at low temperatures, but as the temperature increased, the
plastic viscosity became less negative. This temperature dependent rheological behavior is qualitatively similar
to that observed for concentrated fibrous suspensions of corn stover and synthetic fibers, indicating these
changes are not unique to only birch suspensions and are associated with physical changes in the suspension
properties with temperature. The irreversible viscosity changes with increase in temperature above 150 ◦C
in water were anticipated due to partial hydrolysis of biomass in water. This was confirmed when biomass
suspensions were sheared in a polar aprotic solvent (𝛾-valerolactone) and/or with the addition of sulfuric acid.
Finally, the extent of irreversible change in the viscosities was correlated with the change in insoluble solids
concentration for the various experiments under different conditions.
1. Introduction

Biomass processing typically involves numerous steps. In a process
developed by the National Renewable Laboratory (NREL) for the con-
version of corn stover to ethanol [1,2], the particle size of the biomass
is first reduced, and then the biomass is pretreated using dilute-acid
hydrolysis at elevated temperature to make cellulose more accessible.
Other reaction pathways can be employed to convert biomass to fuels
and chemicals [3–8].

Non-enzymatic pathways have been recognized with the potential
for continuous biomass processing [3,9]. Luterbacher et al. [10] ob-
served an increased rate of acid hydrolysis of biomass to sugars in a
mixture of the aprotic solvent, 𝛾-valerolactone (GVL), and water, with a
dilute acid catalyst, where the reaction rates increased with the strength
of the Bronsted acid. Sugar yields of more than 90% were reported for
corn stover, hardwoods, and softwoods, due to the reduced rate of side
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reactions of humins production in GVL. The solvent promotes thermo-
catalytic saccharification through complete solubilization of biomass,
including the lignin fraction and humins, if produced [11–14].

Commercialization of such biorefining processes requires reducing
the processing costs [15–17]. Increasing the concentration of insoluble
solids can reduce the cost of processing biomass [18–22]. Decreasing
the suspending liquid (water or solvent) content reduces operating costs
(e.g. heating, liquid handling, separations) as well as capital costs due
to reduced equipment size. However, concentrated biomass is a very
viscous, non-Newtonian, complex fluid, which makes mixing reactants
and conveying the biomass challenging [21,23–26]. Understanding the
rheology of high solids is essential in developing new, more efficient
equipment and methods for biomass processing [22,24,27–29].

Measuring the yield stress and other rheological properties of ligno-
cellulosic biomass in traditional rheometers can be challenging because
of a variety of complicating factors, including large particle sizes, wall
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Fig. 1. Photograph of the Lignocellulosic Biomass Rheometer (LCBR) with insert,
impeller, and weight on the top of the impeller.

slip, large normal stresses, and material fracture and ejection [24,28–
30]. For sufficiently high solids concentration, biomass suspensions are
viscoplastic and shear thinning with a yield stress [28]. The yield stress
(𝜏0) of a biomass suspension is a rapidly increasing function of solids
concentration, often represented by the empirical expression,

𝜏0 = 𝑎𝐶𝑏, (1)

where 𝐶 is the solids concentration, and 𝑎 and 𝑏 are empirical parame-
ters [31–34]. The parameters depend on properties such as particle size
distribution, fiber aspect ratio, fiber stiffness, and additive type and
concentration [31,34,35]. Values of 𝑏 vary from 2.3 to 6, depending
on the type of lignocellulosic biomass (e.g., wood pulp, corn stover, or
acid-hydrolyzed corn stover) [27,31,32,36]. Experimental [31,34,37]
and particle-level simulation studies [37–39] both show that the yield
stress increases with increasing fiber length. Decreasing fiber stiffness
leads to a decrease in fiber network shear strength [32,40,41]. Similar
behavior has been reported for suspensions of synthetic fibers [41,42].

In a previous paper [43], the design, fabrication, and calibration of
a new rheometer capable of measuring the apparent rheological prop-
erties of concentrated particle suspensions of lignocellulosic biomass at
high temperatures (< 230 ◦C), high pressures (< 2.8 MPa), and low
pH (> 1.0) has been described. Known as the Lignocellulosic Biomass
Rheometer or LCBR (Fig. 1), this device has been shown to be capable
of measuring rheological properties consistent with those measured
with other rheometers. The biomass samples investigated were yield
stress materials, where the yield stress decreases with increasing tem-
perature. This LCBR was also employed to measure apparent rheologi-
cal properties of synthetic fiber suspensions where similar temperature
dependent behavior was observed [42].

In this paper, we investigate the temperature dependent rheological
properties of concentrated suspensions of Wiley milled white birch par-
ticles in water and in GVL/acid/water solutions. In water, changes in
apparent rheological properties are reversible for temperature changes
below a threshold temperature (150 ◦C), but become irreversible for
temperature changes above this temperature. For GVL/water/acid solu-
tions, this threshold temperature is dramatically reduced and is strongly
dependent on acid concentration. These irreversible changes in viscos-
ity are associated with physical and chemical changes in the biomass
solids. Similar viscosity variations are observed for other biomass ma-
terials as well.
2

2. Experiment

2.1. Equipment

The LCBR comprises an impeller and insert which are placed inside
a 2L Parr reactor (Floor stand model 4530, Parr Instrument Co., Moline,
IL). The impeller-insert assembly are constructed from Hastelloy B2,
and the Parr vessel and reactor head are constructed from Hastelloy
B3 to resist corrosion under harsh reactive conditions. The impeller-
insert assembly with weight is shown in Fig. 1. The design details
are described elsewhere [43]. Here, we briefly describe the relevant
features for the discussion of the data.

Static pins (also made of Hastelloy B3) were welded into holes
drilled in the insert, to prevent the sheared biomass from rotating with
the impeller as a rigid body. The pins were placed to allow sufficient
gap (9.52 mm) for clearance of the rotating impellers. The impeller
blades were pitched at a 30◦ angle from the horizontal and cut with
a 19.05 mm radius on the leading and trailing edges. The top pair of
the blades were oriented to produce a downward flow of suspension
while the bottom pair of the blades were oriented upwards to lift the
suspension off the insert base. The middle two tiers of the blades were
alternatively pitched to cycle biomass upwards and downwards, and
thus this blade configuration produced a complex, circuitous flow with
zero net motion of the sheared material in the axial direction.

A weight is required to apply downward pressure on the biomass
to ensure that the mixing zone is fully packed (constant volume). With
the hole in the center, the weight also served to center the impeller
shaft for ease of coupling to the Parr head. The reactor is completely
sealed so that no liquid/vapor is lost with heating. The reactor head
is equipped with a pressure gauge with transducer to measure the
reactor pressure. The temperature of the LCBR system is controlled by
an external heating and cooling jacket. The temperature is measured at
the exterior reactor wall, as well as by a thermowell that extends from
the reactor head and into the mixing zone. The thermowell temperature
reading is considered to be the suspension temperature.

The torque (𝛤 ) exerted by the impeller on the biomass is measured
as a function of impeller rotation rate (𝛺) using a Futek torque sen-
sor (Model TRS605, 20 Nm capacity). Torque-rotation rate data are
converted to conventional rheological quantities using a calibration
procedure that involves representing actual geometry with an idealized
geometry of concentric cylinders as described previously [43,44]. The
outer cylinder radius (𝑅𝑜) is chosen to be the actual radius of the insert
and the cylindrical height (ℎ) is chosen to be the actual height of the
mixing zone. The inner cylinder radius (𝑅𝑖) is determined by equating
the measured torque for a Newtonian fluid of known viscosity with
that calculated from the solutions of the Navier-Stokes equations. The
measured torque and rotation rates are thus related to the apparent
shear stresses and apparent shear rates using

𝜏app = 𝐾𝜏𝛤 , (2)

�̇�app = 𝐾�̇�𝛺, (3)

where

𝐾𝜏 = 1
2𝜋R2

𝑖 ℎ
, (4)

𝐾�̇� =
2𝑅𝑖𝑅𝑜

(1∕𝜅−𝜅)R2
𝑎

, (5)

and where 𝑅𝑎 = (𝑅𝑖 + 𝑅𝑜)∕2 is the midpoint radius, and 𝜅 = 𝑅𝑖∕𝑅𝑜.
Eq. (4) is obtained from the momentum balance and is applicable
for any fluid, while Eq. (5) is obtained from the equation of motion
for incompressible Newtonian fluids, and thus is strictly applicable
to Newtonian fluids. Bousmina et al. [45] showed that calibration of
a torque rheometry with rotating impellers using a Newtonian fluid
provides results equivalent to those obtained using non-Newtonian
fluids, and thus we expect Eq. (5) to be reasonable for non-Newtonian
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Fig. 2. Samples of dried and size-reduced (a) milled white birch and (b) milled corn stover (bar = 2.54 cm).
fluids as well. Using the calibration with a Newtonian fluid, the values
of 𝐾𝜏 = 750.2 ± 7.0 m-3 and 𝐾�̇� = 4.3 ± 0.1 rad-1 were obtained and
will be used throughout this study. Apparent viscosity (𝜂𝑎𝑝𝑝) is ratio
of apparent shear stress (𝜏app) to apparent shear rate (�̇�app), which is
applicable for all Newtonian as well as non-Newtonian fluids.

Torque-rotation rate data can also be fit with a convenient rheolog-
ical model to obtain material properties. For biomass, we have fit the
data with the Bingham model for flow between concentric cylinders

𝛤 = 4𝜋𝑅2
𝑖 𝜂plℎ
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(6)

where 𝜏0 is the yield stress, 𝜂pl is the plastic viscosity, and 𝑟0 is the yield
surface, which is the minimum of 𝑅0 and the solution of
(

𝑟0
𝑅𝑖

)2
− 1 =

2𝜂pl𝛺
𝜏0

+ ln

[

(

𝑟0
𝑅𝑖

)2
]

(7)

For the data that exhibit a positive plastic viscosity, the data are
fit with Eqs. (6) and (7) to obtain the values of the yield stress
and plastic viscosity. For suspensions that exhibit a negative plastic
viscosity (torque decreasing with increasing rotation rate), the apparent
shear stress is fit with a linear function of apparent shear rate to extract
the yield stress and plastic viscosity,

𝜏 = 𝜏0 + 𝜂pl�̇� (8)

2.2. Materials

Paper birch (Betula papyrifera) trees were harvested in Richland
County, Wisconsin (43◦15’41.5’’N 90◦23’49.4’’W). The trees were be-
tween 20 and 30 years old, 20 m tall, approximately 0.15 m DBH
(diameter-breast height) and harvested in the spring of 2015. The
bottom 10 m of the trees were cut into 2.5 m lengths, debarked, and
chipped with a disk chipper to 9.5 mm thick chips. The wood chips
were frozen for storage and then air-dried, and ground with a model
4 Wiley mill fitted with a 3 mm screen collected with a custom-
designed vacuum collection system to maintain uniform particulate
size. The final moisture mass fraction measured was 5.5%. This material
is referred as ‘‘milled white birch" and is shown in Fig. 2(a). Corn
stover is another lignocellulose biomass source tested and prepared by
manually harvesting corn plants (Northrup King N45P, planted in mid-
May of 2016 and harvested in October of 2016 at latitude 42◦ 49’ N,
longitude 89◦ 53’ W, about 45 miles southwest of Madison, Wisconsin),
removing the kernel and hammermilling the stalk (rind and core), leaf,
cob, and husk. The hammermilled material was further size−reduced in
3

a Wiley mill model 4 using a 3 mm screen and air dried (See Fig. 2(b)).
The moisture mass fraction was approximately 5%.

Sulfuric acid (2.5 mol/L) and 𝛾−valerolactone (> 98% purity) were
obtained from Sigma Aldrich (USA).

2.3. Analysis of solid fraction

2.3.1. Insoluble solids concentrations
After each experiment, a sample of the sheared material was

weighed (𝑚wet), and washed over a filter with DI water (at least 10
times the mass of the biomass suspension) to determine the total
insoluble solids concentration. The washed sample was dried overnight
at 101 ◦C and weighed again (𝑚dry). The insoluble solids content can
be expressed as a mass fraction, 𝑤I, as

𝑤I = 1 −
𝑚wet − 𝑚dry

𝑚wet
(9)

2.3.2. Composition of solid fraction
To determine the initial composition of the biomass, a one gram

sample was washed and dried and further ground in the Wiley mill with
a 1 mm screen, then air dried to <5% moisture. The NREL standard
method [46] was used to determine the mass fraction of cellulose
(glucan), hemicellulose (xylans, arabinan, mannan, galactan), and Kla-
son lignin. The relative amounts of glucan, xylans, and Klason lignin
are compared for all the experiments. The remaining polysaccharides
(arabinan, mannan, and galactan) for the initial birch material were
measured to be less than 4% of the total solids and were not tabulated.

2.3.3. Particle size distribution
Five representative samples of the washed and dried material were

laid on a non-reflecting background for particle size analysis. Five
smartphone camera images (12 MP camera with an f /1.8 aperture)
of the samples were captured. The number of particles (𝑛) identified
in each image was approximately 300 to 400. The images were then
analyzed using ImageJ software by isolating each particle in a rectan-
gular bounded box. The maximum and minimum dimensions of the box
were considered the particle length (L) and width (d) respectively, and
their ratio was considered as the particle aspect ratio (𝑟𝑝 = 𝐿∕𝑑). The
weighted average length of each sample was calculated as ∑

(𝑛𝐿)∕𝑛.
The weighted average length of the initial milled white birch mate-
rial and the material after the shear experiment were measured. The
samples collected after each experiment were washed and dried before
estimating the particle sizes.
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2.4. Rheometer operation

Prior to the start of an experiment, the LCBR was assembled by
installing the impeller with blades aligned with the static pins and the
LCBR was inserted into the 2L Parr vessel [43]. The desired mass of
milled and dried biomass particles were added to the mixing zone and
the weight was placed on the shaft. Distilled water (𝜇 = 10−3 Pa s, 𝜌

1000 kg/m3 at 25 ◦C) or GVL (𝜇 = 2.18 mPa s, 𝜌 = 1050 kg/m3 at
5 ◦C) was then added to the reactor to achieve the desired solids mass
raction.

The reactor was then coupled to the Parr head and the heat-
ng/cooling jacket was installed. The reactor jacket was heated to the
esired maximum temperature without impeller rotation. After the
uspension reached the desired maximum temperature, the impeller
otation was started at 60 rpm (�̇�app = 27 s−1). After achieving a
teady torque, the reactor was then cooled to the desired minimum
emperature.

For our purposes, a temperature cycle is successive heating and
ooling of the suspension between the hot and cold temperature set
oints. The hot temperature set point was sequentially increased 20 ◦C
n each temperature cycle. Apparent viscosity as a function of tem-
erature was measured for both the heating and cooling portion of a
emperature cycle, as indicated in Section 2.1. Data obtained using the
CBR were acquired at 3 Hz, and apparent viscosity values as a function
f temperature depicted in any plots was averaged over each degree
±0.5 ◦C).

While the suspension was undergoing heating or cooling during a
emperature cycle, at select temperatures, the temperature was held
onstant for 450 s to perform a speed cycle test; the data acquired
uring the speed cycle test were used to calculate the yield stress and
lastic viscosity at that particular temperature. With temperature fixed
±1◦C), the rotation rate was cycled from 60 rpm (�̇�app = 27 s−1) to 90

rpm (�̇�app = 40.5 s−1), 120 rpm (�̇�app = 54 s−1), and 30 rpm (�̇�app = 13.5
s−1) (in the provided order), and back to 60 rpm. Each rotation rate was
maintained for 90 s to acquire a steady state torque. The torque-shear
rate data were then fitted to extract the yield stress and plastic viscosity
of the suspension at that temperature as discussed in Section 2.1.

The experiments were performed in water and a GVL–water mixture
as suspending liquids. Three solids concentrations (20%, 22%, and
24%) were picked for experiments in water, and 24% solids concen-
tration for experiments in the GVL–water mixture (80/20 w/w). For
the white birch suspension with 24% solids concentration in water,
three replicates were performed for each temperature cycle. Replicate
runs mean that the rheometer was emptied and then reloaded with
new biomass from the same source. Two experiments with the same
initial solids concentration (24%) with 0.25% sulfuric acid in the
different solvent systems (water and GVL–water mixture) were also
tested to evaluate apparent viscosity as a function of temperature,
which closely resembles the acid-hydrolysis reactions utilized for sugar
and lignin extractions. After every experiment, the sheared material
was evaluated for the final insoluble solids concentration, as discussed
in Section 2.3.1, and particle size distribution (see Section 2.3.3).

3. Results and discussion

3.1. Rheological properties in water

Fig. 3(a) illustrates the effect of temperature (water with no acid)
on rheological behavior (up to 140 ◦C) for a concentrated suspension
(24%) of milled white birch particles in water. Here, the bin average
of torque (𝛤 ), rotation rate (rpm), and temperature are plotted as a
function of time where the bin average is the average of every 10 data
points. In the first temperature cycle, the suspension was heated to
140 ◦C prior to rotating the impeller. This preheating was necessary for
all the tests since the initial yield stress of the packed biomass exceeded
the maximum torque capacity of the LCBR. All subsequent temperature
4

changes occurred while the impeller was rotated at 60 rpm (�̇�app = 27
s−1).

The torque fluctuated significantly until about 15000 s, presumably
due to homogenization of the biomass within the mixing zone of the
LCBR, and particle size reduction at these initially high shear stresses.
For this reason, the first cooling branch of the temperature cycle is
considered as a conditioning cycle, and the data acquired are not used
to calculate rheological properties. The particle size distributions were
measured as described in Section 2.3.3 for the initial milled birch
fibers and the material collected after the conditioning cycle for 20%
birch milled in a Wiley mill with different screen sizes. The results
are presented in Fig. 4. Also presented in Fig. 4 are the aspect ratio
distributions of the samples. The results show that the particle size
reduced somewhat during the conditioning cycle.

Referring again to Fig. 3(a), two temperature cycles were performed
after the conditioning cooling cycle. For the second cycle, the reactor
was heated to 120 ◦C and then cooled to 33 ◦C; for the third cycle,
the reactor was heated to 140 ◦C, and then cooled back to 33 ◦C.
The temperature cycles were performed on different days with the
rate of heating and cooling approximately 30 K/h. An increase in
temperature caused a decrease in torque, and a decrease in temperature
caused an increase in torque. The change in torque with temperature
is nominally reversible, in the sense that the torque magnitudes are
similar at equivalent temperatures in the second and third temperature
cycles. We show below that this is not the case when acid is added to
the suspension.

Another feature illustrated in Fig. 3(a) is that the torque fluctu-
ates significantly more at lower temperatures, where the torques are
highest. The other important feature shown in Fig. 3(b) is torque
fluctuations at different rotational speeds. Fig. 3(b) illustrates the effect
of rotational speed (water with no acid) on rheological behavior at
constant temperature (37 ± 2 ◦C) from 23500 to 25000 s. We speculate
that these fluctuations are related to non-uniform deformation of the
suspension, and increased spatial heterogeneity of the biomass compo-
sition at large torques, similar to that described by Samaniuk et al. [35].
This is discussed further below.

The nominally reversible nature of the rheological changes are
clearly illustrated in Fig. 5, where the data from Fig. 3(a) are replotted
as apparent viscosity as a function of temperature (using the data for
𝛺 = 60 rpm, �̇�app = 27 s−1). The apparent viscosity values in Fig. 5
were obtained by averaging the apparent viscosity for each degree
(±0.5◦C). The averages from the replicate runs were used to obtain
overall averages and uncertainties, which are depicted in Fig. 5, and
throughout the paper. The data are plotted for the second temperature
cycle (15000 s < time < 25000 s) and the third temperature cycle
(25000 s < time < 50000 s). The uncertainties in the apparent stress
and the apparent viscosity values are less than 2% for temperatures
above 90 ◦C, but can be as large as 20% for temperatures below 90 ◦C.

The dependence of the apparent viscosity on temperature is re-
versible for each cycle for this temperature range (maximum temper-
ature below 140 ◦C). However, the values for the third temperature
cycle are smaller than those of the second temperature cycle, espe-
cially at lower temperatures (below 80 ◦C), likely because of some
degree of particle size reduction that occurs during the high torques
at low temperatures (time ≈ 25000 s in Fig. 3(a)). This was confirmed
by the measurement of particle sizes of the collected final material
shown in Fig. 6. Here, particle length distributions are plotted for the
initial material, and for samples collected after different experiments.
The average particle length after the third temperature cycle was
1.7 ± 0.3 mm, while the average particle length after the conditioning
cycle was 2.3 ± 0.3 mm, indicating some particle size reduction after
the temperature cycle.

The apparent viscosity is a strong function of temperature, where
the value at 120 ◦C is 1/4th of the value at 70 ◦C for the second tem-
perature cycle. The reversibility for each cycle indicates that the strong

temperature dependence arises from temperature dependent physical
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Fig. 3. (a) Temperature, rotation rate, and torque as a function of time for a 24% aqueous suspension of milled white birch (3 mm Wiley milled) without acid (the data presented
here are bin averaged to remove extraneous noise in the torque signal) (b) Data only shown for times between 23500 to 25000 s. The data represented here are for a single
temperature-shear rate experiment.
Fig. 4. (a) Weighted average particle size distribution of the initial milled white
birch material (average particle lengths for unsheared material indicated by 𝐿𝑢𝑠)
and the material after the conditioning cycle (average particle lengths for sheared
material indicated by 𝐿𝑠), for materials milled in a Wiley mill with various screen
sizes. (b) Aspect ratio-weighted distribution of particle aspect ratio (𝑟𝑝 = 𝐿∕𝑑) of
the initial milled white birch material (average particle length for initial material
indicated by 𝑟𝑝𝑢𝑠) and the material after conditioning (average particle length for
sheared material indicated by 𝑟𝑝𝑠). The uncertainty in aspect ratio is the standard
deviation in the measured particle length results. The particle lengths were measured
from the photographs of the biomass samples and measured using ImageJ analysis
software, according to Section 2.3.3.

properties as opposed to changes in chemical properties, similar to that
observed for the synthetic fiber suspensions [42]. Photographs of the
5

Table 1
Parameter values for the fits of Eq. (10) to the data in Fig. 10. All suspensions are
aqueous without acid. The uncertainties are standard errors.

Biomass C (%) Ea (kJ/mol) ln A (Pa)

White birch (3 mm milled) 20 16.9 ± 2.6 1.1 ± 0.9
White birch (3 mm milled) 22 18.5 ± 1.8 1.3 ± 0.6
White birch (3 mm milled) 24 20.8 ± 2.4 0.8 ± 0.8
White birch (5 mm milled) 20 27.5 ± 0.7 −0.8 ± 0.2
Corn stover (3 mm milled) 20 17.4 ± 1.0 1.2 ± 0.3

samples collected before and after the experiments are presented in Fig.
S1 of the Supplementary material. There is no visible change in the
appearance of the biomass material for the conditions employed for the
data in Figs. 3(a) and 5. The chemical composition analysis of the final
insoluble solids shown in Fig. 7 measured according to Section 2.3.2
also indicates no significant change in the polymer composition from
the initial material.

Reversible changes in the apparent viscosity with temperature were
also observed for a milled corn stover suspension. Fig. 8 shows the
apparent viscosity as a function of temperature for an aqueous suspen-
sion containing 20% milled corn stover (Wiley milled with a 3 mm
screen) for the second temperature cycle between 135 and 33 ◦C.
The apparent viscosities are larger for the cooling branch than for the
heating branch for the second temperature cycle, resulting in hysteresis.
The reason for this hysteresis is unknown, but may be due to transport
of a soluble component of the stover or a change in microstructure of
some anatomical components of stover.

The apparent shear stress of milled white birch (24%) is plotted as a
function of apparent shear rate in Fig. 9 at seven different temperatures,
using the data in Fig. 3(a) during the rotational rate cycles. Note
that this data is averaged over triplicate experiments. All of the data
sets are well-described by the Bingham model, with yield stresses (𝑦
intercepts) that decrease as the temperature is increased. For temper-
atures below 90 ◦C, the plastic viscosity (slope) is negative, while
for temperatures above 90 ◦C, the plastic viscosity is positive. Yield
stresses that decreases with increasing temperature have been observed
for concentrated biomass and synthetic fiber suspensions [42,43,48];
negative plastic viscosities have also been observed for biomass and
synthetic fiber suspensions [35,42,43].

The yield stress is plotted as a function of temperature in Fig. 10
for milled white birch suspensions and milled corn stover suspensions
(in water without acid) with various compositions. Included in Fig. 10
are the results for white birch Wiley milled with a 3 mm screen,
white birch milled with a 5 mm screen, and corn stover Wiley milled
with a 3 mm screen (the particle lengths after the conditioning cycle
are presented in Fig. 4). For all of these suspensions, the yield stress
decreases with temperature, as previously reported [42,43,48,49]. For
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Fig. 5. Apparent viscosity as a function of temperature for a 24% white birch particle suspension (w/o acid) at �̇�app = 27 s−1(𝛺 = 60 rpm). The data were averaged over three
replicate experiments..
Fig. 6. Weighted particle length distribution of the initial milled white birch (Wiley milled using a 3 mm mesh screen), and the materials recovered after experiments. The
maximum temperature, solvent, and acid concentration (if used) are indicated in the legend. Aspect ratio-weighted average fiber aspect ratio with uncertainties are also indicated
for each sample. The uncertainty is the standard deviation (SA is H2SO4).
the white birch suspension initially milled with a 3 mm screen, the
yield stress increases with increasing solids concentration. For the 20%
white birch suspensions, the yield stress increases with the particle size
(i.e., Wiley mill screen size).

Also plotted in Fig. 10 are the fits of the data with an Arrhenius-type
equation,

𝜏0 = 𝐴 exp
(

𝐸𝑎
𝑅𝑇

)

(10)

This equation has been used previously to represent the temperature-
dependent yield stress of concentrated corn stover [48] and synthetic
6

fiber suspensions [42]. The physical processes that produce this partic-
ular temperature dependence are not understood, thus the parameters
𝐴 and 𝐸𝑎 can be thought of as empirical parameters The best-fit
parameters ln 𝐴 and 𝐸𝑎 (obtained by linear regression of data for
ln 𝜏0 as a function of inverse temperature) are listed in Table 1 for
different suspensions. The activation energy 𝐸𝑎 increases with solids
concentration and particle length. The activation energy is similar for
the suspensions of corn stover and white birch milled with a 3 mm
mesh screen at the same solids concentration (20%), and also similar
to the value of 12 kJ/mol reported by Samaniuk et al. [48] for a 20%
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Fig. 7. Xylan, glucan, and Klason lignin amounts in the insoluble solids dried after experiments at different conditions relative to the amounts present in the initially milled white
birch. The uncertainties unreported here are expected to be no more than 20% based on NREL standard method (SA is H2SO4) and confirmed after duplicate measurements [47].
Fig. 8. Apparent viscosity as a function of temperature for a 20% milled (initially milled to 3 mm in size) corn stover suspension (w/o acid) in water for the second temperature
cycle at �̇�app = 27 s−1(𝛺 = 60 rpm). The error bars shown are the standard errors within dataset.
Table 2
Parameter values for the fits of Eq. (1) to the data in Fig. 11. The uncertainties are
standard errors.

Temperature (◦C) b ln [a (Pa)]

33 6.1 ± 1.6 −10.7 ± 5.0
50 5.5 ± 2.2 −9.0 ± 6.8
70 5.1 ± 1.9 −8.0 ± 5.8
90 5.0 ± 1.5 −8.2 ± 4.6
105 6.5 ± 1.1 −13.2 ± 3.4

suspension of hammermilled corn stover using a torque rheometer with
a range of smaller temperatures (21 ◦C < 𝑇 < 55 ◦C). The prefactor 𝐴
appears to be independent of the suspension characteristics within the
experimental uncertainty.
7

The data in Fig. 10 for the suspensions of white birch milled with a
3 mm mesh screen are replotted in Fig. 11 as yield stress as a function of
solids concentration at various temperatures. Also plotted in Fig. 11 are
the fits of the data with Eq. (1). The fitted parameters are tabulated in
Table 2 (obtained by linear regression of data for ln 𝜏0 as a function
of 𝐶). The value of 𝑏 is in the range of 5–6.5, and appears to be
independent of temperature within the experimental uncertainty. These
values are consistent with values previously reported for dilute and
concentrated acid-hydrolyzed treated corn stover suspensions at room
temperature [27,28,50]. Other studies have reported values of 𝑏 in the
range of 2–4.2 for non-hydrolyzed corn stover suspension and other
wood species, which also depend on characteristics such as fiber aspect
ratio, elastic modulus, and polydispersity [27,29,31,48]. The larger
values observed here may be attributed to the type of biomass and
range of concentrations employed.
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Fig. 9. Apparent shear stress vs. apparent shear rate for a 24% milled (3 mm using Wiley mill) white birch suspension w/o acid. The error bars are smaller than the symbols.
The dashed curves are fits of the Bingham model to the experimental data. The data are averaged over three replicate experiments.
Fig. 10. Yield stress of milled white birch suspensions at different solid concentrations and particle sizes. The error bars are the standard errors. The dashed curves are fits with
the Arrhenius equation (Eq. (10)).
The plastic viscosity is plotted as a function of temperature for
the different suspensions in Fig. 12. The plastic viscosity is negative
at low temperatures for all the suspensions, increases with increasing
temperature, and approaches positive values at large temperatures.
Similar behavior was observed for aqueous suspensions of synthetic
fibers [42]. Negative plastic viscosities have also been measured for
hammermilled corn stover suspensions using a torque rheometer [35]
and inferred from measured torque-rotation rate data from a twin-screw
extruder [51]. Negative plastic viscosities have been associated with
8

heterogeneous distribution of fibers, with the degree of heterogeneity
decreasing as the apparent shear rate is increased [35,42].

The changes in the rheological properties with temperatures are
not reversible when the maximum temperature is too large. This is
illustrated in Fig. 13 where the apparent viscosity at an apparent shear
rate of �̇�app= 27 s−1 (60 rpm) is plotted as a function of temperature for
a 24% aqueous suspension of white birch (Wiley milled with a 3 mm
screen) during the second temperature cycle (the first temperature
cycle had a maximum temperature of 140 ◦C and was reversible).
The viscosity decreases as the temperature is increased from 30 ◦C to
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Fig. 11. Yield stress of milled white birch suspensions vs. solids concentration at different temperatures. The error bars are standard errors. The dashed curves are fits with Eq. (1).
Fig. 12. Plastic viscosity of white birch and corn stover suspensions milled with various mesh screens as a function of temperature for different fiber suspension properties. The
error bars are standard errors. The lines connecting points are only to guide the eye..
170 ◦C. When the temperature is subsequently decreased, the apparent
viscosity remains approximately constant, with values significantly
smaller than those obtained at the same temperatures during the heat-
ing branch of the temperature cycle. Comparing these results with those
presented in Fig. 5, there appears to be a threshold temperature, above
which the changes in the rheological properties with temperature are
no longer reversible. For the conditions represented in Figs. 5 and 13,
the threshold temperature is between 150 to 170 ◦C. Similar behavior
was reported by Klingenberg et al. [43] for hammermilled corn stover
suspensions, where the threshold temperature was between 155 and
180 ◦C.
9

The irreversible change in rheological properties at high temper-
atures is likely the result of hydrolysis of the biomass. After the ex-
periment represented in Fig. 13, the insoluble solids concentration
had decreased to 17%. The xylan fraction decreased by 70%, while
the lignin and glucan fractions remained essentially unchanged, as
reported in Fig. 7. The final suspension appeared more dilute after
the experiment than before the experiment (shown in Fig. S1 of the
Supplementary material).

3.2. Rheological properties in GVL/water mixtures

The apparent viscosity is plotted as a function of temperature for
multiple temperature cycles in Fig. 14 for a 24% suspension of milled
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Fig. 13. Apparent viscosity as a function of temperature for a 24% milled (Wiley milled with a 3 mm screen) white birch fiber suspension (w/o acid) at �̇�app = 27 s−1. The red
circles indicate the heating branch (from 33 ◦C to 170 ◦C) of the second temperature cycle and the blue squares indicate the cooling branch (from 170 ◦C to 30 ◦C).
Fig. 14. Apparent viscosity as a function of temperature for a 24% milled (Wiley milled with a 3 mm screen) white birch suspension in a 80/20 GVL/water mixture (without
acid) at �̇�app = 27 s−1 (60 rpm).
white birch (milled with a 3 mm screen) in a mixture of 80/20
GVL/water instead of water, at an apparent shear rate of 27 s−1.
The apparent viscosities during the cooling branch of the first condi-
tioning cycle (shown in Fig. S2 of the Supplementary material) were
significantly larger than those measured for the corresponding aqueous
suspension, which likely resulted in greater particle size reduction
than in the aqueous suspension. Similar to that observed for an aque-
ous suspension, the change in viscosity with temperature is largely
reversible within each temperature cycle, but the viscosity at each
temperature decreases with each subsequent cycle. The decrease in
viscosity from one cycle to the next is likely caused by particle size
10
reduction, and perhaps chemical changes in the biomass. For Fig. 14,
the average particle length after the experiment (1.3 ± 0.2 mm) was
smaller than the initial average particle length (2.9 ± 0.3 mm); the
particle size distributions of the biomass samples after experiments, as
well as that of the initial material, are presented in Fig. 6. The insoluble
solids concentration after the experiment was measured to be 18%,
with a 40% loss in the xylan fraction. However, the material did not
appear as diluted as the aqueous suspension after shearing for several
temperature cycles (Fig. S1 in the Supplementary material). The sample
was darker, likely resulting from the lignin being solubilized from white
birch by the GVL/water solvent mixture [10,13]. This was confirmed
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Fig. 15. Apparent viscosity at �̇�app = 27 s−1 as a function of temperature for a 24% white birch suspension (milled with a 3 mm screen) with 0.25% sulfuric acid in (a) water
and (b) a 80/20 GVL/water mixture. The error bars indicated are standard errors.
Fig. 16. Ratio of the final and initial torques at �̇�app = 27 s−1 as a function of the ratio of the final and initial insoluble solids concentrations for (a) all the white birch and corn
stover suspensions, and for (b) 24% milled white birch suspensions (Wiley milled with a 3 mm screen). The dashed curves represent the power law fits to the data.
by analysis of the final solids in Fig. 7 in which the lignin fraction was
reduced to 70% of the starting material.

The torques measured during rotation rate cycles for the second
temperature cycle were fit with the Bingham model (Eqs. (6)–(8)).
The yield stress is strongly temperature dependent; the yield stress
data were fit with Eq. (10), resulting in an activation energy of
𝐸𝑎 = 24.4 ± 1.8 kJ/mol. The activation energy is slightly larger than
that measured for the aqueous suspension at the same initial con-
centration, shown in Table 1. Plastic viscosities were negative for
temperatures below 80 ◦C, similar to that measured for an aque-
ous suspension at the same initial concentration (see Fig. S3 in the
Supplementary material).

3.3. Rheological properties in acidic liquids

When acid is present, the changes in apparent viscosity with temper-
ature become irreversible at significantly lower threshold temperatures,
as has been reported by Klingenberg et al. [43]. This is illustrated in
Fig. 15 where the apparent viscosity at �̇�app = 27 s−1 is plotted as a
function of temperature for suspensions of 24% white birch (milled
with a 3 mm screen) with 0.25% acid in water and in a 80/20
GVL/water mixture. For these experiments, the conditioning cycle for
the suspension in water and the GVL/water mixture was performed
without acid addition where the maximum temperature was 150 ◦C
(shown in Fig. S2 in the Supplementary material). The sulfuric acid
was then added to the suspensions to perform the second temperature
cycle as shown in Fig. 15, where the maximum temperature is 120 ◦C.
For both of the suspending liquids, the viscosity decreases as the
temperature is increased, and then remains low as the temperature
is subsequently decreased. This irreversibility is less likely associated
11
with reduced particle lengths; the average particle length after the
experiments were 1.2 ± 0.2 mm and 1.4 ± 0.2 mm, for water and
80/20 GVL/water mixture (see Fig. 6; the initial average particle size
was 2.9 ± 0.3 mm). The chemical changes were more significant
than observed in the experiments without acid. The insoluble solids
concentration after the experiments were 20% for acid/water and
13% for a 80/20 acid/GVL/water mixture. The chemical compositions,
presented in Fig. 7, reflect a greater degree of breakdown of lignin and
hemicellulose for the GVL based solvent mixture, as has been observed
by other authors [10,14], suggesting partial hydrolysis of biomass as a
cause of irreversible temperature dependence of the viscosity.

3.4. Relationship between rheological properties and extent of reaction

The correlation between the irreversible decrease in viscosity and
the reduction in insoluble solids concentration is further illustrated in
Fig. 16. Here, the ratio of final and initial torque at same apparent shear
rate (�̇�app = 27 s−1) is plotted as a function of the corresponding ratio of
the final and initial insoluble solids concentrations. The final and initial
torques are defined as the torques measured the last and first times that
the sample temperature reached the lowest temperature (between 30
and 40 ◦C) after the first and last temperature cycle (at an apparent
shear rate of �̇�app = 27 s−1). The ratio of torques at the same shear rate
is equal to the ratio of apparent viscosities. The final and initial solids
concentrations are the insoluble solids concentrations measured after
the samples were removed from the LCBR following the rheological
experiment, and the insoluble solids concentrations measured prior to
the experiments. Fig. 16(a) contains data for all the white birch and
corn stover samples that were saved after each rheological experiments.
This includes all the data with different initial solids concentrations,
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acid concentrations, maximum temperatures, and solvents. Fig. 16(b)
only includes data for aqueous suspensions of 3 mm Wiley milled white
birch with an initial insoluble solids concentration of 24%, but with
different maximum temperatures and acid concentrations.

The data in Fig. 16 show that the irreversible decrease in apparent
viscosity/torque is strongly correlated with a decrease in solids con-
centration. The data in each plot were fit with a power-law model
(shown in each figure). The power-law exponents are 5.4 ± 0.8 and
6.4 ± 0.4 for the data in Figs. 16(a) and (b). These values are close to
the exponents for Eq. (1) listed in Table 2 for white birch suspensions
at different temperatures.

4. Conclusions and future work

The Lignocellulosic Biomass Rheometer (LCBR) is uniquely capable
of measuring the in-situ rheological properties of concentrated suspen-
sions of biomass (20%–24% solids) at elevated temperatures (180 ◦C).
In this paper, we presented data that illustrate the effect of temperature
on the apparent rheological properties of suspensions of Wiley milled
white birch and milled corn stover, with suspending liquids that include
water and water/𝛾-valerolactone (GVL) mixtures. For all tests, the
pparent viscosity at fixed apparent shear rate decreased reversibly
ith increasing temperature below a threshold temperature which
epended on the solvent and the biomass type. When a suspension
as heated above the threshold temperature, and the temperature
as then subsequently decreased below the threshold temperature, the
pparent viscosity at low temperatures was significantly smaller than
hat measured before heating above the threshold temperature. This
rreversibility was associated with hydrolysis of the biomass, which
educed the insoluble solids concentration and altered the composition
f the biomass. For concentrated suspensions of milled white birch
n water (no acid), the threshold temperature was between 150 and
70 ◦C. This is smaller than the threshold temperature for suspensions
f hammermilled corn stover in water [43]. When 0.25% sulfuric acid
as added to suspensions of milled white birch in water or an 80/20
ixture of GVL/water, the threshold temperature decreased to less than
20 ◦C.

The steady-state apparent rheological properties of aqueous white
irch suspensions were well described by the Bingham model. The
ield stress increased very quickly with increasing solids concentration
20%–24%) and decreasing temperature. The temperature dependence
f the yield stress was well described by an Arrhenius-type equation,
ith activation energies that increased with solids concentration. The
lastic viscosities were negative at low temperatures, and approached
ositive values as the temperature is increased. This behavior is similar
o that reported previously for suspensions of synthetic fibers [42].

Of particular interest were the extremely high torque levels and
rratic torque fluctuations observed at low temperatures and high solids
oncentrations which corresponded to extremely high yield stresses
nd negative plastic viscosities. This erratic behavior is likely due
o a localized increase in solids concentration as the suspension is
ompressed at various pinch points within the LCBR and has a distinct
hear rate dependence [51]. This phenomenon has also been observed
n LCBR and torque rheometry tests on other concentrated suspensions
f biomass fibers/particulate and synthetic fibers [42]. However, as
videnced here and elsewhere [35], this erratic behavior diminished
s the particle size was reduced and as the biomass solubilized.

The heating/cooling rates of 30 K/h employed in this study were
imited by the heating/cooling jacket. For future work, the heating rates
hould be significantly increased to provide rheological data on time
cales more relevant to efficient, continuous processing of biomass.
ne method for increasing the heating rate is direct steam injection.

n addition, future work should investigate extraction of hydrolyzing
iquors while mixing the suspension (i.e., use the rheometer as a semi-
atch reactor). This will allow an even more detailed analysis of the
xtent of reaction occurring in the LCBR in addition to continuously
12

onitoring changes in apparent viscosity.
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