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Enzymatic hydrolysis of cellulose for conversion to chemicals or fuels presents engineering challenges due to the large
changes in suspension viscosity and yield stress that occur. A flow reactor with an in-line rheometer was used to investi-
gate the role of changes in fiber structure on rheology. The evolution of the suspension yield stress was compared to
amount of soluble sugars released and changes in fiber length and width. A model was constructed that links the yield
stress, conversion, and fiber shape. These results provide insights into the relationship between fiber structure and trans-
port properties during the early stages of hydrolysis of cellulosic biomass. © 2014 American Institute of Chemical

Engineers AIChE J, 60: 1582-1590, 2014
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Introduction

The hydrolysis of cellulosic biomass into sugars is a key
step in bioprocesses that use microorganisms to produce
chemicals or fuels. Although such processes are attractive as
sustainable alternatives to fossil fuels, it is challenging to
make the bio-based processes competitive with oil, coal, or
natural gas." One of the factors that increase process costs is
the number of steps involved, which includes pretreatment,
saccharification, fermentation, and separation. Many initial
studies of cellulose hydrolysis have been performed under
relatively dilute conditions (i.e., under 10% (w/w) concentra-
tion of total insoluble solids); these conditions are very
favorable for laboratory-scale operations because low viscos-
ities facilitate mixing and the large amounts of water used
(low fiber concentration) keeps the inhibitor concentrations
low. The dilute regime, however, is detrimental to process
economics, since it requires high volumes of water which
must be treated, heated, and distilled at great energy
expense. Larger equipment sizes required for dilute process-
ing also contribute to high capital costs. For these reasons,
recent research has focused on operating at high solids load-
ings.%9

The fibrous nature of cellulosic materials causes cellulosic
slurries to be very viscous at high solids loadings, which
makes mixing difficult. This causes a process bottleneck,
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since the quality of mixing between enzyme and substrate is
critical to achieve sufficiently rapid reaction rates.”! The
insoluble solids concentrations at which mixing limitations can
occur depend on the fiber characteristics. Long fibers, such as
those derived from wood, can entangle and resist flow at con-
centrations below 10% (w/w) solids,'? whereas for shorter
fibers such as those from pretreated corn stover and other more
intensively pretreated substrates, elevated viscosities are found
at loadings of 20% (w/w) solids and greater.'>'*

In a study by Zhang et al. performed at high solids load-
ings, a conventional kinetic model used by the authors was
adequate to predict reaction rates at the later stages of sac-
charification of a cellulosic sludge, but the model failed to
predict hydrolysis kinetics during the initial stages that occur
at high solids concentrations. The authors hypothesized that
the discrepancy is due to mass transfer limitations."> A
deeper understanding of the phenomena that take place dur-
ing the initial stages of hydrolysis is, therefore, of great
importance for developing accurate models and efficient
processes for more economic and sustainable production of
cellulose-based fuels and chemicals.

A better understanding of the physical changes the bio-
mass may be undergoing can be obtained from studying its
rheological changes during hydrolysis. The crowding num-
ber, N, defined as N=2/3¢a%, is a function of the fiber
aspect ratio (a,) and volume fraction (¢), and has been used
to characterize concentration regimes in the context of fiber—
fiber interactions.'®'” The quadratic dependence on a,
implies that fiber aspect ratio has a strong influence on
fiber—fiber interactions. Small crowding numbers (N < 1)
correspond to concentration regimes where fibers do not
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interact. As the crowding number increases, large changes in
rheology may occur over a narrow range of N. In the range
of N> 3, it is considered that a fiber network forms and the
properties are dominated by strong interactions among
fibers."” Characterizing biomass suspensions in terms of
crowding numbers can, thus, give additional insight regard-
ing rheological changes and behavior during hydrolysis.

Among the parameters needed to design large-scale mixers
and pumps is the suspension rheological behavior. Rheologi-
cal monitoring using conventional off-line rotational rheome-
ters presents various challenges. One of them arises from the
so-called “gap size effect.” Accurate measurements using
rotational rheometers require particles to be much smaller
than the smallest characteristic dimension of the rheometer.
Since biomass particles of industrial interest can have sizes
of the order of millimeters or larger, the relative size condi-
tion is not satisfied in rheometers with gaps of similar
dimensions. Other challenges include particle settling, slip-
page on the surfaces in contact with the suspension, or
expulsion of liquid in double plate rheometers.'® Some of
these challenges can be alleviated using large gap sizes,
roughened plates, and attachments to avoid expulsion of the
sample. Another class of challenges arises from the long
times required to perform an off-line measurement. From the
moment that a sample is taken to the moment that a rheo-
gram is obtained, several minutes, hours, or days can pass
and the sample may have suffered changes during handling
and storage. The small sizes of the samples used in conven-
tional rheometers also require means of ensuring that the
sample is representative of the total reaction. All of these
challenges indicate the underlying need for a fast, on-line
rheological monitoring technique for biomass hydrolysis.

The main goal of this work is to characterize the rapid
rheological changes that occur during early enzymatic hydro-
lysis using experiments and models. Cellulosic fibers were
hydrolyzed in a recycle reactor equipped with instrumenta-
tion for in-line, noninvasive monitoring of slurry rheology.
The rheological measurement is performed using magnetic
resonance imaging (MRI), with which rheograms can be
obtained in a matter of seconds.'® Changes in slurry rheol-
ogy over time are compared to conversion rates and changes
in fiber shape, providing insights on the prevalent mecha-
nisms that govern this important initial phase of hydrolysis.
A simple model is presented that connects rheology and
kinetics.

Materials and Methods
Experimental setup

Figure 1 is a schematic of the flow system used for these
studies. The suspensions were loaded into a stainless steel
mixing tank with a conical bottom and 10 L total volume
(Toledo Spinning Co., Toledo, OH) connected to a Moyno
positive displacement pump (Moyno, Springfield, OH) that
circulates the suspension at a rate of 9 L/min. The suspen-
sion flowed through a heat exchanger coil submerged in a
23-L thermostatic bath (PolyScience 9610, PolyScience,
Niles, IL) to maintain the hydrolysis temperature at
50 = 1°C; temperature was also monitored with an inline
type K thermocouple placed immediately after the imaging
section. The pipes were insulated to reduce heat losses to the
environment and keep the entire system under isothermal
conditions. The heat exchanger coil was a helix with five
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Figure 1. Experimental MRI flow loop setup for contin-
uous hydrolysis.

turns, 121 mm in radius, with pitch of 48.2 mm, made of
copper tubing with 17.3-mm internal diameter, and 0.89-mm
thick walls. The suspension flowed through an acrylic tube
2.08-m long with an internal diameter of 18.5 mm. The
acrylic tube was located in the imaging section of a MRI
system described below. Finally, flexible piping returned the
suspension to the mixing tank. Pressure drops were measured
between taps at the opposing ends of the acrylic tube using a
differential pressure transducer with a range of 0-25 kPa
(PX770, Omega Engineering, Stamford, CT).

Magnetic resonance based rheometer

The MRI system is an Aspect Imaging MR100 1 Tesla
MRI spectrometer (Aspect Imaging, Shoham, Israel), with 30
G/cm peak gradient strength. The radio frequency coil for
flow imaging is a solenoid with three turns, encasing a cylin-
drical volume 38 mm in diameter and 36 mm long. Velocity
profiles are obtained using a velocity encoded Pulsed Gradi-
ent Spin Echo sequence. The yield stress of the slurry is cal-
culated from measured velocity images and pressure drops.'®
The procedure consists of the following steps: (a) an MRI
velocity image is obtained'?; (b) a velocity profile as a func-
tion of radial position, v=v(r), is constructed from the
image; and (c) a set of shear rates j(r) is obtained by
differentiation of the velocity profile. The corresponding
shear stresses are computed as a function of the radius as
1(r)=—(APr)/(2Lp) where AP/Lp is the pressure drop per
unit length (Lp is the length of the pipe). After completing
step (c) one obtains a table with three columns. The first col-
umn of the table contains radii. The second column are shear
rates corresponding to the radii of column one. The third
column are shear stresses corresponding to the radii of col-
umn one. Columns two and three now constitute a rheogram,
that is, a table of shear rates and shear stresses. (d) The yield
stress 1y is computed from the rheogram.18

Previous researchers have performed rheological fits to
various models, including Herschel-Bulkley, Bingham plas-
tic, and power law models, all of which tend to fit the data
well in the narrow range of shear rates typically measured.
The yield stress can alternatively be determined by meas-
uring the plug radius from the velocity profile."®*° In this
work, we report the yield stress computed using the Bing-
ham plastic equation based on the two data points with the
lowest shear rates. The values obtained using other methods
are similar.?!

It must be noted that the methodology to obtain rheograms
and rheological parameters from combined measurements of
velocity profiles and pressure drops has been used
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extensively by many researchers. Additional references on
the methodology as applied to optical, ultrasound, and MRI
velocimetric methods can be found in Tozzi et al.*

Cellulosic fibers

Two types of fibers with different average fiber aspect
ratios were used. They are two grades (C100 and 200EZ) of
commercial cellulosic fibers (Solka-Floc, International Fiber
Corporation, Tonawanda, NY). The moisture content of the
fibers was measured using a Mettler-Toledo model HRS83
Halogen Moisture Analyzer (Mettler-Toledo International,
Columbus, OH).

The chemical composition of the fibers, as shown in Table
1, was determined as per NREL laboratory analytical proce-
dures.”**> Ash content was obtained as the mass of inor-
ganic residue remaining after ignition at 575 = 15°C for 24
h. The sugars were analyzed using the sugar measurement
method by high performance liquid chromatography (HPLC)
detailed below.

Enzymatic hydrolysis

Hydrolysis was performed at 50°C in 50 mM sodium
citrate buffer at pH 4.76.%° The enzyme used was Accelerase
1500 (Batch number 1601096506, DuPont Danisco, Copen-
hagen, Denmark) at a loading of 15 filter paper units/g-cellu-
lose for each sample. Initial solids loadings were 7.7% (w/
w) for the C100 and 16% (w/w) for the 200EZ; these solids
loadings were chosen such that both suspensions were pump-
able and had approximately the same initial crowding num-
bers. The total mass was 6.8 kg for the C100 (long fibers),
and 8.05 kg for 200EZ (short fibers). Included in the total
mass are fibers, buffer salts, water, and enzyme. The enzyme
was added in one portion after all the biomass was added.
The enzyme addition time is designated as “time zero.” Sam-
ples of 25 mL were extracted at the time points of 0, 10, 20,
30, 40, 60, 90, 120, and 150 min after addition of the
enzyme. Samples in sealed containers were then quenched in
boiling water for 5 min to inactivate the enzymes.”® Samples
were stored in a freezer at —15°C prior to measurement of
sugars and fiber geometry. A few drops of the quenched
slurry were placed on a Petri dish and imaged to observe the
morphology of the fibers using an optical microscope with
digital camera (Nexcope CMS500 series, Ample Scientific,
Norcross, GA).

Fiber length and width

Fiber sizes were measured with an L&W FiberTester (Lor-
entzen and Wettre, Kista, Sweden). Values reported are
length-weighted average lengths and length-weighted aver-
age widths. Length-weighted averaging is recommended to
characterize properties that are dominated by longer fibers.*’
The number of fibers used in the averaging ranged from
7876 to 12254. The instrument used has been reported to
have a repeatability of 0.011 mm for measuring length
weighted length of pulps.?®

Sugar content measurement by HPLC

Solubilized sugar concentrations in the hydrolyzates were
analyzed by HPLC (Shimadzu Scientific Instruments, Colum-
bia, MD). Separation was carried out on an Aminex HPX-
87P column with deashing and Carbo-P guard cartridges
(BioRad, Hercules, CA) and sugar concentrations were
measured by refractive index. The flow rate was 0.6 mL/min
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Table 1. Properties of Fibers Used

C100 200EZ
Property (long) (short)
Moisture content (%) 791 9.26
Mean length (length weighted) (mm) 0.444 0.331
Mean width (length weighted) (um) 34.7 36.8
Ash (%) 0.10£0.06 0.20+=0.010
Acid insoluble residue (%) 26+04 3.0+04
Glucan (%) 71.5*1.2 67.7+8.7
Xylan (%) 7.1 £0.10 7.3+0.8
Mannan (%) 5.1£0.10 43+0.5
k. 78.6 1.2 75*9

The compositional analysis was performed according to Hames et al.?* and
Sluiter et al.>*** Error bars are the standard error of triplicates. Acid insolu-
ble residue includes the insoluble ash.

at 80°C using nanopure water as the mobile phase. Calibra-
tion was performed with standard solutions of D-glucose, L-
arabinose, D-xylose, D-mannose, D-galactose, and D-
cellobiose. Conversions were calculated based on the meas-
ured concentrations of glucose, cellobiose, and xylose using
equations from Roche et al."! The mass fraction of insoluble
solids (FIS) and its volume fraction were calculated assum-
ing negligible entrained liquid.""

Measures of fiber concentration

We used three measures of fiber concentration:

1. Solids loading, defined as the mass fraction of insoluble
solids, FIS.

2. Volume fraction of fibers, ¢, defined as the volume of
fibers per unit volume of suspension."’

3. Crowding number, N, defined as

N=2/3¢pd?* (6]

where a,=L/W is the aspect ratio, or fiber length L divided
by fiber width W."”

Results and Discussion

The suspensions of long and short fibers (C100 and
200EZ, respectively) were hydrolyzed in two separate
experiments using the system shown in Figure 1. The param-
eters measured in the experiments are summarized in Table
2 for the long and short fibers. Examples of the images
obtained using the magnetic resonance flow imaging method
at different hydrolysis times are shown in Figure 2, which
also has micrographs to illustrate the initial and final mor-
phology of the cellulosic fibers. The MRI were processed as
explained in the Materials and Methods Section to obtain
on-line rheological measurements. In Figure 3, we show
curves of viscosity as a function of shear rate and time for
the two types of fibers obtained via MRI. The large variation
of viscosity within a narrow range of shear rates indicates
shear thinning behavior. The shear thinning behavior
observed is consistent with previous reports of the rheology
of fibrous biomass.'>"'*?°=> The shift of the apparent viscos-
ity curves toward lower viscosity as the enzymatic hydrolysis
progresses was previously reported for other cellulosic sub-
strates, such as pretreated corn stover,” pretreated barley
straw,”! and pretreated poplar.34 We will focus on the yield
stress as a critical suspension property.14

In Figure 4, the yield stress as a function of time is
shown. The large changes observed during the initial few
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Table 2. Measured Parameters for Hydrolysis of Solka Floc C100 and 200EZ Fibers

Time Cellobiose Glucose Xylose Conversion Fraction of Insoluble Volume Yield L w Crowding
Fiber Type (min) (g/L) (g/L) (g/L) (%) Solids (FIS) Fraction Stress (Pa) (mm) (um) Number (N)
C100 (long) 0 0.00 0.14 0.42 0.0 0.0768 0.0525 18.4 0.444 347 5.73
10 0.00 5.81 0.60 8.1 0.0719 0.0491 3.43 N/A  N/A N/A
20 0.00 9.08 0.61 12.6 0.0692 0.0473 1.20 0.347 34.0 3.28
30 0.00 10.91 0.81 15.5 0.0675 0.0461 1.07 0339 34.1 3.04
40 0.00 10.90 0.97 15.7 0.0673 0.0460 0.53 0.348 339 3.23
60 0.00 11.69 0.95 16.7 0.0667 0.0456 0.51 0.319 342 2.64
90 0.29 15.53 1.36 23.1 0.0629 0.0430 0.47 0.284 34.0 2.00
120 0.00 13.09 1.53 19.5 0.0650 0.0445 0.43 0.281 34.1 2.01
150 0.00 19.41 1.68 28.6 0.0595 0.0407 0.48 0.272  34.1 1.73
200EZ (short) 0 0.00 0.11 0.08 0.0 0.1600 0.1125 25.7 0.331 36.8 6.07
5 0.00 10.99 2.03 8.1 0.1502 0.1057 4.88 0.296 34.8 5.10
10 0.00 16.52 1.49 11.3 0.1464 0.1030 2.98 0270 355 3.97
20 0.00 17.79 1.28 12.0 0.1456 0.1025 2.43 0.265 35.0 3.92
30 0.00 22.11 3.00 159 0.1409 0.0992 1.91 0.286 34.8 4.47
40 0.00 24.40 3.20 17.5 0.1390 0.0979 1.24 0.256 34.7 3.55
60 0.00 28.05 3.45 20.0 0.1359 0.0958 1.64 0255 344 3.51
90 0.00 33.88 4.02 242 0.1309 0.0923 1.41 0.248 344 3.20
120 0.00 36.61 431 26.2 0.1285 0.0906 1.74 0.240 343 2.96
150 0.00 38.11 4.64 274 0.1271 0.0896 1.84 N/A  N/A N/A

minutes follow a similar trend to that observed by Szijarto
et al.>® and Samaniuk et al.,37 both of whom used rotational
rheometers. The in-line technique herein discussed, however,
avoided some difficulties associated with rotational rheome-
ters due to its ability to perform measurements on much
larger sample sizes. The rheograms represent averaged prop-
erties of approximately 8 kg of sample that flow through the
magnet during each acquisition; each image acquisition took
approximately 1 min. The instrument used in our work also
avoided so called “gap size effects,” that occur when a rhe-
ometer has a gap or channels of a size comparable to the
particle size. In this work, the pipe diameter used in our
instrument was much larger than the cellulosic particles
used.'®

The time evolution of sugars for each fiber type is shown
in Table 2. In Figure 5a, the evolution of glucose concentra-
tion is plotted, which was the main sugar produced, and in
Figure 5b the conversion is shown. As expected, larger con-
centrations of glucose were produced with the more concen-
trated substrate (200EZ, or short fibers, at 16% (w/w)
solids). The conversion was calculated using the procedure
from Roche et al.'' as a measure of overall conversion and
was similar for both fiber types, approaching 30% after 2 h
of hydrolysis. Conversions between 25% and 35% were
reported by Um and Hanley’> (depending on the agitation
speed used) during the first 6 h for the hydrolysis of 10%
Solka Floc in a baffled reactor with a Rushton impeller using
an enzyme loading of 20 filter paper units/g of cellulose.
The rate of sugar production in the flow reactor used in our
experiment, thus, was similar to those obtained using stand-
ard agitated tanks.

To assess changes in fiber shape over time, fiber lengths
and widths were measured from the quenched samples taken
at different hydrolysis times. In Figures 6a, b, the evolution
of length-weighted fiber length and length-weighted fiber
width are plotted as a function of conversion. Of these two
geometrical parameters, the variable that exhibited the most
significant change during hydrolysis was fiber length,
whereas fiber width was virtually unchanged over the course
of the hydrolysis time studied. The micrographs shown in
Figures 2 and 4 confirm that a reduction in fiber length
occurred. This suggests a mechanism of particle size reduc-
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tion where the fiber aspect ratio (a, = fiber length/fiber
width) decreased with the progress of hydrolysis. In other
words, the fibers became shorter over time. This behavior
can be described through a linear model for length reduction:
L=Lo(1—kX), where L is the average fiber length, L, is the
initial average fiber length, X is the conversion, and k; is a
constant, as shown in Figure 6. k, was 1.44+0.17 and
0.96 = 0.15 for the long and short fibers, respectively. The
width remains constant at its initial value W ~ W,. There-
fore, the average aspect ratio a, evolves as

a,:a,o(l—k[X), (2)

where a,q is the initial aspect ratio. The reduction in length
is attributed to the combined action of enzymes and pump-
ing. Prior to addition of the enzymes, our suspensions dis-
played stable rheological behavior. In previous work,
without the addition of enzymes'® no noticeable changes in
rheology over time were observed. In previous work, with
addition of enzymes but no pumping,'® changes in fiber
mechanical properties were observed, but they took place
over longer timescales than with pumping. These results sug-
gest a combined action of mechanical and enzymatic action
in causing the reduction in fiber length.

The results are consistent with reductions in average fiber
length during enzymatic hydrolysis reported by Mooney
et al.*® and Ramos et al.* and have implications for the
modeling of hydrolysis. In a class of mechanistic models of
hydrolysis, it is assumed that the cylindrical particles
undergo “‘shrinking” or superficial erosion such that the
aspect ratio remains constant’® or increases,*' while the
number of particles remains constant. Experiments on size
distributions during hydrolysis,3g’42 however, indicate signifi-
cant initial fragmentation of large particles, suggesting a
mechanism for initial size reduction where the longer fibers
break down into shorter fragments due to loss of mechanical
strength caused by enzymatic attack. According to Thygesen
et al.,43 the initial breakdown mechanism consists of fibers
being cut into shorter segments between dislocations or slip
planes. After the initial fiber shortening, the ‘“‘shrinking”
mechanisms based on surface erosion are expected to
become more prevalent. The change in particle shape that
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Figure 2. Example velocity images and micrographs
obtained at different hydrolysis times for (a)
long and (b) short fibers.

The horizontal axis on the velocity profile images repre-
sents the velocity and the vertical axis the radial posi-

tion. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

occurred during initial hydrolysis brings into question
whether using solids fraction or volume fraction is sufficient
to characterize the tendency to flow of a biomass suspension.

The effect of fiber aspect ratio on rheological properties
has been reported previously for pulps.16 In this context, the
changes in rheology are not only due to the decrease in sol-
ids concentration but also due to the changes in particle
shape. This combined effect of particle concentration and
shape explains the extremely rapid decrease in viscosity that
can occur during the initial stage of hydrolysis with the
value of yield stress being reduced to about 10% of its initial
value within 15 min. At conversions lower than 10%, the
yield stress had already decreased to a value below 10 Pa, a
value that has been used as a criterion for liquefied or
“pourable” slurry.]4

The influence of both particle concentration and aspect
ratio on rheology is best illustrated in Figures 7a, b where
the yield stresses as a function of the fraction of solids and
volume fraction are plotted, respectively. It was observed
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Figure 3. Viscosity as a function of shear rate for vari-
ous time points during hydrolysis for (a) long
fibers and (b) short fibers.

Trends show shear-thinning behavior and a decrease in
viscosity with the progress of hydrolysis. All measure-
ments in this figure were made inline using the magnetic
resonance-based rheometer.

30

Short " ' Sfiort
fibers fibers

9 "
fibers T=0 min

Yield stress (Pa)
o

ok
o

120 140 160

Time (min)
Figure 4. Time-resolved measurements of yield stress
during enzymatic hydrolysis.

Micrographs show fiber morphology initially and at a
later stage of hydrolysis. Initial length-weighted fiber
lengths were 0.444 and 0.331 mm for the long and short
fibers, respectively. Final fiber dimensions were 0.272
and 0.240 mm for the long and short fibers, respectively.
Fiber dimensions at intermediate times are listed in
Table 2.
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that for both fiber types, the yield stress changes rapidly
over a small range of concentration. For the longer C100
fibers that had a larger initial aspect ratio, the large change
in yield stress occurred at an insoluble solids concentration
of around 7% (w/w). In contrast, for the shorter 200EZ
fibers, with smaller aspect ratio, the large change in yield
stress occurs at a concentration of around 15% (w/w) solids.
A similar trend is observed in Figure 7b for the yield stress
as a function of solids volume fraction. Because two sub-
strates at significantly different concentrations behave simi-
larly, these measurements clearly show that the slurry
rheology depends not only on cellulose concentration, but
also on fiber characteristics such as their length-to-diameter
ratio. In other words, a slurry of longer fibers can have rheo-
logical properties that make pumping difficult at much
smaller solids loadings than a slurry of shorter fibers. Such
distinction is of particular interest for substrates having par-
ticles with large aspect ratios.

Crowding numbers, (N), which represent the combined
effect of aspect ratio and volume fraction, were calculated
from the measured fiber lengths and widths'’ and from the
volume fractions. The volume fraction as a function of the
conversion is approximately linear for the initial hours of
hydrolysis'*

€
E
£=
i)
c
o
2 0.
C 01} Long fibers @ 4
0.05 - Short fibers = i
0 1 1 1 1 1
0 5 10 15 20 25 30

Conversion (%)

30 T T T T T T T

5

25 - (0) - :
< u
"E 20 L] o -
o n
‘@ 15 | 8o :
o ™)
g1of" 1
(=] " lal -
(&) Short fibers =

5r Long fibers o© T

O. 1 1 1 1 1 1 1

0 20 40 60 80 100 120 140 160

Time (min)

1 as a function of hydrolysis time for both long (7J) and

¢:¢0(likxx)7 3

where ¢ is the volume fraction as a function of the conver-
sion, X, and ¢, is the initial volume fraction where k. is
the sum of the initial mass fractions of glucan and xylan
(Table 1).

A plot of yield stress as a function of crowding number is
shown in Figure 8. It was observed that the yield stress
appeared to be a function of the crowding number. For the
initial stages of hydrolysis, the yield stress can be estimated
by a semilogarithmic function

“

where a and b are fitting constants, as shown in Figure 8.
Substituting expressions for the aspect ratio (Eq. 2) and vol-
ume fraction (Eq. 3) as a function of the conversion, one can
obtain an estimate of the yield stress as a function of
conversion

log ty=a+b 2/3¢(1—kX)[a0(1—kX)],

log ty=a+bN,

(&)

The equation shows that the relationship between yield
stress and conversion is highly nonlinear and depends
strongly on fiber shape properties such as the initial aspect
ratio.

005 T T T T T
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= 003 F .
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Figure 6. (a) Fiber length-weighted length and (b) fiber length-weighted width as a function of the conversions of

the cellulosic fibers.

Linear trends of fiber length as a function of conversion given by L=L,(1—k;X) are shown in (a), whereas fiber width remains
constant for both fibers as a function of conversion, as shown in (b). In (a), k; is 1.44 = 0.17 and 0.96 = 0.15 for the long and short

fibers, respectively.
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Figure 7. (a) Yield stress as a function of insoluble solids, and (b) yield stress as a function of fiber volume

fraction.

In Figure 9, we plot the crowding number as a function of
time. The trend is similar to that observed for the yield stress,
namely a rapid decrease occurs initially for both fiber types
and a steady value is reached afterward. It is clear from our
results that the concept of crowding number is expected to be
most useful for substrates that contain a significant amount of
long fibers (a, > 1), whereas for near spherical particles, N
becomes approximately equal to the volume fraction multi-
plied by a constant of proportionality. In such case, the vol-
ume fraction is expected to be an adequate variable for
correlating concentration and rheology.

It should be noted that the focus of the present model is on
the early stages of hydrolysis, when aspect ratios are larger,
volume fractions as a function of conversion are linear and con-
ventional kinetic models fail to predict hydrolysis kinetics.' '3

As defined in this work, the crowding number requires
measurement of fiber lengths, which requires specialized
instrumentation. In the absence of fiber length measurements,
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Figure 8. Yield stress as a function of the crowding
number for both long (CJ) and short (H)
fibers. Also shown are the linear fits
obtained as given in Eq. 4, with the one for
the longer fibers given as a solid line, and
the one for the shorter fibers given as a
dashed line.

a is —1.23=0.19 for the longer fibers and —1.1=0.3
for the shorter fibers, and b is 0.41 = 0.06 for the longer

fibers and 0.37 = 0.07 for the shorter fibers, for yield
stress in Pascals.

1588 DOI 10.1002/aic

Published on behalf of the AIChE

fiber aspect ratios could be indirectly described through vari-
ables, such as the maximum packing fraction (volume frac-
tion of a settled bed of fibers). It must also be noted that in
this work the fibers used had similar composition, but this
may not be the case in general, and the rheology is expected
to be influenced by fiber properties other than fiber aspect
ratio and volume fraction. Characteristics such as fiber stift-
ness, amount of dislocations, and surface interactions would
vary upon substrate and pretreatment used and may have dif-
ferent effects on the rheology of biomass suspensions.

Conclusions

Suspensions of two types of cellulosic fibers differing in
fiber aspect ratio were hydrolyzed in a 10-L recycle reactor
with on-line rheological measurements performed using
MRI. Hydrolysis rates in the recycle reactor configuration
were comparable to rates previously reported for stirred
tanks. The MRI rheometry method permitted the acquisition
and calculation of rheograms and yield stress values at rates
of up to one per minute. It was observed that a large
decrease in yield stress occurred during the initial stages,
decreasing to below 10 Pa during the first 5 min of hydroly-
sis. The rapid rheological changes took place when fibers

100 . T
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Crowding Number
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Time (min)
Figure 9. Crowding number as a function of time for
both long (CJ) and short (H) fibers.

Both fibers start at approximately the same crowding
number and follow similar trends to those observed in
changes in yield stress (Figure. 4).

May 2014 Vol. 60, No. 5 AIChE Journal



underwent less than 10% conversion. Yield stress changes
occurred within a narrow range of mass fractions that were
very different for each fiber type. This was attributed to the
differences in initial fiber length among the two fiber types.
Measurements of fiber length and width changes during
hydrolysis revealed that length was the dimension that
underwent the most rapid changes. This suggests a hydroly-
sis mechanism initially dominated by fragmentation by
which fiber aspect ratio decreases as conversion progresses.
The influence of particle length and concentration on rheol-
ogy helps to explain the differences reported with biomass
having particles with different aspect ratios. A simple model
was proposed that describes the effects of fiber concentration
and aspect ratio on the yield stress. Materials with long and
thin fibers, such as softwoods, display rheological challenges
at lower concentrations than substrates with lower aspect
ratio particles, such as pretreated corn stover. Conditions that
present rheological challenges, therefore, cannot be predicted
solely by solid content or volume fraction, but will depend
also on particle shape. In this work, crowding numbers were
a useful indicator of the degree of interfiber interactions that
influence the rheology of cellulosic suspensions undergoing
hydrolysis. Use of this variable is expected to facilitate pro-
cess optimization via hydrolysis models in which rheological
properties and reaction kinetics are linked.
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Notation
a = fitting parameter for yield stress as a function of crowding
number
b = fitting parameter for yield stress as a function of crowding
number

a, = fiber aspect ratio
ayo = initial fiber aspect ratio
FIS = fraction of insoluble solids
k; = fitting parameter for fiber length as a function of conversion
k, = fitting parameter for volume fraction as a function of conversion
L = length-weighted fiber length, mm
Ly = initial length-weighted fiber length, mm
Lp = pipe length, m
= crowding number
r = radial position within pipe, cm
v = velocity, cm/s
= length-weighted fiber width, um
W, = initial length-weighted fiber width, um
= conversion
7 = shear rate, s~ '
AP = pressure drop in pipe, Pa
7, = yield stress, Pa
¢ = fiber volume fraction
o = initial fiber volume fraction
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