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" Declining xylan hydrolysis rate constant is superior to constant hydrolysis rate constant.
" Direct xylooligomer degradation is necessary to describe observed degradation behavior.
" Countercurrent flowthrough pretreatment performs better than cocurrent pretreatment.
" Temperature gradient along the reactor axis is beneficial to reduce xylan degradation.
" Biomass bed shrinking increases exit xylooligomer concentration compared to non-shrinking.
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A kinetic model for xylan hydrolysis in liquid hot water flow-through pretreatment was developed. The
model utilized a declining xylan hydrolysis rate constant with increasing conversion in combination with
direct xylooligomer degradation. The model was able to describe experimental results from flow-through
pretreatment of corn stover and triticale straw at various pretreatment temperatures, and was applied to
predict and compare the performance of xylan hydrolysis in co- and countercurrent flow-through pre-
treatments. Countercurrent pretreatment resulted in higher concentration of solubilized xylan and 3–
6-fold less degradation. Maintaining a temperature gradient along the reactor axis reduced degradation
compared to a fixed reactor temperature. Biomass bed shrinking during pretreatment increased the final
concentration of solubilized xylan by about 10%. Model predictions were sensitive to the packing density
of biomass bed. The model is useful for evaluating biomass flow-through pretreatments and has utility in
design of flow-through reactors.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Lignocellulosic biomass is of interest as a sustainable source of
organic fuels, chemicals, and materials because of its large scale po-
tential availability, low purchase cost, and more desirable environ-
mental attributes compared to row crops (Lynd, 2008). Natural
lignocellulose is recalcitrant to the action of cellulase enzymes
due to its limited accessibility, arising from factors including associ-
ation with hemicellulose and the presence of lignin (Himmel et al.,
2007; Zhang and Lynd, 2004). Pretreatment of lignocellulosic bio-
mass is necessary to make cellulose accessible to attack by cellulase.

Various pretreatment technologies have been studied (Hsu,
1996; Mosier et al., 2005; Wyman et al., 2005; Zheng et al.,
2009). Flow-through pretreatment, in which the solids residence
time is longer than that of the liquid, has been shown to effectively
dissolve more hemicellulose and lignin at a given severity com-
pared to pretreatments in which liquid and solids have the same
residence time. This method also generates solids that are more
reactive upon enzymatic hydrolysis (Liu and Wyman, 2003,
2005; Nagle et al., 2002; Zhu et al., 2004). However, continuous
flow-through operation is thought to use an excessive amount of
water and energy, and practical processing of liquid hemicellu-
lose-rich hydrolyzate from continuous flow-through pretreatment
has been considered to be a challenge for subsequent sugar fer-
mentation due to its dilute concentration (Bobleter, 1994; Liu
and Wyman, 2003). ‘‘Partial flow’’ and ‘‘recirculation flow’’ opera-
tions have been studied to reduce water consumption and energy
use, but these strategies also have a negative impact on pretreat-
ment performance (Bobleter, 1994; Liu and Wyman, 2005).

Countercurrent flow-through pretreatment, in which liquid and
lignocellulosic biomass flow in opposite directions, could be
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List of symbols

H xylan
O solubilized xylan (oligomer and monomer)
P degradation product
Z reactor length, dm
v solids flow rate, dm/min
k initial hydrolysis rate constant, min�1

x xylan conversion
m exponent for conversion dependent rate constant

k1(x) conversion dependent hydrolysis rate constant, min�1

f ratio of total solids dissolved over xylan dissolved
e void (liquid) volume fraction in the solids bed
qs solids density, g/L
u liquid flow rate, dm/min
k2 solubilized xylan degradation rate constant, min�1

xf original fraction of xylan in the biomass
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employed to increase the carbohydrate concentration in the flow-
through hydrolysate and at the same time reduce water and energy
consumption due to higher equivalent solids concentration than
flow-through pretreatment without solids inflow. Although it is
difficult to achieve continuous countercurrent feeding of liquid
and lignocellulosic biomass at high temperature and pressure at
lab scale, the operation has been reported at pilot plant scale for
pretreatment of wheat straw (Thomsen et al., 2008) and is com-
monly employed in continuous digesters in the paper and pulping
industry (Marcoccia et al., 1999).

Kinetic models of pretreatment processes inform fundamental
understanding, aid identification and evaluation of innovative con-
figurations, and also have utility for design. Numerous pretreat-
ment models have been reported (Aguilar et al., 2002; Brennan
and Wyman, 2004; Bustos et al., 2003; Garrote et al., 2001;
Jacobsen and Wyman, 2002; Lee et al., 2000; Lloyd and Wyman,
2003; Lu and Mosier, 2008; Morinelly et al., 2009; Pronyk and
Mazza, 2010; Schell et al., 2003; Shen and Wyman, 2011), with
most focusing primarily on xylan hydrolysis and degradation. A
key feature of many of these models is hydrolysis of insoluble xy-
lan to soluble oligomers that further react to form xylose which
then degrades into furfural. Mass transfer has also been considered
in some models (Brennan and Wyman, 2004). All of the models
model xylan hydrolysis using either a single-valued rate constant
or two rate constants, one for the fast-reacting xylan and one for
the slow-reacting fraction; however, for biological hydrolysis, en-
zyme-mediated cellulose hydrolysis has been modeled using a
declining reaction rate constant with conversion (Kadam et al.,
2004; Kurakake et al., 1995; Philippidis et al., 1992; Shao et al.,
2009; South et al., 1995). Loss of total xylose and xylosyl residues
during pretreatment is most commonly modeled as resulting from
xylose degradation, although some models include direct degrada-
tion of oligomers (Garrote et al., 2001; Shen and Wyman, 2011).

A substantial fraction, typically 30–50%, of the originally pres-
ent dry matter is solubilized during liquid hot water flow-through
pretreatment (Liu and Wyman, 2003). Loss of mass is accompanied
by loss of volume, or shrinking reported for dilute acid hydrolysis
of lignocellulosic biomass (Lee et al., 1999). Although limited data
are available for changes in solids volume, as well as other physical
properties during and after liquid hot water flow-through pretreat-
ment, it is desirable to establish an analytical framework that can
accommodate such data as they become available, and also to
examine the impact of shrinking and other variables on anticipated
performance. Changes in solids volume have been considered pre-
viously for countercurrent dilute-acid total-hydrolysis of lignocel-
lulosic biomass (Lee et al., 2000), but not for aqueous water-only
pretreatment in either countercurrent or flow-through mode.

In the present study, a kinetic model for xylan hydrolysis and
degradation was developed and used to compare the performance
of countercurrent pretreatment to co-current pretreatment in
terms of sugar degradation, solubilization, and dilution. The analy-
sis included shrinking of the biomass bed as the reaction proceeds
and use of axial temperature gradients, both of which appeared to
have significant and potentially beneficial impacts and appeared
not to have been considered previously in kinetic models of bio-
mass hot water flow-through pretreatment.

2. Experimental data, model development, parameter fitting,
and application

2.1. Experimental data

Experimental xylan conversion results for hot water flow-
through pretreatments (water flow only, no solids inflow) were ob-
tained from prior studies (Liu and Wyman, 2003; Pronyk and
Mazza, 2010) employing corn stover and triticale straw biomass
milled to 200–250 lm (thickness dimension). The composition of
these two materials, summarized in Table 1, appeared to be very
similar. The two studies had largely non-overlapping temperature
ranges of 130–170 �C and 180–220 �C. Only results obtained at
high flow rates were used in order to minimize impacts of mass
transfer, which was not included in the model (Table 2). Xyloolig-
omer and xylose were assumed to have the same degradation rates
and data from xylose degradation (Qi and Lü, 2007) was utilized to
model degradation of solubilized xylan.

Predicted degradation of solubilized xylan was compared to
data for corn stover obtained. A time fraction (4–6 min) of solubi-
lized xylan hydrolysate from flow-through pretreatment of corn
stover (210 �C, 20 min, 30 mL/min) was obtained using the same
corn stover used by Liu and Wyman (2003). The solubilized xylan
hydrolysate was sealed in small batch stainless steel tubes and
placed in a sandbath at 195 �C for various durations of up to
40 min. Remaining sugar was analyzed by dilute acid hydrolysis
and HPLC analysis (Shao et al., 2011). Percent degradation was cal-
culated by determining the amount of initial and remaining sugar
in terms of monomer xylose after dilute acid hydrolysis.

2.2. Model formulation

The kinetic model assumed that xylan (H) was hydrolyzed into
soluble xylan (O) that was subject to reaction into degradation
products (P). Adapted from the model reported by Lee et al.
(2000) and for the flow diagram shown in Fig. 1, one could derive
the xylan mass balance given in Eq. (1), with the overall rate of
accumulation equal to terms arising from the flow into and out
of a differential control volume as well as the rate of reaction in
the control volume. The xylan hydrolysis rate constant, k1(x) was
assumed to be dependent on xylan conversion represented in Eq.
(2).

d½H�
dt
¼ ½H� dm

dZ
þ m

d½H�
dZ
� k1ðxÞ½H� ð1Þ

k1ðxÞ ¼ kð1� xÞm ð2Þ

where Z (dm) was the reactor length, v (dm/min) was the solids
flow rate, k (min�1) was the initial hydrolysis rate constant when



Table 1
Composition of corn stover and triticale straw.

Corn stover (%) Triticale straw (%)

Cellulose 38.6 36.3

Xylan(1)/hemicellulose(2) 20.6(1) 24.8(2)

Lignin 17.6 19.9

Note: hemicellulose contains other sugars such as arabinan

Table 2
Data obtained with high flow rates were selected to minimize interference by mass
transfer.

Feedstock Temperature (�C) Flow (ml/min) Velocity in reactor (m/min)

Straw 130 200 0.102

Straw 150 234 0.119

Straw 170 200 0.102

Stover 180 10 0.122

Stover 200 10 0.122

Stover 220 10 0.122
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Fig. 1. Diagram of overall reactor flows and species transport. i is the index of
differential reactor volume that increases in the same direction of solids flow.
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conversion was zero, x was the xylan conversion, m was the expo-
nent for conversion dependent rate constant. In Eq. (1), biomass
shrinking due to reaction was accounted by the first term on the
right of the equal sign which could be derived from the total bio-
mass mass balance in the control volume Eq. (3) as represented
by Eq. (4).

qsv inAð1� eÞ � qsvoutAð1� eÞ ¼ qsAð1� eÞdv
¼ fk1ðxÞ½H�AedZ ð3Þ

dv
dZ
¼ fk1ðxÞe

qsð1� eÞ ½H� ð4Þ

where f was the ratio of total solids dissolved over xylan dissolved,
A was the reactor cross section area, e was the void (liquid) fraction
in the solids bed, and qs (g/L) was the solids density. Similarly, the
mass balance for solubilized xylan and degradation products could
also be derived as shown in Eqs. (5) and (6).

d½O�
dt
¼ u

d½O�
dZ
þ k1ðxÞ½H� � k2½O� ð5Þ

d½P�
dt
¼ u

d½P�
dZ
þ k2½O� ð6Þ

where u (dm/min) was the liquid flow rate and k2 (min�1) was the
rate constant for degradation of solubilized xylan. Inlet xylan con-
centration was calculated in Eq. (7) assuming total solubility in
liquid.

½H�0 ¼
1� e

e
xf qs ð7Þ

where xf was the original fraction of xylan in the biomass. For the
modeling, in the absence of experimental data on physical proper-
ties of the bed as reaction proceeds, constant values for f, e, and qs

during the course of pretreatment with continuous solids inflow
were applied; however sensitivity of prediction results to these
parameters was investigated.

2.3. Parameter fitting

The parameters k (temperature dependent) and m were ob-
tained by fitting the model to the experimental results reported
previously (Liu and Wyman, 2003; Pronyk and Mazza, 2010). An
Arrhenius equation was fit to experimental data at various temper-
atures to obtain the continuous initial reaction rate constant, k, be-
tween 130 and 220 �C. An Arrhenius equation was also fit to the
xylose degradation rate constants reported by Qi and Lü, (2007)
at various temperatures to represent continuous degradation rate
constants between 130 and 220 �C.

2.4. Model application

The model was applied to predict xylan hydrolysis and degrada-
tion during co- and countercurrent liquid hot water flow-through
pretreatments of corn stover. The simulated flow-through reactor
had an internal diameter of 5 cm and a reaction height of 40 cm.
For both co- and countercurrent flow-through pretreatments, the
ratio of water to corn stover solids mass flow was 4:1 with a solids
flow rate of 9.82 g/min. Temperature gradients of 130–220, 150–
220, 170–220, 190–220, and 220–220 �C along the reactor axis
were simulated with temperature increasing from the side of the
solids inlet. One approach to achieve such temperature gradients
would be to flow hot water and lower temperature solids in coun-
tercurrent pretreatment and to use steam injection in co-current
pretreatment. Solubilized xylan concentration, xylan hydrolysis
conversion, and degradation product concentration were reported
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along the axis of the reactor. The model was also used to investi-
gate pretreatment performance in the following scenarios for
flow-through pretreatment with a temperature gradient of 170–
220 �C: (1) effect of water usage in co- and countercurrent pre-
treatments with a solids mass flow rate of 9.82 g/min; (2) effect
of solids residence time in co- and countercurrent pretreatments
with a water to solids mass flow ratio of 4:1; (3) effect of biomass
bed shrinking in countercurrent pretreatment for various solids
mass flow rates with a water to solids mass flow ratio of 4:1.
3. Results and discussion

3.1. Xylan hydrolysis

Kinetic parameters were fit to xylan hydrolysis data at various
temperatures. As shown in Fig. 2a, the model was able to predict
the experimental results. Most discrepancies were seen for corn
stover at 180 �C and for triticale straw at 170 �C. Discrete values
of the xylan hydrolysis rate constant k, obtained for various tem-
(a)

(b)
(d)

Fig. 2. Parameter fitting for xylan hydrolysis and solubilized xylan degradation: (a) C
dependent exponent m at various temperatures. (b) Fitting an exponential equation to
exponential equation to the degradation rate constants. (d) Prediction vs. experimental
peratures were fit to an exponential equation (R2 = 0.965) as pre-
sented in Fig. 2b. This equation enabled calculation of the
hydrolysis rate constant as a function of temperature between
130 and 220 �C, which was necessary for simulation of co- and
countercurrent flow-through pretreatments with temperature gra-
dients. The value for m, the exponent for the conversion dependent
hydrolysis rate constant was 0.512. Experimental data for parame-
ter fitting were obtained at high flow rates in order to minimize the
impact of mass transfer. As a result, the model developed here
would likely only be applicable to flow systems.

Although models with fast and slow xylan fractions have been
employed, a declining rate constant model of the form of Eq. (2)
was preferable because it involved fewer parameters (2 rather than
3) and because the fraction of more and less reactive xylan seemed
arbitrary with widely varying values reported. Compared to a mod-
el with a single rate constant for xylan hydrolysis, the root mean
squared error for declining rate constant model was lower by
5.3% considering data at all temperatures and by 56% excluding
data at 170� and 180�.
(c)

urve fitting xylan conversion results for reaction rate constant k and conversion
the discrete reaction rate constant k results obtained from (a). (c) Curve fitting an
data for corn stover solubilized xylan degradation at 195 �C.
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3.2. Xylan degradation

Consistent with prior studies (Garrote et al., 2001; Shen and
Wyman, 2011), xylan degradation was modeled as resulting from
reaction of xylooligomers as well as xylose. Xylose degradation
rate constants at various temperatures reported by Qi and Lü,
(2007) were fit to an exponential equation (R2 = 0.985) to obtain
a continuous degradation rate constant with respect to tempera-
tures between 130 and 220 �C. The curve fit results are given in
Fig. 2c. The fit equation (Fig. 2c) was able to predict degradation
of solubilized xylan at 195 �C for corn stover hydrolysate obtained
by flow-through pretreatment as shown in Fig. 2d.

Predictions for degradation of solubilized xylan would be much
lower than actually observed if it were assumed that xylose but not
xylose oligomers were capable of undergoing degradation because
less than 3% solubilized xylan appeared in the form of monomer
xylose. It might be noted that models for solubilized xylan degra-
dation that did not allow for degradation of xylooligomers were
generally for dilute acid hydrolysis, in which the concentrations
of xylooligomers were very low (Aguilar et al., 2002; Bustos
et al., 2003; Lee et al., 2000; Lu and Mosier, 2008; Morinelly
et al., 2009; Schell et al., 2003; Shen and Wyman, 2011).
Fig. 3. Model prediction along the reactor axis (Z, dimensionless, increases from the side
for five scenarios of temperature gradients (1) 130–220, (2) 150–220, (3) 170–220, (4) 19
of water to corn stover solids flow is 4:1 with a solids mass flow rate of 9.82 g/min): (a)
concentration; (c) countercurrent degradation (P) product concentration; (d) co-current
3.3. Simulation of co- and countercurrent flow-through pretreatments

The model was used to simulate xylan hydrolysis and degrada-
tion of solubilized xylan during co- and countercurrent flow-
through pretreatments with various temperature gradients be-
tween 130 and 220 �C. Results of solubilized xylan and degradation
product concentrations, xylan hydrolysis conversion, and solids
velocity are shown in Fig. 3. As expected, higher xylan conversion
was seen with smaller temperature gradients for both pretreat-
ments; however, smaller temperature gradients also resulted in
higher oligomer of solubilized xylan. For all temperature gradients,
and particularly for smaller temperature gradients, degradation of
solubilized xylan was much higher (3- to 6-fold) for co-current
pretreatment compared to countercurrent pretreatment because
solubilized xylan had a longer residence time in the reactor for
co-current pretreatment. Maintaining a temperature gradient
could further reduce the exposure time to high temperature for
solubilized xylan, thus reducing degradation. Although smaller
temperature gradients resulted in higher solubilized xylan concen-
trations in the outlet for countercurrent pretreatment, they were
also accompanied by higher degradation of solubilized xylan. With
higher conversion for smaller temperature gradients, the solids
of solids inlet) for continuous co-t and countercurrent flow-through pretreatments
0–220, (5) 220–220 �C; temperature increases from the side of solids inlet; the ratio
countercurrent solubilized xylan (O) concentration; (b) co-current solubilized xylan
degradation product concentration; (e) xylan conversion (x); (f) solids velocity (v).
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Fig. 5. Model predictions for solubilized xylan (O) and degradation product (P)
concentrations at reactor exit with a reactor temperature gradient of 170–220 �C
increasing from the side of solids inlet: (a) Effect of water usage in co- and
countercurrent flow-through pretreatments for a solids mass flow rate of 9.82 g/
min (xylan conversion is 94%, ratios of residence time of solids over liquid are also
shown). (b) Effect of solids residence time in co- and countercurrent flow-through
pretreatments for a water to solids mass flow ratio of 4:1 (xylan conversion, x is also
shown). (c) Effect of biomass bed shrinking in countercurrent flow-through
pretreatment as a function of the rate of solids pretreated (solids volumetric flow
rate/reactor volume) for various solids mass flow with a water to solids mass flow
ratio of 4:1 (xylan conversion, x is also shown).
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velocity decreased more significantly as a result of larger mass loss
due to reaction.

As shown in Fig. 4, maintaining a temperature gradient along
the reactor axis was advantageous compared to a fixed reactor
temperature. For a given final xylan conversion at 90%, countercur-
rent pretreatment resulted in 66% less degradation of dissolved xy-
lan compared to co-current pretreatment. For countercurrent
pretreatment to reach the same final xylan conversion, maintain-
ing a temperature gradient along the reactor axis reduced xylan
degradation by another 12% compared to a fixed reactor
temperature.

Fig. 5a shows the effect of water loading on pretreatment per-
formance in co- and countercurrent flow-through pretreatments.
Product concentrations decreased sharply as water loadings in-
creased initially. Countercurrent pretreatment resulted in higher
exit solubilized xylan concentrations than did co-current pretreat-
ment due to less degradation. This was particularly true for low
water loadings (16 g/L difference for a water usage of 3).

Fig. 5b shows the effect of solids residence time on pretreat-
ment performance in co- and countercurrent flow-through pre-
treatments. Exit solubilized xylan concentration increased
sharply as solids residence time increased initially (e.g. 5 min). Exit
solubilized xylan concentration increased continuously with
increasing solids residence time for countercurrent flow-through
pretreatment, whereas it had a maximum around 10 min for co-
current pretreatment. Degradation increased three to four times
faster for co-t than countercurrent flow-through pretreatment
with increasing solids residence time.

The effect of biomass bed shrinking in countercurrent flow-
through pretreatment was examined (Fig. 5c). Compared to the
case without shrinkage, biomass shrinking yielded a higher exit
solubilized xylan concentration (�4 g/L) and similar xylan degra-
dation as solids feeding increased. Xylan conversion was higher
for a shrinking bed at low solids flow and lower for a shrinking
bed at high solids flow. Biomass shrinking tends to reduce the
overall solubilization of xylan in a flow reactor (the term, ½H�dv

dZ , is
positive in Eq. (1), which results in a smaller rate of xylan disap-
pearance, dH

dt ). Meanwhile, biomass shrinking increases solids resi-
dence time due to reduced solids velocity, which results in
higher xylan solubilization. The relative value of these two effects
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determines whether biomass shrinking enhances final xylan
conversion.

The response of solubilized xylan and degradation product con-
centrations at reactor exit to changes in values of f, e, and qs is gi-
ven in Fig. 6. Final solubilized xylan and degradation product
concentrations were not sensitive to changes in f but were some-
what sensitive to qs particularly for greater than �30% change in
qs value (1050 kg/m3). The two concentrations were very sensitive
to e and their response went to exponential for greater than 10%
change in e value (0.935); however, practical biomass packing
could easily result in a e value lower than 0.92.

Countercurrent pretreatment yielded higher carbohydrate con-
centrations in the flow-through hydrolysate and resulted in less
loss of xylan due to degradation. Although degradation was rela-
tively small for co-current flow-through pretreatment at low solids
residence time, it was accompanied by low xylan hydrolysis con-
version and solubilized xylan concentration in the exit (Fig. 5b).
Higher exit solubilized xylan concentrations could be obtained
with lower ratios of solids to liquid residence time for countercur-
rent flow-through pretreatment (Fig. 5a); however, degradation
was also more significant at lower ratios of solids to liquid resi-
dence time and it might be difficult to achieve a residence time ra-
tio <1 for countercurrent flow-through pretreatment. Biomass
shrinking enhanced pretreatment performance at relatively low
solids flow, which was caused by reduced solids velocity and in-
creased solids residence time. The prediction results were sensitive
to changes in the value of e, which, depending on the reactor con-
figurations, could change along the axis of reactor due to reaction
and pressure change.

With the potential to obtain high carbohydrate concentrations
in the hydrolysate, countercurrent flow-through pretreatment will
reduce water usage and energy consumption; however, additional
research is necessary to study the effect of potentially higher
hydrolysate inhibition for enzymes and microorganisms due to
higher lignin solubilization along with xylan during flow-through
pretreatment (Liu and Wyman, 2003), to establish the feasibility
of scaling up countercurrent flow-through pretreatment for differ-
ent feedstocks, and to measure key physical parameters.

4. Conclusions

A declining xylan hydrolysis rate constant with increasing con-
version was shown to be superior to a constant hydrolysis rate
constant. Direct xylooligomer degradation was necessary in order
to describe the observed degradation behavior. Maintaining a tem-
perature gradient along reactor axis was shown to be advanta-
geous to a fixed reactor temperature in lowering xylan
degradation. Biomass bed shrinking during pretreatment increased
exit solubilized xylan concentration by about 10% compared to
non-shrinking. Model predictions were sensitive to biomass pack-
ing density. The model will be improved by incorporating changes
of physical properties of the biomass bed during reaction.
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