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Batch hydrolysis kinetics of paper birch (Betula papyrifera)
xylan and its associated acetyl groups in dilute sulfuric
acid have been measured for acid concentrations of be-
tween 0.04 and 0.18M and temperatures of between 100
and 170°C. Only 5% of the cellulose was hydrolyzed for
up to 85% xylan removal. Rate data were correlated well
by a parallel reaction model based on the existence of
reactive and resistant xylan portions. The resulting rate
equation predicts the experimental xylan concentrations
in the residue to within 10%. Hydrolysis of xylan-asso-
ciated acetyl groups was found to occur at the same rate
as that of xylan, except at 100°C. where acetyl is released
preferentially. No effect of acid concentration on the rate
of acetyl removal relative to that of xylan was evident.

INTRODUCTION

Many studies have been performed on the kinetics
of acid-catalyzed hydrolysis of plant hemicelluloses,
particularly glucuronoxylan, the principal hemicellulose
present in hardwoods. In most early studies, such as
those of Baker and Krcmart and Springer et al. 23
conversion data were obtained at various reaction
conditions, but no unifying kinetic model was devel-
oped. Early work2+ did indicate that the hydrolysis
of glucuronoxylan, often simply called xylan, occurs
much more readily than that of cellulose and that the
hydrolysis rate increases with acid concentration and
temperature. Furthermore, the results suggested that
the first 60-70% of the xylan hydrolyzes according to
apparent first-order reaction kinetics with respect to
the mass of xylan in the residue, whereas the remaining
xylan is hydrolyzed at a decidedly slower rate. Because
the mechanism of the solid-phase acid-catalyzed hy-
drolysis has not been elucidated, no satisfactory basis
for explaining the observed rate behavior is yet
available.

With the current interest in chemical production
from biomass 5¢ and in modified pulping processes,'
there is renewed interest in the hydrolysis of wood
and other biomass. In lieu of a detailed theoretical
model capable of predicting reaction behavior a priori,
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the process engineer needs extensive dataand empirical
rate models to explore possible processing schemes.
Recent studies aimed at providing such information
include the work of Beck and Wangg on the hydrolysis
of cotton gin residues by dilute sulfuric acid and those
of Veeraraghavan et al.® and Cahela et al.® on the
acid hydrolysis of oak hemicellulose.

In addition to xylose, acid hydrolysis of hardwood
hemicellulose yields large quantitites of acetic acid.
In paper birch there are 6 or 7 acetyl groups substituted
on every 10 xylose units in the xylan.® The potential
yield of acetic acid is therefore about 6 g/100 g
dry wood, and the potential xylose yield is about
25 g. Aninteresting question with process implications
is how the rate of acetyl hydrolysis compares with
that of the xylan backbone of hemicellulose.

Very few workers have conducted research on the
kinetics of wood deacetylation or its relation to hem-
icellulose hydrolysis. Work by Erins et al.22 on the
deacetylation of spruce in dilute alkali, however, did
indicate several interesting characteristics of deacet-
ylation kinetics. The rate of acetyl removal from the
wood was found to follow the same general trend seen
for acid-catalyzed xylan hydrolysis. That is, the first
70% or so of the acetyl groups is removed according
to an apparent first-order reaction, while the remaining
acetylgroupsareremoved muchmoreslowly, following
different pseudo-first-order kinetics. Deacetylation by
alkali of isolated hemicellulose, on the other hand,
was found to follow a single first-order reaction rate
law.

The purposes of this study are to provide a rate
model for hardwood hemicellulose hydrolysis by dilute
acid and to determine the relative rate of acetyl group
hydrolysis.

KINETICS MODELS

Most rate studies with hemicellulose hydrolysis have
been conducted as two-phase isothermal batch ex-



periments in which xylan dissolution is followed as a
function of time. Typical results are found to follow
the form shown in Figure 1, which shows some data
from this study plotted as the log of the percent of
original xylan remaining in the solid residue as a function
of time. If the xylan were completely accessible to
water (and acid) such that no diffusional restrictions
affected the rate and if the local rate of xylan dissolution
were proportional to the mass of xylan present, the
kinetics should be first order in xylan, and the data
in Figure 1 should fall on a straight line. It is seen
that such is not the case; rather, there is a distinct
slowing of the rate at about 70% conversion.

One may consider at least three possible explanations
of the observed rate behavior. First, there may be
transport limitations within the reaction mass that cause
local concentration and rate variations during the course
of the reaction. Second, different portions of the xylan
may possess different intrinsic reactivities that can
change during hydrolysis. Finally, the reaction may
not be homogeneous in nature but may occur at a
xylan-water interface. In the last case the rate would
be proportional to interfacial area and depend on
changing structural features during hydrolysis.

Although all three of these possibilities deserve more
thorough study, the second is the one that has most
commonly been used to correlate experimental rate
data. For example, both Conner: and Veeraraghavan
et al.° viewed the xylan to be composed of two fractions,
each of which reacted according to a homogeneous,
first-order kinetics law. That is, the rate of dissolution
of xylan would be expressed as

-dX
Ry = _“"h_ = ZkeX; + (1 — Dk X, 1)
where Ry is the rate of removal of xylan from the
solid, X is the fraction of original xylan remaining in
the solid residue, X; and X, are the fractions of the
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Figure 1. Typical conversion data for xylan and acetyl group hy-

drolysis, obtained at 150°C in 0.090M sulfuric acid (C, = 0.082M)

with a 4:1 liquid-to-solid ratio: (**) acetyl, (*) xylan; —, model

prediction for xylan removal [eq. (6)].

fast- and slowly-reacting xylan remaining in the solid
residue, z is the fraction of original xylan identified
asthe fast-reactingform, and k;and k. are rate constants.
The rate constants are each assumed to have an Ar-
rhenius temperature dependence and an acid concen-
tration dependence,

kf = kfoexp( —EI/RT)C;; (2)
and
k; = kyoexp(~E,/RT)Cy ©)]

where E; and E; are activation energies for the fast-
and slowly-reacting xylan portions, Cy is the hydrogen
ion concentration, and m and n are empirical rate
parameters.

The concept of fast and slowly hydrolyzing hemi-
cellulose was recently used by Beck and Wange to
develop a kinetics model, intended for reactor design
purposes, for the hydrolysis of cotton gin residues in
dilute sulfuric acid. Hemicellulose present in cotton
gin residue is composed primarily of pentosans which,
unlike hardwood hemicellulose, include a substantial
amount of arabinan in addition to xylan. Based on
limited Kinetic data, they determined best-fit parameters
for the following pentosan hydrolysis model:

L ksoexp (_—E—f)Cj{' P

Re =~ RT

(4)

E,

+ kexp ( RT )Cj’, P
where P is the weight fraction of pentosan in the solid
residue and C, is the sulfuric acid concentration. The
values of E;and E determined from multiple regression
analysis were 18,000 and 5600 cal/mol, respectively,
while the values determined for m and n were 1.36
and 0.36, respectively.

EXPERIMENTAL PROCEDURE

A detailed description of the batch reaction pro-
cedures used here is given by Springer.2 White birch
samples were kept frozen and green until they were
sliced into cross-sectional wafers 0.01 in. thick. These
slices were then stacked, frozen, and bored on a lathe
to fill5 mm o.d. pyrex tubes with about 0.25 g wood.
After oven drying and weighing, 1 ml dilute sulfuric
acid was added to achieve about a 4:1 liquid-to-solid
ratio, the minimum amount of liquid required to wet
the wood completely, and the tube was sealed. Re-
actions were run in duplicate in a constant-temperature
oil bath. The contents of the tube have been shown
to attain 99% of the temperature change within 25 s
of immersion in the oil bath.

Batch hydrolysis reactions were conducted at 100,
130,150, and 170°C in 0.09M sulfuricacid,andat 130°C
in 0.040, 0.090, and 0.18M sulfuric acid, with all acid
concentrations calculated based on solution densities
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at room temperature. After a prescribed reaction time
the tubes were rapidly cooled and broken open. The
hydrolysate (about 1 ml) was separated from the residue

on a filter crucible by thorough rinsing and then diluted
to 10 ml. Monomeric xylose and glucose concentrations
of the hydrolysate were determined by high-perfor-
mance liquid chromatography. The residue was ana-
lyzed for xylan and glucan content by the method of
Scott.’s The acetic acid content of the hydrolysate was
determined by gas chromatography. The amount of
potential acetic acid bound to solubilized xylan was
determined by reacting a portion of the diluted hy-
drolystate at 200°C for 20 min, analyzing it for acetic
acid, and comparing its acetic content with that of the
original hydrolysate. The acetyl group content of the
residue was determined by hydrolyzing a portion of
the residue at 200°C for 40 min in 0.04M sulfuric acid
and then analyzing the resultant hydrolysate for acetic
acid. Ash analyses were done on unreacted wood sam-
ples and on a composite sample of hydrolyzed wood.
The ash samples obtained were analyzed for calcium,
magnesium, and manganese by atomic absorption.

RESULTS

From chemical analysis of paper birch samples the
maximum yield of xylose/100 g dry wood was found
to be 24.7 g while that of acetic acid was found to be
6.9 g. These yields correspond to maximum concen-
trations in undiluted hydrolysate of about 6.0 and 1.5%
for xylose and acetic acid, respectively, for a 4:1
tiquid-to-solid ratio.

Hydrolysis data from the experiments at 150°C in
0.090M sulfuric acid have been presented in Figure 1.
Residual amounts of both xylan and acetyl, each ex-
pressed as a percent of the amount present in the
original sample, are shown as a function of reaction
time. Values for both components were obtained by
chemical analysis of the residue.

Figure 2 presents the xylan dissolution data for the
experiments done with 0.090M sulfuric acid at tem-
peratures of 100, 130, 150, and 170°C. Figure 3 presents
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Figure 2. Experimental and predicted xylan conversion rates in
0.090M sulfuric acid (C4 = 0.082M) for a 41 liquid-to-solid ratio
at various temperatures: (+) 100°C, (*) 130°C, (!) 150°C, (x) 170°C;
—, model prediction [eq. (6)].
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Figure 3. Experimental and predicted xylan conversion rates at

130°C with a 4: | liquid-to-solid ratio of various sulfuric acid con-
centrations: (1) 0.040M (Cy = 0.032M), (*) 0.090M (C, = 0.082M).
(+) 0.18M (Cy = 0.17M); —, model prediction [eq. (6)].

the xylan residue data for the 130°C experiments at
sulfuric acid concentrations of 0.040,0.090, and 0.18M.
These conversion data have been plotted against a
logarithmic time scale to allow convenient comparison
of the times required for hydrolysis under various
conditions.

The cellulose and lignin contents of the original wood
were found to be 40.5 and 19.0%, respectively, on an
oven-dry basis. During hydrolysis approximately 95%
of the cellulose present in the wood remained intact
for up to 85% xylan removal. For virtually complete
xylan removal 85% of the cellulose remained. No lignin
analyses were performed on the hydrolyzed wood
samples.

Figures 4 and 5 indicate the relative rate of acetyl
release from hemicellulose as plots of the fraction of
acetyl removed from the residue versus the amount
of xylan removed, expressed as percentages of original
amounts. Figure 4 shows the data obtained with 0.090M
sulfuric acid at various temperatures. Figure 5 shows
the results at 130°C with three different acid concen-
trations. For moderate degrees of hydrolysis, i.e., when
more than 50% of the original acetyl remained intact,
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Figure 4. Hydrolytic removal of acetyl groups from paper birch
relative to that of xylan in 0.090M sulfuric acid (C, = 0.082M) for
a 4:1 liquid-to-solid ratio at various temperatures: (+) 100°C. (*)
130°C. (1) 150°C, (x) 170°C; -, equal rate of acetyl group and
xylan removal.
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Figure 5. Hydrolytic removal of acetyl groups from paper birch
relative to that of xylan at 130°C for a 4:1 liquid-to-solid ratio at
various sulfuric acid concentrations: (') 0.040M (C, = 0.032M).
(*) 0.090M (C, = 0.082M), (+) 0.18M (C. = 0.17M), -, equal
rate of acetyl group and xylan removal.

as much as one-half of the acetyl present in the hy-
drolysate was bound to solubilized xylan.

Table | presents the results of the ash analysis as
concentrations of calcium, magnesium, and manganese
in the dry unreacted birch and in the dry hydrolysis
residue.

DISCUSSION OF RESULTS

The removal of paper birch xylan as a function of
time follows the general trend discussed earlier. As
shown in Figure 1, the first 70% or so of the xylan is
removed according to apparent first-order Kinetics,
whereas the remaining xylan is removed at a much
slower rate that can also be modeled according to a
first-order law. As indicated in Figures 2 and 3, in-
creased temperature and acid concentration both cause
an increase in the rate of xylan dissolution.

The xylan hydrolysis data were found to be repro-
ducible within a 5% relative error, except at very low
residual xylan levels, while acetyl hydrolysis data typ-
ically varied 5-15%between replicates. An acetyl mass
balance was performed for each experiment from the
analyses of free soluble and bound soluble acetyl in
the hydrolysate and of the acetyl content of the hy-
drolyzed residue. Good closure was obtained on the

Table I. Cation analysis of unreacted and hydrolyzed white birch
samples.

Concentration in Concentration= in
unreacted hydrolyzed
air-dried oven-dried

Cation wood (ppm) wood (ppm)
Ca*? 550 35
Mg*? 60 <10
Mn*? 45 1.2

a In neutralization calculations the residue weight was assumed
to be 70% of the unreacted wood weight.

total amount of acetyl present, corresponding to 6.9
+ 0.5 mg acetic acid obtained from 100 mg dry wood,
indicating consistency in separation and analysis
procedures.

Hydrolysate sugar analyses indicated that the yield
of monomeric xylose is highly dependent on the extent
of xylan hydrolysis. For low extents of xylan removal
(<40%) a significant portion of the solubilized xylan
was present as oligomers, whereas for intermediate
extents of removal, nearly quantitative yields of mon-
omeric xylose were obtained. Reaction conditions that
provided extensive xylan removal also resulted in
somewhat reduced yield due to xylose degradation.

The degree of cellulose degradation was found to
depend only on the fraction of original xylan removed
and not on the conditions of hydrolysis, which is in
agreement with earlier findings of Hams et al® on
dilute acid hydrolysis. The results obtained are also
comparable to those obtained by Karlivant for hy-
drolysis in 90% sulfuric acid, although he suggests that
much greater cellulose degradation would be expected
with dilute acid hydrolysis.

Modeling of the xylan hydrolysis data was attempted
with the two different kinetics expressions presented
above, each of which is based on the existence of two
types of xylan that differ in their susceptibility to hy-
drolysis. One model, that of Beck and Wange [presented
here as eq. (4)], includes a second-order dependence
on the residue xylan concentration for which there
appears no obvious theoretical basis. This model does
not fit the experimental data well. The other model,
that of Veeraraghavan et al.° and of Conner® [given
ineg. (1)], provides a much better fit to the experimental
data. This model is based on the presence of two types
of xylan that hydrolyze via parallel first-order reactions.
A nonlinear regression routine was used to determine
the best values of z, k;, and k;, in the integrated form
of equation (1),

X = zexp(—kit) + (1 — 2)exp(— k1) 5)

to fit the xylan dissolution data for each set of reaction
conditions.

As shown in Table 11, the value obtained for z, the
fraction of xylan identified as the fast-reacting form,
is virtually independent of reaction conditions. The
average value of z, 0.684, was substituted into the
model, and best-fit values for k; and k. were redeter-
mined, resulting in only minor changes in the model’s
effectiveness. These values of k;and k, (presented in
Table 11) were then used to determine the temperature
and acid concentration dependencies of the rate
constants.

Best-fit k; and k, values obtained for reactions in
0.090M sulfuric acid at four different temperatures
were used to calculate preexponential factors and acti-
vation energiesforthe fast-and slowly-reactingportions
by assuming an Arrhenius temperature dependence,

The activation energies were determined to be 30,620
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Table 1. Rate constants for hydrolysis of xylan in white birch.
Best-fit Rate constants
Corrected values for Experimental calculated from
sulfuric weight best-fit rate global rate
acid fraction of constants® (min-) expression (min-)
Temperature  concentration=  fast-reacting
4] (M) xylan, z ki ks kileq. (NI ki [eq. (8)]
100 0.082 0.701 335 x 1077 1.14 x 107* 3.45 % 107 1.17 x 10°*
130 0.032 0.647 3.2 x 1072 2,09 x 1077 2.78 x 107* 192 x 107?
130 0.082 0.638 6.99 x 1072 4.44 x 107 7.21 x 10°* 5.00 x 10°?
130 0.17 0.595 1.51 x 107" 1.20 x 1072 1.50 x 107" 1.04 x 1072
150 0.082 0.724 4,27 x 107" 418 x 107 431 x 107" 4,55 x 107?
170 0.082 0.703 2.10 x 10° 334 x 107! 2.19 x 10° 3.39 x 10°¢

* Acid concentrations were corrected for incomplete sulfuric acid dissociation and for neutralization

by ash.

® An average value for z, the weight fractions of fast-reacting xylan, of 0.684was used in determining

these rate constants.

+ 120 cal/mol and 37,400 + 750 cal/mol for the fast-
and slowly-reacting portions, respectively. These values
are much higher than those cited earlier from the work
of Beck and Wang with cotton gin residues. A com-
parison of the activation energies obtained for the
slow-reacting hemicellulose portion is particularly in-
teresting, since the low value (5600 cal/mol) obtained
by Beck and Wang suggests that diffusional effects
are responsible for the reduced hydrolysis rate. The
higher value obtained for E, in this study indicates
that the slower hydrolysis rate may not be due to
diffusional limitations. Diffusional control ofthe reaction
rate also seems unlikely according to geometric con-
siderations. For the 0.2-0.3-mm slices of wood used,
the dimensionless time parameter, Dt/y?, for the dif-
fusion of xylose or water is of order 10 after about 1
min of reaction, indicating that significant gradients
within the wood pores would not be expected after
this time.

The acid dependence of the xylan hydrolysis rate
was determined according to equation (2) and (3), in
which the hydrogen ion concentration was calculated
from the neutralizing ability of the wood and the degree
of dissociation of sulfuric acid at elevated temperatures.
Within the temperature and pH ranges of this study,
more than 97% of the sulfate present is in the form
of bisulfates; it was therefore assumed that only 1
mol of hydrogen ions was obtained from each mol of
sulfuric acid. The neutralizing ability of the wood was
calculated from the difference in cation content of the
original and hydrolyzed wood, as listed in Table I.
One mol of hydrogen ions (and sulfuric acid) was
assumed to be neutralized for each equivalent weight
of cations dissolved during hydrolysis. The calculated
neutralizing ability of the wood, about 3.5 mg sulfuric
acid/g dry wood, is considerably lower than the value
of 8-9 mg sulfuric acid/g dry wood determined for
red oak by Veeraraghavan et al.°

Neutralization of the acid was assumed to occur
immediately upon contact with the wood. That is, the
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acid concentration during hydrolysis was assumed to
be constant at its neutralization-adjusted value. As a
result of the dissociation and neutralization consid-
erations, nominal sulfuric acid concentrations of 0.040,
0.090, and 0.18M correspond to actual hydrogen ion
concentrations of 0.032, 0.082, and 0.17M in the ex-
periments. Based on these adjusted concentrations,
the acid dependence of the rate constants obtained at
130°C vyields the values 0f0.93 £ 0.05 for m and 1.02
+ 0.16 for n in equation (2) and (3). The rates of
hydrolysis for both xylan portions are both essentially
first order with respect to hydrogen ion concentration,
which is in agreement with proposed homogeneous
hydrolysis mechanisms.

Combination of equations (1), (2), and (3) with the
experimentally determined parameters yields a global
rate model for hydrolysis of birch xylan. The integrated
form for isothermal batch hydolysis becomes

X = 0.684 exp(—k;1) + (1 — 0.684)exp(—k,1) (6)
where
ke = 2.267 x 10" (min~"/mol L") )
8 exp(fso,zslg ;al/mol) C.
and
k, = 1.163 x 10" (min~'/mol L") ®)

X exp(

and T is in kelvins, t is in minutes, and C, is the
hydrogen ion concentration in mols per liter corrected
for ash neutralization and incomplete sulfuric acid dis-
sociation. A comparison of the rate constants predicted
by this global model to those that best fit the exper-
imental data is given in Table 1I. The fit of the model
to the experimental data is shown in Figure 2 for
reactions at various temperatures in 0.090M sulfuric

—37,400 cal/mol c
RT H
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acid and in Figure 3 for reactions at 130°C in different
acid solutions; the curves drawn in these figures are
computed from equation (6). The model approximates
the experimental results quite well, with a typical rel-
ative error of less than 10% in xylan conversion under
all reaction conditions. This model may be combined
with an existing model for acid-catalyzed xylose
degradation” to predict the hydrolysate xylose con-
centration as a function of time.

Modeling ofthe temperature dependence ofthe xylan
hydrolysis rate was considerably more successful than
modeling of the acid dependence, as can be seen by
comparingthe agreement in Figure 2 withthatin Figure
3. Difficultiesinmodelingtheaciddependenceprobably
arise from uncertainties in describing the neutralizing
behavior of the wood.

Because of the greater scatter in the acetyl group
hydrolysis data, separate modeling ofthe deacetylation
kinetics proved to be impractical. However, important
conclusions on the rate ofacetyl removal can be made
by comparing the rate of acetyl removal with that of
xylan. As illustrated in Figures 4 and 5, the acetyl
removal rate is comparable to the xylan removal rate
under the reaction conditions studied, although the
relative hydrolysisrateisseentohave sometemperature
dependence. Data obtained in 0.090M sulfuric acid at
100 and 130°C, shown in Figure 4, indicate that de-
acetylation at lower temperatures occurs ata somewhat
fasterrate than xylan removal, whereas the two removal
rates are nearly equal at the higher temperatures of
150and 170°C. These results suggest that at low tem-
peratures acetyl groups are removed from the wood
at a significant rate by two pathways: by direct hy-
drolysis of acetyl groups substituted on the solid xylan
backbone and by hydrolytic dissolution of small frag-
ments ofthe xylan chain thatare still acetyl substituted.
Acetyl removal by xylan hydrolysis has been sub-
stantiated by the detection ofacetyl-substituted xylose
in the hydrolysate. Since at higher temperatures (150
and 170°C) the deacetylation rate is nearly equal to
the xylan hydrolysis rate, it appears that the rate of
acetyl removal by direct hydrolysis is negligible com-
pared to that occurring by xylan removal. This suggests
that the temperature dependence ofthe xylan hydrolysis
rate is greater than that of the direct deacetylation
rate in solid wood.

The effect of acid concentration on the relative rate
ofdirect deacetylation is less clear. As shown in Figure
5, nodistincttrend in relative removal rates is observed
with varying acid concentration at 130°C.

CONCLUSIONS

An empirical rate model for birch hydrolysis has
been developed in terms of first-order homogeneous
hydrolysisoftwoxylanfractions. The modelisadequate
for the range of temperatures and acid concentrations
studied, predictingexperimental conversiondatawithin

a 10% rrelative error. When combined with arate model
for xylose degradation,” a rate model of this type is
useful for process calculations, providing a conversion
rate function for reactor design. Such an application
has been demonstrated by Maloney et al.t in the mod-
eling of a percolation reactor for paper birch hemi-
cellulose hydrolysis.

Significant difference between the rate of acetyl re-
moval and that of xylan was seen only at low tem-
peratures (100 and 130°C) where some preferential
removal of acetyl takes place. No effect of acid con-
centration on the relative removal rate was observed
at 130°C. According to these results, a process that
would selectively remove acetyl from wood by means
ofdilute acid catalysis while leaving the xylan backbone
primarily intact does not seem to be feasible. At tem-
peratures below 130°C, the only reaction conditions
found to result in selective acetyl removal, reaction
times of several hours would be required to obtain
significant acetic acid production.
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NOMENCLATURE
C, sulfuric acid concentration (mol/L)
Cy corrected hydrogen ion concentration (mol/L)
D mass diffusivity of xylose (cm?/s)
E,, E, activation energies for rate constants k; and k,
(cal/mol)
ke k. first-order rate constants for hydrolysis of fast- and

slow-reacting xylan portions (min-)

frequency factors for rate constants k; and k;

(min/mol/L)

m, n order of hydrogen ion concentration dependence for
rate constants k; and k,

kﬂ) ’ kso

P pentosan concentration (weight fraction in solid)

R universal gas constant (= 1.987 cal/mol K)

Ry, Rp reaction rates for xylan, pentosan hydrolysis

t time (min)

T temperature (K)

X fraction of original xylan remaining

X,, X, fraction of original fast- and slowly-reacting xylan
remaining

y half-thickness of wood slice (cm)

F4 fraction of original xylan identified as the. fast-

reacting form
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