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Kinetic models were developed for the hydrolysis of O-acetyl-galactoglucomannan (GGM), a hemicellulose appearing in
coniferous trees. Homogeneous and heterogeneous acid catalysts hydrolyze GGM at about 90�C to the monomeric sug-
ars galactose, glucose, and mannose. In the presence of homogeneous catalysts, such as HCl, H2SO4, oxalic acid, and
trifluoroacetic acid, the hydrolysis process shows a regular kinetic behavior, while a prominent autocatalytic effect was
observed in the presence of heterogeneous cation-exchange catalysts, Amberlyst 15 and Smopex 101. The kinetic models
proposed were based on the reactivities of the nonhydrolyzed sugar units and the increase of the rate constant (for het-
erogeneous catalysts) as the reaction progresses and the degree of polymerization decreases. General kinetic models
were derived and special cases of them were considered in detail, by deriving analytical solutions for product distribu-
tions. The kinetic parameters, describing the autocatalytic effect were determined by nonlinear regression analysis. The
kinetic model described very well the overall kinetics, as well as the product distribution in the hydrolysis of water solu-
ble GGM by homogeneous and heterogeneous catalysts. The modelling principles developed in the work can be in
principle applied to hydrolysis of similar hemicelluloses as well as starch and cellulose. VC 2014 American Institute of

Chemical Engineers AIChE J, 60: 1066–1077, 2014
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Introduction

Hemicelluloses are valuable components in plant materials,
such as wood and reed. Typical hemicelluloses appearing in
the softwood and hardwood in the northern hemisphere are
arabinogalactan, galactoglucomannan, and glucuronoxylan.
Hemicelluloses can be obtained as side-products from the
Kraft pulping process, but, in chemical sense, better through
hot-water extraction of wood powder or wood chips. The
extracted fractions can be used as such as thickeners, as addi-
tives in paints, glues, and alimentary products. The sugar
monomers obtained from hemicelluloses have a large perspec-
tive of use, as such or as starting molecules for valuable chemi-
cals. For instance, xylose obtained from arabinoglucuronxylane
can be hydrogenated to xylitol, a valuable natural sweetener,
anticaries, and anti-inflammatory agent. Mannose is known to
suppress the symptoms of urinary track diseases. In general,
sugar monomers and their hydrogenation products have antica-
ries and anti-inflammatory effects.1

In the world-wide transformation to the use of renewable
raw materials, the monomeric sugars originating from hemi-
celluloses have a great potential in the preparation of plat-

form chemicals for the chemical industry. A typical example
is levulinic acid, which can be obtained from glucose
through catalytic conversion.

The crucially important step in the utilization of hemicellu-
loses is the hydrolysis of the macromolecule to sugar mono-
mers.2,3 The hydrolysis can be performed with homogeneous
or heterogeneous catalysts or with enzymes. The use of homo-
geneous catalysts is an option, as both organic and inorganic
acids are known to catalyze the hydrolysis reaction. By opti-
mizing the catalyst concentration and the reaction temperature,
high conversions and monomer concentrations can be
achieved, avoiding a further degradation of the monomers to
low-molecular products.1

The catalyst separation is always an issue in homogeneous
catalysis, as clean and efficient separation processes are still
pretty expensive, and neutralization of the acid catalyst fol-
lowed by precipitation is not a feasible technology, because
it produces salts as stoichiometric coproducts. Heterogeneous
catalysts could provide a very attractive alternative for the
hydrolysis process of oligosaccharides,4 hemicelluloses,5,6

and even celluloses7,8 provided that the reaction rate is high
enough and the catalyst is durable. With heterogeneous cata-
lysts, the catalyst separation problem is surmounted: larger
catalyst particles can be placed in a fixed bed and suspended
small particles used in slurry reactors can be separated by fil-
tration. Hydrolysis of hemicelluloses with enzymes can be
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also viewed as heterogeneous catalysis if enzymes are immo-
bilized on a solid matrix.2,9,10

In all cases, the experimental determination and mathemati-
cal modeling of the hemicellulose hydrolysis kinetics is of cru-
cial importance. In this work, we present kinetic models for
the hydrolysis of hemicelluloses in the presence of selected
homogeneous and heterogeneous catalysts. A rational
approach—instead of taking empirical pseudofirst-order models
or pseudocomponents, such as “hemicellulose,” “oligomer,” or
“monomer”—is to develop the kinetic concept on the concen-
trations of functional groups in the sugar units. In hemicellu-
lose hydrolysis, the “functional groups” are the glycosidic
bonds. The approach is similar to that applied to stagewise
polymerization (polyesterification) and substitution of cellulose
and starch.11 Models based on this principle are applied in this
article to the acid-catalyzed hydrolysis of galactoglucomannan,
which appears in relatively large amounts (20–25%) in conifer-
ous trees in the Northern hemisphere. The molecular structure
is displayed in Figure 1.

Kinetic Phenomena and Reaction Mechanisms in
the Presence of Homogeneous and
Heterogeneous Catalysts

In spite that the hydrolysis of cellulose and hemicellulose
has been studied quite a lot, as reviewed by M€aki-Arvela
et al.,1 quantitative investigations on the hemicellulose
hydrolysis kinetics are quite few, and they are often based
on a semiempirical approach, treating hemicellulose mixtures
as one molecule. However, it has been shown for xylan
hydrolysis, that xylan consists of rapid and slow-reacting
fractions.12,13 The portion of fast and slow fractions is deter-
mined by data fitting.2 Application of this concept can
explain the decrease of hydrolysis rate with conversion due
to accumulation of a slow reaction fraction. Reactivity of
hemicelluloses, comprising five-carbon sugars, was con-
nected with the chemical structure of the polymer, having
both internal and external xylooligosaccharide bonds.2 In
particular, it was demonstrated that in hydrolysis of xylooli-
gosaccharides ranging between the dioligosaccharides and
pentaoligosaccharides in dilute sulfuric acid one of the termi-
nal bonds reacts 1.8 times faster than an internal bond.14

Such difference in reactivity can explain increase of hydrolysis
rate with decrease of degree of polymerization and subsequent
increase in the number of terminal bonds. In most cases,
pseudofirst-order kinetics with respect to the hemicellulose
molecule is proposed.15–17 The reaction order with respect to
the acid concentration is generally proposed to be close to one.
Some of the models take into account the formation of
oligomers16,18 with even different chain length,19,20 whereas
many models assume fast reactions of oligomers to monomers2

thus omitting oligomers from kinetic considerations.21

In a recent study, Xu et al.22 related the hydrolysis kinetics
of O-acetyl-galactoglucomannan (GGM) to the change of
molar mass. Kusema et al.23 described the hydrolysis of arabi-

nogalactan with the aid of unreacted arabinose and galactose
groups in the polymer chain. The reaction was of first order
with respect to the concentration of the glycosidic bond and
the acid catalyst and the oligomers were neglected in the
kinetic modelling, because their amounts were small.

Due to relatively low temperature applied by Kusema
et al.,23 formation of such products as furfural and formic
acid was not observed. Otherwise, concentration of arabinose
will reach a maximum and then decrease. Contrary to pento-
ses, hexose monosaccharides, particularly glucose, are more
resistant to chemical dehydration and the formation of alde-
hydes. In a recent publication,24 the hydrolysis kinetics of
GGM in the presence of several homogeneous catalysts
(HCl, H2SO4, oxalic acid, trifluoroacetic acid, formic acid)
and two heterogeneous catalysts (Amberlyst -15 and Smopex
-101 with the acid capacity of 4.7 and 3.6 meq/g, respec-
tively) was reported. The homogeneous catalysts represented
both inorganic mineral acids and organic carboxylic acids,
while the function of the heterogeneous catalysts was based
on sulfonic acid groups fixed at a polymer matrix. The
kinetic study revealed that organic and inorganic homogene-
ous acid catalysts behaved in a very similar manner, inde-
pendent of the detailed chemical structure of the acid. No
degradation products of the sugars, which are 5-
hydroxymethylfurfural (HMF) from the hexoses, as well as
further smaller degradation products were observed,24 while
they may in principle be formed during hydrolysis, if the
reaction conditions become too severe due to high acid con-
centrations and high temperatures.

The kinetics of hemicelluloses hydrolysis, mainly compris-

ing C5 sugars was based on schemes which include forma-

tion of decomposition products, in particular furfural.12,25

Under mild conditions (e.g., low temperature and dilute min-

eral acid as a catalyst), xylose degradation is negligible.25 In

case of GGM under harsh conditions, formation of degrada-

tion products such as HMF and levulinic acid can be

expected. In fact, it was reported that in case of hydrolytic

hydrogenation of cellulose and hemicelluloses, which is con-

ducted at about 170–200�C, such side products as HMF and

furfural can be formed in substantial quantities.26–29 This can

further lead to coproduction of polymeric humans, which are

formed during acid catalyzed conversion of hexoses with

HMF30 or through transformations of HMF first to 2,5-

dioxo-6-hydrohexanal.27 A recent kinetic model31 for the

hydrolysis of xylooligosaccharides to xylose by dicarboxylic

acids in the temperature range 140–180�C included besides

formation of xylose also generation of furfural and humins. It

is worth noting that some diacids, such as maleic acid, could

be different from mineral acids mimicking the selectivity of

enzymes,31 being both a proton donor and a proton acceptor.

Maleic acid can even hydrolyze microcrystalline cellulose

while preserving more of the monosaccharide as a sugar than

sulfuric acid at equivalent conditions. Certain types of diac-

ids31 have thus an unusual property of preventing certain

types of monosaccharides from being degraded to aldehydes.
No side products were formed in our experiments24 as the

reaction conditions were rather mild. The mass balance of
the total organic carbon in the liquid-phase products was
complete. Therefore, the formation of degradation products
was not included in kinetic modeling.

The governing factor of the homogeneous acid catalysis
turned out to be the acidity (pH) of the solution. It was
proved that the rate of the homogeneous acid catalysis is

Figure 1. Molecular structure of O-acetyl-galactoglu-
comannan.
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directly proportional to the concentrations of the hydroxo-
nium ions (H3O1) being present in the solution. An analysis
of the hydrolysis mixture by gel permeation chromatography
(determination of the molecular mass distribution) revealed
that the scission of the polymer chain is rather random and
after a short induction period, the reaction rates decline with
increasing reaction time and conversion.24 The shapes of the
kinetic curves suggest that the hydrolysis rate can be mod-
eled with the aid of the concentrations of unreacted sugar
units (galactose, glucose, mannose) in the reaction mixture.
Acetyl groups in the hemicellulose are released in form of
acetic acid during the hydrolysis, but their role is negligible,
because acetic acid is a weak acid compared to the acid cat-
alysts used in hydrolysis. The experimental evidence tells
that the pH should be less than 1.5 to get hydrolysis rates of
practical relevance under the experimental conditions dis-
cussed in the article. From the common organic acids, only
oxalic acid (pKa 5 1.23), dichloroacetic acid (pKa 5 1.29),
difluoroacetic acid (pKa 5 1.24), trichloroacetic acid (pKa

5 0.08), and trifluoroacetic acid (pKa 5 0.26) are strong
enough to catalyze the hydrolysis within realistic reaction
times. Even formic acid (pKa 53.77) is too weak to be used
for hemicellulose hydrolysis in aqueous solutions under
moderate temperatures used in our experiments. At elevated
temperatures, significant hydrolysis of a hemicellolose from
hard wood, that is, xylooligosaccharides, has been achieved
in the presence of diacids with pKa larger than 1.5.31

The mechanism of acid hydrolysis of b-glycosidic bonds
in hemicelluloses is rather well-known. The main features of
the mechanism are sketched in Figure 2. The acid dissocia-
tion step and the attachment of the hydroxonium ion to the
glycosidic bond are rapid steps, while the CAO bond cleav-
age is the rate-limiting step, followed by rapid water addi-
tion. The degradation products, which could be prominent
under more severe conditions, are not included in the figure,
as they did not appear in our experiments. In our experi-
ments, the feedstock, that is the purified hemicellulose was
completely dissolved because of low concentrations.

The hydrolysis kinetics of GGM observed in the presence
of heterogeneous and homogeneous catalysts was superfi-
cially very different. The initial reaction rate was much
slower in the presence of the heterogeneous catalysts, but as
the conversion increased and degree of polymerization
decreased with time, the reaction was accelerated and an
interesting autocatalytic behavior became visible: the kinetic
curves took a parabolic form. A conventional interpretation
of the kinetic curves could be based on the hypothesis of
internal mass-transfer resistance in the pores of the heteroge-

neous catalyst. However, the heterogeneous catalyst with a
substantial internal porosity (Amberlyst 15, styrene divinyl-
benzene sulphonated ion-exchange resin made of crosslinked
spheres agglomerated together in a macroreticular-type struc-
ture with very large and very small pores) and the essentially
nonporous catalyst (Smopex101, styrene sulfonic acid grafted
polyolefin fiber) exhibited very similar autocatalytic behav-
iors. The initial molecular diffusion coefficient of GGM (DP
� 200) in an aqueous solution at 20�C is of the magnitude
D 5 3 3 10211 m2/s according to Wilke–Chang equation.32

The effective diffusion coefficient (De 5 (e/s)D) is much
less, even according to an optimistic criterion only about
25% of the value of the molecular diffusion coefficient in
aqueous environment. It should be noted that for the fiber
catalyst (Smopex 101 of mean particle diameter 0.01 mm
and the average length of 4 mm33), as well as for Amberlyst
15 with macropores controlled by degree of cross-linking no
real pores exist to be penetrated. Thus, utilization of a classi-
cal approach to elucidate the influence of internal mass
transfer by calculating molecular diffusion coefficients and
evaluating effective diffusion coefficients might be question-
able. In fact, such calculations based on the concept of cata-
lyst effectiveness factor requiring estimations of effective
diffusion coefficient give rather high values of effectiveness
factor and minor influence of internal diffusion. On the other
hand, higher-molecular-weight oligosaccharides would likely
not easily penetrate the heterogeneous catalysts and configu-
rational diffusion, similar to diffusion in zeolites, cannot be
ruled out.

The reaction mechanism in the presence of heterogeneous
catalysts could be sketched as follows. The hemicellulose
molecule in the aqueous phase is far from linear, but it is
branched and rolled to an almost spherical form at high
molar masses (i.e., in the beginning of the reaction). Thus,
the hydrolysis rate is determined by random collisions of the
hemicellulose molecule with the acid sites at the outer sur-
face of the heterogeneous catalyst. As the reaction pro-
gresses, the hemicellulose chain length decreases and the
molecular structure becomes more open for encounters with
sulfonic acid groups at the surface of the heterogeneous cata-
lyst. In this way, the hemicellulose reactivity, the hydrolysis
rate constants increase as the reaction proceeds and an auto-
catalytic effect appears in the kinetic curves. A scheme of
the GGM hydrolysis process in the presence of a heterogene-
ous catalyst is displayed in Figure 3. Due to mild conditions
(90�C) and negligible amounts of low-molecular degradation
products when a hexose-based hemicellulose (GGM) is
hydrolyzed, these compounds were not included in the

Figure 2. Homogeneous hydrolysis mechanism (R05 CH2OH).
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model. Note that when the hydrolysis products are hexoses
they show significantly lower degradation and formation of
aldehydes than pentoses, which would be derived from xylan
or arabinoxylan. Mechanisms of glucose degradation, which
might be operative at more severe conditions, were reported
in the literature.34

Experimental Methods and Procedures

GGM was isolated from thermomechanical pulp of Nor-
way spruce (Picea abies) following a procedure reported pre-
viously.35 The water extract was purified with filtration and
ultrafiltration. Ethanol:water in a ratio of 4:1 was added to
concentrated GGM solution to precipitate GGM, followed by
drying. The GGM was further purified by redissolving it in
water and performing dialysis. The average molar mass of
GGM extracted from TMP process waters is around 20 kDa
and the ratio of Gal:Glc:Man was equal to 0.5:1:4.22 Weight-
average and number-average molar mass (Mw and Mn) and
molar mass distribution were determined by high-pressure
size exclusion chromatography in online combination with a
multiangle laser light scattering instrument and a refractive
index detector. More details are given in the original
article.22

The following homogeneous and heterogeneous catalysts
were used: HCl, H2SO4, CF3COOH, (COOH)2, Amberlyst
15, and Smopex 101. Amberlyst 15 is an ion-exchange resin
with particle diameters of 0.45–0.60 mm, whereas Smopex
101 is a fibrous resin catalyst, with the fiber diameter of
10 mm. The Amberlyst and Smopex catalysts had the acid
capacities of 4.7 and 3.6 meq/g, respectively. The average
pore size of Amberlyst 15 is 40–90 nm, while Smopex 101
is a nonporous catalyst made from polyethylene-grafted
polystyrene. Sulfonic acid groups are the active sites of both
catalysts. The acid loading of the homogeneous catalyst was
varied to the corresponding pH values of 0.5, 1.0, and 1.5,
whereas for the heterogeneous catalysts it was pH value 1.0,
based on the concentration of the active sulfonic acid
sites (cH).

The kinetic experiments of GGM hydrolysis were carried
out in a laboratory-scale jacketed glass reactor heated by sili-
con oil and equipped with an impeller stirrer. The liquid vol-
ume of the reactor was 100 mL. The reaction temperature

was kept at 90�C and the initial concentration of GGM was
5g/l. Because the mass concentration of GGM was 5 g/L and
about 111 glycosidic linkages are present in a polymer of 20
kDa, the concentration of the glycosidic bonds was more
than three orders of magnitude lower than the water concen-
tration (55.5 mol/L) and thus the concentration of water
could in practice be assumed constant. The acid loading of
the homogeneous catalyst was varied to the corresponding
pH values of 0.5, 1.0, and 1.5, whereas for the heterogene-
ous catalysts it was pH value 1.0, based on the concentration
of the active sulfonic acid sites (cH).

In case of homogeneous catalysis, the liquid phase was
preheated to the desired reaction temperature in few minutes,
and the catalyst was added. The stirring impeller (800 rpm)
was switched on. In case of heterogeneous catalysis, preheat-
ing of the substrate to about 50�C was done outside of the
reactor under continuous agitation with a magnetic stirrer.
The catalyst was placed in the reactor and heated up to about
70�C. Thereafter, the preheated substrate was introduced in
the reactor and the temperature was then raised to the
desired temperature under stirring which took few minuites.
The temperature of the reaction mixture was kept thereafter
constant (with the precision of 0.5�C).

Samples were withdrawn during the experiments and ana-
lyzed with gas chromatography. In this way, very precise
kinetic curves were recorded. The details of the experimental
procedure are described in the previous publication of our
group.24

The pH of the filtrate was measured in several experi-
ments with Smopex catalyst. It had the value of about 2.5.
In fact, the pH was very stable after already 300 min, even
if the autocatalytic behavior started to be pronounced much
later. Therefore, the catalyst activity is attributed not to the
liquid acid catalysis in case of solid acid catalysts even if
leaching of sulfonic groups cannot be completely ruled out.

Kinetic Model for Homogeneous Catalysts

Mechanism and rate equation

The mechanism of the hydrolysis of starch, cellulose, and
hemicelluloses in the presence of homogeneous catalysts is
pretty well-known. Based on the mechanism sketched in Fig-
ure 2, the reaction steps of the hydrolysis can be written as

Figure 3. Heterogeneously catalyzed hydrolysis mechanism (R05 CH2OH).
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HX 1 H 2O 5 H 3OX Ið Þ

H3OX 1 G 05 H 2O 1HG 0X IIð Þ

HG0X 1 H 2O ! P 1 Q 1 HX IIIð Þ
G01 H 2O ! P 1 Q

where HX is the acid catalyst, G0 is the glycosidic bond in
mannose, galactose, or glucose, HG0X is an intermediate
complex, and P and Q denote the product molecules. Steps I
and II are rapid equilibria, while step III, involving the CAO
bond cleavage is slower. Step III proceeds through a carbe-
nium ion intermediate. The quasiequilibrium hypothesis is
applied to Steps I and II, giving the concentration of
HG0X, cHG0X 5 K1K2cHXcG0. The rate of Step III is r 5

k3cHG0XcW 5 k3K1K2cHXcWcG0. The constants can be
merged to k 5 k3K1K2 giving r 5 kcHXcWcG0.

Kinetics in batch reactor

Based on the reasoning above, the formation rate of
hydrolyzed mannose units in a constant-volume isothermal
batch reactor can be expressed as

dcM=dt5kMcHcWcM0 (1)

where cH, cW, and cM0 denote the concentrations of the cata-
lyst, water, and unhydrolyzed mannose units, respectively.
The total concentration of mannose units remains constants,
provided that now further degradation to low-molecular
products takes place

c0M 5cM01cM (2)

from which the concentration of unsubstituted mannose units
is solved and inserted in Eq. 1

dcM=dt5kMcHcWðc0M2cMÞ (3)

Analogously, we can derive the balance equations for the
formation of hydrolyzed galactose and glucose units

dcGA =dt5kGA cHcWðc0GA 2cGA Þ (4)

dcG=dt5kGcHcWðc0G2cGÞ (5)

The further treatment of Eqs. 3–5 depends on the initial
concentration level of the hemicellulose. For high concentra-
tions of the hemicellulose, the water consumption has to be
taken into account. The reaction stoichiometry gives for a
batch reactor the following condition

dcW=dt52ðdcG=dt1dcGA =dt1dcM=dtÞ (6)

Integration of Eq. 6 givesðcW

c0W

dcW52

ðcG

0

dcG1

ðcGA

0

dcGA 1

ðcM

0

dcM

� �
(7)

resulting in the stoichiometric relationship

cW5c0W2ðcG1cGA 1cMÞ (8)

In case of dilute solutions of hemicelluloses, c0W >>
cG 1 cGA 1 cM and cw � c0W during the reaction.

The relative product distribution can be calculated from
Eqs. 3–5. Division of Eq. 3 by Eq. 4 gives

dcM=dcGA 5ðkM=kGA Þ
c0M2cM

c0G 2cG

(9)

which implies that the relative product distribution is inde-
pendent of the catalyst and water concentrations in all cases.
Equation 9 can be solved by separation of the variables and
integration ð

dcM

c0M2cM

5ðkM=kGA Þ
ð

dcGA

c0GA 2cGA

(10)

Integration with the limits [0,cM] and [0,cGA] gives

ln ð12cM=c0M Þ5ðkM=kGA Þ lnð12cGA =c0GA Þ (11)

Furthermore, it is recalled that the initial concentration of
unhydrolyzed units (c0GA, c0M) are equal to the asymptotic
concentrations of the monomers (c1GA, c1M at t ! 1),
provided that complete hydrolysis is achieved and no side
reactions take place.

Analogously, it can be derived for glucose and galactose

lnð12cG=c0GÞ5ðkG=kGA Þln ð12cGA =c0GA Þ (12)

The model can be tested by preparing the double logarith-
mic plots ln(1 2 ci/c0i) vs. ln(1 2 cGA/c0GA) (i 5 M or i 5 G).
If the model is valid, the plots provide straight lines with the
slopes ki/kGA. According to Eqs. 11 and 12, the concentra-
tions of substituted units are related by

ci=c0i512ð12cGA =c0GA Þki=kGA (13)

where i 5 G or i 5 M.
Depending on the relative reactivities (ki/kGA), the curves

representing Eq. 13 are either convex or concave; for the
case that ki/kGA 5 1, a straight line with the slope equal to 1
is obtained.

For the general case, when the water consumption is taken
into account, the coupled differential equation system

dci=dt5kicH c0W2
X

cj

� �
ðc0i2ciÞ (14)

is solved numerically for each group (i 5 G, GA, M and
j 5 G,GA,M) to obtain the concentrations of the hydroxyl
groups.

In case of diluted solutions, c0W >> Rcj, and pseudofirst-
order decoupled differential equations are obtained. They are
easily solved analytically by separation of variables and
inserting the limits [0,t] and [0,ci]. The result becomes

2lnð12ci=c0MÞ5kicHc0W t (15)

that is

ci=c0i512exp ð2k00itÞ (16)

where k00i 5 kicHc0w. The model can be checked with a test
plot of Eq. 15.

For pseudofirst-order kinetics, an overall rate constant (k0)
for the hydrolysis processes can be derived by adding the
balance equations (i 5 G,GA,M)

2
X

lnð12ci=c0iÞ5
X

ki

� �
cHc0W t (17)

which implies that the overall rate constant k05 Rki can be
determined by plotting the left-hand side vs. the reaction
time. From the slope (x) of the plot, the overall rate constant
is obtained as follows

k05
X

ki5
x

cHc0W

(18)
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The plots of the relative concentrations give the slopes
a1 5 kG/kGA and a2 5 kM/kGA (Eqs. 11 and 12) and we get

kGA 5
k0

11a11a2

(19)

kG5a1kGA kM5a2kGA (20)

This implies that the rate constants can be preliminary
estimated from simple plots.

Modeling of Autocatalytic Kinetics over
Heterogeneous Catalysts

Autocatalysis and degree of polymerization

The general reaction mechanism over heterogeneous acid
catalysts is similar to that presented for homogeneous acid
catalysts, but the proton comes from the sulfonic acid group
of the heterogeneous acid catalyst. Thus, the same mecha-
nism and rate equations, which were derived above for
homogeneous catalysis can be used here, but the autocata-
lytic effect should be explained.

Provided that the autocatalytic effect observed in the pres-
ence of heterogeneous catalysts is caused by the change of
the hemicellulose conformation as the chain length dimin-
ishes, the increasing reaction velocity can be interpreted as an
increasing rate constant as the hydrolysis reaction proceeds.

Two variables are of particular importance in the descrip-
tion of hydrolysis kinetics, namely the overall conversion
(X) and the degree of polymerization (DP). In the present
case, the conversion can be described as follows

X5
n02n

n0

(21)

where n0 and n denote the number of glycosidic bonds in the
beginning of the reaction (t 5 0) and after some reaction
time (t> 0), respectively. The degree of polymerization is
DP0 in the beginning and decreases toward DP, as the
hydrolysis reaction progresses. DP0 and DP are related to
the number of glycosidic bonds by DP0 5 n0 1 1 and
DP 5 n 1 1. This implies that DP is related to X by

X5
DP02DP

DP021
(22)

In practice X 5 1 2 DP/DP0 since DP0 >> 1. In case of
autocatalysis, the rate constant increases as DP decreases
during the reaction. The simplest way to relate the increase
of the rate constant to the decrease of DP is to use an
explicit function based on an empirical differential equation.
A reasonable Ansatz is

dk=dDP52A0DPc0 (23)

which can be solved by separation of variables and integra-
tion with the limits [k0, k], [DP0, DP] and [k0, k1], [DP0, 1].
The result becomes

k2k05
A0

c011
ðDP0

c0112DPc011Þ (24)

k12k05
A0

c011
ðDP0

c01121Þ (25)

Combination of Eqs. 24 and 25 gives

k5k01ðk12k0Þ
DP0

c0112DPc011

DP0
c01121

� �
(26)

Recalling that DP0 >> 1, Eq. 26 can be rearranged to

k5k0ð11b0ð12ðDP=DP0Þa
0
Þ (27)

where a05 c01 1 and b05 (k12 k0)/k0. In practice, the rate
constant increases from k0 toward k0(1 1 b0) as the reaction
progresses. DP/DP0 � 1 2 X (Eq. 22), which implies that

k5k0ð11b0ð12ð12XÞa
0
Þ (28)

Equation 28 reveals that the autocatalytic effect can be
described by a simple two-parameter model, a0 and b0 being
the adjustable parameters, which can be determined from
experimental data by regression analysis.

Alternatively, the increase of the rate constant can be
related directly to the conversion (X) by an empirical differ-
ential equation

dk=dX5AXc (29)

where c is an empirical exponent. If c 5 1, a linear increase
of the rate constant is expected. The differential equation is
solved from zero conversion (X 5 0) to an arbitrary conver-
sion (X), the corresponding values of the rate constants
being k0 and k. The result becomes

k2k05
A

c11
Xc11 (30)

At complete conversion (X 5 1) we get from Eq. 30 the
limiting case

k12k05
A

c11
(31)

Combination of Eqs. 30 and 31 gives

k5k0ð11bXaÞ (32)

where a 5 c 1 1 and b 5 (k12 k0)/k0. The principal behavior
of the rate constant for different values of a and a0 is illus-
trated by Figure 4. For the special case that a 5 a05 1, the
curves predicted by Eqs. 28 and 32 coincide. The values
a 5 0.5 and a05 2 correspond to the case that the rate con-
stant increases rapidly in the beginning of the reaction, while
a 5 2 and a05 0.5 imply that the rate constant increases at
high conversions.

If we presume that the rate constants for all of the hydro-
lysis processes change in a similar manner as a function of
the overall conversion, Eq. 32 is rewritten to

kj5k0jð11bXaÞ (33)

which de facto implies that b 5 (k1j 2 k0j)/k0j is constant for
all of the sugar units. If the minor amounts of oligomers
formed during the initial stage of the reaction are neglected,
the total conversion (X) can be calculated from the monomer
products

X5
cGA 1cG1cM

c0GA 1c0G1c0M

5

X
cjX
c0j

(34)
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Autocatalytic kinetics in batch reactor

The general balance equation for a substituted unit in an
isothermal, constant-volume batch reactor, in the presence of
a heterogeneous catalyst can be written as

dci=dt5kicHcWci0qB (35)

where qB is the catalyst bulk density (qB 5 mcat/VL). The fol-
lowing stoichiometric relations are inserted in Eq. 35

cW5c0W2
X

cj (36)

ci05c0i2ci (37)

ki5k0i 11b

X
cjX
c0j

 !a !
(38)

The balance equation becomes now

dci=dt5k0i 11b

X
cjX
c0j

 !a !
cH c0W2

X
cj

� �
ðc0i2ciÞqB

(39)

The influence of the contributions is clearly visible from
Eq. 39: the concentrations of water and unhydrolyzed units
decrease with time, whereas the rate constant (ki, Eq. 38)
increases with increasing time (increasing conversion), reflect-
ing the autocatalytic effect. For dilute solutions of hemicellu-
loses, the water concentration is practically constant.

In general, the model Eq. 39 is solved numerically for gal-
actose, glucose, and mannose units and the parameters (k0G,
k0GA, k0M, a and b) are estimated by nonlinear regression
analysis.

However, a first test of the model can be accomplished by
considering the ratios of the balance equations. For instance,
when the balance equations of glucose and mannose are
divided by that of galactose, the result becomes

dcG=dcGA 5ðk0G=k0GA Þ
c0G 2cG

c0GA 2cGA

(40)

dcM=dcGA 5ðk0M=k0GA Þ
c0M2cM

c0GA 2cGA

(41)

A comparison of Eqs. 40 and 41 with the corresponding
Eq. 9 representing the homogeneous kinetics reveals that the
equations have exactly the same mathematical structure, but
ki/kGA is now replaced by k0i/k0GA. Thus, we can write the
final relationship analogously with Eq. 13

ci=c0i512ð12cGA =c0GA Þ2k0i =k0GA (42)

where i 5 G or i 5 M. A chemical interpretation can be
given as follows. The relative reactivities for a heterogene-
ous catalyst depends on the initial values of the rate con-
stants only, and the logarithmic plot

ln ð12ci=c0iÞ5ðk0i=k0GA Þln ð12cGA =c0GA Þ (43)

is independent of the concentration of the active sulfonic
acid sites (cH) on the catalyst surface, the water concentra-
tion, and the catalyst amount. The relative reactivity is deter-
mined by the initial ratio of the rate constants solely, but
this ratio might be temperature dependent, if the rate con-
stants have different activation energies. The test of the
theory presented above will be provided in the subsequent
section.

In the use of nonpurified feedstock, the catalyst might deac-
tivate, for example, through fouling. Catalyst fouling was not
included in the model, as the GGM used in the experimental
work was purified using filtration and ultrafiltration (see the
section Experimental Methods and Procedures).

Estimation of kinetic parameters

The same parameter estimation strategy was used both for
homogeneous and heterogeneous catalysts. First, the diagnos-
tic double logarithmic plots, such as Eq. 43 were prepared to
check the validity of the model; thereafter the kinetic param-
eters (k0i and b) were estimated by nonlinear regression
analysis.

In the estimation of the kinetic parameters, the residual
sum of squares (Q) was minimized

Q5
X

k

ciexp ;t2ci;t

� �2
(44)

where “exp” refers to the experimental data and ci (galactose,
glucose, mannose) the concentrations predicted by the model.
The initial concentrations were calculated backwards from the
final concentrations of the released sugar monomers.

The underlying differential equations were solved by a
backward difference method implemented in a stiff ordinary
differential equation-solver during the parameter estimation.
A Levenberg–Marquardt algorithm was used in the minimi-
zation of the objective function. The regression software
Modest36 was used in the computations. The results were
checked by standard statistical analysis as well as by the
degree of explanation (R2) defined by

R2512
Rðciexp ;t2ci;tÞ2

Rðciexp ;t2ciav;tÞ2
(45)

The degree of explanation compares the actual model with
the simplest possible model, that is description of the data
by average values of the concentrations.

Figure 4. The behavior of functions f 5 1 2 (1 2 X)a
0

and
f 5 Xa, Eqs. 28 and 32.

The curve numbers represent the values of a and a0: 1

(a 5 0.5), 2 (a 5 1), 3 (a 5 2), 4 (a05 0.5), 5 (a05 1), and

6 (a05 2). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Modeling Results and Discussion

The primary kinetic data recorded for the homogeneous
catalysts (HCl, pH 5 0.5–1.5 and other acids) are presented
in Figure 5, and the data obtained for the heterogeneous cat-
alysts (Smopex 101 and Amberlyst 15) are displayed in Fig-
ure 6. As revealed by the figures, the behavior of the system
changes very much, as the heterogeneous catalyst is intro-
duced: the hydrolysis rate is slower, but autocatalysis

becomes visible. At the highest pH, the lowest acid concen-
tration, some autocatalytic effect is also visible for HCl
(Figure 5), the main reason for this might be the formation
of oligomers in the beginning of the reaction.

The leveling-off the manose, glucose, and galactose con-
centrations further confirm that at these conditions, formation
of degradation products is minimal. Otherwise, one would
expect that the concentrations of these monosaccharides would
decrease as the time of reaction increases.

Homogeneous catalysis

The quantitative analysis of the experimental data was com-
menced by preparing the double logarithmic plots according
to Eqs. 11 and 12. If the theory proposed previously is valid,
the plots should be straight lines; they should be independent
of pH and the acid catalyst used. Figures 7 and 8 reveal that
the plots have this kind of behavior, except a small bending
close to the origin, in the very beginning of the experiment.
The plots demonstrate that the ratio of galactose-to-mannose
and galactose-to-glucose formation is at the initial stage of the
reaction higher, but decreases to a constant value as the reac-
tion proceeds. This can be interpreted as follows: at the initial

Figure 5. Hydrolysis kinetics of GGM.

Lines represent the model prediction: mannose (blue),

glucose (red), and galactose (green). Conditions:

T 5 90�C, catalyst:HCl.

Figure 6. Hydrolysis kinetics of GGM.

Lines represent the model prediction: mannose (blue),

glucose (red), and galactose (green). Conditions:

T 5 90�C, pH 5 1.0, heterogeneous catalysts Smopex 101

and Amberlyst 15.
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stage of the reaction, the galactose side chains are hydrolyzed
more rapidly than the main chain of GGM. In general, the
requirement that the plots are pH-independent and independ-
ent of the homogeneous acid catalyst used, is very well-
fulfilled, as demonstrated by Figures 7 and 8.

The special case is an organic (trifluoroacetic) acid (TFA)
which demonstrates some deviations from a linear trend (Fig-
ure 7). At the same time, the experimental points even for
this acid are rather close to the ones for the mineral acids.

In fact, the deviations for TFA are because of the nature
of the double logarithmic plot, when close to complete con-
version there is a strong tendency for the logarithm to grow
toward infinity.

Thus, in case of 2ln(1 2 c/c0) for high values of c, as c
approaches c0 the function grows rapidly. Small experimen-
tal scattering can cause deviations from linearity.

From the slopes of the diagnostic plots, the reactivity ratio
mannose-to-galactose and glucose-to-galactose can be roughly
estimated. From Figures 7 and 8, the following values are
obtained for the reactivity ratios at 90�C: 1.88 (mannose-to-
galactose) and 0.86 (glucose-to-galactose). This means that
the mannose units from the main chain are released most rap-
idly after the initial stage.

In the next stage, nonlinear regression analysis was
applied to the kinetic data displayed in Figure 5. Because
the effect of pH on the reaction rates was remarkably high,
the data sets obtained at pH values 1.5, 1.0, and 0.5 were
treated separately in the regression analysis. Preliminary tests
with the data set recorded at pH 5 1.5 revealed, that these
data do not follow the model proposed, since the initiation
period is quite long (Figure 5). The model including an auto-
catalytic contribution can describe the data set, as demon-
strated by Figure 5. However, the reason for the
autocatalysis, is not clear: it can be a real increase of the
rate constant with conversion, but it can also be caused by
oligomer formation. Therefore, the further effort was focused
on the data sets representing pH 5 0.5 and pH 5 1.0. In these
cases, a very satisfactory fit of the model was achieved, as
demonstrated by Figure 5. The numerical values of the
parameters along with the parameter estimation statistics are
collected in Table 1. The parameters are well-defined, the
standard errors are typically less than 20% and the degree of
explanation exceeds 98%.

The Figures 5 and 6 showing the fit of model to experi-
mental data also show the confidence interval (95%, gray
area in the figures) for the model. For the calculation of the

Figure 7. Logarithmic plots ln (1 2 cM/c0M) vs. ln (1 2 cGA/
c0GA) for HCl (upper) and other catalysts (lower,
pH 5 1).

Figure 8. Logarithmic plots ln (1 2 cG/c0G) vs. ln (1 2 cGA/
c0GA) for HCl (upper) and other catalysts (lower,
pH 5 1).
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probability regions of the model, the Markov–Chain–Monte–
Carlo method implemented in the software36 was used.

The parameters obtained for pH 5 0.5 and pH 5 1.0 are in
fairly good agreement. Thus, it can be concluded that the
kinetic modelling principles presented in above can be
applied to the hydrolysis of GGM in the presence of homo-
geneous acid catalysts at pH values 1 or less. For higher pH
values, a more detailed chemical analysis of the oligomers
formed is necessary for a further development of the kinetic
approach.

Heterogeneous catalysis

The effects discovered for the heterogeneous catalysts
(Smopex- 101 and Amberlyst 15) are interesting: both heter-
ogeneous catalysts have a similar autocatalytic behavior, but
Smopex is more active than Amberlyst (Figure 6). Differ-
ence between activity is even more profound when the num-
ber of acids sites is considered (3.6 meq/g for Smopex vs.
4.7 meq/g in case of Amberlyst). This can be explained by
the fact that the active sites, that is the sulfonic acid groups,
are better accessible for the Smopex catalyst, whereas most
of them are “hidden” inside the pores of Amberlyst, and thus
not accessible for the hemicellulose macromolecules. Simi-
larly to the homogeneous catalyst, the galactose formation is
slightly favored in the beginning of the reaction, but after an
initiation period, the double logarithmic plots have a con-
stant slope, as revealed by Figures 9 and 10. Moreover, the

mannose-to-galactose and glucose-to-mannose ratios are the
same for both catalysts, confirming that they behave chemi-
cally in a very similar manner.

The experimental data obtained for Smopex and Amber-
lyst were exposed to nonlinear regression analysis—the
model Eq. 39 was used for galactose, glucose, and mannose.
At the first stage, some preliminary estimation experiments
were carried out by letting the parameter a vary. For
instance, for Smopex an optimal value of about a 5 0.7 was
determined by regression analysis. However, it turned out
that an almost equally good description was achieved by set-
ting a to 1 and estimating parameters k0i and b only. In this
way, only four parameters were estimated for each catalyst,
by using three kinetic curves (Figure 6), which improved the
estimation statistics, that is the errors of the parameters were
suppressed. The parameter errors were typically less than 8%
and the degree of explanation was 99.8 and 99.5% for Smo-
pex and Amberlyst, respectively. The parameter values and
the estimation statistics are summarized in Table 2 and the
modeling results are displayed in Figure 6, which demon-
strates the very good fit of the model to the experimental
data. The a-value 1 implies that the rate constant increases
linearly with decreasing DP. From a chemical viewpoint,
this is expected: longer molecules have a lower reactivity, as
has been shown, for instance for the reactions of carboxylic
acids.37 When an oligosaccharide is long enough the bonds
can be assumed to have equal reactivity, while with a

Table 1. Parameter Estimation Results for the Homogeneous Catalyst (HCl) at 90�C

Parameter Value Std. Error Std. Error (%)

pH 5 0.5 (R2 5 98.7%)
k01cH/(L/mol/min) 0.787 1023 0.515 1024 15.3
k02cH/(L/mol/min) 0.552 1023 0.177 1023 3.1
k03cH/(L/mol/min) 0.253 1023 0.421 1024 6.0

pH 5 1 (R2 5 99.7%)
k01cH/(L/mol/min) 0.725 1023 0.187 1024 38.8
k02cH/(L/mol/min) 0.626 1023 0.833 1024 7.5
k03cH/(L/mol/min) 0.473 1023 0.321 1024 14.7

pH 5 1.5 (R2 5 94.1%)
k01cH/(L/mol/min) 0.303 1023 0.216 1023 14.0
k02cH/(L/mol/min) 0.341 1023 0.110 1023 3.1
k03cH/(L/mol/min) 0.228 1023 0.445 1024 5.1

k1:mannose, k2:galactose, k3:glucose.

Figure 9. Logarithmic plots for heterogeneous catalysts:
ln (1 2 cM/c0M) vs. ln (1 2 cGA/c0GA).

Figure 10. Logarithmic plots ln (1 2 cG/c0G) vs. ln (1 2 cGA/
c0GA).

AIChE Journal March 2014 Vol. 60, No. 3 Published on behalf of the AIChE DOI 10.1002/aic 1075



decrease of DP contribution of the terminal glycosidic bond
with 1.8 higher reactivity14 becomes more prominent.

Experimental data were not recorded for such a long reac-
tion time that we could have been able to see the decline of
the reaction rate at high conversions, that is at low concen-
trations of existing glycosidic bonds. However, a numerical
simulation was carried out with the parameters obtained for
Smopex 101. The simulation results are displayed in Figure 11,
which reveals that the rate increases until 4000 min, which
corresponds to the conversion level of X 5 50% approxi-
mately (the inflexion points in the curves). Thereafter, the
ordinary type of kinetics starts to dominate, as the concentra-
tions of the reactive groups become lower and lower. To
reach really high conversions, exceeding 90%, reaction times
up to 10,000 min are needed as revealed by Figure 11. This
is, however, not the final value, as there is room for process
intensification: the catalyst bulk density can be increased
(mass of catalyst-to-liquid volume ratio), catalyst acidity and
what is even more important, somewhat higher experimental
temperatures can be used. The thermal stability of the ion
exchange resins, such as Amberlyst-15, is limited typically
to about 120�C limiting the use of these catalysts. New solid
hydrolysis catalysts with a better temperature resistance are
under development, opening new avenues for heterogeneous
catalytic hydrolysis of hemicellulose.

Conclusions

Mathematical models were proposed for the hydrolysis of
the hemicellulose GGM in the presence of homogeneous and
heterogeneous acid catalysts. Although pentosan hydrolysis
from hardwood and agricultural residues has been extensively
studied typically at much higher temperatures resulting in for-
mation of degradation products, hydrolysis of hemicelluloses
from softwood (i.e., GGM) under milder temperatures (ca.
90�C) has attracted much less attention. However, this is an
attractive way to obtain high-value sugar monomers from
hemicelluloses. A new approach was applied to the autocata-
lytic kinetic phenomenon observed for heterogeneous cata-
lysts, when hydrolysis of water-soluble oligosaccharides
occurs at the surface of the solid materials. Autocatalysis was
described with functions, which predicted the increase of the
rate constant with increasing hemicellulose conversion and
decreasing degree of polymerization. The models were able to
describe the kinetic observations very well.
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Notation
A = proportionality constant, Eq. 21
c = concentration

D = diffusion coefficient
De = effective diffusion coefficient

DP = degree of polymerization
K = equilibrium constant
k = rate constant

k0, k00 = modified rate constants
Q = objective function in regression analysis

R2 = degree of explanation
t = time

X = conversion
a,a0 = parameter
a1 = parameter, Eq. 20
a2 = parameter, Eq. 20

b, b0 = parameter in autocatalysis
c, c0 = exponent in kinetic model

e = particle porosity
qB = catalyst bulk density
s = particle tortuosity
x = parameter, Eq. 18

Subscripts
cat = catalyst
i,j = component indices referring to products
L = liquid phase

Table 2. Parameter Estimation Results for the Heterogeneous Catalysts at 90�C

Parameter Value Std. Error Std. Error (%)

Smopex 101 (R2 5 99.99%)
k01cHqB/(L/mol/min) 0.694 1026 0.109 1027 6.3
k02cHqB/(L/mol/min) 0.721 1026 0.202 1026 3.6
k03cHqB/(L/mol/min) 0.600 1026 0.137 1026 4.4
b (dimensionless) 35.5 7.4 4.8

Amberlyst (R2 5 99.6%)
k01cHqB/(L/mol/min) 0.194 1026 0.117 1027 16.5
k02cHqB/(L/mol/min) 0.263 1026 0.467 1027 5.6
k03cHqB/(L/mol/min) 0.172 1026 0.239 1027 7.2
b (dimensionless) 125 7.4 11.5

k1:mannose, k2:galactose, k3:glucose.

Figure 11. Simulation of the kinetics of GGM hydrolysis
over heterogeneous catalyst (Smopex 101)
at 90�C and pH 5 1: mannose (blue), glucose
(red), and galactose (green).

Kinetic parameters from Table 2. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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0 = initial state
0i = total concentration of a sugar unit
i0 = concentration of unreacted sugar unit

Abbreviations
G = glucose

GA = galactose
GGM = O-acetylgalactoglucomannan

M = mannose
ODE = ordinary differential equation

W = water
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