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The kinetics for homogeneous hydrolysis of mannan is studied in a batch reactor at temperatures
from 160 to 220 °C. A formate buffer ensures a pH of 3.8-4.0, measured at 25 °C. Samples are
analyzed for oligosaccharides up to a degree of polymerization of 6 and also for the total amount
of mannose after acid hydrolysis. A mathematical model with two reactions (1, random hydrolysis
of the glucosidic bonds; 2, degradation of the reducing end of the molecule) describes accurately
the time course of oligosaccharides. Optimized rate constants follow closely an Arrhenius
relationship, with the degradation having a higher activation energy (140 kJ/mol) than the
hydrolysis (113 kJ/mol). The mathematical model has the advantage that production of small
molecules is independent of the initial chain-length distribution as long as the average initial
chain length is some 5 times longer than the largest species measured. It can be applied to
first-order depolymerization of other linear polymers with one link type in order to determine
reaction rate constants or make predictions about molecular weight distribution on the base of
known reaction rate constants.

Introduction

Hydrolysis of cellulose, amylose, and other linear
polysaccharides is of importance in the paper, chemical,
and food industries. It is likely that the homogeneous
hydrolysis reaction pattern is the same for all of these
compounds. Therefore, a mathematical model of homo-
geneous hydrolysis is of considerable interest, not only
in the understanding the reactions of linear polysac-
charides in solution but also as a basis for the develop-
ment of heterogeneous hydrolysis models necessary for
solid materials.

Mannan is a linear polysaccharide suitable as a model
compound for the development of a mathematical model
of homogeneous hydrolysis. It serves as reserve polysac-
charide in coffee beans1 and in palm fruits such as
coconut,2 date, and ivory nut.3 It is also present in
certain algae.4 Mannan has a backbone of â-(1,4)-linked
mannose units with short branches consisting of one
â-(1,6)-linked galactose unit, which represent less than
5% of the total mass. It resembles cellulose in many
respects. They both have â-(1,4) linking, leading to
intramolecular bonds that favor a straight conformation
of chains. The straight inflexible chains can form a
compact supermolecular structure with many intermo-
lecular hydrogen bonds. Such a supermolecular struc-
ture is often crystalline and difficult to render soluble.
Also, observed precipitation of unbranched â-(1,4)-linked
polysaccharides is an indication of the stability of the
structure.5 The degree of polymerization (DP) of man-
nan (50-200)3 varies with its origin but is always lower
than that of cellulose (300-3000).6 This is one reason
mannan crystals can be more easily dissolved than those
of cellulose, for which either strong electrolytes (such
as concentrated acids)7 or extreme temperatures (370

°C)8 are required. Consequently, mannan is suitable for
evaluation of a homogeneous model, whereas cellulose
is not.

The depolymerization of polysaccharides by hydrolysis
proceeds by protonation of the glucosidic oxygen (Figure
1). This step is reversible and fast. The rate-limiting
step is most likely the breaking of the bond which forms
a carbocation with an energetically unfavorable confor-
mation. The carbocation is then quickly stabilized by
the free electron pairs of a water molecule, and so the
new oligo- or polysaccharide end is formed.9 Thus, the
rate should be proportional to the concentration of
protonated bonds and consequently to the proton con-
centration, although some evidence exists that this is
not the case for a thermal hydrolysis.10 In this study,
the proton concentration is kept constant during trials
and the apparent hydrolysis rate constant is deter-
mined.

Thermal hydrolysis occurs at temperatures above 150
°C without addition of strong acids. Under these condi-
tions significant degradation also takes place. In polysac-
charides the monosaccharide unit at one end is expected
to be much more susceptible to degradation than the
others. In fact, monosaccharides in solution exist as a
mix of the aldehyde form and ring structures, hemiac-
etals, formed by condensation of the carbonyl group with
a hydroxyl group at the far end of the chain (Figure 2).11

At normal temperatures this ring form is more abun-
dant than the open-chain form. It is also more resistant
to degradation; actually it has been shown that the
degradation rate of a monosaccharide is strongly de-
pendent on the fraction of the open-chain form.12 In
polysaccharides the monosaccharide units are blocked
in the ring form. Only the monosaccharide situated at
the end of the chain can undergo ring opening. This end
is called the reducing end because of the accessible
aldehyde function. The high reactivity of the reducing
end was observed experimentally for cellobiose.13
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Previous modeling of homogeneous hydrolysis in-
cludes, on the one hand, the development of rate
equations for thermal hydrolysis of oligosaccharides14,15

and, on the other hand, the determination of acid
hydrolysis rates from modeling of experiments with a
polysaccharide, dextran.16 In addition, Monte Carlo
simulation has been performed to predict glucose pro-
duction from amylose.17

However, this is to our knowledge the first modeling
of thermal homogeneous hydrolysis of polysaccharides.
Hydrolysis kinetics of mannan in solution is investi-
gated at four different temperatures between 160 and
220 °C (6-23 bar). The concentrations of the mono- and
oligosaccharides from DP 1 to 6 as well as the total
mannose of all of the samples are analyzed with HPLC.
The time course of the concentrations for the different
degrees of polymerization reflects the hydrolysis of
mannan.

Experimental Section

Buffered mannan solutions were heated in a batch
reactor. Samples were withdrawn at chosen intervals
and analyzed with HPLC. A comparative trial with
another starting material, mannose, was performed
with the same procedure. The experimental and ana-
lytical procedure is described below.

Reactor and Procedure. A 2 L batch reactor with
a propeller stirrer (diameter 50 mm; speed 10 rps) was
used (Figure 3). The mannan solution was heated with
steam in the jacket until the temperature was 50 °C
below the reaction temperature, and then steam was
injected into the solution through a stoppered tube with
four radial exits (1 × 15 mm) for the last 50 °C. The
reaction time was counted from the end of the steam
injection, which lasted about 5 s. The temperature was
measured by a thermocouple in the solution and con-
trolled with steam in the jacket with a precision of (1
°C. Samples were withdrawn into a tube, in which they
were cooled to 50 °C within 30 s. Thus, the reaction time
during heating and cooling was small compared to the
duration of the trial (1 min or more).

Mannan (Megazyme Inc., Bray, Ireland) was dissolved
in water (1 g in 1 L) by heating at 200 °C for 15 s at
neutral pH. We observed that 23% of the mannan was
degraded during the solubilization. However, this is
taken into account because the modeling was based on
the mannan concentration in the initial sample. The
average degree of polymerization probably also de-

creased, but it remained well above the limit of detection
(DP 6) because the initial amount of oligosaccharides
was low (Figure 4). Consequently, the degradation in
the solubilization step did not influence the results of
the modeling. After cooling a clear solution was ob-
tained, to which a formate buffer (see below) was added,
and the trial was started.

Buffer. As mentioned before, the hydrolysis is prob-
ably influenced by the proton concentration. Therefore,
the solutions in this study were buffered. During the
solubilization step a neutral pH was ensured by a
phosphate buffer (2.5 mmol/L NaH2PO4/2.5 mmol/L
Na2HPO4). Then, a formate buffer (10 mmol/L HCOOH/
10 mmol/L NaCOOH) was added before the trial. The
resulting pH was 3.9, so the phosphate could be con-
sidered to be quantitatively present as the conjugate
acid, and the mix consequently behaved as an unbal-
anced formate buffer (7.5 mmol/L HCOOH/12.5 mmol/L
NaCOOH).

The stability of the formic buffer was tested without
mannan. Its pH remained unchanged after heating to
220 °C for 30 min.

The pH measured in samples at 25 °C decreased
slightly with time, probably because of the formation
of organic acids during the degradation of mannan. It
passed from 3.9-4.0 in the initial samples to 3.8-3.9
in the final ones. With these data the proton concentra-
tion at high temperature can be calculated.18 This is
important information, but it will not be used to
calculate real hydrolysis rate constants from the ap-
parent ones, because their dependence on the proton
concentration is unknown.

HPLC. The oligomannan and total mannose content
of samples were analyzed on a DIONEX system.

A Carbopac PA-100 column and precolumn (DIONEX)
were operated with a flow of 1 mL/min, and the effluent
was mixed with 0.3 mL/min of a 0.3 mol/L NaOH
solution before entering the pulsed amperometry detec-
tor. The response factors were determined with stan-
dard solutions of mannose (>99%, Fluka, Hauppauge,
NY), mannobiose, mannotetraose, and mannohexaose

Figure 1. Mechanism of hydrolysis of a glucosidic bond.9

Figure 2. Ring closing: formation of a â-glucopyranose (man-
nose).

Figure 3. Experimental setup.
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(all Megazyme). The total mannose content of the
oligomers was analyzed by acid hydrolysis (see below)
and comparison to the mannose standard in order to
take impurities (10-15%) into account. Two different
gradients were used to elute the different compounds.
On the one hand, different monosaccharides (arabinose,
galactose, glucose, and mannose) were best separated
using only water. On the other hand, mannose and
oligomannans up to a degree of polymerization of 6 were
eluted using a gradient with increasing NaOH concen-
tration, allowing a good separation of peaks (Figure 5).
Prior to analysis of oligosaccharides, the samples were
filtered on C18 cartridges (Supelco, Bellefonte, PA), to
remove nonpolar compounds and particles. For analysis
of the total mannose, the samples were hydrolyzed for
2 h at 100 °C in 7% H2SO4 and then filtered through
C18 cartridges.

The standard deviation for the whole process (heat
treatment and analysis) was 7% relative, based on
oligomer concentrations after 60 min at 160 °C in two
identical trials.

Results

The peaks in the chromatograms (Figure 5) corre-
sponding to mannose and oligomannans of DP 2-6 were
identified by comparison with a standard solution. The
peak of mannopentaose on the chromatogram is excep-
tionally high for all samples. It is probable that during
hydrolysis another substance is formed, which has the
same retention time as mannopentaose. If the two
signals overlap, the high peak for mannopentaose can
be explained. Because it does not fit the pattern
observed for the other oligosaccharides, mannopentaose
is disregarded.

The concentration courses of the oligomers are shown
in Figure 4 for different temperatures, together with the
model prediction. All species pass through a maximum,
with the hexamer maximum reached first and that of
the monomer reached last. This is consistent with a
depolymerization, an evolution toward smaller species.
Because the monomer also decreases with time, there

Figure 4. Comparison of experimental data with calculated
curves. T ) 160 (a), 180 (b), 200 (c), and 220 °C (d). Symbols: solid
circle, mannose; empty circle, mannobiose; solid triangle, man-
notriose; empty triangle, mannotetraose; solid square, manno-
hexaose. Lines show the model prediction.

Figure 5. Example of a chromatogram for HPLC separation of
oligomannan. Two linear NaOH elution gradients were used: 1.67
(mmol/L)/min for the first 15 min (starting with 0 mmol/L) and
then 1.11 (mmol/L)/min.
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must be a degradation reaction consuming this species.
The maximum number fraction for the monomer is
dependent on temperature. It decreases from 17% at 160
°C to 7% at 220 °C, indicating that the degradation
reaction becomes increasingly important with temper-
ature.

Model Formulation. Depolymerization of chain
molecules through scission of the chemical bonds that
link two monomer units is a problem frequently en-
countered in polymer science. Practical examples in-
clude weathering, biodegradability, and recycling of
plastics.19 The cleavage of bonds can be due to shear
action,20,21 irradiation,22,23 or chemical attack;24 here, we
are concerned with the special case of hydrolysis in
polysaccharides.16

Three distinct methodologies are used to model the
kinetics of depolymerization reactions. First, the frag-
mentation process can be treated as a statistical prob-
lem, using mathematical techniques such as combina-
torial analysis25 or Markov chain theory.26 Second, the
stochasticity of the process can be handled by perform-
ing simulations, e.g. using Monte Carlo methods, to
compute the evolution of the reacting mass.17,27 Third,
a deterministic approach where the kinetic mechanism
is expressed and population-balance equations are
explicitly solved can also be applied. In this latter case,
the chain length can be treated either as a continuous28

or as a discrete variable; an example of discrete treat-
ment is the work by Basedow et al.,16 who developed a
set of equations describing the evolution of the chain-
length distribution (CLD) and obtained an analytical
solution for the special case of random scission.

In this work, we develop a kinetic model based on the
deterministic approach, for the case of random scission
of the bonds linking the repeating units and simulta-
neous degradation of the terminal unit of the chains, to
account for the hydrolysis of polysaccharides in solution.

Mannan undergoes depolymerization through acid-
catalyzed hydrolysis of the â-(1,4)-glycosidic bonds link-
ing the monosaccharide units to each other. The ulti-
mate state of the hydrolysis process should consist of
all of the polymer being fully converted to mannose (the
monomer). Because it is experimentally observed that
the mannose concentration decreases after long reaction
times, a further possibility of reaction has to be intro-
duced. This is done by allowing the reducing end of the
polymer chains to undergo degradation (Figure 6).

Evidence for a degradation reaction is supported by
a recent work on the decomposition of cellobiose (cel-
lulose dimer) in sub- and supercritical water.13 In the
reaction pathway that the authors were able to eluci-
date, pyrolysis occurs at the reducing end, leading to
glucosyl erythrose or glucosyl glycolaldehyde as de-
graded species. Because the chemical structures of
mannan and cellulose are similar, this degradation
reaction is incorporated in the overall depolymerization
reaction scheme of mannan, consequently written as
follows:

where Pi stands for a mannan chain of length i (consist-
ing of i monosaccharide units) and Di for a chain of
length i with a degraded terminal monosaccharide unit.
Reaction 1 represents the hydrolysis of a nondegraded
chain, reaction 2 degradation at the reducing end, and
reaction 3 hydrolysis of a degraded chain. The same
hydrolysis rate constant kH is assigned to reactions 1
and 3 in accordance with Kabyemela’s observation that
cellobiose, glucosyl erythrose, and glucosyl glycolalde-
hyde undergo hydrolysis at the same rate.

Hydrolysis and degradation are assumed to be both
irreversible, first-order processes (at constant pH).
Furthermore, kH is assumed to be independent of the
chain length and of the bond position in the chain, so
that scission occurs at random. Finally, the degradation
rate constant kD is also taken as independent of the
chain length.

The state of the reacting mass at time t is described
by the following two vectors, representing the CLDs of
the two populations,

where Pi(t) and Di(t) stand for the number of nonde-
graded and degraded chains of length i at time t,
respectively, and r is the highest chain length under
consideration.

To obtain the time evolution of the CLDs, the material
balance of Pi and Di must be expressed. This includes
several contributions. First, hydrolysis of any of the i
- 1 bonds of a chain of length i leads to its destruction:

Second, chains of length i can also be created by
hydrolysis of higher chains. Because a Pi molecule can
be split off from a Pj molecule (j > i) by scission of either
its ith or its (j - i)th bond, this contribution is expressed
as

This expression remains valid for the special case j )
2i, because the fact that there is only one suitable bond
(the central one) in this case is compensated by the fact
that scission of this bond leads to the formation of two
Pi molecules.

Third, the corresponding expressions for the hydroly-
sis of Dj chains are similarly written as

Figure 6. Schematic representation of (a) hydrolysis of a glyco-
sidic bond and (b) degradation of the terminal unit at the reducing
end.

Pi 98
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···
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Finally, the effect of degradation at the reducing end
is taken into account:

When the Damköhler number Da ) kHt is introduced
for hydrolysis in a batch reactor and â ) kD/kH is defined
as the ratio of the degradation rate constant to the
hydrolysis rate constant, the above kinetic contributions
are put into the material balances to yield the following
pair of coupled differential vectorial equations:

where A, B, and C are the following r × r square
matrices (I is the unit matrix):

Equations 9 and 10 are numerically solved using
Gear’s BDF-DIFSUB algorithm29 in the SimuSolv in-
tegration package,30 to give the time course of the CLDs.
The prediction for the first six oligomers (mannose P1
to mannohexaose P6) is represented in Figure 7, for â
) 2 and a starting monodisperse distribution of mannan
chains of DP 50. The time profiles are given as the
number fraction of the considered oligomer as a function
of the Damköhler number, with the number fraction
defined as the ratio of the number of molecules of the
considered species to the total number of repeating units
in the system; this definition is chosen to better separate
the curves for the different oligomers on the graphs:

Figure 7 shows that the Pi oligomers are transient
species of the depolymerization process, with a maxi-
mum concentration, which is logically positioned earlier
for higher oligomers. Also, the problem of choosing an
appropriate reaction time in order to achieve optimal
selectivity is clearly apparent.

The effect of degradation is investigated by solving
the dynamic model for four values of â. Again, the initial
condition is a monodisperse CLD at DP ) 50. The time
course of the monomer P1 is given in Figure 8. For â )
0 (no degradation), the number fraction of mannose
tends logically toward 1, because at complete conversion
of the glycosidic linkages, the final state of hydrolysis
consists of pure mannose. When degradation is allowed
to take place (â ) 0.2, 1, and 4), the mannose concentra-
tion is reduced and tends toward zero at infinite time,
with the final state of the system consisting of pure
degraded monomer D1. The reduction in mannose con-
tent is more pronounced with increasing values of â.

Next, the sensitivity of the model to the initial
distribution of mannan molecules in the reactor is
checked. For this purpose, simulations were performed
starting with four different monodisperse CLDs of DP
10, 25, 50, and 75. Figure 9 shows the time course of
mannohexaose P6 for these different cases with â ) 2:
whereas initial DP values rising from 10 to 50 still
influence the mannohexaose profile, the effect of a
further increase to DP 75 is barely noticeable, certainly

Figure 7. Model prediction for the oligomers P1-P6; â ) 2, initial
monodisperse CLD at DP0 50.

Figure 8. Effect of degradation on mannose (P1) production;
model prediction for â ) kD/kH ) 0, 0.2, 1, and 4; initial
monodisperse CLD at DP0 50.
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within experimental error. Moreover, simulations were
also carried out starting with Gaussian CLDs of differ-
ent standard deviations σ ) 5 and 15 around the
number-average value of DP 25. The result is also
shown in Figure 9 for mannohexaose P6 and â ) 2.
Clearly, there is practically no effect of the dispersion
of the initial CLD.

An important consequence of these results is that the
developed model can be safely used to extract kinetic
parameters from experimental oligomer data even if the
initial distribution of mannan chains in solution is not
exactly known, provided the initial number-average
chain length is high enough.

Finally, a comparison of the relative amounts of the
two populations is represented in Figure 10, where the
number fraction of mannose units in the nondegraded
oligomers (P1 to P6) is shown together with the number
fraction of mannose units (i.e., the number fraction of
nondegraded repeating units) in the degraded oligomers
(D1 to D6), for â ) 2. At this value of â (typical for our
experiments), the maximum mannose content of P
oligomers is about twice the maximum mannose content
of D oligomers.

Performance of the Model and Discussion

The D species in the model have not been identified.
However, there are peaks in the chromatogram that
might correspond to those species (Figure 5). The peaks
between DP 1 and 2, the one between DP 2 and 3, and
the one between DP 3 and 4 all show trends similar to
those of DP 2-4, i.e., a maximum at approximately the
same reaction time. The ratio of the area of such an
unidentified peak to the area of the next identified peak
in the chromatogram is between 0.2 and 1. It is possible
that these unidentified peaks correspond to the D
species.

The parameters kH and kD in the mathematical model
are adapted to fit simultaneously the concentration
courses for DP 1-4 and 6 (Figure 4). The optimization
is made either with a Nelder-Mead search method or
with a generalized reduced gradient method, both
features of the SimuSolv integration package.30 The
model fits experimental data well, and no particular
area where the model fails has been observed. The rate
constants (Table 1) follow precisely an Arrhenius rela-
tionship (Figure 11). The activation energy for degrada-

tion, 140 kJ/mol, is higher than that for hydrolysis, 113
kJ/mol. This leads, as expected, to a kD/kH ratio increas-
ing with temperature. The total mannose content of the
samples is not used as a base for optimization but as a
comparison. The model with the rate constants deter-
mined on the basis of oligomer measurements agrees
well with the experimental data of the total mannose
for the different reaction temperatures (Figure 12).

No literature values for the rate of mannan depolym-
erization exist, but similar studies have been made on
cellobiose. In unbuffered trials between 300 and 400
°C,13 the activation energy for cellobiose hydrolysis was
109 kJ/mol, which is close to the value in the present
paper, but in another study at temperatures between
180 and 250 °C,10 a considerably higher activation
energy was found, 136 kJ/mol. When degradation of
glucose was studied under the same conditions, the
activation energy was some 15 kJ/mol lower than that
of the hydrolysis, 96 and 121 kJ/mol, respectively.31,32

These research groups thus observed a kD/kH ratio
decreasing with temperature. This is in contrast to the

Figure 9. Model sensitivity to the initial distribution of mannan
molecules; initial monodisperse CLDs (DP0 10, 25, 50, and 75);
initial Gaussian CLDs at average DP0 25 (σ ) 5 and 15);
mannohexaose P6, â ) kD/kH ) 2.

Figure 10. Comparison of the two populations of oligomers, for
a value of â ) kD/kH ) 2 typical for our experiments; initial
monodisperse CLD at DP0 50.

Figure 11. Influence of the temperature on the fitted rate
constants.

Table 1. Reaction Rate Constants for Hydrolysis and
Degradation at Different Temperatures

temp (°C) kH (min-1) kD (min-1)

160 0.0018 0.0025
180 0.0071 0.0134
200 0.0260 0.0580
220 0.0800 0.2960
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present results, but in such unbuffered trials the pH is
unknown and can change during hydrolysis. It is hard
to tell what degradation reactions are actually observed
in an unbuffered system.

The model presented here is the simplest possible.
First, the degradation rate is considered to be indepen-
dent of the size of the molecule, which is confirmed by
a trial performed with mannose at 180 °C, a case where
only degradation can take place. The a priori prediction
of the model (based on the kD value obtained from the
mannan trials) fits the experimental data remarkably
well (Figure 13). This is in contrast to the observation
of a higher degradation rate for the monomer (kgtot )
0.45 s-1)31 than for the dimer (k1 + k2 ) 0.16 s-1).13

Second, the hydrolysis rate in the present model is
independent of the position of the bond and of the size
of the fragment. This is contrary to theoretical argu-
ments33 and experimental data on acid hydrolysis of
xylo-oligosaccharides14 and R-(1,4)-glucans,15 which in-
dicate that the glucosidic bond at the nonreducing end
should be scissioned about twice as fast as the other
bonds. This hypothesis was used in a Monte Carlo
simulation of the production of glucose from amylose.17

However, a model with twice the hydrolysis rate at the
nonreducing end does not fit our data. It predicts a much
higher amount of monomer than what is observed
(Figure 14). It could be that thermal hydrolysis as
investigated in this work and acid hydrolysis as in those
references are different in this respect.

Conclusion

A mathematical model with random hydrolysis of
glucosidic linkages and degradation of the reducing end
was successfully applied to the thermal hydrolysis of
mannan. The model has the advantage that production
of small molecules is independent of the initial chain-
length distribution as long as the average initial chain
length is some 5 times higher than the largest species
measured. Optimization of model parameters indicated
that mannan thermal hydrolysis has an activation
energy similar to those of recently published results for
cellobiose.13 The activation energy for degradation is
higher than that for hydrolysis, which may be related
to the influence of the formate buffer. The present model
can be applied to first-order depolymerization of other
linear polymers with one link type in order to determine
reaction rate constants or make predictions about
molecular weight distribution on the basis of known
reaction rate constants.
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