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High molecular mass −glucans are a valuable functional food ingredient, scientifically
proven to offer beneficial effects in terms of lowering cholesterol and attenuating the
postprandial glycaemic response of the host upon consumption. The production of its
constituents, such as non-digestible oligosaccharides, is scarce. However, they were
found to have several positive effects, such as higher fat and bile-binding capacities and
significant improvements in antioxidant and antibacterial activities. Therefore, the
present work aims to develop and provide reliable mathematical models, which enable
the production of non-digestible oligosaccharides with controlled molar mass from oat
−glucan at laboratory and industrial scales.
A novel structured kinetic model for the homogeneous acid-catalysed hydrolysis of oat
−glucan considering the difference in the reactivity of −(1,4) and −(1,3) glycosidic
bonds in a non-random structure, as well as their positions in the polysaccharide chain,
was developed. New kinetic data, including the molar mass distributions and the
formation of oligosaccharides of oat −glucan degradation, were collected. It is shown
that the structured kinetic model accurately describes the reaction kinetics. The results
reveal that the reactivity of glycosidic bonds decreases with the distance from the nearest
chain end. In addition, the −(1,3) bonds in oat −glucan were found more susceptible to
acid-catalysed hydrolysis than the −(1,4) bonds.
Size-exclusion chromatography was chosen as the separation method as it offers more
degrees of freedom in a fractionation scheme towards a narrower molecular size
distribution of the target components. An efficient model describing a size-exclusion
chromatographic separation was developed based on a discrete convolution. The
developed model allows fast simulation and satisfactorily describes the experimental
chromatograms of oat −glucan hydrolysates comprising a complex mixture of thousands
of molecules with different molecular sizes.
An intermittent recycle-integrated reactor-separator system was studied experimentally
and by numerical simulations for the production of non-digestible oligosaccharides
derived from oat −glucan with a controlled degree of polymerisation ranging from 15 to
30. The reactor was operated intermittently at 80 °C. Batch chromatography with
Sephadex G–25 size-exclusion gel was found suitable for separating the product from

reactants and impurities. Part of the reaction mixture was periodically withdrawn and fed
to the separation column. Dimensionless operating parameters and equipment design
parameters were introduced for analysing the performance of the intermittent reactorseparators. The numerical simulations were performed by combining the reactor and
separator models.
The experimental data show that the intermittent recycle-integrated reactor-separator
system provides approximately 2.0- and 2.5-times higher yield and purity of the target
oligosaccharides than a batch reactor with the same mean residence time of 4 hours. The
simulations show that intermittent operation offers higher product yield and purity than
continuous operation when the mean residence time in the reactor is long.
The present work is expected to serve as a theoretical guide to produce polysaccharides
or oligosaccharides with a controlled degree of polymerisation from oat −glucan. The
models developed in this work are flexible enough to enable predicting the formation of
degradation molecules of any size. In light of the results, it is demonstrated that an
intermittent process might be preferred over a continuous process when high yield and
purity are required.
Keywords: oat, −glucan, oligosaccharides, polysaccharides, non-digestible, degree of
polymerisation, acid hydrolysis, glycosidic bonds, kinetic modelling, reaction kinetics,
size-exclusion chromatography, integrated system, reactor-separator
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−
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g/mol
g/mol
g/mol
−
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L/s
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−
−
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1 Introduction
Foods are meant to deliver nutrition to humans so that people could stay healthy. The
definition of food might not be that simple nowadays. Consumers now expect foods to be
nutritional and enjoyable, and more importantly, improve overall health and well-being.
Many expect foods to reduce the risk of specific diseases. For this reason, nowadays,
consumer attention shifts towards functional foods, which has expanded significantly. It
is projected that the market of functional foods will generate a total revenue worth
approximately 450 billion US dollars by 2022 [1].
One of the most attractive functional food ingredients is −glucan [2], which is a valuable
dietary fibre present in yeast, mushroom, and cereals [3]. Nowadays, −glucan is widely
used worldwide, for instance, in dairy products and beverages. A growing interest in
−glucan-derived products is due to their health benefits, which are supported by
scientific evidence accumulated since the approval of the U.S. Food and Drug
Administration in 1997 [4,5].

−glucan is a linear polysaccharide composed of up to thousands of D-glucose monomers
linked by −(1,3) and −(1,6)-D-glucose units (e.g., from yeast or mushroom) or −(1,3)
and −(1,4) glycosidic bonds (e.g., from cereals) [6,7]. Structurally, −glucan from
cereals mainly consists of β−(1,3)-linked cellotriosyl and cellotetraosyl units, and a minor
amount (10%) of blocks of up to 14 adjacent β−(1,4) linkages separated by a single
β−(1,3) glycosidic bond [8–11]. Staudte et al. used the Markov chain to investigate these
cellotriosyl and cellotetraosyl units' arrangements and reported that these glucosyl
residues were arranged randomly along the polysaccharide chain [12]. A ratio of
cellotriosyl to cellotetraosyl of cereal −glucans is different between species (1.5 − 2.3
for oat, 1.8 − 3.5 for barley) [13]. This ratio was found to play a role in solution properties
(e.g., aggregation and gelation) [9,14].
Although it might be acceptable to refer to −glucan as a cellulose-like material, the
random arrangement of the cellotriosyl and cellotetraosyl units differentiates −glucan
from cellulose, which is completely made up by β−(1,4) linked D-glucose units. The
uniform structure makes cellulose highly crystal and non-soluble [15]. On the contrary,
the β−(1,3) glycosidic bond present in a random fashion breaks up the uniform −glucan
structure and creates a ‘staircase’-like structure, as illustrated in Fig. 1. Scientific evidence
suggests that this irregular presence of the β−(1,3) glycosidic bond makes −glucan
water-soluble by increasing the flexibility of the polysaccharide structure [15–17].
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Figure 1. Structure of cereal −glucans (adapted from [18]). −(1,4) glycosidic bond is
denoted by A in blue, and −(1,3) glycosidic bonds by B in red.
It was reported that the health effects of β−glucans depend on the degree of
polymerisation (DP) [2,19,20]. For instance, several studies suggest that cholesterollowering effects and the attenuation of postprandial glycaemic response are associated
with the increased digesta viscosity in the gastrointestinal tract caused by oat −glucan,
hence the delivery of the chyme to the intestine is delayed [5,21–23]. It is also reported
that a higher molecular weight (Mw) of oat −glucan results in its higher viscosity, which
in turn, will have a greater impact on glucose and lipid metabolisms [22,24]. A recent
randomised clinical trial concluded that high (Mw = 2,210×103 g/mol) and medium (Mw
= 530×103 g/mol) oat −glucans lowered low-density lipoprotein cholesterol by 5% and
the efficacy was reduced by half when Mw was reduced to 210×103 g/mol [25].
Nevertheless, the optimal Mw of oat −glucan to elicit the glycaemic-lowering effects has
not yet been discovered. It is worth mentioning that a study demonstrating the direct
evidence for the role of viscosity or Mw or solubility of oat −glucan in lowering
cholesterol and the glycaemic response has not been reported yet.
Low molecular mass −glucans are normally referred to as non-digestible
oligosaccharides. Nevertheless, studies of the effects of non-digestible oligosaccharides
derived from −glucans are rather scarce. ‘Non-digestible’ stands for resistance to
digestion in the stomach and small intestine because the human body lacks the enzymes
able to hydrolyse the β−glycosidic bonds present in those molecules [26]. Because nondigestible oligosaccharides are resistant in the upper gastrointestinal tract, they reach the
large intestine, where colonic bacteria ferment them into short-chain fatty acids (SCFAs),
which lower the pH in the colon. Lower pH values could stimulate the growth of
beneficial bacteria (mainly Bifidobacteria species) [26] while inhibiting cholesterol
synthesis [7] and the growth of pathogens [26] as well as reduce colon cancer initiation
and gut infection [27]. Furthermore, consumption of non-digestible oligosaccharides is
found to be associated with, for instance, a lower risk of infection and diarrhoea and an
improvement of the immune system [26] or prevention of cancers and tumours in humans
[28]. It is reasonable to believe that the consumption of −glucans with low Mw will also
benefit the host because of similar chemical structures (specifically β−glycosidic bonds
formed among the molecules).
Several non-digestible oligosaccharides have been studied and commercialised, such as
inulin, fructo-, galacto-, isomalto-, chito-, xylo-oligosaccharides, and soybean

1.1 Scope of the thesis
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oligosaccharides. Since the prebiotic effects depend on Mw of molecules, i.e., degree of
polymerisation (DP) [27], the production of well-defined oligosaccharides is of interest.
There have been attempts to produce oligosaccharides with controlled DP. For instance,
chitooligosaccharides from chitosan with DP > 6 were prepared by acid and enzymatic
degradation [29]. In another study, beechwood xylan was used to prepare
xylooligosaccharides with DP = 6 by acid hydrolysis [30].
Like other non-digestible oligosaccharides mentioned above, −glucan-based compounds
must be artificially synthesised. However, the production of non-digestible
oligosaccharides with controlled DP derived from oat −glucan has not been reported. In
fact, there are no commercial products, for instance, with DP ranging from 15 to 30,
although these were reported to have the most profound immunological effects [31].
There are two main reasons for such rarity. Firstly, a production −glucan with welldefined DP via hydrolysis is challenging because a hydrolysate normally contains a
variety of molecules with DP from one up to thousands depending on the starting material
[32,33]. Secondly, −glucan with low Mw and well-defined DP is even more difficult to
synthesise because hydrolysis would need to be performed in a highly controlled manner
so that polysaccharides would not be completely degraded to monomers.
Although it is possible to produce oligosaccharides with controlled DP, for instance, by
a batch reactor [29,30], the main limitation of the stand-alone reactor is that purity
(regarding the presence of molecules larger or smaller than the desired molecular weight
distribution) and yield are deemed low because the effluent contains not only target
components but also unreacted reactants and too small molecules. The mentioned studies
failed to report the yield and purity of products. The separator (e.g., membrane or
chromatographic column) could be used after the reactor to increase purity. For instance,
Yang and co-workers used fast protein liquid chromatography coupled with anion
exchange chromatography and size exclusion chromatography to prepare high purity
(>95%) xylooligosaccharides with DP = 2 – 6 [34].
To further improve purity and yield, the most common approach is an integration of
reactor and separator units, which could be a fully-integrated or recycle-integrated
reactor-separator system. In the former (e.g., membrane reactor [35–38]), the reaction and
separation occur in the same physical unit. In the latter [39–42], the reaction is carried out
in a reactor. The stream from the reactor is transferred to a separation unit, where the
desired components are collected. Simultaneously, the others (unreacted reactants and
catalysts) are recycled back to the reactor, and too small molecules are withdrawn.

1.1 Scope of the thesis
While high molecular weight −glucans are naturally present [43], −glucan derived nondigestible oligosaccharides must be artificially synthesised. However, detailed reports
discussing the production of those compounds are not available up to date. This rarity
explains why studies of the prebiotic effects of non-digestible oligosaccharides derived
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from −glucan are scarce. The purpose of this thesis is to provide a model-based design
of recycle-integrated reactor-separator processes to produce oligosaccharides with
controlled DP from oat −glucan. The current research is expected to serve as a
theoretical guide to produce well-defined polysaccharides or oligosaccharides with
controlled DP from oat −glucans, including but not limited to DP = 15 – 30. The models
developed in this thesis are flexible enough to enable predicting the formation of polyand oligo-saccharides from oat −glucan of any size.

1.2 Research problems
With products’ desired properties and quality defined a priori, a model-based process
design approach is crucial because it allows one to identify key process variables and
keep them within a process design [44]. In model-based process design, mathematical
models play an important role because they provide a better understanding of chemical
processes and reduce time and cost for the product development process [45].
The main objective of the current research is to provide a model-based process design,
i.e., a simulation tool comprising mathematical models of the reactor and separator units,
applicable to process development for the production of polysaccharides and
oligosaccharides with controlled DP from oat −glucan. To reach this goal, this thesis
focuses on resolving the following research problems.

1.2.1

Kinetics of acid-catalysed hydrolysis of oat beta-glucan

Although several kinetic models have been proposed to model the degradation of
polymers in general [46] and polysaccharides in particular [47–49], the literature dealing
with the kinetics of the acid-catalysed hydrolysis of oat −glucan is not available. The
kinetic model could optimise the reaction conditions for an arbitrarily chosen DP of
molecules. Towards this end, the aims here are: (1) to investigate whether the −(1,4) and
−(1,3) glycosidic bonds (hereafter referred to as A and B bonds, respectively) have
different reactivity in acid hydrolysis, (2) to understand the scission mechanism of
glycosidic bonds whether they react at the same rate or differently.

1.2.2

Intermittent recycle-integrated reactor-separator system

In the current research, an intermittent recycle-integrated reactor-separator (hereafter
referred to as RS) is investigated experimentally and through mathematical modelling.
‘Intermittent’ reflects the nature of the process, in which part of the reaction the mixture
was periodically withdrawn and recycled over a separator. Two objectives here are: (1)
to identify the key design parameters for the intermittent recycle-integrated reactorseparator system, (2) to discuss their effects on the process performance of the RS (e.g.,
purity and yield of target molecules).

1.3 Limitations
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1.3 Limitations
As mentioned above, cereal −glucans comprise a random arrangement of β−(1,3)-linked
cellotriosyl (AAB) and cellotetraosyl (AAAB) units, and a minor amount of up to 14
contiguous β−(1,4) linkages separated by a single β−(1,3) glycosidic bond. However, to
simplify the mathematical treatment but to somewhat preserve the characteristic structure
of −glucan, it was assumed that β−glucan is composed of AAB units only. Further
justification will be given in Chapter 7.
Molecule concentrations are calculated by solving the differential mass balances that
contain each of the thousands of hydrolysis reactions. This approach is a time-consuming
task and requires significant computation resources when each bond's reactivity in each
molecule is taken into account. A scheme to reduce computational time and resources
will be provided in this thesis.
In this work, the concentration of oat β−glucan studied was not high (less than 10 g/L).
Even though the concentration is proven to not significantly affect the hydrolysis kinetics
(results will be given and discussed in Chapter 7), it might affect the efficiency of the
size-exclusion chromatographic separation. In addition, only the size-exclusion
chromatographic column was studied as a separator. Therefore, a higher concentration of
oat β−glucan and other separation methods (e.g., membrane) should be addressed in
future investigations.
While the vast majority of literature exploring the integrated systems focuses on
continuous processes, the intermittent operation might be preferred (results will be given
and discussed in Chapter 7) when high product yield and purity are prioritised.
Nevertheless, because the experiments relied on manual labour, the number of RS
operations was limited. Therefore, a fully automated intermittent RS is of interest in future
work.
Ideally, oat bran composed of −glucan and starch should be used as a raw material.
However, the main issue is how to separate polysaccharides and oligosaccharides derived
from −glucan and those derived from starch if they are having the same Mw. This
difficulty applies to the analysis method and separation task in the RS system. Therefore,
the current research only dealt with pure −glucan extracted from oat.

1.4 Structure of the thesis
This thesis has two main parts: a summary and papers published in international scientific
journals, given as appendices. The summary consists of eight chapters. Chapter 1
introduces the research backgrounds and objectives of the current research. In Chapter 2,
theories and kinetic models dealing with acid hydrolysis of polysaccharides in general
and −glucan, in particular, are discussed. Chapter 3 presents brief introductions of
integrated processes, an evaluation of process performance, and a general description of
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an intermittent recycle-integrated reactor-separator system used in this work. The
fundamentals of size-exclusion chromatography are presented in Chapter 4. Chapter 5
presents the models developed in the present work. In Chapter 6, analysis methods used
to collect data are presented. In light of the results obtained from this work, which will be
presented and discussed in Chapter 7, conclusions and future recommendations are made
in Chapter 8.
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2 Acid hydrolysis of oat beta-glucan
2.1 Hydrolysis of glycosidic bonds in oat beta-glucan
As mentioned in the introduction, −glucan from cereals contains mixed glucose
monomers linked by −(1,4) and −(1,3) glycosidic bonds. These different glycosidic
bonds might have different reactivity in hydrolysis reactions. It is thus essential to
consider the reactivity of the two kinds of bonds. The −(1,4) and −(1,3) glycosidic
bonds are present in the disaccharides: cellobiose and laminaribiose, respectively. This
section discusses the hydrolysis of different glycosidic bonds present in different
disaccharides.
The hydrolysis of cellobiose has been studied, for instance, by Moiseev et al., who used
different acids at a mild temperature [50]. Hydrolysis was assumed to be a first-order
reaction with respect to cellobiose (glucose formation). Bobleter et al. studied the
hydrolysis of cellobiose in dilute sulfuric acid under hydrothermal conditions [51]. An
activation energy of 133 kJ/mol and the corresponding frequency factor of 1.381013 s-1
were obtained when the Arrhenius equation was used to describe the influence of
temperature on the reaction rate [51].
Oomori and co-workers investigated the hydrolysis of several disaccharides having
different glycosidic bonds in subcritical water [52]. The results show that different
glycosidic bonds have different degrees of susceptibility (i.e., reactivity) to hydrolysis.
Fig. 2 shows the relationships between the fraction of remaining disaccharide, c/c0, and
the residence time for different disaccharides. As presented in Fig. 2a, trehalose with an
−(1,1) glycosidic bond was the most resistant disaccharide to hydrolysis, whereas
sucrose with a −(2,1) glycosidic bond was the most active disaccharide. Also, cellobiose
with a −(1,4) glycosidic bond was found to be less active than maltose having an −(1,4)
glycosidic bond [52]. More interestingly, disaccharides consisting of two glucose
monomers are less susceptible to hydrolysis than those made up of glucose and galactose
or fructose monomers, even though they have similar linkages (e.g., −(1,4) glycosidic
bond: cellobiose vs. lactose or α−(1,6) glycosidic bond: isomaltose vs. melibiose) [52].
Yet again, hydrolysis was assumed to be a first-order reaction with respect to
disaccharides.
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Figure 2. Concentration fraction of disaccharide, c/c0, versus the residence time, and the
residence time, τ, in the tubular reactor at 220 C and 10MPa. (a) disaccharides consisting
of two glucose residues. Notation: () cellobiose, () gentiobiose, () isomaltose, ()
maltose, and () trehalose. (b) disaccharides consisting of glucose and fructose or
galactose residues. Notation: () lactose, () leucrose, () melibiose, () palatinose,
() sucrose, and () turanose. Reproduced from ref [52] with permission from Elsevier
(License number: 4899200867266).
These results support the hypothesis mentioned above that different glycosidic bonds in
a polysaccharide should be assigned different reaction rate constants. To the best of our
knowledge, the acid hydrolysis kinetics of laminaribiose, which has a single −(1,3)
glycosidic bond, has not been studied, likely due to its rarity. It is, therefore, included in
this study.

2.2 Hydrolysis of beta-glucan
The literature concerning −glucan hydrolysis is mostly experimental, and no kinetic
models that take into account the structure of −glucan are available [16,53–57]. For
instance, Johansson et al. studied the acid hydrolysis of oat −glucan with three different
acids: 0.1 and 3 M for HCl and trifluoroacetic acid (TFA), and 0.05 and 1.5 M for H2SO4.
The hydrolysis temperatures were 37 and 70 C in a water bath for 5 and 12 h, and 120
C in an autoclave for 1 h. The result mainly focused on glucose and cellobiose as the
main degradation products. Other degradation products with DP > 3 were detected,
however not quantified. A demonstration of hydrolysis under similar stomach conditions
at pH 1 and at 37 C resulted in no hydrolysis product [53]. It might be attributed to the
resistance of −glucan at low temperature. Nevertheless, the kinetics was not studied.
Sibakov and co-workers compared the acid and enzymatic hydrolyses of oat bran
−glucan [57]. The hydrolyses were performed with H3PO4 acid and Depol 740L enzyme
preparation in an APV MPF 19/25 twin-screw extruder. The temperature inside the
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extrusion barrel was set to 110 − 130 °C for the acid hydrolysis and 50 °C for the
enzymatic hydrolysis. An interesting finding was that acid hydrolysed both −(1,3) and
−(1,4) linkages, whereas the enzyme seemed only to cleave −(1,4) linkages. The study,
however, did not report the kinetic parameter [57]. In addition to enzymes and mineral
acids, −glucan was found to be susceptible to OH-radical induced depolymerisation [54–
56].
Tosh et al. prepared partial hydrolysates of oat −glucan (Mw = 31× 103 – 237×103 g/mol)
to study structural characteristics and rheological properties. Low Mw hydrolysates were
found to form gel more quickly than high Mw products [16]. Similar findings that the
gelation rate increases with a decrease of Mw were also reported in other studies [9,58–
60]. The high tendency to form a gel of −glucan with low Mw is due to the high mobility
of smaller molecules, which might promote self-association [9,58,59].
In a recent study [61], the hydrolysates ( M w = 4150 – 4500 g/mol ~ DP = 26 – 28) of
oat −glucan prepared by acid and oxidative degradations were found to have several
positive effects. Typically, fat- and bile-binding capacities were found to increase
significantly after degradation both by acid and an oxidative agent. More specifically, a
hydrolysate prepared by acid possesses a high fat-binding capacity, whereas oxidative
degradation results in a higher bile-binding capacity [61]. Both degradation methods
significantly increase the antioxidant and antibacterial activities [61]. The findings are
interesting because the DP of the hydrolysates prepared is within a range aimed for in the
current research (DP = 15 – 30). Nevertheless, it is worth noting that no in vivo
experiments were conducted [61], which might lead to different conclusions.

2.3 Kinetics of acid-catalysed hydrolysis of oat beta-glucan
Kinetic models developed for the acid hydrolysis of plant polysaccharides are more
complicated than those developed for disaccharides. The general difficulty in the rigorous
kinetic modelling of the hydrolysis of plant polysaccharides is that they contain thousands
to hundreds of thousands of monomer units. The scission of the bonds leads to a complex
mixture with a large number of structurally different species. Many studies concerning
the hydrolysis of polysaccharides use simplified kinetic models with only a monomer as
the degradation product [48,62] rather than a complex mixture of poly-, oligo-, and
monosaccharides. Furthermore, the scission rate is typically assumed to be equal for all
chains or bonds [46]. Another means of simplifying the kinetic model and accelerating
numerical solution is the use of population balances [63].
This section is dedicated to various kinetic models that have been developed for the acid
hydrolysis of plant polysaccharides and might be relevant to the current research. There
are two sub-sections: (1) discussion on the different hypotheses of the reactivity of
glycosidic bonds of polymers or polysaccharides in acid hydrolysis, (2) discussion on the
numerical simulation approaches.
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2 Acid hydrolysis of oat beta-glucan
Reactivity of glycosidic bonds in acid-catalysed hydrolysis

Several hypotheses have been proposed for the reactivity of glycosidic bonds in the acidcatalysed hydrolysis of polysaccharides or polymers, as presented in Table 1. The
simplest and yet most widely used approach is the random scission model [46]. The
random scission mechanism states that all bonds present in a molecule have the same
probability of being broken regardless of their position and the size of the molecule (i.e.,
Mw). The random scission approach has been generally accepted to model the degradation
of, for instance, polymers [64–70] or polysaccharides [71–73]. Nevertheless,
measurement data to confirm the accuracy of the models were either not applicable [65–
67,69,70] or have been simplified (e.g., number and weight average molecular weight)
[64,68,71,72].
Table 1. Hypothesis for the reactivity of glycosidic bonds in the acid-catalysed
hydrolysis of polysaccharides or polymers.
Hypothesis
Random scission

Definition
All bonds react at the same rate

Ref
[46,64,73,65–
72]

Non-reducing end
scission

A non-reducing end of a molecule reacts
faster than a reducing end and other bonds

[47,49,74]

Two-stage hydrolysis

The molecules exhibit two stages of
hydrolysis: initially fast and slower stages

[75,76]

Chain-end scission

The scission occurs predominantly at one of
the chain ends

[77–79]

Chain length dependence

The scission rate depends on the size (i.e.,
Mw or DP of molecules)

[48,63,80]

Two other models are closely related to the random scission: non-reducing end scission
and two-stage hydrolysis. In the former, a single non-reducing end reacts faster (1.3 – 1.8
times) than a reducing end and other bonds, which are hydrolysed at the same rate
[47,49,74]. In the latter, the hydrolysis rate of polysaccharides (e.g., starch [75] and
cellulose [76]) is constant along with the molecules but may exhibit two stages (initially
fast and slower stages) due to changes in the polysaccharide structure.
Another hypothesis is that the hydrolysis of polymers could occur predominantly at one
of the chain ends, usually referred to as a chain-end scission [77–79]. In this case, the
monomers are formed rapidly. Consequently, the concentration of large molecules is
greatly depleted. In one study [77], Ho and co-workers reported that enzymatic
degradation likely occurs at one end of the molecules. For instance, the weight fraction
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of DP 1 increased from 0 to approximately 90% after 2 h. At the same time, the weight
fraction of DP > 9 decreased from 75% to roughly 5% [77].
It has also been suggested that the hydrolysis rate is dependent on the size of a molecule.
For instance, Basedow et al. suggested that different molecules subject to hydrolysis are
assigned a different rate constant equal to Mw to the power of ‘–1/3’. However, mostly
number and weight average molecular weight were reported [80]. In one study of
hemicellulose hydrolysis [48], an empirical correlation was used to describe the increase
of hydrolysis reaction rate constants with decreasing DP to simulate ‘autocatalytic’
behaviour. However, only monomers (mannose, glucose, galactose) were monitored to
fit against the model [48]. In these two studies, the hydrolysis rate decreases with the
increasing size of the molecules. Ahmad and co-workers also suggest that the scission
rate of cellulose is a function of DP but include time dependence [63]. In contrast to the
two studies mentioned above, the best-fit model suggests the increase of the scission rate
with the DP of a molecule and with ageing [63].
In the current research, these hypotheses mentioned above will be tested against the
experimental data of the acid hydrolysis of oat −glucan and discussed in Chapter 6.

2.3.2

Numerical simulation approaches

There are three common approaches to modelling the degradation of polysaccharides or
polymers in general. The most straightforward approach is to treat each DP and structure
of molecules as separate species [46–48,68,78,80]. Their concentrations are calculated by
solving the differential mass balances that contain each of the thousands of hydrolysis
reactions. The approach entails long computational time and requires significant
computational resources depending on the number of molecules present in the model.
Furthermore, the situation might be getting more complicated if each bond's reactivity in
each molecule is taken into account. To reduce the computational load, the population
balance modelling method (PBM) has been used to simulate polymer degradation
[63,67,71,81]. The main idea is to discretise the molecular mass distribution (MMD) into
categories and use the average properties of these categories to describe the degradation
reactions. This approach reduces the number of differential equations to be solved.
However, the kinetic parameters might be subject to change if the discretisation method
changes, leading to changes in the properties of categories, which are not constant. The
third approach applies the Monte Carlo sampling technique to generate the distribution
of molecular size [70] or randomly select which individual bonds are to be broken [49,69].
This approach suffers from limited accuracy, however [82].
In the current research, the first approach is chosen to simulate the degradation of oat
−glucan under acid-catalysed hydrolysis because it is expected to offer better accuracy
as the concentration of each molecule possibly present is calculated. Further discussions
related to implementation and an adaptive scheme to improve simulation are given in
Chapter 5.
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3 Integrated reactor-separator system
The most straightforward way to produce non-digestible oligosaccharides with the
desired DP is via the enzymatic or hydrolytic degradation of polysaccharides by a standalone reactor, for instance, a batch reactor [29,30,33]. However, with this setup, the
product purity and yield are inherently low because the effluent contains not only target
components but also unreacted reactants and too small molecules. To further improve
purity and yield, the most common approach is integrating the reactor and separator units
[83]. There are two main reasons for establishing the integrated reactor-separator system:
(1) to recover incompletely converted reactants (i.e., large polysaccharides), and (2) to
separate target components from impurities (e.g., monomers). These courses of action are
meant to increase yield and purity accordingly.

3.1 A fully-integrated reactor-separator system
There exist two types of integrated systems. The first kind is a fully-integrated system,
wherein the reaction and separation occur in a single piece of equipment, commonly
found as a membrane reactor. Normally, the ultrafiltration (UF) membrane with a specific
molecular size cut-off (MWCO) is embedded with the enzymes. The reaction happens
when the polysaccharides make contact with the enzyme. At the same time, degradation
molecules, the Mw of which is below MWCO, are transported through the porous channel
of the membrane and are separated into the permeate [35–38]. The retentate, mainly
consisting of large unreacted polysaccharides, could be recirculated to the feeding tank to
maximise yield [36–38]. For instance, the membrane reactor was used to synthesise
galactooligosaccharides (GOS) [36,38]. The membrane reactor provides 33% higher
GOS production than the batch reactor while minimising the formation of
monosaccharides (78% lower compared to the batch reactor) [38]. Nevertheless, the
products mainly contain GOS with a DP lower than 4 [36,38].

3.2 A recycle-integrated reactor-separator system
The second approach of integrating reaction and separation is a recycle-integrated
reactor-separator (RS), in which the effluent produced separately in the reactor is
transferred into the separator. If there is a single membrane employed, there are two
streams: the product containing target components and the recycle made up by unreacted
substrates. An addition stream, namely waste consisting of too small molecules, could be
produced using an additional membrane with smaller MWCO, or multiple streams could
be produced from a chromatographic column by choosing the cut time. For instance, the
production of isomaltooligosaccharides [39], chitooligosaccharides [40], and
galactooligosaccharides [41,42] was studied by coupling the reactor and UF membrane
unit. Most studies did not report MMDs in the permeate, and the DPs reported are rather
small, ranging from 1 to 6 [39,40]. In another study, it was reported that the recycleintegrated reactor-separator could produce polymeric and oligomeric substrates, the DP
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of which might range from 1 to 25 depending on the reaction and operating conditions
[84]. Overall, the performance (e.g., productivity or yield) was reported to improve
significantly compared to the batch reactor [40,42].

3.3 Evaluation of process performance
The process’s performance is often evaluated by several indicators, such as selectivity,
yield, and purity. Their definitions might slightly differ between studies. Due to the nonlinear behaviours of the integrated system, discussions on process performance are
normally generalised by introducing certain dimensionless process parameters.
For instance, Sainio and Kaspereit introduced the splitting parameters (e.g., in membrane
separations, regarded as a retention factor) and sharpness (i.e., a degree of rejection of
molecules) of separators to study the behaviours of purity and selectivity of oligomers
with a controlled DP range [83]. In another study, Kiss et al. used the adapted form of the
Damköhler number ( Da = kVR cA,0QA,0 −1 ) instead. Depending on the type of reaction (e.g.,
parallel or parallel-consecutive reaction), yield and selectivity could be manipulated by
the rate constant (k), volume of the reactor (VR), initial concentration of reactant (cA,0), or
reactor inlet flow rate (QA,0) [85]. While both studies generalised the results by different
dimensionless parameters, they reported very similar findings. First, the high purity of
the recycle stream is preferable. However, the integrated system could tolerate the impure
recycled stream, which might contain a small fraction of target molecules and smaller
ones [83,85]. Second, the highest acceptable value of the recycle rate is recommended,
considering the technical and economic factors because it decouples the reactor from the
integrated system [83,85]. Thus, better control strategies for stand-alone reactors could
be applied (e.g., lower conversion of target molecules to impurity). This thesis uses the
same strategy, generalising results by introducing dimensionless operating parameters
and equipment design parameters (discussed in section 3.4).

3.4 An intermittent recycle-integrated reactor-separator system
The vast majority of literature studying the integrated system uses a membrane as a
separator unit [35–42], whereas SEC has rarely been used because the membrane process
is straightforward to operate, and the integrated system could be operated continuously.
However, it comes with a limitation that a molecular mass distribution (MMD) of
oligosaccharides may remain broad unless a cascade of membranes with different
molecular weight cut-off (MWCO) is used. A SEC column is a better choice for a
narrower size distribution. In one study, a direct comparison between diafiltration and
SEC for the recovery of hemicellulose was investigated. It was reported that SEC offers
higher purity and recovery (82% and 99%, respectively) than diafiltration (77% and 87%,
respectively). The authors argued that diafiltration is dependent on the purity of the feed
solution, which was highly contaminated by low molecular weight compounds, whereas
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SEC is not affected [86]. Thus, SEC is chosen over the membrane as a separator unit in
this work.
An intermittent recycle-integrated reactor-separator system used in this work is illustrated
in Fig. 3A. An intermittent operation is characterised by the periodic withdrawal of a part
of the reaction solution, separation of the latter by the SEC column, and re-introduction
of fractions with insufficient conversion into the reactor, along with the introduction of
fresh feed and catalyst. The fractionation scheme in the experimental work is illustrated
in Fig. 3B. The details of experimental works are presented in section 2.3, Publication III.

Figure 3. (A) Experimental setup of the intermittent recycle-integrated reactor-separator
system. (B) Fractionation scheme of chromatographic separation in experiments.
Notation: red solid line = chromatogram of large molecules (DP > 30), black dashed line
= recycle fraction, black solid line = product fraction, black dotted line = waste fraction.
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Process design

In this work, the intermittent RS is analysed by using dimensionless design and operating
parameters. The definitions of those parameters are similar to those introduced in refs
[83,85]. For instance, the design parameter is meant for equipment configurations (i.e.,
size of units), whereas the operating parameters describe the control strategies of the
process (e.g., recycle rate, mean residence time). Moreover, those parameters allow the
integrated system to mimic either a continuous or a batch operation mode. The effects of
those parameters on process performance will be discussed in section 7.5.
The equipment configuration was characterised by a dimensionless parameter ν, which
was defined as the volume ratio of the reactor, VR, to the separation column, Vcol.

=

VR
Vcol

(1)

According to the intermittent operation strategy, a certain volume of solution was
periodically withdrawn from the reactor and fed into the separation column. A
dimensionless operating parameter ϕ was used to quantify the volume of the fraction of
F
solution withdrawn during each cycle. It was defined by using Vcol
, the volume of feed
into the SEC column, as in Eq. (2):

=

VcolF
VR

(2)

It is observed from Eqs. (1) and (2) that the volumetric loading of the column can be
calculated from these dimensionless parameters as VcolF Vcol =  .
Besides ϕ and ν, the performance of the reactor-separator depends on the cycle time, tcycle.
It was assumed that the separation duration is not a limiting factor, and the time between
consecutive withdrawals from the reactor can be chosen freely. To compare the
intermittent reactor-separator with a continuous one, i.e., a reactor-separator with a CSTR
coupled with an SEC column, the mean residence times, tmean in the two reactors must be
equal. Since a volume fraction ϕ is withdrawn and replaced by a fresh solution at intervals
of tcycle, the mean age of volume elements in the reactor at the end of cycle N becomes
tmean = tcycle + (1 −  )  2tcycle + (1 −  )  3tcycle + ... + (1 −  )
2

N −1

 Ntcycle

(3)
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At a steady state, the mean exit age is


tmean = tcycle  k (1 −  )

k −1

k =1

=

tcycle



(4)

and, since the mean age in a CSTR equals the space-time τCSTR, the intermittent and
continuous reactor-separators are comparable when
tcycle =  CSTR

3.4.2

(5)

Process performance

Short polysaccharides with a DP in the range of 15 to 30 were chosen as the target
molecules. Molecules above this range were regarded as reactants and those below this
range as impurities. Purity is the mass fraction of target molecules in the product fraction.

Pu =

P
mtarget

(6)

P
mtot

Yield is defined as the mass of target molecules in the product fraction relative to the
mass of fresh oat β−glucan (BG) introduced as fresh feed (superscript FF) on each cycle.

Y=

P
mtarget

(7)

FF
mBG

Specific productivity is defined here based on equipment volume and time-average flow
of the target molecules out of the intermittent process. Separators are often more
expensive to construct and operate than reactors, except when expensive catalysts are
needed. To include the effect of separation costs without using case-specific numerical
values, the volume of the separator is multiplied by a relative cost factor χ. Specific
productivity then becomes
FF
Yc
YmBG

PR =
= R,BG
tcycle (VR + Vcol ) tmean  +
0

(8)

Here cR0 is the mass concentration of oat β−glucan in the reactor at the beginning of the
cycle when ϕ = 1.
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4 Size-exclusion chromatography
4.1 Basic theory
Size-exclusion chromatography (SEC) is a liquid chromatography technique that
separates molecules based on their apparent size, which is influenced by both molecular
mass (Mw) and shape [87,88]. Ideally, the SEC column is packed with porous resins that
have no affinity-based interactions with the solutes (adsorption) [89]. The separation
mechanism of SEC is illustrated in Fig. 4. Large molecules cannot enter the pores of
resins and thus are excluded in the void volume. Conversely, small molecules such as salt
diffuse into all the pores available; hence they elute at the total liquid volume. Molecules
with the intermediate size that have partial access to the pores are retained to a lesser
extent than small molecules [87,90]. In general, the smaller the molecules, the greater the
accessible pore volume and the later the elution [87].

Figure 4. Size exclusion chromatography principle. (A) Schematic picture of a
chromatography resin bead with an inserted electron microscopic enlargement. (B)
Schematic drawing of sample molecules diffusing into or being excluded from the bead
pores. (C) Graphical description of separation. (D) Hypothetical chromatogram.
Reproduced from ref [87] with permission from Elsevier (License number:
4905300193940).
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In SEC, the column is operated with low flow rates to ensure complete diffusion of the
feed into the pores, resulting in high resolution. The injection volume should also be
small, ranging from 2% to 30% of the column volume, depending on the type of
application [87,89]. Due to these limitations, a highly concentrated sample is preferred to
maximise throughput. However, the high sample concentration might lead to high
viscosity, which might cause peak broadening [87,89] and viscous fingering [91,92].

4.2 Applications of SEC
Based on the separation mechanism of SEC, there are two typical applications: group
separation and fractionation. In a group separation, the difference in the size of molecules
to be separated is substantially large, for instance, by a factor of 10 or more [87]. The
components of interest (e.g., protein, virus, plasma) are so large that they are totally
excluded in the void volume of the column, whereas low molecular weight molecules
such as salts or buffer components enter the resin pores and elute at the total liquid volume
[87,88]. For example, SEC is used for protein purification [93–96], virus separation [97–
99], vaccine purification [99,100] or exosome isolation [101–103].
Fractionation refers to a separation of molecules, the sizes of which are in the resin's
fractionation range. SEC is often used to fractionate polymers [104,105] or
polysaccharides [106–109] because the difference in the size of molecules (i.e., DP) is
not as significant (2–5 times) as those in group separation. In the fractionation,
productivity is rather low because the sample volume is kept as low as 5% of the column
volume [87,89]. The use of SEC in this work also falls under this category.
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5.1 Kinetics for beta-glucan constituent disaccharides in acid
hydrolysis
The susceptibility of −(1,4) and −(1,3) glycosidic bonds (referred to as A and B bonds,
respectively) towards acid degradation was investigated by separately hydrolysing two
model disaccharides: cellobiose and laminaribiose, containing a single A and B bond,
respectively. There are two reasons for such a choice. First, only glucose and
disaccharides need to be monitored throughout the reaction of these disaccharides.
Second, a single glycosidic bond is present in those disaccharides, the reactivity of which
is independent of its position in a molecule.
A reaction step of disaccharide hydrolysis can be simply expressed as
kDS
DS ⎯⎯
→ 2Glc

(9)

where DS is a disaccharide, Glc is glucose, and kDS is a reaction rate constant of the
hydrolysis of the disaccharide. Glucose degradation is not considered here because it is
very slow at temperatures lower than 100 °C [30,110–112].
While other studies [50,51,113] assumed the reaction in Eq. (9) to follow a pseudo-firstorder kinetic model where the acid concentration was lumped into the rate constant, kD,
here, the assumption is that this is a first-order reaction with respect to both the
disaccharide and proton as described in Eq. (10).

r = kDScH+ cDS

(10)

where c is the concentration (mol/L).
It is well known that the dissociation of HCl is effectively complete, therefore cH+ = cHCl.
For partially dissociating acids, such as most organic acids and polyprotic inorganic acids,
the proton concentration in the solution must be calculated from a set of dissociation
equilibrium equations and mass balance equations. Here, sulfuric acid was used, and the
bisulphate–sulphate equilibrium of H2SO4 was accounted for by solving the following
system of nonlinear equations for cH+ [114]

cH + cSO 2− − K a , H 2 SO4 cHSO − = 0
4

0
H 2 SO4

c

4

− cHSO − − cSO 2− = 0
4

4

2cH0 2 SO4 − cHSO − − cH + = 0
4

(11)
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where the temperature dependency of the dissociation equilibrium constant is [115]

log Ka,H2SO4 = 56.889 −19.8858log T − 2307.9 / T − 0.006473T

(12)

The reaction rate constant kD was assumed to follow the Arrhenius equation in the
reparametrized form (Eq. (13)). All data sets collected for each disaccharide and acid
catalyst were used to estimate kref and Ea

 E  1 1 
kDS = k ref exp  a  ref − 
T 
 R T

(13)

where superscript ‘ref’ denotes an arbitrary reference temperature (here 65 °C), Ea is the
activation energy (J/mol), R is the universal gas constant (J/mol/K), and T is the
temperature of the solution.
The main benefit of not lumping the proton concentration into the reaction rate constant
is that the reaction rate constant kref and the activation energy Ea could be estimated by
fitting all available kinetic data simultaneously. At a given temperature, kDS could be
easily determined from Eq. (13) with kref and Ea estimated beforehand. If the proton
concentration is lumped into the reaction rate constant, i.e., kDS’ = kDScH, one must
estimate kDS’ individually for each set of experiments with a given temperature and acid
concentration.
When the change in density during the reaction is neglected, the mass-balance equations
for disaccharide degradation and glucose formation in a batch reactor are presented in
Eqs. (14) and (15), respectively.
dcDS
= −kDScH+ cDS
dt

(14)

dcGlc
= 2kDScH+ cDS
dt

(15)

5.2 A structured kinetic model for the hydrolysis of oat beta-glucan
In the current research, a novel structured kinetic model is developed to model the acidcatalysed hydrolysis of oat −glucan [32,33]. As mentioned earlier, cereal −glucans are
mainly composed of β−(1,3)-linked cellotriosyl (AAB) and cellotetraosyl (AAAB) units,
and a minor amount of blocks of up to 14 adjacent β−(1,4) linkages separated by a single
β−(1,3) glycosidic bond [8–11]. However, to simplify the mathematical treatment but
retain the characteristic structure of −glucan, it was modelled as if it consisted only of
AAB units. In other words, −glucan is assumed to have the repeating block of four
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glucose monomers linked by two A bonds separated by a single B bond. Further
justification for such choice of the −glucan structure will be given in Chapter 7.
In this work, the acid-catalysed hydrolysis of oat β−glucan was modelled as first-order
consecutive and parallel reactions, as illustrated in Fig. 5. A and B bonds might have
different reactivity. Moreover, the reactivity of the glycosidic bonds depended on the
position in the polysaccharide chain. This assumption was also suggested by the work of
Basedow et al. [80], who presented a parabolic dependency of a scission rate on the bond
position along the polymer chain in the modelling of the acid hydrolysis of dextran.
Furthermore, the degradation of monosaccharides was neglected.
kA(1) kA(2) kB(3) kA(4) kA(3) kB(2) kA(1)

kA(1)

kB(2)

kA(1) kB(2) kA(3) kA(3) kB(2) kA(1)
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Figure 5. Reaction scheme for the acid-catalysed hydrolysis of oat −glucan. The
reactivity of −(1,4) glycosidic bonds (A, blue) and −(1,3) glycosidic bonds (B, red)
bonds is different. The numbers in parentheses represent the distance of bonds from the
nearest chain end. Circles represent glucose units.
An empirical model was used to investigate the dependency of the rate of glycosidic bond
cleavage on their position in the polysaccharide chain. The current study proposes Model
I (Eq. (16)), which assumes that the cleavage rate varies monotonically (or is constant) as
the distance from the nearest chain end increases.

1− 

ki ( ) = ki0   +  
 


(16)

In these equations, ki is the reaction rate constant of the irreversible hydrolysis reaction
that breaks the glycosidic bond at position δ counting from the nearest chain end. The
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subscript i refers to either the A or B bond. k0 is the reactivity at the chain end, and α and
β are dimensionless adjustable parameters.
The mass balance equation for monosaccharides is

dc1
= 2kA (1) cH c2 + 2kB (1) cH c3 + k I cH  c( j )
dt
j =1

(17)

Here ki = ki ( ) is the reaction rate constant of the bond of type A or B in position δ from
the nearest chain end. k I is a vector that contains the rate constants for cleavage of the
terminal glycosidic bond from the molecules in block j.
For the disaccharides with a single β−(1,4) bond, the mass balance is

dc2
= −kA (1) cH c2 + k II cHc(1) + k III cH  c( j )
dt
j =2

(18)

where, k II and k III are vectors that contain the rate constants for the A and B bonds of
molecules forming molecule 2 via hydrolysis in block 1 and block j (j > 1), respectively.
Analogously, the mass balance for disaccharide with a single β−(1,3) bond is

dc3
= −kB (1) cH c3 + k IV cHc(1) + k V cH  c( j )
dt
j =2

(19)

where, k IV and k V are vectors that contain the rate constants for cleavage of such an A
bond in the molecules of block 1 and block j (j > 1), respectively, where molecule 3 is
formed.
The mass balance equations for other molecules can be described by

dc( j )
= −k (Aj ) N(Aj ) − k (Bj ) N(Bj ) cHc( j ) + K I cHc( j ) +  K (IIj ,k )cHc( k )
dt
k = j +1

(

(

)

(20)

)

Here −k (Aj ) N(Aj ) − k (Bj ) N(Bj ) represents the degradation term, equivalent to the numbers of
A and B bonds in a molecule. K I is a matrix giving the rate constants for the formation
of each molecule in block j from the other molecules within the same block. K (IIj ,k ) is a
matrix of rate constants for the formation of molecules in block j from the molecules in
block k (k>j).
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Full details of the coefficient vectors k I , k II , k III , k IV , and k V , as well as calculations

(

)

of −k (Aj ) N(Aj ) − k (Bj ) N(Bj ) , K I , and

 K(

k = j +1

j ,k )
II

are given in Publication I.

5.3 Other hypotheses of reactivity of glycosidic bonds
5.3.1

Chain-length dependency

Several forms describing the dependence of the degradation rate on the size of a molecule
(i.e., Mw or DP) have been suggested [48,63,80]. In Model II (Eq. (21)), in a given
molecule, all bonds react at the same rate, but the reactivity depends on the size of the
molecule (DP). The difference in the reactivities of A and B bonds is still taken into
account.


1−
ki ( DP ) = ki0   +


( DP − 1)







(21)

In Eq. (21), k0 refers to the degradation of disaccharides with a single A and B bond (i.e.,
cellobiose and laminaribiose).

5.3.2

Random scission

The random scission model by Simha [46] is obtained as a special case of Model I (Eq.
(16)) and Model II (Eq. (21)) by setting α = β = 0 and kA = kB.

5.3.3

Other assumptions

Other hypotheses, such as non-reducing end scission, chain-end scission, and two-stage
hydrolysis, are addressed in Chapter 7.

5.4 Numerical methods
The simulation of the hydrolysis of disaccharides and oat −glucan using the random
scission involving the straightforward solution of the initial value problems with ordinary
differential equations (ODEs) was performed with ode15s in Matlab®.
The simulation of the degradation of oat −glucan using the structured model involves
the solution of thousands of ODEs (Eq. (22)), which is calculated a priori and provided
for the ODE solver during the numerical solution.
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(22)
The Jacobian matrix of the ODE system is invariant in time. Nevertheless, the size of the
Jacobian matrix could reduce due to the fact that molecules that were completely
hydrolysed could be discarded. More precisely, the cumulative weight distribution was
calculated for the polysaccharide mixture, and the molecules belonging to the upper
0.99999 fractile were excluded from the ODE system. The new adaptive Jacobian scheme
reduced the computational load significantly as the number of ODEs solved decreased
progressively. Also, it accelerated the integration by approximately 20 times. The
structured kinetic model was solved numerically using ode15s in Matlab®.

5.5 Size-exclusion chromatographic separation
5.5.1

Column model

The mass balance for a species j in a chromatographic separation column can be written
as in Eq. (23)

b

c j
t

+ (1 −  b )

cs , j
t

+

 2c
Q c j
=  b Dax, j 2j
Acol z
z

(23)

where cj and cs,j are the concentration of components in the mobile and stationary phase,
respectively. Q is the volumetric flow rate, and Dax,j is the axial dispersion coefficient of
component j in the mobile phase. The volume fraction of liquid between the particles in
the bed (bed porosity) is denoted by εb and the cross-sectional area of the column by A.
Generally, in a multicomponent system, the concentrations cj are linked through a phase
equilibrium function cs,j = f(c1, c2, … cN). In the present case, i.e., size exclusion
chromatography of molecules with weak interactions with the stationary phase, the
distribution of species j between liquid and solid phases can be regarded as linear and
independent of the other components. If the solution in the pores of the stationary phase
is always in equilibrium with the liquid between the particles, the mass balance becomes
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c j

Q
 + (1 −  ) H ) +
(
t
A
b

b

j

col
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c j
z

=  b Dax, j

 2c j
z 2

(24)

where the distribution is given by Hj, the slope of the linear isotherm cs,j = Hjcj. The
material balance can be rewritten as

c j
t

+

 2c
u c j
= D j 2j
 j z
z

(25)

where the linear velocity u = Q/Acol and the apparent porosity and axial dispersion
coefficient are related to the physical quantities by

 j =  b (1 + FH j )
Dj =

Dax, j
1 + FH j

(26)

(27)

where F is the phase ratio, equal to (1 −  b )  b .
With these definitions, Eq. (25) can be interpreted as the flow of species j in an empty
tube at a linear flow rate u j = u  j and with an apparent axial dispersion coefficient D j .
Since Hj decreases with increasing molecular size, polysaccharides with large molar mass
behave as if the linear flow rate and axial dispersion coefficient were higher for large
polysaccharides than for smaller polysaccharides.
Eq. (25) can be solved numerically by using one of the methods that transform the partial
differential equations (PDE) to a system of ordinary differential equations (ODE). There
are hundreds or thousands of individual molecules in the present system, and a more
efficient approach is needed. In the current research, the well-known analytical solution
for the residence time distribution for axially dispersed turbulent flow in an empty tube
was used. The chromatograms were constructed using the convolution method, which
will be described below. The residence time distribution function (in the case of moderate
dispersion, DL/u < 0.01) in an empty tube can be calculated as [116]
2
 
 
ut
 L−  
 j  
 
u3
E j (t ) =
exp  − 

3
4 j D j L
 4 j D j L u 





(28)
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where L is the height of the column. The subscript j is used to clarify that the residence
time distribution depends on molecular size. The apparent dispersion coefficient can be
expressed using the number of theoretical plates concept, NTP, as [117]

Dj =

Lu
2 j NTPj

(29)

and Eq. (28) can thus be rewritten as

  
u NTPj
E j ( ) =
exp  − 1 −
 j L 2
   j


2
 NTPj 


 2 

(30)

where  = ut L is a dimensionless time.
As seen, the response of the SEC column is governed by two parameters, namely the
apparent porosity  j and number of theoretical plates NTPj, which were calculated by
empirical models (see Eqs. (12) to (14) in Publication III for details).

5.5.2

Numerical implementation

Size exclusion chromatography (SEC) can be considered as a linear time-invariant system
(LTI) [98,118]. The output signal is the chromatogram at the column outlet. It is obtained
by the convolution of the inlet signal and the residence time function. In other words,
Cout,j is the convolution of Ej with Cin,i, as shown in Eq. (31), where the asterisk is the
convolution operator. The injection profiles were assumed to be rectangular in the
absence of other information.

Cout, j (t ) = E j (t )  Cin, j (t )

(31)

In Matlab®, the convolution is performed by using the Fourier transform method as

(

Cout, j()
t = ifft fft ( E j ( t ) )  fft ( Cin, j()
t)

)

(32)

Compared to the conventional approach calculating the concentration of molecules by
transforming PDE to ODE, the Fourier transform calculation is faster, considering there
are thousands of molecules with different sizes present.
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6 Chemical analyses
6.1 Determination of the concentrations of mono- and disaccharides
Monosaccharide and disaccharide concentrations were analysed using HPLC and the
standard external method. Samples (10 L) were injected into a MetaCarb 87H column
(300 x 7.8 mm, Agilent Technologies) at 65 C temperature. The eluent (5×10-3 mol/L
H2SO4) was degassed and pumped at a flow rate of 0.6 mL/min. The detector was an
Agilent 1100 series refractive index detector (RID). The concentration obtained by
integration (Agilent Chemstation Software B.03.02) was multiplied by the dilution factor
to yield the real concentration of samples.

6.2 Determination of the concentration of short oligosaccharides
The concentration of short oligosaccharides (DP = 1 – 5) was measured by using HPLC
and the standard external method. Samples were filtered with syringe filters
(Phenomenex, 0.2 m) and injected (100 L) into an RNO−Oligosaccharides Na+ (4%)
column (L  I.D. 20 cm  10 mm, Phenomenex) operated at 80 C temperature. The
eluent was degassed and deionised water pumped at 0.3 mL/min. The detector was an
Agilent 1100 series RID. The integration was performed on Agilent Chemstation
Software B.03.02, and the integrated value was multiplied by the dilution factor to yield
the real concentration of samples. An example of an HPLC chromatogram is presented in
Fig. 6.
It is worth mentioning that the column used did not separate different isomers having the
same DP. Therefore, it is assumed that the concentration of each oligosaccharide was a
sum of the concentrations of all isomers. Oligosaccharides were identified by
comparisons of their retention times with those of authentic standards. Each peak was
integrated, and the actual concentration of each oligosaccharide was calculated from
calibration curves.
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Figure 6. A chromatogram of hydrolysed sample of oat −glucan after 24 h. Hydrolysis
conditions: c0 −glucan = 4.74 g/L, cHCl = 0.25 M, T = 80 C. Column:
RNO−Oligosaccharides Na+ (4%) column (L  I.D. 20 cm  10 mm, Phenomenex)
operated at 80 C, eluent: water pumped at 0.3 mL/min.

6.3 Determination of molar mass distribution
The molar mass distribution of −glucan was determined by size-exclusion
chromatography coupled to multi-angle laser light scattering (SEC−MALLS). However,
a known disadvantage of SEC−MALLS is that detection is less reliable for molecules
with Mw < 15×103 g/mol [119,120]. The intensity is low because the light scattering signal
is proportional to cMw [119]. A two-step method (preparative SEC + SEC−MALLS)
was developed and used in the current research to deal with the low intensity of the signal
for small molecules in the samples. Prior to analysis on the SEC−MALLS system,
hydrolysed samples were fractionated in the preparative SEC G−25 or G−75 columns (the
procedure was presented in section 2.2, Publication II).
Samples (1.8 mL each) collected from the fractionation were filled with NaCl 1 M (V ~
50 − 200 L) to yield cNaCl ~ 0.08 M. Prior to injection (100 L), samples were filtered
by using syringe filters (Phenomenex, 0.2 m). The SEC−MALLS system was Agilent
1200 Infinity series equipped with an RID and miniDAWN TREOS (Wyatt Technology,
USA) MALLS detector. TSKgel SuperMultiporePW−M column (L  I.D. 15 cm  6 mm,
Mw range = 5102 – 1106 g/mol, Tosoh Bioscience, Germany) and TSKgel G–Oligo–
PW column (L  I.D. 30 cm  7.8 mm, Mw < 3103 g/mol, Tosoh Bioscience, Germany)
were maintained at 60 C temperature and connected in series. The eluent was NaCl (cNaCl
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= 0.08 M) degassed and pumped at 0.4 mL/min flowrate. The refractive index increment
(dn/dc) of 0.146 was set for −glucan in calculations [10,16,121]. MMD was determined
by the ASTRA software (version 6.1.2).
Figure 7 presents signal collections SEC−MALLS analyses of the samples analysed with
and without being fractionated in the preparative SEC column. As shown, even though
the concentrations of large molecules (14.5−16.5 min) were small by a differential
refractive index (dRI) in the unfractionated sample (Fig. 7A), their intensities (i.e., laser
signal (LS)) from MALLS detectors were very large because the light scattering signal is
proportional to cMw [119]. Such behaviour might lead to inaccurate quantification of
smaller molecules. The intensities of large molecules decreased due to fractionation, as
shown in Figs. 7B and C. This behaviour is less severe in Fig. 7C, from which the large
molecules fraction (14.5−16.5 min) could be safely discarded in integration.

Figure 7. Signal collections from refractive index and multiangle laser light scattering
detectors of SEC−MALLS analysis of (A) the unfractionated raw oat −glucan sample,
(B) and (C) large molecules and intermediate molecules fractions of the raw oat −glucan
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sample, respectively fractionated in a Sephadex G−75 column (L  I.D. 70 cm  15 mm)
at 60 C temperature.
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7 Results and discussion
7.1 Acid hydrolysis of beta-glucan constituent disaccharides
Due to rarity, laminaribiose containing a −(1,3) glycosidic bond (B bond) was
hydrolysed with HCl only ( cH+ = 1.00 mol/L at 65 C and 0.25 mol/L at 80 C), as shown
in Fig. 8 (top row). Cellobiose containing a −(1,4) glycosidic bond (A bond) was
hydrolysed with HCl and H2SO4 at different temperatures and proton concentrations, as
shown in Fig. 8 (more data could be found in ref [32]). As presented, the experiments
were very well reproducible.

The reaction order with respect to cellobiose was tested by carrying out with higher
concentration (cDS = 100 g/L). The kinetic model fits well to the experimental data over
a wide range of cellobiose concentrations using the same value of the rate constant.
Hence, it is sufficient to conclude that the hydrolysis of disaccharides follows a first-order
reaction with respect to the concentration of the disaccharides.
The simulated results (line) are also presented in Fig. 8. However, it is noteworthy that
the values of the rate constant of A and B bonds (hereafter denoted as kA and kB,
respectively) at a given temperature were calculated from Eq. (13) with kref and Ea, which
were determined by a non-linear regression (discussed in the next paragraph). Simulations
were then performed from the kA and kB calculated. Even though the kinetic model for
the hydrolysis of disaccharides (Eqs. (14) and (15)) presented in this work is very simple,
assuming first-order reactions, the simulated results describe experimental data very well.
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Figure 8. Hydrolysis of laminaribiose with HCl (first row) and cellobiose with HCl and
H2SO4. Laminaribiose concentration: 1 g/L. Cellobiose concentration: 10 g/L, except at
last row (100 g/L). Notation: line = simulated results, open symbol = experiment 1, filled
symbol = experiment 2, triangle = laminaribiose, circle = cellobiose, square = glucose,
green = 40 C, blue = 65 C, red = 80 C, black = 90 C.

7.1 Acid hydrolysis of beta-glucan constituent disaccharides
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The rate constants of A and B bonds at Tref = 65 C (referred to as kAref and kBref ,
respectively) and Ea were determined by nonlinear regression analysis. The posterior
distributions of kAref and kBref and Ea were obtained from MCMC with 10,000 steps (see
Table 3 in Publication I for details). As presented, kinetic parameters indicate that the B
bond is more susceptible to acid-catalysed hydrolysis than the A bond. The statistical
significance of the difference in kinetic parameters was obtained by the student’s t-test
with the kinetic parameters of A and B bonds with HCl. The difference is statistically
significant (P < 0.0001). In addition, the kinetic parameters of the A bond with HCl are
statistically significantly different from those with H2SO4 (P < 0.0001). The same
observation is seen in Fig. 9, which presents the posterior distributions of kAref and kBref
versus Ea. As shown, three regions distinguish themselves. In the case of HCl hydrolysis,
the kinetic parameters of the A bond (red dots) are obviously separated from those of the
B bond (blue dots).

Figure 9. Posterior distribution of kAref and kBref at a reference temperature of 65 C versus
Ea. Blue (−(1,3) glycosidic bond (B) with HCl), red (−(1,4) glycosidic bond (A) with
HCl), green (−(1,4) glycosidic bond (A) with H2SO4).
In conclusion, the difference in reactivity of the A and B bonds must be taken into account
in a kinetic model of the acid-catalysed hydrolysis of −glucan.
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7.2 Characterisation of raw oat beta-glucan
It is nearly impossible to measure the concentration of an individual molecule formed
during the acid hydrolysis of oat −glucan. Instead, MMD is chosen as a main
characteristic of the hydrolysate. However, low molar mass molecules (Mw < 15×103
g/mol) are less reliably measured in the polysaccharide mixture, as reported elsewhere
[119,120]. For this reason, a two-step analysis method was developed and used to
improve the accuracy of MMD by coupling a preparative SEC as a pre-treatment with an
analytical scale SEC. A comparison of MMD measured by a single-step (analytical
SEC−MALLS) and two-step (preparative SEC + SEC−MALLS) was made and discussed
in this section.
Figure 10A shows that the molar mass distribution of the original, unhydrolysed oat
−glucan is relatively broad. The M w was determined to be 227×103 g/mol, which is
somewhat smaller than the value (272×103 g/mol) given by the manufacturer. The
polydispersity was 1.38. No molecules smaller than Mw = 10×103 g/mol were detected
with either HPLC or MALLS, but the fraction Mw  100×103 g/mol contained 14% and
the fraction Mw > 500×103 g/mol contained 5% of the mass. Approximately 35% of the
mass was between 100×103 g/mol and 200×103 g/mol and 24% between 200×103 g/mol
and 300×103 g/mol.
Figure 10A also shows a comparison of the single-step and two-step analysis methods for
MMD. In the latter, the original sample was first fractionated in a preparative scale SEC
column to 10 fractions. Each of these was then analysed in the SEC−MALLS as described
previously. The two-step method improves the resolution of MMD and prevents larger
molecules from screening the smaller molecules due to their higher intensity in MALLS.
The difference is even more significant in samples withdrawn during the hydrolysis (not
shown) as the fraction of smaller molecules, which are not detected by MALLS,
increases. Even though the two methods yield almost the same M w for oat −glucan (not
shown), the two-step method was necessary for this work to obtain a reliable MMD for
estimating the kinetic parameters.

7.3 Reactivity of glycosidic bonds in oat beta-glucan in acid hydrolysis
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Figure 10. (A) Molar mass distribution of original oat −glucan prior to acid hydrolysis.
Filled symbols = two-step method, open symbols = single-step method. (B) Separation of
partially hydrolysed oat −glucan in preparative SEC column (Sephadex G−75, L  I.D.
70 cm  1.5 cm). Feed volume = 10 mL, flow rate = 0.5 mL/min, T = 60 °C. diamond =
0
hydrolysis at 80 C, square = hydrolysis at 50 C. Hydrolysis conditions: c −glucan = 4.74
g/L, cHCl = 0.05 M.
Two elution profiles of partially hydrolysed −glucan in the preparative SEC column are
provided on the right in Fig. 10B. As seen in the figure, the molecules with Mw < 40×103
g/mol are separated, whereas larger molecules all elute in the void volume of the column.
The exclusion limit for −glucan in this separation material is close to that provided by
the manufacturer for dextran (Mw ~ 50×103 g/mol). The profiles measured for two
hydrolysates (produced at 50 °C and 80 °C) show that the chromatographic separation is
well reproducible.

7.3 Reactivity of glycosidic bonds in oat beta-glucan in acid hydrolysis
Several hypotheses for the scission mechanism of polysaccharides or polymers, in
general, were mentioned in Chapter 5. Those hypotheses differ in the way they describe
the change in the reactivity of glycosidic bonds.
In Publication II, it was reported that a time-invariant rate constant was able to describe
an evolution of the number average molecular weight ( M n ) of oat −glucan hydrolysates
(produced at 50 °C and 80 °C) [33]. Hence, it is sufficient to conclude that possible
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changes in the solution viscosity or structure of the polysaccharide chains do not affect
the hydrolysis rate of oat −glucan. In addition, the chain-end scission mechanism was
found unsuitable to describe the kinetics of the acid hydrolysis of oat −glucan [33]. The
main argument is that the fitted rate constants to M n of oat −glucan hydrolysates were
significantly higher than those calculated for −glycosidic bonds in disaccharides [32],
which is not plausible. The non-reducing end scission has a similar mechanism with the
random scission, except a non-reducing end is hydrolysed faster than the other bonds in
the polysaccharide chain. Therefore, two-stage hydrolysis, chain-end, and non-reducing
end scission are not discussed further. The reader is encouraged to refer to Publication II
for the derivation of M n in the case of those hypotheses.
The reactivity of the glycosidic bonds was studied by fitting empirical models to the
experimental reaction kinetics data (MMD and concentration of short oligosaccharides
(DP = 1 – 5)). Three models describing the reactivity changes of glycosidic bonds,
including Model I (Eq. (16)), Model II (Eq. (21)), and the random scission model, were
tested against experimental data. The best fit and the corresponding parameter values are
given in Table 2.
Table 2. Comparison of empirical models for the reactivity of the glycosidic bonds during
the HCl-catalysed hydrolysis of oat −glucan.
RSSMMD

RSSOLIGOS

kA0 105
(L/mol/min)

kB0 105
(L/mol/min)

𝛼

𝛽

Model I

0.044

0.171

4.213

13.610

0.255

2.204

Model II

0.046

0.367

6.081

16.682

0.194

0.911

Simha

0.414

1.281

2.454

2.454

0

0

Model I

0.062

0.053

291.8

658.3

0.334

2.037

Model II

0.065

0.081

420.8

1057.4

0.217

1.073

Simha

0.552

0.806

181.4

181.4

0

0

Model
T = 50 °C

T = 80 °C

The random scission model of Simha [46] assumes that all bonds in the polysaccharide
chain react with the same probability that is independent of molecular size. The best-fit
parameters of the Simha model predicted too fast a degradation of the large −glucan
molecules and too slow a formation of oligosaccharides (not shown). As a result, the
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Simha model resulted in by far the largest residuals in both the molar mass distribution
and oligosaccharide formation data, indicating (albeit indirect) that glycosidic bonds in
oat −glucan do not react at the same rate [33].
Two empirical models: Model I (Eq. (16)) and Model II (Eq. (21)) were used to test
whether (and how) reactivity depends on the position in the chain or on the size (i.e., DP)
of the −glucan. It is worth noting that these models are flexible enough to describe the
increasing, decreasing, and invariant behaviour of the reactivity. The variation in the
reactivity of glycosidic bonds in oat −glucan with HCl at 80 C as a function of the
distance from the nearest chain end (Model I) and of DP (Model II) is illustrated in Fig.
11. A similar behaviour is expected at 50 C temperature.
The best-fit parameters to Model II suggest that the reactivity of glycosidic bonds is
constant along the polysaccharide chain but decreases rapidly with increasing DP,
levelling off at approximately DP = 20 or Mw ~ 3200 g/mol (Fig. 11A). The values of kA
and kB at the limit of DP = 2 are more than four times larger than those in longer
polysaccharides.
The best-fit parameters of Model I indicate a very similar behaviour of kA and kB as a
function of the distance from the nearest chain end (Fig. 11B). The values obtained for
the terminal glycosidic bonds are, on average, 37% smaller than those reported for
laminaribiose and cellobiose [32]. This is plausible, considering that the disaccharides
have more degrees of freedom in the solution than the chain ends of the polysaccharides.
As observed in the RSSMMD values in Table 2, Model I and Model II could correlate
equally well the change of MMD. In the present data, the conversion is not very large,
however, and the MMD is dominated by the presence of relatively large polysaccharides.
Therefore, the MMD data alone is not sufficient to discriminate the models. An inspection
of the RSSOLIGOS values in Table 2 shows that the formation of oligosaccharides and
glucose is significantly better correlated with Model I than with Model II. In light of the
results obtained from the current work, it is suggested that the variation in the reactivity
of the glycosidic bonds is stronger along the −glucan chain than with the DP of the
polysaccharide. Even though the parameters of the empirical models should not be given
a physical meaning, they are valuable in extracting this kind of information from
experimental data. The fit of Model I to the MMD data at each time value and the
formation of the oligosaccharides are shown in Fig. 12.
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Figure 11. Acid hydrolysis rate constants of the glycosidic bonds in oat −glucan with
HCl at 80 C. (A) Model II (Eq. (21)). (B) Model I (Eq. (16)). The Simha model is shown
with a black solid line. (C) Activation energy of glycosidic bonds along the −glucan
molecule (calculated by Model I). Notation: diamond = −(1,3) glycosidic bond, circle
= −(1,4) glycosidic bond.
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Based on this finding, it is worth discussing the choice of the structured kinetic model
assuming oat −glucan is composed of 100% AAB units. The current research shows that
position in a molecule has a more profound effect on the reactivity of the bonds, which
decreases progressively with the increase in distance from the chain end () as described
by Model I. Reactivity decreases by half at  = 2 and remains nearly a third (~ 0.33−0.35)
at  > 6 (Fig. 11B). Thus, it is evident that adding one more A bond randomly into any
existing AAB (i.e., creating a longer block of adjacent A bonds) unit would not
significantly change the results.
As shown in Fig. 11C, the activation energy (Ea) of glycosidic bonds increases with
distance from the nearest end bond. It is concluded that the further the bonds are from the
two ends, the higher the activation energy. In other words, the chain ends are more
susceptible to hydrolysis as a larger fraction of encounters with protons leads to bond
cleavage.
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Figure 12. Evolution of molar mass distribution of oat −glucan (cHCl = 0.05 M) and
formation of short oligosaccharides (cHCl = 0.25 M) during acid-catalysed hydrolysis.
Left: T = 50 C. Right: T = 80 C. DP of the oligosaccharides: circle = 1, square = 2,
diamond = 3, triangle = 4, pentagram = 5. Solid lines were calculated with the structured
kinetic model (Model I). Notation: CWF = cumulative weight fraction, wf = weight
fraction.
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7.4 Size-exclusion chromatographic separation
The SEC column packed with Sephadex G–25 was characterised by feeding small
amounts of small carbohydrates (glucose, cellobiose) and a large dextran polymer. The
apparent porosity and number of theoretical plates of these substances calculated directly
from the experimental chromatograms can be regarded as the upper and lower boundaries
for the correlations (see Table 1 in Publication III for details).
The apparent porosities for molecules of various sizes, calculated from pulse experiments
with beta-glucan hydrolysates, are displayed in Fig. 13A. The results obtained with
hydrolysates of varying reaction times are consistent, except for a small variation in the
apparent porosity of the largest molecules. The t = 120 min hydrolysate is mostly
composed of molecules in the range 7.5×103 < Mw < 65×103 g/mol and  ranges from
0.40 to 0.42. Molecules with Mw > 65×103 g/mol were largely hydrolysed already at t =
120 min and were present only in small amounts. The molar masses in the t = 200 min
and t = 250 min hydrolysates are quite similar (4×103 < Mw < 40×103 g/mol), with the
apparent porosity in the range of 0.42 to 0.48. In the batch hydrolysed for 360 min, the
molar mass range 2.5×103 < Mw < 4×103 g/mol is close to the target size of DP = 15 – 30.
Their apparent porosity ranged from 0.46 to 0.53, indicating that separation from the
reactants should be possible.
A characteristic feature of the experimentally determined  is that it reaches a lower limit
(equal to the bed porosity εb) at approximately 10×103 g/mol and is constant for larger
molecules. Both the modified Gompertz function (R2 = 95.67%) and extended Ogston
model (R2 = 85.52%) can reproduce this behaviour, but the former is significantly more
accurate in this range (see Publication III for equations). On the other hand, the modified
Gompertz function predicts a nearly constant value for  at Mw < 900 g/mol, which is
not in agreement with experimental observations. Considering that the highest precision
is needed in the range of the experimental data in Fig. 13A, the modified Gompertz
function is chosen. See Table 2, in Publication III, for the best-fit parameters estimated
for the two models.
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Figure 13. Dependency of the apparent porosity (A) and the column efficiency (B) on
the molar mass of −glucan polysaccharides in the preparative SEC column packed with
Sephadex G−25. Hydrolysis times: diamond = 120 min, square = 200 min, triangle = 250
min, circle = 360 min. Data from pure model substances (glucose, cellobiose, blue
dextran) are marked with a hexagram. Black and red lines are calculated with Model I
and Model II, respectively.
The NTP could be calculated directly from the experimental data only for the three model
compounds (glucose, cellobiose, and blue dextran). The parameters of the NTP
correlation were estimated by applying the inverse method to the chromatograms
measured for the four batches of hydrolysates (see Table 2, in Publication III for the bestfit parameters estimated). As seen in Fig. 13B, the NTP correlation is in good agreement
with the experimental observations. The experimental and simulated chromatograms of
the −glucan hydrolysates are displayed in Fig. 14. Overall, the simulation using the
convolution approach is satisfactory, especially considering that thousands of individual
compounds and simple empirical correlations are used for the apparent porosity and the
column efficiency.
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Figure 14. Chromatograms of −glucan hydrolysates in preparative SEC column packed
with Sephadex G−25 (L × I.D. 70 cm × 1.5 cm), T = 60 °C, Q = 0.5 mL/min. Dash-dot
line = feed profile, blue solid line = experimental chromatogram, red solid line =
simulated chromatogram.

7.5 Intermitted recycle-integrated reactor-separator system
A laboratory-scale intermittent reactor-separator with reactor to separator volume ratio ν
= 0.162 was operated for 7 cycles. The fraction of solution withdrawn on each cycle was
ϕ ≈ 0.25. Due to a limitation of operating pressure in the preparative SEC column, tcycle
was chosen as 60 min, which corresponds to tmean = 4 h. The evolution of the yield and
purity of the target molecules (DP = 15 – 30) in the experiment is shown in Fig. 15. The
yield and purity are relatively low, mainly due to the short mean residence time and
suboptimal fractionation of the SEC column effluent (see Fig. 3B). Nevertheless, yield
and purity in the intermittent reactor-separator are approximately 2.0 and 2.5 times higher
than those obtained experimentally in a batch reactor with the same mean residence time
(YBR = PuBR ≈ 0.04 after 4 h), reported in Publication II.
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The purpose of this experimental run was not to optimise the equipment configuration or
the operating parameters but to ensure that the models presented above describe the
performance correctly, at least in a qualitative sense. The match between the simulation
model and the experimental data is good, considering that it is a prediction with
parameters determined in independent experiments. This gives a good basis for a
parametric analysis of the intermittent reactor-separator using numerical simulations.

Figure 15. Evolution of Y (A) and Pu (B) of −glucan hydrolysates oligosaccharides with
DP = 15 – 30 in an intermittent laboratory-scale reactor-separator with ν = 0.162 and ϕ =
0.25, tcycle = 60 min. Symbols present experimental data and lines simulated results.
While the yield and purity of the target components in the intermittent laboratory-scale
reactor-separator were higher than those of a stand-alone batch reactor, they were
unexpectedly low. This is because the number of RS operations in the experimental works
was limited, and the fractionation scheme was not optimised. Therefore, the number of
RS operations must be prolonged, and the fractionation scheme must be optimised. These
actions will be taken into effect in the following simulations.
In the optimal fractionation scheme, the effluent from the SEC column was split into four
fractions, as shown in Fig. 16. The recycle fraction was chosen such that the amount of
recycled reactants was maximised. To prevent the reactor's flooding, one must set the
volume of solution withdrawn from and recycled to the reactor identical. Owing to limited
column efficiency, concentration fronts are broader at the outlet than at the inlet. A waste
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fraction (I in Fig. 16) had to be collected and discarded before the recycle fraction (II in
Fig. 16) to keep the reactor from flooding. The product fraction (III in Fig. 16) was
collected immediately after the recycle fraction. Its width was chosen such that the
recovery yield of the products was maximised. Finally, the impurities were collected in a
second waste fraction (IV in Fig. 16).

Figure 16. Fractionation scheme for the effluent of the SEC column in the intermittent
reactor-separator. I and IV are waste fractions, II is the recycle and III is the product
fraction. Column loading: (A) νϕ = 0.25, (B) νϕ = 1.0. Reaction conditions: cHCl = 0.05
M, T = 80 C, tmean = 240 min, ϕ = 1. Line colours: red = reactants (DP > 30), blue =
target (DP = 15 – 30), black = impurities (DP < 15).
Figure 17 presents the evolution of indicators, such as the concentration and purity of
target molecules in the reactor outlet, recycle fraction, and product fraction with a longer
run and optimal fractionation scheme (see Fig. 16A). As shown, all indicators increase
progressively, indicating the benefit of the integrated system, and certainly reached a
plateau, showing that a steady state may be reached. Even though concentration is high
in the reactor outlet, purity is low because the stream from the reactor contains a mixture
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of thousands of different molecules. The SEC column separates target components from
the mixture, resulting in an improvement (1.6-fold) of purity in the product fraction
compared to the reactor outlet. The concentration of target components is lower in the
product fraction than in the recycle fraction. This is understandable because a large
portion of target molecules is collected in the recycle fraction (see Fig. 16). Nevertheless,
compared to the stand-alone reactor, the improvement achieved in the intermittent RS is
significant (PuRS = 0.45, PuBR = 0.04).

Figure 17. Evolution of the concentration (top) and purity (bottom) of −glucan
hydrolysate oligosaccharides with DP = 15 – 30 in the intermittent reactor-separator with
ν = 0.5 and ϕ = 0.5. Reaction conditions: cHCl = 0.05 M, T = 80 C, tmean = 240 min.
Notation: solid line = reactor outlet, dashed line = recycle fraction, dotted line =
production fraction.
To understand the behaviour of the intermittent reactor-separator process in more detail,
an extensive simulation study was carried out. The mean residence time in the reactor
(tmean), the equipment volume ratio (ν), and the fraction of solution withdrawn per cycle
(ϕ) were varied over a wide range. For each operating point, the cycle time applied was
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calculated as tcycle = ϕtmean. The efficiency of the chromatographic separation column
(NTP) was assumed independent of the flow rate and column diameter. These were
chosen for each operating point such that the separation operation could be completed in
exactly one tcycle. The concentration of the acid catalyst in the reactor was kept constant.
The productivity of the intermittent reactor-separator, calculated assuming different
relative costs of the reactor and separator, is shown in Fig. 18. The curves present the
maximum productivity achieved for several combinations of tmean and ϕ by optimising ν.
A short mean residence time is beneficial for productivity simply because the timeaverage feed rate of −glucan increases with decreasing tmean.
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Figure 18. Productivity of the intermittent reactor-separator in the production of
oligosaccharides with DP = 15 – 30 by depolymerisation of oat −glucan. Reaction
0
conditions: T = 80 °C, cR,HCl = 0.05 mol/L, cR,BG = 10 g/L. Separation in a Sephadex G–
25 column at T = 60 °C.
If the size of the separator is not considered in the calculation of productivity (χ = 0, Fig.
18A), maximum PR is reached at ϕ = 1. This is because the intermittent process
approaches a serial connection of a batch reactor and SEC separation when the fraction
of solution withdrawn on each cycle approaches unity. The polysaccharide hydrolysis
reaction is of first order with respect to −glucan (at constant acid catalyst concentration),
and it is well-known that a batch reactor (ϕ = 1) yields a higher conversion than an ideal
CSTR (ϕ = 0) for reaction systems of this type.
When the reactor and the separator are given equal weight in the productivity function (χ
= 1, Fig. 18B), PR behaves differently for high and low values of tmean. A batch reactorlike operation is preferred at long mean residence times, and a CSTR-like operation is
preferred at short mean residence times. This is explained by considering the two
functions of the separator, namely recycling large unreacted molecules and recovering
the products. If the mean residence time is short, the conversion in the reactor to the target
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DP range is low, and the main task of the separator is to recycle the reactants to increase
conversion. As observed by comparing the chromatograms in Fig. 16A and B, the larger
the product VcolF Vcol =  , the larger fraction of the mass fed to the SEC column is
recycled back to the reactor. However, the separator should not be made infinitely small
relative to the reactor (i.e., there is a finite optimum value of ν) because a certain degree
of separation is needed to recover the product. In contrast, with a long mean residence
time, recovering the products becomes an increasingly important function of the
separator. The lower the product ϕν, the better the separation between molecules of
different size, and the higher the recovery of products.
When operating the separator is made increasingly more costly than operating the reactor
by increasing χ (see Fig. 18C for χ = 5), the situation remains qualitatively similar to χ =
1, but the absolute value of productivity, of course, decreases.
Since the definition of productivity used here includes the equipment volume ratio, PR
and Y may not be optimised at the same operating parameter values. Fig. 19A and C
display the yield at relatively short (60 min), and long (480 min) mean residence times
over a wide range of ν and ϕ (more data is available in Publication III). In the tmean range
studied here, the highest yield of molecules with DP = 15 – 30 is always obtained by
operating the reactor as a batch reactor (ϕ = 1) and choosing a proper equipment volume
ratio. The longer the mean residence time, the lower the equipment volume ratio must be
used to maximise yield. To give an example, the highest yield is obtained at ν = 0.8 for
tmean = 60 min and ν = 0.1 for tmean = 480 min. To the left of the optimum ν, yield becomes
low because a large number of reactants is lost in the first waste fraction. To the right of
the optimum, the yield decreases because the recycling rate of product molecules
increases and their probability of being depolymerised into impurities becomes higher.
The yield and purity of the target molecules are more closely linked than yield and
productivity (Fig. 19B and D). However, it is noteworthy that high purity can be obtained
at lower values of ϕ than high yield. Inspection of the Pu contour lines shows that they
often follow the ϕν isolines closely. This is a direct indication of the role of the SEC
separation column on product quality. Since NTPj is taken independent of column aspect
ratio and flow rate, separation efficiency depends on the volume of the feed relative to
the size of the column only. This ratio is constant along the dashed isolines in Fig. 19B
and D and explains why the high purity region extends to lower ϕ values.
The vast majority of literature on reactor-separators focuses on CSTR-based continuous
processes (for which ϕ = 0) [37,83–85]. The results presented above indicate that CSTR
may be suboptimal for first-order reactions. When a high yield of target products is
required, an intermittent operation where a batch reactor is coupled with a separator
should be considered. Continuous operation of such a system can be achieved with a
buffer tank between the reactor and the separator.
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Figure 19. Yield (A, C) and purity (B, D) of target molecules (DP = 15 – 30) in the
intermittent reactor-separator. tmean = 60 min in A and B; tmean = 480 min in C and D. Red
circles in A and C mark the location of maximum productivity with χ = 1. Dashed lines
in B and D indicate constant νϕ; from top-right to lower-left: νϕ = 3.0, 2.0, 1.0, 0.5, 0.2.
Reaction conditions as in Fig. 18.
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Non-digestible oligosaccharides from oat −glucan possess several beneficial
immunological effects. Nevertheless, the difficulty in chemical synthesis hinders the
availability of those oligosaccharides. This thesis presents a new approach to produce
non-digestible oligosaccharides with a controlled degree of polymerisation from oat
−glucan via acid-catalysed hydrolysis. The main objective of this thesis was to provide
reliable mathematical models for a recycle-integrated reactor-separator (RS) system,
which is applicable to produce polysaccharides or oligosaccharides of any size.
This study presents a novel structured kinetic model to simulate a homogeneous acidcatalysed hydrolysis of oat −glucan, which contains −(1,4) and −(1,3) glycosidic
bonds in a non-random structure. The developed model takes into consideration the
difference in the reactivity of the −(1,4) and −(1,3) glycosidic bonds, which were found
to be statistically significant (P < 0.0001). The analysis of the molar mass distributions
and formation of short oligosaccharides (DP = 1 – 5) revealed that the reactivity of
glycosidic bonds was found to depend on their position in the polysaccharide chain and
decrease towards the centre. According to the empirical model used, the cleavage rate of
the terminal glycosidic bonds is almost three times higher than at a distance of 20 or more
glucose units from the chain end. Furthermore, several hypotheses for the scission
mechanism of polysaccharides were tested against the experimental data. It is shown that
the structured kinetic model describes the reaction kinetics of oat −glucan under acid
degradation more accurately than other existing models.
A preparative scale size-exclusion chromatography was employed as a pre-treatment
method to improve the accuracy of the molar mass distribution measured by an analytical
scale size-exclusion chromatography and multi-angle laser light scattering. In addition, a
preparative size-exclusion chromatographic column is chosen as a separator unit in the
recycle-integrated reactor-separator system because it offers more degrees of freedom
towards a narrower size distribution of target components. In this work, an efficient model
describing a size-exclusion chromatographic separation was developed based on a
discrete convolution. The developed model allows fast simulation and satisfactorily
describes the experimental chromatograms of oat −glucan hydrolysates comprising a
complex mixture of thousands of molecules with different molecular sizes.
An intermittent recycle-integrated reactor-separator system was studied experimentally
and by means of mathematical modelling for the production of oat −glucan-derived nondigestible oligosaccharides with a DP ranging from 15 to 30. Compared to a stand-alone
batch reactor, the experimental results show that with a 4-hour mean residence time, the
intermittent RS achieved an approximately 2-time higher yield and 2.5-time higher purity
of target components.
The definitions of equipment configuration and operating parameters allow the
generalisation of results in dimensionless form. The simulation results reveal that an
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intermittent process offers higher product yield and purity than a continuous process
(CSTR and chromatographic separation) when the mean residence time in the reactor is
long. A continuous operation might be preferred if productivity is maximised and a low
yield is accepted by using a short residence time. According to the simulations, the
intermittent RS system could be used to produce non-digestible oligosaccharides (DP =
15 – 30) with yield and purity as high as 50%, which is significant compared to a standalone batch reactor. For future investigations, a fully automated RS system that makes it
possible to attain a steady-state operation appears desirable. In addition, a performance
comparison between RS systems using different separation methods (e.g., membrane and
chromatographic column) is of interest.
In this thesis, the mathematical models for a reactor and a chromatographic column were
developed, applicable to simulate the hydrolysis of polysaccharides with non-random
structure and the size-exclusion chromatographic separation of polymers. The integration
of those models is beneficial for future applications on both laboratory and industrial
scales to produce polymeric and oligomeric substrates with controlled DP via a catalytic
degradation of polymers. Should high yield and purity of target components be required,
the intermittent operation is preferable.
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Homogeneous acid-catalyzed hydrolysis of oat b-glucan, which contains b-(1,4) and b-(1,3) glycosidic bonds in a nonrandom order, was studied at 353 K using HCl and H2SO4. A new structured kinetic model was developed that takes
into account the difference in the reactivity of b-(1,4) and b-(1,3) glycosidic bonds as well as their positions in the polysaccharide chain. To minimize the correlation of adjustable parameters in the new model, the reactivities of these bonds
were studied independently (T 5 313. . .363 K; cH1 5 0.1. . .2 mol/L) using cellobiose and laminaribiose. The difference
in kinetic parameters (e.g., T 5 338 K: kb-(1,4) 5 0.693 3 1023 L/mol/min, kb-(1,3) 5 1.027 3 1023 L/mol/min) was
found to be statistically significant (P < 0.0001), which emphasizes the need for the structured model for oat b-glucan
hydrolysis. The simulation of b-glucan hydrolysis with the new model was in good agreement with the experimental
C 2018 American Institute of Chemical Engineers
data and shows improvement over existing nonstructured models. V
AIChE J, 64: 2570–2580, 2018
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Introduction
Beta-glucan is a linear, nondigestible polysaccharide composed of D-glucose monomers linked by b-glycosidic bonds.
Beta-glucan from cereals (oat and barley) consists of mixedlinkage b-(1,3) and b-(1,4)-D-glucose monomers, whereas
b-glucan from yeasts or mushrooms is composed of mixedlinkage b-(1,3) and b-(1,6)-D-glucose units.1,2 Enzymatic or acid
hydrolysis of b-glucan produces oligosaccharides and smaller
polysaccharides that can be used as prebiotic food ingredients.
Johansson et al.3 studied acid-catalyzed hydrolysis of oat
b-glucan with three different acids, 0.1 and 3 mol/L for HCl
and trifluoroacetic acid and 0.05 and 1.5 mol/L for H2SO4, at
temperatures of 310, 343, and 393 K, respectively. The study
focused on glucose and cellobiose as the main degradation
products. Other degradation products with a degree of polymerization (DP) > 3 were detected but not quantified. Hydrolysis experiments under conditions similar to those in the
human stomach (pH 1, T 5 310 K) resulted in no hydrolysis
products.3 This shows the resistance of b-glucan to hydrolysis
at low temperature.
Sibakov et al. compared acid and enzymatic hydrolyses of
oat bran b-glucan.4 The acid hydrolyzed both b-(1,3) and
b-(1,4)-linkages, whereas the enzyme (Depol 740L, Biocatalyst Ltd., Wales, UK) seemed to cleave b-(1,4)-linkages only.
A sharp decrease in the molecular weight of b-glucan molecules from the original value of 780 to 34 kDa was observed
in a short reaction time (3 min),4 but no reaction rate constants
were reported. Depolymerization of b-glucan was also found
Correspondence concerning this article should be addressed to T. Sainio at
tuomo.sainio@lut.fi.
C 2018 American Institute of Chemical Engineers
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to be highly dependent on hydrolysis temperature. In addition
to enzymes and mineral acids, b-glucan hydrolysis by
hydroxyl radical (OH) agents has also been studied,5–7 but no
kinetic models and parameters have been reported.
A general difficulty in the rigorous kinetic modeling of
hydrolysis of plant polysaccharides is that they contain anywhere from thousands to hundreds of thousands of monomer
units. The scission of the bonds leads to a complex mixture
with a large number of structurally different species. Many
studies concerning the hydrolysis of polysaccharides use simplified kinetic models with only a monomer as the degradation
product8,9 rather than a complex mixture of poly-, oligo-, and
monosaccharides. Mathematical models have been simplified
also by assuming that the polysaccharide consists of either an
infinitely long chain or monodisperse chains.10 Furthermore,
the scission rate is typically assumed to be equal for all chains
or bonds.11 As will be shown here, this assumption is not a
useful one for oat b-glucan. Another means of simplifying the
kinetic model and accelerating numerical solution is the use of
population balances. Ahmad et al. used discretized momentconserving population balance method for cellulose aging.12
Cellulose with DP 5 34,000 was described with 22 discrete
categories of species when simulating the changes in molecular weight distribution during ageing. The kinetic model
assumed random scission of bonds.
A more detailed approach was used by Salmi and coworkers
in kinetic modeling of hemicelluloses hydrolysis.9 Different
reaction rate constants were used for the various kinds of glycosidic bonds in O-acetyl-galactoglucomannan. An empirical
correlation was used to describe the increase of hydrolysis
reaction rate constants with decreasing polysaccharide chain
length to simulate “autocatalytic” behavior. However, the
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random scission assumption was applied for each kind of glycosidic bond as only the chain length and not the position of
the bond was considered in the kinetic model.
The literature concerning b-glucan hydrolysis is mostly
experimental, and no kinetic model that takes into account the
structure of b-glucan is available.3–7,13 In this work, such a
structured kinetic model is developed and presented. As mentioned above, b-glucan from cereals contains mixed glucose
monomers linked by b-(1,3) and b-(1,4) glycosidic bonds. It is
thus essential to consider the reactivity of the two kinds of
bonds. The b-(1,3) and b-(1,4) glycosidic bonds are present in
the disaccharides laminaribiose and cellobiose, respectively.
In this work, the kinetics of acid hydrolysis of these disaccharides was studied to determine whether different values for the
scission rates of b-(1,3) and b-(1,4) glycosidic bonds should
be used for simulating the hydrolysis of b-glucan.
Hydrolysis of cellobiose has been studied for example, by
Moiseev et al., who used different acids at mild temperature.14
This was assumed to be a first-order reaction with respect to
cellobiose (glucose formation). Bobleter et al. studied hydrolysis of cellobiose in dilute sulfuric acid under hydrothermal
conditions.15 An activation energy of 133 kJ/mol and the corresponding frequency factor of 1.38 3 1013 s21 were obtained
when the Arrhenius equation was used to describe the influence of temperature on the reaction rate.15
Oomori et al. studied the reactivity of a variety of disaccharides with different glycosidic bonds in subcritical water.16
They reported that trehalose with an a-(1,1)-glycosidic bond
was the most resistant disaccharide in hydrolysis and that
sucrose with a b-(2,1)-glycosidic bond was the most active
disaccharide. By contrast, cellobiose with a b-(1,4)-glycosidic
bond was found to be less active than maltose, which has an
a-(1,4)-glycosidic bond.16 This was assumed to be a first-order
reaction with respect to disaccharides.16
These results support the aforementioned proposal that different glycosidic bonds in a polysaccharide should be assigned
different reaction rate constants. To the best of our knowledge,
the acid hydrolysis kinetics of laminaribiose, which has a single b-(1,3) glycosidic bond, has not been studied, likely due to
its rarity. It is therefore included in this study.
The aim of the present study is to investigate whether
b-(1,3) and b-(1,4) glycosidic bonds present in b-glucan
should be described with different reactivities in acidcatalyzed hydrolysis and to report the kinetic parameters (rate
constant and activation energy). A novel structured kinetic
model for hydrolysis of b-glucan is presented. The influence
of the position of the bond in the polysaccharide chain is taken
into account with a simple empirical correlation. The model
allows fast simulation of the complex mixture of thousands of
structurally different molecules during polysaccharide degradation. It is shown that the structured model gives a better
description of oat b-glucan hydrolysis than an existing random
scission model.

Materials and Methods
Medium viscosity oat b-glucan (Megazyme, Ireland) was
dissolved into a 50/50 mixture of water and ethanol, and the
ethanol was evaporated under vacuum. According to the manufacturer, the molecular weight of the b-glucan batch was
determined using GPC/SEC (Shodex OHpak SB-806M HQ
column (8 3 300 mm)) followed by Ultrahydrogel Linear (7.8
3 300 mm) and RI, viscometer, and dual wavelength LS
detectors. Cellobiose (98% purity; Thermo Fisher Scientific,
Germany) and laminaribiose (98% purity; Carbosynth, United
Kingdom) were used without pretreatment. The other chemicals used in this study were analytical grade.

Experimental methods and procedures
The kinetic experiments were performed in a jacketed glass
reactor (Orb system, Syrris Ltd., United Kingdom) with a temperature range from 313 to 363 K. Hydrochloric acid and sulfuric acid were used as catalysts, with a 0.1–2 mol/L acid
concentration. The volume of the reaction mixture was 0.25 L
for experiments lasting less than 12 h and 0.50 L for longer
experiments. The reactant solution (cellobiose, laminaribiose,
and b-glucan) was preloaded into the reactor and heated to the
desired temperature, whereas the acid solution was preheated
separately. When the set-point temperature was attained in
both solutions, the acid solution was introduced into the reactor and stirring (400 rpm) started. This procedure eliminated
reactant conversion during the heating period and allowed
defining a proper starting time and providing precise kinetic
curves. The temperature was measured with a PTFE thermocouple (Cowie, United Kingdom) immersed into the solution
and recorded with a thermometer data logger (Omega HH374,
Omega, United Kingdom). The variation in temperature was
less than 273.65 K (0.58C) in all experiments. All experiments
were performed in duplicate. The experimental design is presented in Table 1.
The molecular weight of oat b-glucan was performed using
SEC 2 MALLS on HPLC system Agilent 1200 Infinity series
V
C TREOS (Wyatt Techwith an RI detector and miniDAWNV
nology) multiangle laser light scattering detector and
R SuperMultiporePW-M column (L 3 I.D. 15 cm 3 6
TSKgelV
mm, Mw range 5 500 – 1,000,000 Da, Tosoh Bioscience, Germany). The eluent was 0.08 mol/L NaCl that was degassed
and pumped at flow rate of 0.4 mL/min at 333 K. The molecular weight determined is 267,700 Da, which is quite close to
value provided by manufacturer (Mw 5 272,000 Da). The
degree of polymerization of b-glucan is accordingly 1651
as general structure of glucose-based polysaccharide is
H(C6H10O5)nOH.
Three samples (approximately 1 mL each, mass recorded)
were collected into 8 mL PTFE vials during the experiments.
Sodium hydroxide solution (1 mL, mass recorded) with a concentration of OH– equivalent to the H1 in the reactor was used
to neutralize the sample. The samples were quickly cooled in
C

Table 1. Design of Batch Reactor Experiments for Hydrolysis Kinetics of Oat b-glucan and its Constituent Disaccharides
Acid Concentration, mol/L
Reactant
Cellobiose
Cellobiose
Laminaribiose
Oat b-glucan
Oat b-glucan

AIChE Journal

Acid

T 5 313 K

T 5 338 K

T 5 353 K

T 5 363 K

HCl
H2SO4
HCl
HCl
H2SO4

2.00
1.00
–
–
–

0.25; 0.50; 1.00
0.25; 0.50; 1.00
1.00
–
–

0.25
0.25
0.25
0.25
0.25

0.10; 0.25
0.10; 0.25
–
–
–
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an ice water bath before neutralization to minimize further
conversion due to the heat of neutralization. This procedure
provided reproducible analysis data. The density of the samples was also regularly recorded by an Anton Parr DMA 4500
density meter (the variation was negligible) together with the
density of NaOH, to calculate the dilution factor due to the
neutralization procedure.
Monosaccharide and disaccharide concentrations were analyzed using HPLC and the external standard method. Samples
(10 lL) were injected into a MetaCarb 87H column (300 x
7.8 mm, Agilent Technologies) at 338 K. The eluent (5 3
1023 mol/L H2SO4) was degassed and pumped at a flow rate
of 0.6 mL/min. The detector was an Agilent 1100 series
refractive index detector. The concentration obtained by integration (Agilent Chemstation Software B.03.02) was multiplied with the dilution factor to yield the real concentration of
samples. The concentration at a single time point was calculated based on average value of the three samples collected.

data sets collected for each disaccharide and acid catalyst
were used to estimate kref and Ea
 

Ea 1
1
(5)
kD 5kref exp
2
R Tref T
where subscript “ref” denotes an arbitrary reference temperature (here 338 K), Ea is activation energy (J/mol), and R and T
have their usual meanings.
When the change in density during the reaction is neglected,
the mass-balance equations for disaccharide degradation and
glucose formation in a batch reactor are as in Eqs. 6 and 7,
respectively.
dcDS
52kD cH1 cDS
dt
dcGlc
52kD cH1 cDS
dt

(6)
(7)

Kinetic models for b-glucan hydrolysis
Kinetic model for the hydrolysis of the b-glucan
constituent disaccharides
A reaction step of disaccharide hydrolysis can be simply
expressed as
kD

DS ! 2Glc

(1)

where DS is a disaccharide, Glc is glucose, and kD is a reaction
rate constant of hydrolysis of the disaccharide. Degradation of
glucose is not considered here because it is very slow at temperatures lower than 373 K.17–20 Typically, in the literature,14,15,21 the reaction in Eq. 1 was assumed to follow a
pseudo-first-order kinetic model where the acid concentration
was lumped into the rate constant. In addition, the concentration of water was assumed to remain constant due to the relatively low carbohydrate concentrations used, and therefore its
value was lumped into the reaction rate constant kD. Here, the
assumption is that this is a first-order reaction with respect to
both the disaccharide and proton
r5kD cH1 cDS

(2)

where c is concentration (mol/L). It is well known that dissociation of HCl is effectively complete and therefore cH1 5 cHCl.
For partially dissociating acids such as most organic acids and
polyprotic inorganic acids, the proton concentration in the
solution must be calculated from a set of dissociation equilibrium equations and mass balance equations. Here sulfuric acid
was used, and the bisulfate–sulfate equilibrium of H2SO4 was
accounted for by solving the following system of nonlinear
equations for cH122
cH1 cSO4 22 2Ka;H2 SO4 cHSO4 2 50
c0H2 SO4 2cHSO4 2 2cSO4 22 50

(3)

2c0H2 SO4 2cHSO4 2 2cH1 50
where the temperature dependency of the dissociation equilibrium constant is23
log Ka;H2 SO4 556:889219:8858 log T22307:9=T20:006473T
(4)
The reaction rate constant kD was assumed to follow the
Arrhenius equation in the reparametrized form (Eq. 5). All
2572
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Simha11 developed a kinetic model for the depolymerization of long chain polymers that enables calculation of the
concentrations of all molecules with a different DP in the mixture. The original mathematical development was for random
scission,11 in which the rate constant is independent of the
position of a bond in the chain, as shown in Eqs. 8–10
n
X
dc1
52krnd cH1
ci
dt
i52

(8)

n21
X
dcj
52krnd cH1
ci 2krnd cH1 ðj21Þcj
dt
i5j11

(9)

dcn
52krnd cH1 ðn21Þcn
dt

(10)

where the subscript to c denotes the DP of the molecule
(1 5 glucose, n 5 largest polysaccharide) and krnd is the reaction rate constant for random scission of the glycosidic bonds
(L/mol/min).
The Simha model does not account for the nonrandom
structure of b-glucan. More specifically, oat b-glucan consists
of two kinds of randomly alternating blocks of glucose monomers.24 The first kind consists of four glucose molecules, three
of which are linked by two consecutive b-(1,4) glycosidic
bonds, while the third bond is a b-(1,3) glycosidic bond. The
second kind has five molecules linked by three consecutive
b-(1,4) bonds followed by a single b-(1,3) bond. However,
b-glucan has no consecutive b-(1,3) bonds. To simplify the
mathematical treatment but retain the characteristic nonrandom structure of b-glucan, it was modeled as if it consisted
only of the first kind of blocks. In the following, b-(1,4) glycosidic bonds are denoted by A and b-(1,3) bonds by B. The
repeating block of four glucose monomers therefore has the
bond structure AAB. In acid-catalyzed hydrolysis, the polysaccharide (AAB)100, to give an example, may be cleaved
from an A bond near the middle to yield (AAB)50A and
B(AAB)49.
With this notation, the hydrolytic degradation of an oat
b-glucan molecule with a DP leads to a complex mixture of
3(DP 2 1) structurally different molecules when symmetry is
not considered. In the present case, the oat b-glucan had an
average DP of 1651, so the total number of different molecules considered is 4950. To illustrate this, Table 2 gives the
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Table 2. The Bond Structures of Molecules in the System Used for Describing Degradation of b-glucan with a Simplified
Periodic Bond Structure AAB
Molecule Index
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
...
9j25
9j24
9j23
9j22
9j21
9j
9j11
9j12
9j13

Block
Index

Bond Structure
in the Molecule

Number of
A Bonds

Number of
B Bonds

Bond Broken
(Front)

Bond Broken
(Rear)

DP

–
–
–
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
...
j
j
j
j
j
j
j
j
j

0
A
B
AA
AB
BA
AAB
ABA
BAA
AABA
ABAA
BAAB
AABAA
ABAAB
BAABA
(AAB)2
ABAABA
BAABAA
(AAB)2A
ABAABAA
B(AAB)2
...
(AAB) j21AA
AB(AAB) j21
B(AAB) j21A
(AAB)j
AB(AAB) j21A
B(AAB) j21AA
(AAB)jA
AB(AAB)j21AA
B(AAB)j

0
1
0
2
1
1
2
2
2
3
3
2
4
3
3
4
4
4
5
5
4
...
2j
2j21
2j21
2j
2j
2j
2j11
2j11
2j

0
0
1
0
1
1
1
1
1
1
1
2
1
2
2
2
2
2
2
2
3
...
j21
j
j
j
j
j
j
j
j11

A or B
A or B
A
B
A
A
A
A
B
A
B
A
B
A
A
A
A
B
A
B
A
...
B
A
A
A
A
B
A
B
A

A or B
A or B
A
B
A
A
B
A
A
B
A
A
B
A
A
B
A
A
B
A
A
...
B
A
A
B
A
A
B
A
A

1
2
2
3
3
3
4
4
4
5
5
5
6
6
6
7
7
7
8
8
8
...
3j
3j
3j
3j11
3j11
3j11
3j12
3j12
3j12

Here, “0” refers to glucose monosaccharide (no glycosidic bonds), A to b-(1,4), and B to b-(1,3) bonds. The column “bond broken” indicates which type of
bond is broken when the molecule is formed from either the front or rear part of the original molecule.

structures of the smallest oligosaccharides up to DP 5 14, as
well as information on which kind of bond must be broken in
a larger molecule for a given smaller molecule to be formed.
As shown in the table, the properties of the molecules are
repeating in blocks of nine consecutive molecules starting
from AA (molecule index 4). This block structure was used to
simplify the notation in the mathematical model.
The concentrations in the complete system of 3ðDP21Þ
structurally different
 molecules can beTpresented in vector
notation as C5 c1 ; c2 ; c3 ; cð1Þ ; . . . ; cðnÞ , where the submolecule in Table 2 and cðjÞ 5
script is the index of the
T
c9ðj21Þ14 ; . . . ; c9ðj21Þ112 is the jth block of nine molecules.
In practical calculations, the last block c(n) can be padded with
zero initial concentrations after the index of the last structural
unit actually present in the mixture.
Hydrolytic degradation of a polysaccharide molecule with n
glycosidic bonds is described here as n parallel first-order
reactions with respect to both protons and the polysaccharide.
The reactivity of the bond may vary depending on its position
in the polymer chain. This assumption is supported by the
work of Basedow et al.,25 who presented a scission rate by a
parabolic dependency of the bond reactivity along the polymer
chain in the modeling of acid hydrolysis of dextran. In this
work, a simple empirical model that yields a monotonic
decrease of reactivity with the distance from the nearest chain
is used


ð12aÞ
kj ðdÞ5kj0 a1
(11)
d
AIChE Journal
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where kj0 is the rate constant for hydrolytic cleavage of the
b-(1,3) or b-(1,4) bond in a cellobiose or laminaribiose disaccharide, a is an adjustable parameter, and d is the distance of
the hydrolyzed bond from the nearest chain end. In practical
calculations, d can be deduced from the degree of polymerization of the original molecule (DPoriginal) and the resulting degradation product (DPproduct) as
d DPproduct ; DPoriginal
(
DPoriginal 2DPproduct ; if DPoriginal < 2DPproduct
5
DPproduct ; otherwise

(12)

The formation of glucose degradation products was excluded,
as it is known to be very slow at temperatures below 1008C,
even in concentrated sulfuric acid solutions.17–20 In a batch
reactor of constant solution density, the mass balance for the
monosaccharides is written as
X
dc1
52kA ð1ÞcH1 c2 12kB ð1ÞcH1 c3 1kI cH1
cðjÞ
(13)
dt
j51
where
kI 5½2kA ð1Þ kA ð1Þ1kB ð1Þ kA ð1Þ1kB ð1Þ kA ð1Þ1kB ð1Þ
2kA ð1Þ

kA ð1Þ1kB ð1Þ 2kA ð1Þ

2kA ð1Þ

2kB ð1Þ:

The disaccharides (molecules with index 2 and 3 in Table 2)
are formed by cleaving the second or the penultimate bond of
each molecule with DP > 2. As observed in Table 2, every

Published on behalf of the AIChE

DOI 10.1002/aic

2573

third molecule in the list (index 4, 7, 10, . . .) yields the
disaccharide with index 2 through cleavage of a type A
bond at the front, and every third molecule (index 5, 8,
11, . . .) does so through cleavage of a type B bond at the
front. Molecule 2 is also formed via cleavage of the penultimate bond, which can be type A or B, but the patterns
are more complicated. Table 2 (and a longer series of
homologues) shows that molecules that yield molecule 2
via cleavage of a type A bond in the penultimate position
are separated by 9 and followed by two other molecules
separated by 1 (index 9, 11, 13; 18, 20, 22, . . .). The pattern for molecules with a type B bond is the same but
shifted by 13 (indices 6, 8, 10; 15, 17, 19; . . .). Note
that the disaccharides can further decompose into monosaccharides. The mass-balance equation for molecule 2
thus becomes
dc2
52kA ð1ÞcH1 c2 12kA ð1ÞcH1 c4 1kB ð1ÞcH1 ðc5 1c6 Þ
dt
1kA ð2ÞcH1

X

c113m 1kA ð2ÞcH1

c9m12n

m50 n50

m52

1kB ð2ÞcH1

2
XX

2
XX

c9m12n16 1kB ð2ÞcH1

m50 n50

X

(14)

c213m

The mass balances for molecules with index 4 or higher can
be expressed using the blocks c(j) as
X ðk;jÞ
dcðjÞ
ðjÞ ðjÞ  ðjÞ ðjÞ
ðjÞ
5 2k A NA 2k
KII cH1 cðkÞ
B NB 1KI cH1 c 1
dt
k5j11
(18)
where the NA and NB contain the numbers of A and B bonds,
respectively, in each molecule in block c(j)
NA 5diagð2j; 2j21; 2j21; 2j; 2j; 2j; 2j11; 2j11; 2jÞ (19)

NB 5diagðj21; j; j; j; j; j; j; j; j11Þ

(20)

ðjÞ
ðjÞ
and k A and k B are diagonal matrices that contain the average
values of the rate constants for the A and B bonds, respectively, in each molecule that belongs to block j. Furthermore,
in Eq. 18, the matrix KI gives the rate constants for the formation of each molecule in the block via hydrolysis from the
larger molecules within the same block

m52

subject to 2 1 3m < DP 2 1 and 4 < 9m 1 2n  DP 2 7.
This can be written more concisely using the periodicity
of 9 as
X
dc2
52kA ð1ÞcH1 c2 1kII cH1 cð1Þ 1kIII cH1
cðjÞ
(15)
dt
j52
where
kII 5½2kA ð1Þ kB ð1Þ kB ð1Þ kA ð2Þ 2kB ð2Þ
kA ð2Þ1kB ð2Þ kA ð2Þ1kB ð2Þ 0

kA ð 2 Þ

and

2

0
6
60
6
6
60
6
6
60
6
6
KI 5 6
60
6
60
6
6
60
6
6
60
4
0

0

0

kB ð1Þ

0

kB ð1Þ

kB ð2Þ

kB ð2Þ

0

0

kA ð1Þ

kA ð1Þ

0

0

kA ð2Þ

0

0

0

kA ð1Þ

kA ð1Þ

kA ð2Þ

0

0

0

0

0

0

kA ð1Þ

0

0

0

0

0

0

kA ð1Þ

kA ð1Þ

0

0

0

0

0

0

kA ð1Þ

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

c9m12n13

m50 n50

(16)
subject to 7  9m 1 2n 1 3  DP 2 1. This can be written
using the matrix notation as
X
dc3
52kB ð1ÞcH1 c3 1kIV cH1 cð1Þ 1kV cH1
cðjÞ
(17)
dt
j52
where
kIV 5½0 kA ð1Þ kA ð1Þ kA ð2Þ 0 kA ð2Þ 0 0 2kA ð2Þ
kV 5½0 kA ð2Þ kA ð2Þ kA ð2Þ 0 kA ð2Þ 0 0 2kA ð2Þ.
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7
kA ð2Þ 7
7
7
kA ð2Þ 7
7
7
kB ð1Þ 7
7
7
0 7
7
7
kB ð1Þ 7
7
7
0 7
7
7
0 7
5

(21)

Similarly, the disaccharide with a type B bond (molecule 3) is
formed through the cleavage of an A bond at the second position in every third molecule (6, 9, 12, . . .) or at the penultimate
position of every ninth molecule, followed by two molecules
separated by one (. . ., 12, 14, 16; 21, 23, 25, . . .). The material
balance is
X
dc3
52kB ð1ÞcH1 c3 1kA ð1ÞcH1 ðc5 1c6 Þ1kA ð2ÞcH1
c313m
dt
m52
1kA ð2ÞcH1

3

0

kIII 5½2kA ð2Þ kB ð2Þ kB ð2Þ kA ð2Þ 2kB ð2Þ kA ð2Þ
kA ð2Þ1kB ð2Þ kA ð2Þ1kB ð2Þ 0

2
XX

0

and

and matrix KII presents the rate constants for the formation
from the molecules in blocks with higher indices
ðk;jÞ

KII 5½ K0 II

K00 II

K000 II 

(22)

with
2

2kB ðdð3j; 3kÞÞ
6
6
0
6
6
6
0
6
6
6 kA ðdð3j11; 3kÞÞ
6
6
0
K0 II 56
6
6
6 kA ðdð3j11; 3kÞÞ
6
6
6 kA ðdð3j12; 3kÞÞ
6
6
6 kA ðdð3j12; 3kÞÞ
4
0

Published on behalf of the AIChE

0
2kA ðdð3j; 3kÞÞ
0
kB ðdð3j11; 3kÞÞ
kA ðdð3j11; 3kÞÞ
0
0
kB ðdð3j12; 3kÞÞ
kA ðdð3j12; 3kÞÞ
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0

3

7
7
7
7
2kA ðdð3j; 3kÞÞ 7
7
7
7
0
7
7
kA ðdð3j11; 3kÞÞ 7
7
7
kB ðdð3j11; 3kÞÞ 7
7
7
kB ðdð3j12; 3kÞÞ 7
7
7
7
0
5
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The majority of the mathematical computing was performed
with MatlabV. Simulation of disaccharide hydrolysis in the
isothermal batch reactor and of b-glucan hydrolysis using the
Simha model11 involved straightforward solution of the initial
value problems with the ODEs in Eqs. 6 and 7 and Eqs. 8–10,
respectively. This was performed with ode45 or ode15s in
Matlab.
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Simulation of the degradation of b-glucan using the structured model involves the solution of thousands of coupled
ODEs. However, the coefficient vectors and matrices in Eqs.
13, 15, 17, and 21 are constant under isothermal conditions
and with no change in catalyst concentration and solution density. It is therefore straightforward to provide the (sparse)
Jacobian matrix of the ODE system in analytical format for
the ODE solvers during the numerical solution, as shown in
Eq. 23
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Note that in Eq. 23, the vectors k have 1 3 9 elements and
the matrices N and K have 9 3 9 elements. The structured
model was solved numerically using ode15s in Matlab.
The unknown parameters in the kinetic models were estimated and their posterior distributions generated using a Markov chain Monte Carlo (MCMC) toolbox for Matlab.26,27 The
Student’s t-test was used to determine whether b-(1,3) and b(1,4) bonds have different reactivity in the corresponding disaccharides. These calculations were implemented in the R statistical computing environment.

Results and Discussion
Hydrolysis of disaccharides
The hydrolysis of cellobiose, which contains a b-(1,4) glycosidic bond, was achieved with HCl (Figure 1) and H2SO4
(Figure 2) at various temperatures and acid concentrations.
Laminaribiose, which contains b-(1,3) glycosidic bond, was
hydrolyzed with HCl only (1.00 mol/L at 338 K and
0.25 mol/L at 353 K; Figure 3) due to its rarity. As shown in
Figures 1–3, the experiments were very well reproducible.
The data shows a strong influence of temperature on reaction
rates. At a low temperature (313 K), it took 2 weeks to achieve
70% and 30% conversion of cellobiose in 2.00 mol/L HCl and
1.00 mol/L H2SO4, respectively. The conversion reached 50–

80% in hours when the temperature was 353–363 K, even
though the acid concentration was only 0.25 mol/L.
Experiments were also performed with a high (100 g/L)
concentration of cellobiose (bottom right of Figures 1 and 2)
to better test the reaction order with respect to cellobiose. The
kinetic model fits well to the experimental data over a wide
range of cellobiose concentrations using the same value of the
rate constant. It is thus concluded that this represents a firstorder reaction with respect to the concentration of the
disaccharide.
The parameters were determined by nonlinear regression
analysis and the 10,000 step MCMC. Table 3 presents the mean
values for the reaction rate constants of b-(1,4) and b-(1,3) glycosidic bonds, hereafter denoted as kA and kB, respectively, at a
338 K reference temperature and activation energy Ea. Even
though the kinetic model for disaccharide hydrolysis presented
in this work is very simple, assuming first-order reactions, the
model is in a good agreement with experimental data. In fact,
the simulation with the MCMC showed that the experimental
data were in a region of predictive distribution.
As seen in Table 3, kinetic parameters indicate that the
b-(1,3) glycosidic bond is more susceptible to acid-catalyzed
hydrolysis than the b-(1,4) glycosidic bond. The statistical significance of the difference in kinetic parameters was obtained
by the Student’s t-test with the kinetic parameters of b-(1,4)
and b-(1,3) glycosidic bonds with HCl. The difference is

Figure 1. Hydrolysis of cellobiose with HCl at 313–363 K, 0.10 mol/L to 2.00 mol/L acid concentration, and 400 rpm
stirring speed.
Cellobiose concentration: 10 g/L, except at bottom right (100 g/L). Notation: w (glucose), 䊊 (cellobiose), open symbol (experiment
1), filled symbol (experiment 2), blue (313 K), green (338 K), magenta (353 K), black (363 K). [Color figure can be viewed at
wileyonlinelibrary.com]

2576

DOI 10.1002/aic

Published on behalf of the AIChE

July 2018 Vol. 64, No. 7

AIChE Journal

Figure 2. Hydrolysis of cellobiose with H2SO4 at 313–363 K, 0.10 mol/L to 1.00 mol/L acid concentration, and
400 rpm stirring speed.
Cellobiose concentration: 10 g/L, except at bottom right (100 g/L). Notation: w (glucose), 䊊 (cellobiose), open symbol (experiment
1), filled symbol (experiment 2), blue (313 K), green (338 K), magenta (353 K), black (363 K). [Color figure can be viewed at
wileyonlinelibrary.com]

statistically significant (P < 0.0001). This means b-(1,4) and
b-(1,3) glycosidic bonds must be treated differently in a
kinetic model of b-glucan degradation. In addition, the kinetic
parameters of the b-(1,4) glycosidic bond with HCl are statistically significantly different from those with H2SO4
(P < 0.0001).
Arrhenius plots for degradation of b-(1,4) and b-(1,3) glycosidic bonds are presented in Figure 4 to show the accuracy of
the model. Overall, at the same separately estimated temperature kD, each experiment is quite similar to the others even
though the acid concentration varied. Furthermore, the
MCMC predictive distributions are so narrow even at the 50%
uncertainty level that they cannot be distinguished in the figure, indicating that the experiments are reproducible and the
model is accurate (Figure 4A).
For illustrative purposes, posterior distributions of kref versus Ea were performed. As shown in Figure 4B, three regions
distinguish themselves. It is clear that in the case of HCl
hydrolysis, the kinetic parameters of the b-(1,4) glycosidic
bond (red dots) are separated from those of the b-(1,3) glycosidic bond (blue dots).

Hydrolysis of b-glucan
Acid-catalyzed hydrolysis of b-glucan was performed with
0.25 mol/L HCl and 0.25 mol/L H2SO4 at 353 K. The concentration of b-glucan was kept low to maintain the viscosity of
the solution similar to that in the disaccharide hydrolysis
AIChE Journal
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experiments. The concentration of monosaccharide (DP 1) and
the total concentration of disaccharides (DP 2) were
monitored.
As shown in Figures 5A, B, the experiments were reproducible with small variation. Beta-glucan was completely hydrolyzed to monosaccharide (DP 1) after 6000 min as the
concentration of DP 1 remained constant. According to the
HPLC analyses, the total mass of carbohydrates increased by
less than 4% and the density of the solution increased by less
than 1%, which shows that there was very little evaporation
during the long-term experiments (100 h). The concentration
of DP 1 increased constantly over time, which justifies the
assumption in the kinetic model that glucose does not degrade
at a significant rate under these experimental conditions. The
concentration of DP 2 increased initially but began to decrease
after approximately 1800 min, which is typical behavior in a
system of irreversible consecutive reactions.
The data in Figure 5 suggests a small effect of the anion of
the mineral acid on the ratio of DP1 and DP2 molecules. The
cause of this is not known, and it may well be an analysis error
due to the low concentration of disaccharides and the presence
of a large amount of salt (from neutralization of the samples)
in the concentration analysis with HPLC.
Figure 5 shows a comparison of the simulated results with
the Simha model, Eqs. 8–10, and the experimental data of bglucan hydrolysis. In these calculations, the value of krnd was
taken as the average value of the experimentally determined
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Figure 3. Hydrolysis of laminaribiose (1 g/L) with HCl at
338 and 353 K and 1.00 mol/L and 0.25 mol/L
acid concentrations, respectively, and 400 rpm
stirring speed.
Notation: w (glucose), 䊊 (laminaribiose), open symbol
(experiment 1), filled symbol (experiment 2), green
(338 K), magenta (353 K). [Color figure can be viewed at
wileyonlinelibrary.com]

reaction rate constants for the b-(1,4) and b-(1,3) bonds
(krnd 5 4.563 3 1023 L/mol/min and krnd 5 4.650 3 1023
L/mol/min for HCl and H2SO4, respectively). The model overestimated the rate of formation of both DP 1 and DP 2 products. Evidently, the reactivity of the bonds in a large
polysaccharide is reduced compared to that of small oligosaccharides. The best-fit values of krnd in Simha’s model were
determined by nonlinear regression analysis along with the
100-step MCMC from the b-glucan hydrolysis data
(krnd 5 2.386 3 1023 6 0.026 3 1023 L/mol/min (mean 6
SD) with HCl and krnd 5 2.113 3 1023 6 0.059 3 1023 L/
mol/min (mean 6 SD) with H2SO4). The rate constants in the
random scission model that best explain the b-glucan hydrolysis data are approximately 40% smaller than the average values of the rate constants estimated for the disaccharides.
Nevertheless, Figure 5B shows that the formation of DP2 is
significantly overestimated. A similar result was reported by
Lloyd and Wyman,28 who also implemented Simha’s model

Figure 4. (A) Arrhenius linear plot of b-(1,4) and b-(1,3)
bonds at 313–363 K. Notation: ‡ (kD estimated separately for each experiment), blue
(313 K), green (338 K), magenta (353 K), black
(363 K). (B) Posterior distribution of kinetic
parameters (T 5 338 K). Blue (b-(1,3) bond
with HCl), red (b-(1,4) bond with HCl), green
(b-(1,4) bond with H2SO4).
[Color figure can be viewed at wileyonlinelibrary.com]

for simulation of hydrolysis of corn stover. Only DP 1 was
described well in the study of Lloyd and Wyman,28 and the
reason is that the bonds were assumed to react at equal rates.
A new model was developed that utilizes information about
the structure of the bonds in b-glucan as well as the decreasing

Table 3. Kinetic Parameters for Acid Hydrolysis of b-(1,4) and b-(1,3) Glycosidic Bonds in Disaccharides
at 338 K Reference Temperature
kref (L/mol/min)
Glycosidic Bond
b-(1,4)
b-(1,4)
b-(1,3)

2578

Acid
HCl
H2SO4
HCl

DOI 10.1002/aic

Mean
0.693 3 1023
0.608 3 1023
1.027 3 1023

Ea (J/mol)

Standard Deviation

Mean

Standard Deviation

0.006 3 1023
0.005 3 1023
0.023 3 1023

113.24 3 103
123.11 3 103
108.5 3 103

0.55 3 103
0.52 3 103
1.88 3 103
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Figure 5. Hydrolysis of b-glucan with HCl and H2SO4 (c0b2glucan 50:28g=L, cacid 50:25mol=L, T 5 353 K).
(A) Concentration of glucose (DP 1), (B) total concentration of disaccharides (DP 2). Notation with HCl: 䊊 (DP 1), w (DP 2).
Notation with H2SO4: ~ (DP 1), ‡ (DP 2). Open symbols (experiment 1), filled symbols (experiment 2). Black solid lines (Simha’s
model with krnd in HCl), black dashed lines (Simha’s model with krnd fitted to this data in HCl), blue solid lines (structured model
in HCl). (C) Empirical model for the effect of position of bond in b-glucan (DP 50, cHCl 5 0.25 mol/L, T 5 353 K). Notation: blue
(A bond), red (B bond). [Color figure can be viewed at wileyonlinelibrary.com]

reactivity of the bonds as their distance from the chain end
increases. The reactivities of the last bonds at the ends of the
polymer chains were assumed to be the same as that of disaccharides in solution. In other words, the values of kA0 and kB0
in Eq. 11 were calculated at T 5 353 K using the corresponding kref and Ea values measured for the cellobiose and laminaribiose disaccharides (see Table 3). The only adjustable
parameter in these simulations was a, which describes how
fast the reactivity of the bonds decreases with the distance
from the nearest end of the polysaccharide chain. The best-fit
value of a was determined by nonlinear regression analysis
along with a 100-step MCMC. Values of aHCl 5 0.049 6
0.004 (mean 6 SD) and aH2SO4 5 0.032 6 0.007 (mean 6 SD)
were obtained.
The structured model proposed in this work shows
improvement in the simulation for DP 1 and especially for
DP 2 (blue lines in Figures 5A, B). This is in part because of
the position dependent reaction rate constant. Basedow
et al.25 used a parabolic function wherein the reactivity of the
bonds in a dextran polymer was highest at the end of the
polymer chain and decreased toward the center. Although
their model is also empirical, and no direct evidence of reactivity of the bonds is available, it seems necessary to include
a position-dependent rate constant in polysaccharide hydrolysis models. To elucidate this phenomenon, the values of the
rate constants for each individual bond are shown in Figure
AIChE Journal
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5C for a polysaccharide with structure (AAB)16A (i.e.,
DP 5 50). The two end bonds at position 1 and 49 have the
highest degradation rate, and the reactivity is the lowest in
the center. The further the bonds are from the two ends of
molecule, the lower the reactivity. It should be noted that the
reactivity at every third position (d 5 3, 6,. . ., 45, 48) is
higher than the adjacent positions because the reactivity of
the b-(1,3) bond is higher than that of the b-(1,4) bond. While
this correlation is empirical, the approximately 4-fold
decrease in reactivity of the bonds in the middle compared to
the chain ends seems reasonable considering that a 1.8-fold
decrease has been reported for dilute acid hydrolysis of xylooligosaccharides.29

Conclusion
The kinetics of acid hydrolysis of oat b-glucan was investigated experimentally and via simulations. A structured kinetic
model was developed for b-glucan hydrolysis. The model
takes into account the nonrandom order of the bonds in the
polysaccharide as well as the dependence of their reactivity on
their position in the polysaccharide chain. The reactivities of
b-(1,4) and b-(1,3) glycosidic bonds were studied independently using the disaccharides cellobiose and laminaribiose,
respectively. The difference in their reactivity was found to be
statistically significant (P < 0.0001). When the rate constant
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and activation energy are determined independently for the b(1,4) and b-(1,3) glycosidic bonds, the new model includes
only a single adjustable parameter but agrees well with the
experimental kinetic data of oat b-glucan hydrolysis. The
model allows for rapid simulation of a complex mixture of
hydrolysis degradation products and can be used to construct
molecular weight distributions as well. The principle of the
kinetic model development presented in this work can also be
utilized for other polysaccharides and oligosaccharides that
have nonrandom bond structures.
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Notation
A=
c=
DP =
Ea =
k=
K=
k=
LSQ =
Mw =
N=
R=
T=

frequency factor
concentration, mol/L
degree of polymerization
activation energy, J/mol
reaction rate constant, L/mol/min
matrix of rate constants in the structured model
vector of rate constants in structured model
least squares
molecular weight, g/mol
number of type A or B bonds in a molecule
universal gas constant, J/mol/K
temperature of solution, K

Subscripts
A=
B=
D, DS =
Glc =
H1 =
i=
j=
n=
ref =
rnd =

b-(1,4) glycosidic bond
b-(1,3) glycosidic bond
disaccharide
glucose
free proton in solution
component index
component index
DP of largest polysaccharide in the system
reference state
random scission

Greek letters
a = adjustable parameter
d = distance of bond from the nearest end bonds
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Reactivity of the glycosidic bonds in oat β-glucan in homogeneous acid catalyzed hydrolysis in aqueous solution
was found to depend on their position in the polysaccharide chain. The bonds near the chain ends have lower
hydrolytic stability in presence of HCl than the bonds in the middle. Reaction kinetics was monitored by
measuring the molar mass distribution (DP ~ 30…3500) and formation of short oligosaccharides (DP < 6)
under mild conditions (T = 50 °C…80 °C, cHCl = 0.05…0.25 M). Accuracy of the molar mass determination using
analytical scale size-exclusion chromatography and multi-angle laser light scattering was improved by carrying
out preparative scale size-exclusion separation as a pretreatment. It was found that monitoring the short-chain
degradation products in addition to the molar mass distribution provides valuable information about the hydrolysis rate. The data were successfully correlated with a kinetic model that takes into account the non-random
structure of oat β-glucan. The rate of cleavage of the terminal glycosidic bonds was found to be almost three
times higher than at a distance of 20 or more glucose units from the chain end. The β-(1,3) bonds in oat β-glucan
were found less stable against acid catalyzed hydrolysis than the β-(1,4) bonds.

1. Introduction
Beta-glucans are D-glucose polysaccharides where monomers are
linked with β-glycosidic bonds. They are the major non-starch polysaccharides of cell walls in plants and cereals, such as oat and barley
[1]. Structurally, β-glucan from cereals contains β−(1,3) and β−(1,4)

⁎

linkages, which are arranged such that the molecule mainly consists of
β−(1,3)-linked cellotriosyl and cellotetraosyl units (up to 90%), and a
minor amount of blocks of up to 14 adjacent β−(1,4) linkages separated by a single β−(1,3) bond [2–4]. A ratio of cellotriosyl to cellotetraosyl of cereal β-glucans is different between species (1.5–2.3 for
oat, 1.8–3.5 for barley) [5]. This ratio was found to play a role in so-
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Notation
c
CWF
DP
Ea
k
M̄n
M̄w
M
RSS
T

wf

weight fraction

Subscripts

concentration, g/L or mol/L
cumulative weight fraction
degree of polymerization
activation energy, J/mol
reaction rate constant, L/mol/min
number average molar mass, g/mol
weight average molar mass, g/mol
molar mass, g/mol
residual sum of squares
temperature, °C

A
B

β−(1,4) glycosidic bonds
β−(1,3) glycosidic bonds

Greek letters
α, β
δ

lution properties (e.g. aggregation and gelation) [3,6]. The β–glycosidic
bonds render β-glucan indigestible by humans in the upper gastrointestinal tract. The presence of β−(1,3) bonds makes β-glucan water
soluble by increasing the flexibility of the polysaccharide structure.
Since β-glucan is not degraded to a great extent in the stomach and
the small intestine, it reaches the large intestine where it is fermented
by colonic bacteria into, e.g. short chain fatty acids (SCFA). These include mainly acetic, propionic, and butyric acids (or salts) [7]. The
SCFA promote health through several mechanisms, including for example stabilizing glucose level via affecting the release of insulin,
providing a source of energy for colonocytes, suppressing synthesis of
cholesterol in liver and thus the amount of LDL cholesterol in blood,
and increasing adsorption of dietary minerals through lowering the pH
in the colon [8]. Such immunological effects depend on the degree of
polymerization (DP) of β-glucan [5,9,10]. When used as a food ingredient, also sensory properties such as perceived thickness depend on
the DP [11]. Modifying the molar mass distribution of β-glucan by
controlled acid catalyzed hydrolysis of the glycosidic bonds could thus
have important applications.
Acid hydrolysis has been widely investigated to produce monosaccharides and oligosaccharides from plant polysaccharides. Several
studies [12–15] have aimed at controlling the properties of the oligosaccharide mixture by optimizing the reaction conditions and time
empirically. Production of short polysaccharides, e.g. in DP range 20–30
has not been studied. A model-based approach could offer a means to
better optimize the reaction conditions for an arbitrarily chosen product
mixture.
Towards this end, understanding the scission mechanism and
modelling the hydrolysis reaction kinetics are important. In the majority of studies the rate of bond cleaving is assumed to be independent
of position [16–21] whereas others have assumed that the scission rate
varies along the polymer chain [14,22,23]. Another hypothesis is that a
non-reducing end bond is hydrolyzed faster (1.3–1.8 times) than the
bond at the reducing end and the interior bonds [24].
Here the kinetics of acid catalyzed hydrolysis of oat β-glucan in
batch reactor is investigated by monitoring its molar mass distribution
as a function of reaction time. In addition, the formation of oligosaccharides with degree of polymerization up to five is monitored. The
aim is to determine if the scission of the glycosidic bonds occurs randomly or if the cleaving rate depends on the position in the polysaccharide chain. The structured kinetic model presented previously
[25] is used to test empirical models for the dependency of bond
cleavage rate on position. An adaptive numerical scheme is applied to
accelerate the numerical simulation of β-glucan hydrolysis. It is shown
that both the evolution of the molar mass distribution and the formation of oligosaccharides are well explained when the reaction rate near
the chain ends is higher than in the middle of the chain. Finally, the
possibility to produce oligosaccharides or short polysaccharides with
well-defined DP from oat β-glucan is discussed briefly.

adjustable parameters
distance of a bond from the nearest chain end

2. Experimental methods
Medium viscosity oat β-glucan (purity > 94%, Megazyme, Ireland)
was dissolved in deionized water by heating at 70–80 °C. According to
the manufacturer, the weight average molar mass (M̄w ) was
272 × 103 g/mol determined with GPC/SEC (Shodex OHpak SB-806 M
HQ column followed by Ultrahydrogel Linear column and RI, viscometer and dual wavelength LS detectors). The oat β-glucan solution
(c = 5.92 g/L) was stored in the refrigerator (4 °C) prior to experiments.
Other chemicals used were of analytical grade.
The viscosity of unhydrolyzed and partially hydrolyzed β-glucan
solutions were measured at 80 °C using Modular Compact Rheometer:
MCR 302 (Anton − Paar GmbH, Austria).
2.1. Hydrolysis experiments
Kinetics of acid hydrolysis of oat β-glucan was studied at 50 and
80 °C by using HCl as catalyst. Experiments lasting < 15 days were
carried out in 500 mL jacketed glass reactor (Orb system, Syrris Ltd,
UK). The oat β-glucan solution (400 mL, c = 5.92 g/L) was preloaded
into the reactor and heated, whereas acid solution (100 mL,
cHCl = 0.25…1.25 M) was heated in a separate unit. When both solutions reached desired temperature, the acid solution was loaded into
reactor and stirring (400 rpm) started and time set as zero. This procedure yielded c 0 glucan = 4.74 g/L and cHCl = 0.05…0.25 M and
eliminated reactant conversion during heating and allows obtaining
reliable and reproducible kinetic data. The temperature was monitored
by PTFE thermocouple (Cowie, UK) and thermometer data logger
(Omega HH374, Omega, UK) with insignificant variation (< 0.5 °C).
Samples (50 mL each) were collected from the reactor and quickly
cooled in an ice water bath. Sodium hydroxide solution (mass recorded)
was used to neutralize the samples. The density of the samples and
NaOH was recorded with Anton–Paar DMA 4500 density meter to
calculate the dilution factor due to neutralization procedure. The variation of the sample density was negligible showing evaporation is not
significant during the experiments. Samples were stored in the refrigerator (4 °C) until analysis.
To monitor slow formation of oligosaccharides during the hydrolysis at 50 °C, longer experiments (170 days) were carried out in 10 mL
glass tubes in an incubator (Hei − MIX Incubator 1000, Heidolph,
Germany). The oat β-glucan solution (5 mL, c = 5.92 g/L) and acid
solution (1.25 mL, cHCl = 1.25 M) were loaded into glass tubes.
Consequently, at the initial stage c 0 glucan = 4.74 g/L and cHCl = 0.25 M.
When desired temperature was achieved, the shaking (300 rpm) started
and time set as zero.
2.2. Analyses
Molar mass distribution (MMD) of β-glucan before and during hydrolysis was determined by size exclusion chromatography coupled to
multiangle laser light scattering (SEC–MALLS). The SEC–MALLS system
2
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was Agilent 1200 Infinity series equipped with an RI detector and
miniDAWN TREOS (Wyatt Technology, USA) MALLS detector. TSKgel
SuperMultiporePW–M
column
(L × I.D.
15 cm × 6 mm,
Mw
range = 5 × 102–1 × 106 g/mol, Tosoh Bioscience, Germany) and
TSKgel
G–Oligo–PW
column
(L × I.D.
30 cm × 7.8 mm,
Mw < 3 × 103 g/mol, Tosoh Bioscience, Germany) were maintained at
60 °C and connected in series. The eluent was 0.08 M NaCl pumped at
0.4 mL/min. Samples were filtered by using syringe filters
(Phenomenex, 0.2 μm) prior to injection (100 μL). An example of
SEC–MALLS analysis (signal collections and distribution analysis are
presented in Figs. S1 and S2 in Supplementary Document).
A known disadvantage of SEC − MALLS is that detection is less
reliable for molecules with M < 15,000 g/mol [26,27]. The intensity is
low because the light scattering signal is proportional to c × Mw [26].
To deal with low intensity of the signal for small molecules in the
samples, a two-step method (preparative SEC + SEC–MALLS) was used.
Prior to analysis on SEC–MALLS system, hydrolyzed samples (10 mL
injection) were fractionated in Sephadex G-75 column (L × I.D.
70 cm × 15 mm) at 60 °C temperature. Degassed ultrapure water was
used as the eluent at a flowrate of 0.5 mL/min. The fractions collected
(1.8 mL each) were filled to 2.0 mL with 1 M NaCl. The MMD of βglucan was constructed by combining the cumulative weight fraction
data determined for each sample taken from the preparative SEC
column.
The concentration of short oligosaccharides (DP 1–5) was measured
by using HPLC and the external standard method. Samples were filtered
with syringe filters (Phenomenex, 0.2 μm) and injected (100 μL) into an
RNO − Oligosaccharides Na+ (4%) column (L × I.D. 20 cm × 10 mm,
Phenomenex) operated at 80 °C. The eluent was degassed and deionized
water pumped at 0.3 mL/min. The detector was an Agilent 1100 series
RID. The integration was performed on Agilent Chemstation Software
B.03.02. An example of HPLC chromatogram is presented in Fig. S3 in
Supplementary Document.

computational resources are needed when the reactivity of each bond in
each molecule is taken into account. To reduce the computational load,
population balance modelling method (PBM) has been used in simulation of polymer degradation [23,29–32]. The main idea is to discretize the MMD into categories and to use average properties of these
categories to describe the degradation reactions. This reduces the
number of differential equations to be solved. The third approach applies Monte Carlo sampling technique to generate the distribution of
molecular size [33] or to randomly select which individual bonds are
broken [18]. This approach suffers from limited accuracy however
[34].
In this work, acid catalyzed hydrolysis of oat β-glucan was modelled
as first order consecutive and parallel reactions (Fig. 1) and the structured kinetic model developed previously [25] were used. The glucose
units in oat β-glucan were assumed to be linked with β−(1,3) glycosidic
bonds (type B) separated by two β−(1,4) bonds (type A) and no
branching was assumed. These two types of bonds had different reactivity. Moreover, the reactivity of the glycosidic bonds depended on
the position in the polysaccharide chain. Degradation of monosaccharides was neglected. The mass balance equations are briefly introduced in Appendix A.
Because of the computationally intensive approach chosen, an
adaptive Jacobian matrix method was implemented to accelerate integration of the ODE system. The sparse Jacobian matrix (typically
~250 million elements of which 75 million nonzero) of the ODE system
is calculated a priori as described previously [25]. The new adaptive
method discarded on each time step the molecules that were completely
hydrolyzed. More precisely, the cumulative weight distribution was
calculated for the polysaccharide mixture and the molecules belonging
to the upper 0.99999 fractile were excluded from the ODE system. By
this way, the computational load was reduced significantly, as the
number of coupled differential equations solved decreased progressively. Simulation was accelerated by approximately 20 times when
adaptive scheme was employed.

3. Kinetic models and numerical simulation methods

3.1. Reactivity of glycosidic bonds

Acid catalyzed hydrolysis of long-chain plant polysaccharides leads
to a complex mixture of thousands of molecules of different size. Each
of these may have a different hydrolysis rate, which makes kinetic
modelling challenging. There are three common approaches to modelling degradation of polysaccharides or polymers in general. The most
straightforward approach is to treat the molecules of each DP and
structure as separate species. Their concentrations are calculated by
solving the differential mass balances that contain each of the thousands of hydrolysis reactions [21,22,28]. Significant amounts of

Empirical models were used to investigate the dependency of the
rate of glycosidic bond cleavage on their position in the polysaccharide
chain and the degree of polymerization. In Model I (Eq. (1)) and Model
II (Eq. (2)) it is assumed that the cleavage rate varies monotonically (or
is constant) as the distance from the nearest chain end increases.

kj ( ) = k j0

+

1

(1)
Fig. 1. Reaction scheme for acid catalyzed
hydrolysis of oat β-glucan. The reactivity of
β−(1,4) glycosidic bonds (A, blue) and
β−(1,3) glycosidic bonds (B, red) bonds is
different and may depend on the distance
from the nearest chain end. Circles represent
glucose units. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this
article.)
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kj ( ) = k j0 (1 +

(tanh( )

tanh(

)))

squares, CWFj,k refers to data point k in the cumulative weight fraction
curve measured from sample j withdrawn from the reactor. Further, wm
is the weight fraction of oligosaccharides with DP = m when the five
oligosaccharides that could be quantitatively detected with the HPLC
method are considered.

(2)

In these equations, kj is the reaction rate constant of the irreversible
hydrolysis reaction that breaks the glycosidic bond at position δ
counting from the nearest chain end. The subscript j refers to either
β−(1,3) or β−(1,4) glycosidic bond. k0 is the reactivity at the chain
end, and α and β are dimensionless adjustable parameters. A major
concern in using empirical models is the identifiability of the parameters. Therefore, the same values of α and β were used for both types
of glycosidic bonds present in oat β-glucan to reduce the number of
adjustable parameters.
In Model III (Eq. (3)), the reactivity of each bond in a given polysaccharide molecule is equal, but the reactivity depends on the size of
the molecule (DP). Such behavior has been suggested for dextran and
cellulose [22,23].

kj (DP ) = k j0

+

1
(DP

4. Results and discussion
4.1. Characterization of oat β-glucan raw material
Fig. 2 shows that the molar mass distribution of the original, unhydrolyzed oat β-glucan is relatively broad. The M¯w was determined to
be 227 × 103 g/mol, which is somewhat smaller than the value
(272 × 103 g/mol) given by the manufacturer. The polydispersity was
1.38. No molecules smaller than Mw = 10 × 103 g/mol were detected
with either HPLC or MALLS but the fraction Mw < 100 × 103 g/mol
contained 14% and the fraction Mw > 500 × 103 g/mol contained 5%
of the mass. Approximately 35% of mass was between 100 × 103 g/mol
and 200 × 103 g/mol and 24% between 200 × 103 g/mol and
300 × 103 g/mol.
Fig. 2 shows also comparison of the single-step and two-step analysis methods for the molar mass distribution. In the latter, the original
sample was first fractionated in a preparative scale SEC column to 10
fractions. Each of these were then analyzed in the SEC–MALLS as described previously. The two-step method improves resolution of the
polysaccharides and avoids the problem of larger molecules screening
the smaller molecules due to their higher intensity in MALLS. The difference is even more significant in samples withdrawn during the hydrolysis (not shown) as the fraction of smaller molecules, which are not
detected by MALLS, increases. Even though the two methods yield almost the same M¯w for oat β-glucan (Fig. S4 in Supplementary
Document), the two-step method was necessary in this work to obtain a
reliable MMD for estimating the kinetic parameters.
Two elution profiles of partially hydrolyzed β-glucan in the preparative SEC column on the right in Fig. 2. As seen in the figure, the
molecules with Mw < 40 × 103 g/mol are separated whereas larger
molecules all elute at the void volume of the column. The exclusion
limit for β-glucan in this separation material is close that provided by
the manufacturer for dextran (Mw ~ 50 × 103 g/mol). The profiles
measured for two hydrolysates (produced at 50 °C and at 80 °C) show
that the chromatographic separation is well reproducible.
Viscosity measurements at T = 80 °C showed that the β-glucan solution at 5 g/L mass concentration is shear-thickening. The apparent

(3)

1)

In Eq. (3), k0 refers to degradation of disaccharide with a single
β−(1,3) or β−(1,4) glycosidic bond (i.e., laminaribiose or cellobiose).
It is noteworthy that the random scission model by Simha [17] is
obtained as a special case from each of the models in Eqs. (1)–(3) by
setting α = β = 0 and kA = kB.
3.2. Parameter estimation
The reaction rate constants k j0 and the empirical parameters describing their variation with δ and DP were estimated from kinetic data.
The objective function minimized (Eq. (4)) consisted of the deviation
between experimental and calculated molar mass distributions (as cumulative weight fraction, CWF) as well as experimental and calculated
composition of oligosaccharides (DP 1-5). Combining the two kinds of
data enables more accurate analysis of the reactivity of the glycosidic
bonds. The MMD data was interpolated to same number of data points
as the oligosaccharide data in order balance their contributions to Q.
(4)

Q = RSSMMD + RSSOLIGOS
Nt

Nj

RSSMMD =

(CWF jexp
,k

2
CWF jcalc
,k )

j=1 k=1

NHPLC

5

k=1

m=1

RSSOLIGOS =

(wkexp
,m

2
wkcalc
,m )

(5)
(6)

In Eqs. (4)–(6) Q is the objective function, RSS is the residual sum of

Fig. 2. Left: Molar mass distribution of original oat βglucan prior to acid hydrolysis. Filled symbols are
with and open symbols without the preparative SEC
separation. Right: Separation of partially hydrolyzed
oat β-glucan in preparative SEC column (Sephadex
G–75,
L = 70 cm,
I.D. = 15 mm).
Feed
volume = 10 mL, flow rate = 0.5 mL/min, T = 60 °C.
diamond = hydrolysis at 80 °C, square = hydrolysis
at 50 °C. Hydrolysis conditions: c 0 glucan =4.74 g/L,
cHCl = 0.05 M.
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viscosity of the unhydrolyzed polysaccharide solution increased from
2 mPas at shear rate 200 s−1 to 4.5 mPas at shear rate 1000 s−1. The
viscosity of water at this temperature is approximately 0.36 mPas.

under the experimental conditions.
In what follows, the kinetics of acid catalyzed hydrolysis of oat βglucan is discussed by using the weight-based properties of the mixture
and the degree of polymerization. Figs. 4 and 5 show the change in the
molar mass distribution during hydrolysis (solid lines are simulation
results that will be discussed in next section). The polysaccharide is
quite stable against hydrolysis at 50 °C even though the pH of the solution is below 1 (Fig. 4). In accordance with the reaction scheme
outlined above, the largest polysaccharides are degraded to smaller
molecules the fastest. Molecules with DP > 1800, for example, are
practically completely consumed after 3 days at 50 °C temperature. This
renders the MMD more narrow over the course of the reaction. Molecules in the DP range of 600 to 1800 comprise 60% of the mass of the
original β-glucan sample but only 13% after 5 days. As is typical with
consecutive reactions, the mass fraction of molecules in the intermediate range 300 to 600 first increases (up to 45% after 3 days) and
then decreases.
Hydrolysis at T = 80 °C (Fig. 5) shows qualitatively the same phenomena as observed at lower temperature. The rate of hydrolysis is
substantially higher however. Molecules with DP > 1800 are not detected after 45 min of hydrolysis. The time needed to reach M¯w of approximately 18 × 103 g/mol, for example, is just 4 h at 80 °C temperature (12 days at T = 50 °C). Despite the large change in the average
molar mass during 8 h of reaction (from M¯w = 250 × 103 g/mol to

4.2. Acid hydrolysis kinetics
Acid catalyzed hydrolysis of oat β-glucan was studied in batch reactor by monitoring the molar mass distribution of the polysaccharide
mixture as well as concentrations of small oligosaccharides (DP ≤ 5)
during the reaction. It has been reported that the hydrolysis rate of
polysaccharides (e.g. starch [12] and cellulose [35]) may exhibit two
stages (initially fast and slower stages) due to changes in polysaccharide
structure. In addition, homogeneous acid catalyzed hydrolysis of
polysaccharides is usually assumed to be a first-order reaction. Before
addressing the evolution of the MMD in detail, it is worthwhile to address these hypotheses using qualitative observations from the data.
In principle, the hydrolysis rate could be affected by changes in the
viscosity of the solution or by changes in the structure of the polysaccharide chains during the course of the reaction. The apparent
viscosity of the 5 g/L β-glucan solution at 80 °C was in fact found to
decrease approximately 30% during the first 45 min reaction time. After
that, the apparent viscosity decreased only gradually, being 40% lower
than the initial value after 6 h of hydrolysis.
A rough test for the influence of such secondary effects on the kinetics was made by correlating the kinetic data with a simplified model
that assumes a time-invariant rate constant (see Appendix B for the
derivation). Here the number-average properties of the β-glucan mixture are considered (instead of weight-average properties) because this
makes the simplified kinetic models easier to solve analytically. As seen
in Fig. 3A and B, Eq. (B6) was able to describe the change of M̄n of oat
β-glucan during hydrolysis (k = 7.32 × 10−7 min−1 at 50 °C,
k = 5.14 × 10−5 min−1 at 80 °C). This means that possible changes in
solution properties did not significantly affect the degradation rate in
the acid catalyzed hydrolysis. In this respect, hydrolysis of the present
oat β-glucan raw material seems to differ from e.g. starch [12] and
cellulose [35] that may contain amorphous and crystalline regions.
It has been suggested [36] that hydrolysis of polymers could occur
predominantly at one of the chain ends. This hypothesis was tested by
using Eq. (B13). Comparison with Eq. (B6) shows that such a “peelingoff” mechanism could in principle explain the change of M̄n of oat βglucan during hydrolysis but the reaction rate constant for glycosidic
bond cleavage would have to be very large. In the present case, k should
be 7.72 × 10−4 min−1 at 50 °C and 5.23 × 10−2 min−1 at 80 °C (correlation of data not shown), i.e. significantly higher than the rate constant for hydrolysis of β-glycosidic bonds in disaccharides [25], which is
not plausible.
While other researchers suggest that a single non-reducing end reacts faster than a reducing and interior bonds, which are hydrolyzed at
the same rate [24,37,38], it is shown that this mechanism results in the
same form of Eq. (B6) as the random scission with a factor of 2/3 as
presented in Eq. (B19). Thus, fitting M̄n data to Eq. (B19) would return
the values of the interior and reducing bonds similar to those estimated
for the random scission, while a value of a non-reducing end is 1.5 times
higher.
Another qualitative observation can be made about the order of the
hydrolysis reaction from the data in Fig. 3. If the hydrolysis rate was not
of first order with respect to the amount of glycosidic bonds per unit
volume, the formation of degradation products in the reactor would
depend on total concentration of polysaccharides. As observed in
Fig. 3C, increasing the total concentration of oat β-glucan 17 times does
not affect the rate of formation of monosaccharides and disaccharides.
Therefore, it is concluded that the hydrolysis reaction is first-order with
respect to reactants within the concentration range studied
(c 0 glucan ≤5 g/L).
It is also noteworthy that constant increase of glucose concentration
in Fig. 3C indicates there was no significant degradation of glucose

(A)

(B)

(C)

Fig. 3. Number average molar mass of oat β-glucan in hydrolysis experiments,
A) at 50 °C, B) at 80 °C. Solid line: Eq. (B6). Hydrolysis conditions: c 0 glucan =
4.74 g/L, cHCl = 0.05 M. C) Formation of glucose (circles) and disaccharides
(squares) in hydrolysis of oat β-glucan. Open symbols: c0 = 4.74 g/L, filled
symbols: c0 = 0.28 g/L (data from [25]). Hydrolysis conditions: cHCl = 0.25 M,
T = 80 °C.
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Fig. 4. Evolution of molar mass distribution
of β-glucan (cHCl = 0.05 M) and formation
of short oligosaccharides (cHCl = 0.25 M)
during acid catalyzed hydrolysis. T = 50 °C.
DP of the oligosaccharides: circle = 1,
square = 2, diamond = 3, triangle = 4,
pentagram = 5. Solid lines are calculated
with the structured kinetic model (Model I).

M¯w = 8 × 103 g/mol), only trace amounts of oligosaccharides were
detected. This corroborates the assumption that glycosidic bond cleavage does not occur predominantly at the ends of the polysaccharide
chains.
In order to observe formation of short oligosaccharides and glucose,
the hydrolysis reaction was performed at higher acid concentration
(cHCl = 0.25 M). As observed in Figs. 4 and 5 (bottom-right corner), the
composition of the oligosaccharide mixture changes such that the
weight fraction of each DP increases until a maximum value and then
decreases. There are no large differences in the mass ratios of the oligosaccharides at the two temperatures, which indicates that the reaction mechanism is the same. Oat β-glucan is eventually completely
hydrolyzed to glucose. As expected, no other degradation products such
as furans were detected at these relatively low reaction temperatures
[39].

rate constants as a function of the distance from the nearest chain end
(Models I and II) and of the degree of polymerization (Model III). It is
worth noting that these models are flexible enough to describe increasing, decreasing and invariant behavior of the reactivity. Moreover,
they can describe a gradual change in the reactivity throughout the
polysaccharide chain length (or molar mass range) but the change can
be limited to a region near the chain ends (or low molar mass) as well.
The best-fit parameters to Model III suggest that the reactivity decreases rapidly with increasing molar mass, levelling off at approximately DP = 20 or Mw ~ 3200 g/mol (Fig. 6A). The values of kβ−(1,3)
and kβ−(1,4) at the limit of DP = 2 are more than four times larger than
those in longer polysaccharides. These values are also significantly
larger (~180%) than those reported for HCl catalyzed hydrolysis of the
corresponding disaccharides (laminaribiose and cellobiose) at the same
temperature [25]. The best-fit parameters of Models I and II indicate
very similar behavior of kβ−(1,3) and kβ−(1,4) as a function of the distance from nearest chain end (Fig. 6B). The main difference is that
Model I indicates somewhat faster decrease in reactivity than Model II
near the chain ends. The values obtained for the terminal glycosidic
bonds are on the average 37% smaller than the values reported for
laminaribiose and cellobiose [25]. This is plausible, considering that
the disaccharides have more degrees of freedom in the solution than the
chain ends of the polysaccharides.
As observed in the RSSMMD values in Table 1, each of these three
models could correlate equally well the change of the molar mass distribution during the hydrolysis. In the present data, the conversion is
not very large, however, and the MMD is dominated by the presence of
relatively large polysaccharides. Therefore, the MMD data alone is not
sufficient to discriminate the models. Inspection of RSSOLIGOS values in
Table 1 shows that the formation of oligosaccharides and glucose is
significantly better correlated with Models I and II than with Model III.
It has been suggested that in acid catalyzed hydrolysis of inulin (a
β−(2,1) polysaccharide), the scission rate of the terminal bonds is 5
times higher than for all other bonds [40]. This supports the selection of

4.3. Reactivity of glycosidic bonds in oat β-glucan
The reactivity of the glycosidic bonds was studied by fitting empirical models to the experimental reaction kinetics data. The goodness
of fit and corresponding parameter values are given in Table 1. The
random scission model of Simha [17] assumes that all bonds in the
polysaccharide react with the same probability that is independent of
molecular size. This model resulted in by far the largest residuals in
both the molar mass distribution and oligosaccharide formation data.
The best-fit parameters of the Simha model predicted too fast degradation of the large β-glucan molecules and too slow formation of
oligosaccharides (not shown). Failure of the Simha model is an important result, as it is strong (albeit indirect) evidence to support a
previous hypothesis that the reactivity of the glycosidic bonds in oat βglucan is not constant [25].
In order to test whether (and how) reactivity depends on the position in the chain or on the molar mass of the polysaccharide, the three
empirical models in Eqs. (1)–(3) were used. Fig. 6 displays the reaction
6
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Fig. 5. Evolution of molar mass distribution of β-glucan (cHCl = 0.05 M) and formation of short oligosaccharides (cHCl = 0.25 M) during acid catalyzed hydrolysis.
T = 80 °C. DP of the oligosaccharides: circle = 1, square = 2, diamond = 3, triangle = 4, pentagram = 5. Solid lines are calculated with the structured kinetic model
(Model I).

Models I and II over Model III. However, it should be noted that both of
these models predict a rather gradual decrease in reactivity with the
distance from the chain end. Therefore, the present data does not
support a hypothesis of equal hydrolysis rate for all other bonds than
the terminal ones.
Formation of oligosaccharides was studied using higher acid concentration (cHCl = 0.25 mol/L) than the evolution of the molar mass
distribution (cHCl = 0.05 mol/L) in order to take the reaction closer to
completion in reasonable time. This could affect the parameters of the
empirical models because the activity coefficient of H+ was assumed to
be constant in the kinetic model. According to the Davies equation,
however, the decrease in molal mean ionic activity of HCl in this concentration range is only 10%, i.e. much less than the decrease in kA and
kB near the chain ends. It is concluded that using different acid concentrations does not affect the results significantly.

In conclusion, analysis of the hydrolysis kinetics data suggests that
the variation in reactivity of the glycosidic bonds is stronger along the
β-glucan chain than with the molar mass of the polysaccharide. To
avoid misinterpretation, it should be emphasized that this applies to the
reactivity of individual glycosidic bonds only and not to the degradation rates of the molecules. Even though the average distance from the
nearest chain end is shorter in small polysaccharides and oligosaccharides than in large polysaccharides, and thus the average reactivity per bond is higher, the large polysaccharides have much more
bonds and thus higher reactivity per molecule. This is seen in the experimental data as well. Almost 50% of the BG mass is initially in
molecules larger than 2 × 105 g/mol (Fig. 5, top left) and they practically disappear during the first 0.75 h at T = 80 °C. The rate of change
in the MMD clearly slows with time as the shorter polysaccharides
degrade slower.

Table 1
Comparison of empirical models for the reactivity of the glycosidic bonds during HCl catalyzed hydrolysis of oat β-glucan.
Model

RSSMMD

RSSOLIGOS

kA0 × 105 (L/mol/min)

kB0 × 105 (L/mol/min)

α

β

T = 50 °C
Model I
Model II
Model III
Simha

0.044
0.044
0.046
0.414

0.171
0.153
0.367
1.281

4.213
4.172
6.081
2.454

13.610
13.160
16.682
2.454

0.255
1.759
0.194
0

2.204
0.663
0.911
0

T = 80 °C
Model I
Model II
Model III
Simha

0.062
0.062
0.065
0.552

0.053
0.054
0.081
0.806

291.8
291.1
420.8
181.4

658.3
505.3
1057.4
181.4

0.334
1.009
0.217
0

2.037
0.409
1.073
0
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purity) are higher when the target molecules are smaller if the width of
the DP range is constant.
5. Conclusion
The kinetics of acid catalyzed hydrolysis of oat β-glucan in aqueous
solution was investigated experimentally and by means of mathematical modelling. The molar mass distribution of the polysaccharide was
measured during hydrolysis at 50 °C and at 80 °C. Since determination
of molecules with Mw < 10 000 g/mol with MALLS is not accurate in
presence of large molecules, the MMD data was combined with data on
the rate of formation of oligosaccharides. The structured kinetic model
used reproduced the experimental data with good accuracy.
The viscosity of the solution (cβ-glucan = 5 g/L, cHCl = 0.05 mol/L) at
80 °C decreased approximately 40% in 6 h as the M¯w decreased from
227 × 103 g/mol to approximately 9 × 103 g/mol. This was not observed to have a measurable effect on hydrolysis kinetics. Instead, the
kinetic data was successfully correlated with the structured kinetic
model that assumes a first order reaction with respect to both β-glucan
and H+ ions. The reactivity of the glycosidic bonds in oat β-glucan was
found to decrease with the distance from the nearest chain end.
According to the empirical model used, the rate of cleavage of the
terminal glycosidic bonds is almost three times higher than at a distance
of 20 or more glucose units from the chain end. The β−(1,3) bonds in
oat β-glucan were found less stable against acid catalyzed hydrolysis
than the β−(1,4) bonds. This is in accordance with results obtained
previously for disaccharides laminaribiose and cellobiose [25].
Production of polysaccharide fractions with a controlled molar mass
distribution (DP range) was studied in a batch reactor. Even though the
structured kinetic model is useful for selecting the best reaction

Fig. 6. Acid hydrolysis rate constants of the glycosidic bonds in oat β-glucan at
80 °C. A) Model III (gray). B) Model I (blue); Model II (red). Simha’s model is
shown with black solid line. C) Activation energy of glycosidic bonds along βglucan molecule (calculated by Model I). Notation: ♢ = β−(1,3) glycosidic
bond, ○ = β−(1,4) glycosidic bond. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

Even though the parameters of the empirical models should not be
given a physical meaning, they are valuable in extracting this kind of
information from experimental data. Model I is marginally better than
Model II, and the fit of Model I to the MMD data at each time value and
to the formation of the oligosaccharides is therefore shown in Figs. 4
and 5.
As shown in Fig. 6C, activation energy (Ea) of glycosidic bonds increases with the increase of distance from the nearest end bond. The
further the bonds are from the two ends, the higher the activation energy. In other words, the chain ends are more susceptible for hydrolysis
as a larger fraction of encounters with protons lead to bond cleavage.
4.4. Production of polysaccharide fractions with controlled DP in a batch
reactor
Production of oligosaccharides and short polysaccharides of selected size from plant polysaccharides via acid catalyzed hydrolysis has
been studied extensively in the literature. Production of short polysaccharides with a controlled range of DP has received much less attention and oat β-glucan in particular has not been studied. As observed
in Fig. 7, it is possible to choose the reaction time such that the mass
fraction (and thus yield and purity) of a selected DP range is maximized.
For example, the reaction time of 6 h at 80 °C gives approximately
20 wt-% yield (or purity) for the fraction of DP 70–100 with
cHCl = 0.05 mol/L. The yield is obviously better if a wider DP range is
accepted.
With the rate constants and activation energies estimated from the
kinetic data, it is possible to use the structured kinetic model to optimize the reaction conditions and time to extrapolate beyond the experimental data. The simulation results indicate that the yield (and

Fig. 7. Mass fractions of selected groups of polysaccharides during acid hydrolysis of oat β-glucan under cHCl = 0.05 M at 50 °C and 80 °C. Degree of
polymerization: circle and blue line = 10–30, diamond and red line = 30–50,
triangle and green line = 70–100, pentagram and black lines = 100–200. Filled
symbols are experimental observations and lines calculated with the structured
kinetic model (Model I). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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conditions and time, the yield is bound to be low in a conventional
batch reactor. Therefore, an integrated reactor-separator system, where
unreacted β-glucan can be recycled and polysaccharides of the desired
size can be removed from the reactor, should be investigated.
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Appendix A. . Structured kinetic model and its Jacobian matrix
In this work, it is assumed that oat β-glucan contains two consecutive β−(1,4) bonds (type A) separated by one β−(1,3) bond (type B). Their
hydrolytic degradation thus leads to a mixture of 3(DPmax – 1) structurally different molecules when symmetry is not considered. Molecules larger
than monosaccharides and disaccharides can be presented as nine homologue series, each of which grows by AAB in the repeating part of the chain.
The indexing of the molecules runs such that the molecules j and 9(j − 1) belong to the same homologue series. The molar concentrations are
presented in vector notation as C= [c1, c2, c3, c(1) , c(2)], where subscripts 1, 2 and 3 refer to monosaccharides and disaccharides and
c (j ) = [c9(j 1) + 4, , c9(j 1) + 12] is a concentration vector of nine molecules in jth block of homologues.
The mass balance equations for monosaccharides is

dc 1
= 2kA (1) c H c2 + 2kB (1) c H c3 + kI c H
dt

c (j )

(A1)

j=1

Here kj = kj ( ) is the reaction rate constant of the bond of type A or B in position δ from the nearest chain end. kI is a vector that contains the rate
constants for cleavage of the terminal glycosidic bond from the molecules in block j. For the disaccharides with a single β−(1,4) bond, the mass
balance is

dc2
=
dt

kA (1) cH c2 + kII cH c (1) + kIII cH

c (j )

(A2)

j =2

where, kII and kIII are vectors that contain the rate constants for A and B bonds of molecules forming molecule 2 via hydrolysis in block 1 and block j
(j > 1), respectively. Analogously, the mass balance for disaccharide with a single β-(1,3) bond is

dc3
=
dt

kB (1) cH c3 + kIV c H c (1) + kV c H

c (j )

(A3)

j=2

where, kIV and kV are vectors that contains the rate constants for cleavage of such an A bond in molecules of block 1 and block j (j > 1), respectively,
that molecule 3 is formed.
The mass balance equations for other molecules can be described by

dc (j )
(j )
= ( k¯A NA(j )
dt

(j )
k¯ B NB(j ) ) c H c (j) + KI c H c (j) +

KII(j, k ) c H c (k )

(A4)

k=j+1

Here the first term represents the acid catalyzed hydrolysis. KI is a matrix giving the rate constants for the formation of each molecule in block j
from the other molecules within the same block. KII(j, k ) is a matrix of rate constants for the formation of molecules in block j from molecules in block k
(k > j).
The Jacobian matrix of the ODE system is invariant in time. Eq. (A5) shows the structure of the Jacobian matrix by using the first 21 molecules as
(j )
(j )
an example. The full details of the coefficient vectors kI , kII , kIII , kIV , and kV , as well as calculation of ( k¯A NA(j) k¯B NB(j) ) , KI , and k = j + 1 KII(j, k ) are
available in Ref. [25].

J = c H+

0
0
0

2kA (1) 2kB (1)
kA (1)
0
0
kB (1)
(1)

(k¯A NA(1)

kI
kII
kIII
(1)
+ k¯B NB(1) ) + KI

kI
kIII
kIV
KII(1,2)
(2)
(2)
(k¯A NA(2) + k¯B NB(2) ) + KI

(A5)

Appendix B. Derivation of the equations for M̄n during acid hydrolysis
1. Constant reactivity in absence of secondary effects
In Section 4.2, secondary effects such as changes in solution viscosity or crystallinity of the polymer were discussed by comparing the evolution of
the experimental number average molar mass with the prediction of a simple model. The model was derived as follows.
In the mixture obtained by hydrolytic degradation of a linear polysaccharide, the homologous molecules are numbered such that the molecule
index equals the degree of polymerization. It is assumed that each bond in the polysaccharide reacts with equal probability and that the reaction rate
for each bond is constant during the course of the reaction. When acid concentration does not vary, it can be lumped into the rate constant and the
differential mass balance in a batch reactor for a given molecule j is

dcj
dt

N

=

k (j

1) cj + 2k

cm

(B1)

m=j+1

The total molar concentration thus changes with time according to
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dcj
dt

N

=k

(m

1) cm

(B2)

m=2

The rate of change of the number average molar mass, M¯n =
dcj

Mj

dM¯n
=
dt

M¯n
cj

dt

cj

Mj cj /

cj , during the reaction is

dcj
(B3)

dt

where the summations go through all the molecules. In the present case, addition of water to the carbohydrates during hydrolysis increases their
mass. However, this is insignificant until the polysaccharides are degraded to short oligosaccharides or monosaccharides. Therefore, the first term on
the right in Eq. (B3) is neglected and the equation is rewritten as

dM¯n
=
dt

k

N
j =2

(j

1) cj
cj

M¯n =

k

M¯n
M0

1 M¯n

(B4)

In the present data, the lowest value of M¯n / M0 was observed after 8 h of hydrolysis at 80 °C. It was approximately 105, which is significantly
larger than unity, and Eq. (B4) can be simplified to

dM¯n
=
dt

k ¯ 2
Mn
M0

(B5)

and integrated to

M¯n (t ) = M¯n,0 1 +

M¯n,0
kt
M0

1

(B6)

where M¯n,0 is the number average molar mass of the original unhydrolyzed β-glucan sample. Eq. (B6) is formally identical to the Ekenstam equation
[18,21,41], but the assumptions specific for the present case are made explicit in the above derivation.
2. The “peeling-off” mechanism in absence of secondary effects
When scission occurs from the last bond at one chain end of the polysaccharide only, the catalyst concentration is constant and the reaction is of
first order with respect to the polysaccharides, the differential material balance equations are
N

dc 1
= kc2 + k
cm
dt
m=2
dcj
dt

=

kcj + kcj + 1, j

(B7)

2

(B8)

The rate of change of the total concentration in a batch reactor becomes

dcj
dt

N

=k

cj

(B9)

j =2

The rate of change in the number average molar mass is thus obtained from

dM¯n
=
dt

k

N
c
j=2 j
M¯n
N
c1 + j = 2 cj

(B10)

Solving M̄n from Eq. (B10) with the separation of variables method requires that c (t ) are given explicitly. According to the peeling-off mechanism
N
d
c = kc2 (see Eq. (B8)). In a typical situation (apart from a mixture of very short polymers), c2 is small and the sum of concentrations of
j=2 j
dt
molecules with DP ≥ 2 changes much slower with time than c1. When the mole fraction of DP 1 is initially small, Eq. (B10) can be approximated by

dM¯n
dt

k

ctot,0
M¯n
c1 + ctot,0

By the same token, Eq. (B7) can be approximated by
mass changes is thus

dM¯n
=
dt

(B11)
dc1
dt

kctot,0 and integrated to c1 = kctot,0 t . The rate at which the number of average molar

k
M¯n
1 + kt

(B12)

Integration of Eq. (B12) with initial value M¯n = M¯n,0 at t = 0 yields Eq. (B13). Comparison with Eq. (B6) shows an analogy, but the rate of change
in M̄n is several orders of magnitude lower with Eq. (B13) when the degree of polymerization is initially large.

M¯n = M¯n,0

1
1 + kt

(B13)

3. Non-reducing bond reacts faster than the interior and reducing bonds
If a bond at non-reducing end (k1) is hydrolyzed faster than a reducing and and interior bonds (k2), the degradation rate of a molecule with
DP = n is
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dcn
=
dt

[k1 + (n

2) k2 ] cn, n > 1

(B14)

The formation rate for any molecule with DP ≥ 2 is

dci
= (k1 + k2 ) ci + 1 +
dt

N

2k2 cj, i

2

(B15)

j=i+2

The formation rate for glucose without degradation term is

dc 1
= 2k1 c2 +
dt

N

(k1 + k2 ) cj

(B16)

j=3

The total molar concentration changes with time is

dcj
dt

N

=

[k1 + (m

2) k2 ] cm

(B17)

m =2

Let us assume k1 reacts 1.5 times faster than k2, the rate of change in the number average molar mass is calculated as follows

dM¯n
=
dt

2 k1 ¯ 2
Mn
3 M0

(B18)

and integrated to

2 M¯n,0
M¯n (t ) = M¯n,0 1 +
k1 t
3 M0

1

(B19)

Appendix C. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.cej.2019.122863.
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A recycle-integrated reactor-separator system was studied experimentally and based on simulations for the acidcatalyzed depolymerization of oat beta-glucan polysaccharide. The aim was to produce oligosaccharides with
degree of polymerization in a narrow range (DP = 15–30). The reactor was operated intermittently at 80 ◦ C.
Batch chromatography with Sephadex G-25 size-exclusion gel was found suitable for the separation of product
from reactants and impurities. Part of the reaction mixture was periodically withdrawn and fed to the separation
column. Molar mass distributions in four chromatographic fractions (waste, recycle, product, impurities) were
monitored with SEC-MALLS. Experiments with 4 h mean residence time showed that the reactor-separator
achieved approximately 2.0 and 2.5 times higher yield and purity of target DP than a batch reactor. Dimen
sionless operating parameters and equipment design parameters were introduced for analyzing performance of
intermittent reactor-separators. The simulations show that intermittent operation offers higher yield and product
purity than continuous operation (CSTR and chromatographic separation) when mean residence time in the
reactor is long. Continuous operation is better when productivity is maximized by using short mean residence
time and low yield.

1. Introduction
Cereal β-glucans are soluble dietary fibers mainly found from oat or
barley. These particular β-glucans are linear polysaccharides composed
of up to thousands of D-glucose monomers linked by β-(1,3) and β-(1,4)
glycosidic bonds [1,2]. Nowadays, β-glucans are widely used around the
globe, for instance, in dairy products and beverages. A growing interest
in β-glucans-derived products is due to their health benefits that include
not only the cholesterol-lowering effects but also the attenuation of
postprandial glycemic response [2–5]. Oat β-glucan’s ability to increase
digesta viscosity in the gastrointestinal tract, hence to delay nutrition
absorption from the gut is believed to be a key factor responsible for
those health benefits [2,5], even though the direct evidence for a role of
viscosity has not been demonstrated.
The effectiveness of health benefits mentioned above is linked to oat
β-glucan’s high viscosity, mainly caused by its high molecular weight
(Mw) [2,4,6,7]. Nevertheless, a production of oat β-glucan with high Mw
is not a scope of this work, because they are readily available at high Mw
[8]. Instead, the present paper aims to address a production of oat
β-glucan-derived short polysaccharides and oligosaccharides that are

generally considered as non-digestible oligosaccharides. Since nondigestible oligosaccharides are resistant to digestion and absorption in
the stomach and small intestine, they reach the large intestine and are
fermented by colonic bacteria into short chain fatty acids (SCFA),
lactate, and gases [9,10]. Lower pH caused by SCFA formation could
hinder the growth of pathogens, while stimulate the growth of beneficial
bacteria, mainly Bifidobacteria species [11]. Also, they are low in
sweetness and caloric values [9–11].
Several non-digestible oligosaccharides have been studied and
commercialized [12]. Among them, fructo- and galactooligosaccharides are the most popular ones. To the best of our knowl
edge, a production of non-digestible oligosaccharides with controlled DP
derived from oat β-glucans has not been studied. In fact, there are no
commercial products, for instance, with DP ranging from 15 to 30,
although these were reported to have the most profound immunological
effects [13]. There are two main reasons for such rarity. Firstly, a pro
duction β-glucan with well-defined DP via hydrolysis is challenging
because a hydrolysate normally contains a very broad variety of mole
cules with DP from 1 up to thousands depending on a starting material
[1,14]. Secondly, β-glucan with low Mw and well-defined DP is even
more difficult to be synthesized because hydrolysis would need to be
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Nomenclature
Lattin letters
A
cross-sectional area of a chromatographic column, cm2
a
adjustable parameter in Gompertz equation, –
b
adjustable parameter in Gompertz equation, –
c
concentration, g/L or mol/L
c
adjustable parameter in Gompertz equation, –
Dax
axial dispersion, m2/s
D
apparent dispersion, m2/s
d
adjustable parameter in Gompertz equation, –
DP
degree of polymerization, –
H
a slope of the linear isotherm
k
reaction rate constant, L/mol/s
L
height of a chromatographic column, m
Mw
molar mass, g/mol
NTP
number of theoretical plates, –
PR
productivity, kg/L/day
Pu
purity, –
Q
flow rate, L/s
T
temperature, K
t
time, min
u
linear velocity, m/s
V
volume, L
Y
yield, –

FF
P
R
W

fresh feed of oat β-glucan
product fraction
recycle fraction
waste fraction

Subscripts
BG
col
j
R
s
tot

oat β-glucan
chromatographic column
species index
reactor
solid phase
total

Greek letters
α
adjustable parameter in kinetic model, –
β
adjustable parameter in kinetic model, –
γ
adjustable parameter in Ogston model, –
δ
distance of a bond from the nearest chain end, –
ε
apparent porosity, –
εb
bed porosity, –
λ
adjustable parameter in Ogston model, –
ν
rector to separator volume ratio, –
τ
space–time in CSTR, dimensionless time in column, –
σ
adjustable parameter in NTP correlation, –
φ
adjustable parameter in NTP correlation, –
ϕ
fraction of solution withdrawn from reactor, –
ω
adjustable parameter in Ogston model, –

Superscripts
F
feed into a chromatographic column

performed in a highly controlled manner so that polysaccharides would
not be completely degraded to monomers.
In a recent study [15], hydrolysates (Mw =4150–4500 g/mol; DP =
26–28) of oat β-glucan produced from acid and oxidative degradation
were found to have several positive effects. Typically, fat and bile
binding capacities were found to increase significantly after degradation
both by acid and oxidative agent. More specifically, hydrolysate pre
pared by acid possesses high fat binding capacity, whereas oxidative
degradation results in higher bile binding capacity [15]. Both degra
dation methods significantly increase antioxidant and antibacterial ac
tivities [15]. The findings are found interesting because DP of
hydrolysates prepared is within a range aimed in the current research
(DP = 15–30).
While it is possible to produce oligosaccharides with desired DP by a
stand-alone reactor, for instance, a batch reactor [14,16,17], the main
limitation of the stand-alone reactor is that purity (regarding the pres
ence of molecules larger or smaller than the desired molecular weight
distribution) and yield are deemed low because the effluent contains not
only target components but also unreacted reactants and too small
molecules. The separator (e.g., membrane or chromatographic column)
could be used after the reactor to increase purity, but not yield.
To further improve purity and yield, the most common approach is
an integration of reactor and separator units [18], which could be a
fully-integrated or recycle-integrated reactor-separator system. In the
former (e.g., membrane reactor [19–21]), the reaction and separation
occur in the same physical unit. In the latter [18,22–24], the reaction is
carried out in a reactor. The stream from the reactor is transferred to a
separation unit, where the desired components are collected. At the
same time, the others (unreacted reactants and catalysts) are recycled
back to the reactor, and too small molecules are withdrawn.
A membrane unit appears to be the most common choice as a sepa
rator [19–23], because it is straightforward to operate, and an integrated
system could be operated continuously. However, it comes with a lim
itation that a molecular mass distribution (MMD) of oligosaccharides

may remain broad unless a cascade of membranes with different mo
lecular weight cut-off (MWCO) is used. A size-exclusion chromatog
raphy (SEC) column is a better choice for more narrow size distribution.
In one study, a direct comparison between diafiltration and SEC for
recovery of hemicellulose was investigated. It was reported that SEC
offers higher purity and recovery (82% and 99%, respectively) than
diafiltration (77% and 87%, respectively). The authors argued that
diafiltration is dependent on the purity of feed solution, which was
highly contaminated by low molecular weight compounds, whereas SEC
is not affected [25]. But it is worth noting that the concentration of
product from SEC is rather low due to dilution.
In this study, an intermittent recycle-integrated reactor-separator
(hereafter referred to as RS) is investigated experimentally and by means
of mathematical modeling for producing non-digestible oligosaccha
rides from oat β-glucan. A preparative SEC column is chosen over a
membrane as a separator because it is expected to provide better purity
towards desired molecules. “Intermittent” reflects the nature of the
process in the experimental setup, where a solution is periodically
withdrawn from a reactor and fed into the SEC column. In this work,
reactor-separator is analyzed using dimensionless designing and oper
ating parameters, which allows the integrated system to mimic either a
continuous or a batch operation mode. The structured kinetic model
reported previously [1,14] is used to describe the acid-catalyzed hy
drolysis of oat β-glucans in the reactor. An efficient model for the pre
parative SEC is developed based on discrete convolution. The study is
expected to serve as a theoretical guide to produce well-defined poly
saccharides or oligosaccharides with controlled DP from oat β-glucans,
including but not limited to DP = 15–30. The models used in this work
are flexible enough to enable predicting the formation of poly
saccharides and oligosaccharides with any size.
2. Experimental methods
Oat β-glucan solution (medium viscosity, purity > 94%, Megazyme,
2
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Ireland) was dissolved in deionized water by stir-heating at 70–80 ◦ C.
The solution was kept refrigerated at 4 ◦ C prior to experiments. Other
chemicals used were analytically graded.

performed at 80 ◦ C in a jacketed glass reactor and HCl was used as a
catalyst. The reactor was pre-filled by the fresh oat β-glucan solution and
stirred at 400 rpm. When the solution reached 80 ◦ C, HCl solution was
introduced into the reactor and time set as zero. After 60 min (column
10, Table S1), solution was withdrawn from the reactor (column 11,
Table S1). At the same time, HCl solution, fresh oat β-glucan, and recycle
fraction from the separator (column 3, 5, and 6, respectively, Table S1)
were fed to the reactor. The amount of acid solution added was adjusted
by a pH meter. The withdrawn hydrolysate was injected into the column
by using a syringe (column 4, Table S2). A recycle fraction was collected
by a fraction collector (column 5 and 6, Table S2). The fractionation
mode in the experimental work is illustrated in Fig. S1. In total, seven
cycles of reaction and separation were carried out for a demonstration.

2.1. Hydrolysis experiments
Acid hydrolysis of oat β-glucan was carried out in 50 mL jacketed
glass reactor using HCl as a catalyst. The temperature was monitored.
The oat β-glucan solution (V = 45 mL, c ~ 4.76 g/L) was preloaded in the
reactor and heated while stirring (400 rpm). When the solution reached
80 ◦ C, the reaction was started by adding HCl solution (V = 5 mL, cHCl =
0.5 M) into the reactor. The initial concentration of β-glucan was c0BG ~
4.284 g/L and the catalyst concentration was cHCl = 0.05 M.
Four samples (t = 120, 200, 250, and 360 min, 10 mL each) were
collected into 10 mL PTFE tubes and quickly cooled in an ice-water bath
and neutralized by NaOH. These hydrolysates were used to calibrate a
column model of size-exclusion chromatographic separation.

2.4. Analysis
Samples collected from the preparative SEC column (hereafter
referred to as fractions) were analyzed by analytical size-exclusion
chromatography coupled to multiangle laser light scattering (SECMALLS) to determine molar mass distribution (MMD). The SEC-MALLS
analysis was performed on an Agilent 1200 Infinity series equipped with
an RI detector and miniDAWN TREOS (Wyatt Technology, USA) MALLS
detector. Two columns connected in series were used – a TSKgel
SuperMultiporePW-M column (L × I.D. 15 cm × 6 mm, Mw range = 5 ×
102 – 1 × 106 g/mol, Tosoh Bioscience, Germany) and a TSKgel G-OligoPW column (L × I.D. 30 cm × 7.8 mm, Mw < 3 × 103 g/mol, Tosoh
Bioscience, Germany) maintained at 60 ◦ C. The eluent was an aqueous
NaCl solution (cNaCl = 0.08 M) degassed and pumped at 0.4 mL/min.
Fractions (1.8 mL each) collected from the preparative SEC column
were filled with NaCl 1 M (V ~ 50 − 200 μL) to yield cNaCl ~ 0.08 M.
Prior to injection (100 μL), fractions were filtered by using syringe filters
(Phenomenex, 0.2 μm). The refractive index increment (dn/dc) of 0.146
was set for β-glucan in calculations [26–28]. MMD was determined by
the ASTRA software (version 6.1.2).

2.2. Preparative size-exclusion chromatographic separation
The preparative SEC column (L × I.D. 70 cm × 1.5 cm) was packed
by Sephadex G-25 medium (particle size: 50–150 μm, swelling factor ~
1.7). The injection was performed with an injection loop that was filled
by a hydrolyzed solution using a syringe. The separation was performed
at 60 ◦ C with degassed ultrapure water as the eluent at a flow rate of 0.5
mL/min.
2.3. Intermittent recycle-integrated reactor-separator
The intermittent recycle-integrated reactor-separator system used in
this work is illustrated in Fig. 1. Its operation is characterized by peri
odic withdrawal of a part of the reaction solution, separation of the latter
by SEC, and re-introduction of fractions with insufficient conversion into
the reactor, along with introduction of fresh feed and catalyst. The de
tails of experiments that contain volumes of solutions withdrawn,
introduced, and injected as well as the corresponding time values are
presented in Table S1 and S2. The volumes of solutions were calculated
by dividing their recorded mass by density (Anton Paar DMA 4500 M).
The reactor and separator units were equilibrated at operating
temperatures overnight prior to experiments. Hydrolysis reaction was

3. Mathematical models and numerical simulation methods
3.1. Kinetics of acid-catalyzed hydrolysis of oat β-glucan
A structured kinetic model developed previously was used to model

Fig. 1. Experimental setup of the intermittent recycle-integrated reactor-separator system.
3
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the hydrolysis reaction kinetics [1,14]. The model takes into account the
difference in reactivity of β-(1,4) and β-(1,3) glycosidic bonds, which
was found to be statistically significant. Also, the dependence of glyco
sidic bonds’ reactivity on their position in the polysaccharide chain is
taken into account. Eq. (1) describes the reactivity of glycosidic bonds
decreasing with the distance from the nearest chain end
(
)
1− α
kj (δ) = kj0 α + β
(1)
δ

needed. Here we use the well-known analytical solution for the resi
dence time distribution for axially dispersed turbulent flow in an empty
tube and construct the chromatograms by using the convolution method
as will be described below. The residence time distribution function (in
the case of moderate dispersion, DL/u < 0.01) in an empty tube can be
calculated as [29]
⎞2
⎡ ⎛
⎤

where kj is the reaction rate constant for acid-catalyzed hydrolytic
cleavage of β-(1,4) or β-(1,3) glycosidic bond at position δ counting from
the nearest chain end. k0 is the reactivity at the chain end, and α and β
are dimensionless adjustable parameters. The values of parameters were
taken from the previous study [14].

Ej (t) =

Column model
The mass balance for a species j in a chromatographic separation
column can be written as in Eq.(2)

∂cj
∂cs,j Q ∂cj
∂2 cj
+ (1 − εb )
+
= εb Dax,j 2
∂t
∂t Acol ∂z
∂z

Dj =

Cout,j (t) = Ej (t) ∗ Cin,j (t)

where the linear velocity u = Q/Acol and the apparent porosity and
axial dispersion coefficient are related to the physical quantities by
(5)
(6)

(10)

Parameters of the residence time and dispersion models
As seen in Eq. (9), the response of the SEC column is governed by two
parameters, namely the apparent porosity εj and number of theoretical
stages NTPj. It is straightforward to calculate the apparent porosity from
the retention volume of a single solute. Because monodisperse poly
saccharides are not readily available, however, a different approach was
adopted. Polydisperse solutions of oat β-glucans were prepared by acid
hydrolysis in a batch reactor (T = 80 ◦ C, cHCl = 0.05 M). Using different
reaction times (120, 200, 250, and 360 min) lead to different Mw dis
tributions in the range of 1,000 < Mw < 100,000 g/mol. Each batch was
fed to the preparative SEC column (Sephadex G-25), and up to 20
fractions were collected from the outlet in each run. The chromatogram
for each DP was determined by analyzing collected fractions using
analytical SEC-MALLS as described Section 2.4. Finally, εj was calcu
lated from the first moment of the corresponding chromatogram.
Two empirical models were used to correlate the variation of εj with
Mw. Model I, Eq. (12), is a modified Gompertz function with a, b, c, and
d as adjustable parameters.
(
))))
(
(
(
(12)
εj = a 1 − bexp − cexp − d × log10 Mw,j

(4)

Dax,j
Dj =
1 + 1−εbεb Hj

(9)

Since convolution can be conveniently performed based on fast
Fourier transform and its inverse, numerical solution is obtained using
standard calculation packages. For example, in Matlab®, the convolu
tion can be performed simply as
)
(
( (
))
Cout,j (t) = ifft fft Ej (t) × fft Cin,j (t)
(11)

(3)

εj = εb + (1 − εb )Hj

(8)

where τ = ut/L is a dimensionless time.
Numerical implementation
Size-exclusion chromatography (SEC) can be considered as a linear
time-invariant system (LTI) [31,32]. The output signal is the chro
matogram at the column outlet. It is obtained by the convolution of the
inlet signal and the residence time function. In other words, Cout,j is the
convolution of Ej with Cin,i as shown in Eq. (10), where the asterisk is the
convolution operator. The injection profiles were assumed to be rect
angular in the absence of other information.

where the distribution is given by Hj, the slope of the linear isotherm
cs,j = Hjcj. The material balance can be rewritten as

∂cj u ∂cj
∂2 cj
+
= Dj 2
∂t εj ∂z
∂z

Lu
2εj NTPj

and Eq. (7) can thus be rewritten as
⎞2
⎤
√̅̅̅̅̅̅̅̅̅̅̅ ⎡ ⎛
u
NTPj ⎣ ⎝
τ NTPj ⎦
exp −
1− ⎠
Ej (τ) =
εj L
2π
εj
2

(2)

where cj and cs,j are the concentration of a component in the mobile and
stationary phase, respectively. Q is the volumetric flow rate and Dax,j is
the axial dispersion coefficient of component j in the mobile phase. A is
the cross-sectional area of the column. The volume fraction of liquid
between the particles in the bed (bed porosity) is denoted by εb and
determined by injecting a high molecular mass substance that is unable
to penetrate the pores. In this work, blue dextran (Mw = 2 × 106 g/mol)
was used to determine εb.
Generally in a multicomponent system, the concentrations cj are
linked through a phase equilibrium function cs,j = f(c1, c2, … cN). In the
present case, i.e., size-exclusion chromatography of molecules with
weak interactions with the stationary phase, the distribution of species j
between liquid and solid phases can be regarded linear and independent
of the other components. If the solution in the pores of the stationary
phase is always in equilibrium with the liquid between the particles, the
mass balance becomes
) Q ∂cj
∂cj (
∂2 cj
εb + (1 − εb )Hj +
= εb Dax,j 2
∂t
∂z
Acol ∂z

(7)

where L is the height of the column. The subscript j is used to clarify that
the residence time distribution depends on molecular size. The apparent
dispersion coefficient can be expressed using the number of theoretical
stages concept, NTP, as [30]

3.2. Size-exclusion chromatographic separation

εb

⎝L − ut⎠
⎥
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⎢
εj
⎢
⎥
⎢
⎥
u3
⎢−
⎥
L
exp
L/u
⎢
⎥
4εj Dj
4πε3j Dj
⎢
⎥
⎣
⎦

With these definitions, Eq. (4) can be interpreted as flow of species j
in an empty tube at a linear flow rate uj = u/εj and with an apparent
axial dispersion coefficient Dj . Since Hj decreases with increasing mo
lecular size, the empty tube linear flow rate and axial dispersion coef
ficient are higher for large polysaccharides than for smaller
polysaccharides.
Eq. (4) can be solved numerically by using one of the methods that
transform the partial differential equations (PDE) to a system of ordinary
differential equations (ODE). In the present system, there are hundreds
or thousands of individual molecules and a more efficient approach is

Model II was derived from an extended Ogston model [33]. In Eq.
(13), λ is a parameter related to the volume fraction of polymer in the
4
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swollen gel and γ and ω are adjustable parameters.
) )
( (
ω
lnλ
εj = εb + (1 − εb )exp − 1 + γMw,j

Pu =

(13)

(14)

The constants φ and σ were estimated by fitting calculated chro
matograms to experimental chromatograms of four oat β-glycan hy
drolysates obtained in a batch reactor with reaction times t = 120, 200,
250, and 360 min. NTP values determined experimentally for very small
(glucose) and very large (Blue Dextran) molecules were included in the
parameter estimation.

Y=

The intermittent reactor–separator process was analyzed using three
parameters. The equipment configuration was characterized by a
dimensionless parameter ν, which was defined as the volume ratio of the
reactor, VR, to the separation column, Vcol
VR
Vcol

PR =

4.1. Size-exclusion chromatographic separation
The preparative SEC column was characterized by feeding small
amounts of small carbohydrates (glucose, cellobiose) and a large dextran
polymer. The maximum separation factor was calculated to be approx
imately 2.0. The apparent porosity and number of theoretical plates of
these substances (Table 1), calculated directly from the experimental
chromatograms, can be regarded as the upper and lower boundaries for
the correlations in Eqs. (12) to (14).
The apparent porosities for molecules of various sizes, calculated
from pulse experiments with β-glucan hydrolysates, are displayed in
Fig. 2A. The results obtained with hydrolysates of varying reaction time
are consistent, except for a small variation in the apparent porosity of
the largest molecules. The t = 120 min hydrolysate is mostly composed
of molecules in the range 7 500 < Mw < 65 000 g/mol), and ε ranges
from 0.40 to 0.42. Molecules with Mw > 65 000 g/mol were largely
hydrolyzed already at t = 120 min and were present only in small
amounts. The molar masses in the t = 200 min and t = 250 min hy
drolysates are quite similar (4 000 < Mw < 40 000 g/mol), with the
apparent porosity in the range of 0.42 to 0.48. In the batch hydrolyzed
for 360 min, the molar mass range 2 500 < Mw < 4 000 g/mol is close to
the target size. Their apparent porosity ranged from 0.46 to 0.53, indi
cating that separation from the reactants should be possible.
A characteristic feature of the experimentally determined ε is that it
reaches a lower limit (equal to the bed porosity εb) at approximately
10 000 g/mol and is constant for larger molecules. Both Model I (the
modified Gompertz function in Eq. (12)) and Model II (based on the
Ogston model, Eq. (13)) can reproduce this behavior. However, Model I
is significantly more accurate in this range (R2 = 95.67% vs R2 =
85.52%). On the other hand, Model I predicts a nearly constant value for
ε at Mw < 900 g/mol, which is not in agreement with experimental
observations. Considering that the highest precision is needed at the Mw
= 103 − 105 g/mol range (Fig. 2A), Model I is chosen. The best-fit

It is observed from Eqs. (15) and (16) that the volumetric loading of
the column can be calculated from these dimensionless parameters as
F
Vcol /Vcol = ϕν.
Besides ϕ and ν, the performance of the reactor–separator depends
on the cycle time, tcycle. It was assumed that the duration of the sepa
ration is not a limiting factor, and the time between consecutive with
drawals from the reactor can be chosen freely. To compare the
intermittent reactor–separator with a continuous one, i.e., a reac
tor–separator with a CSTR coupled with a SEC separation column, the
mean residence times in the two reactors must be equal. Since a volume
fraction ϕ is withdrawn and replaced by a fresh solution at intervals of
tcycle, the mean age of volume elements in the reactor at the end of cycle
N becomes
tmean = ϕtcycle + (1 − ϕ)ϕ2tcycle + (1 − ϕ)2 ϕ3tcycle + ... + (1 − ϕ)N− 1 ϕNtcycle
(16)
At steady state, the mean exit age is
∞
∑
k=1

kϕ(1 − ϕ)k−

1

=

tcycle
ϕ

(17)

and, since the mean age in a CSTR equals the space–time τCSTR, the
intermittent and continuous reactor-separators are comparable when
tcycle = ϕτCSTR

(21)

4. Results and discussion

(15)

tmean = tcycle

Yc0R,BG ν
YmFF
BG
=
tcycle (VR + χ Vcol )
tmean χ + ν

Here is the mass concentration of oat β-glucan in the reactor at the
beginning of the cycle when ϕ = 1.

(14)

F
Vcol
VR

(20)

c0R

According to the intermittent operation strategy, a certain volume of
solution was periodically withdrawn from the reactor and fed into the
separation column. A dimensionless operating parameter ϕ was used to
quantify the volume of the fraction of solution was withdrawn on each
F
cycle. It was defined by using Vcol
, the volume of feed into the SEC
column, as in Eq. (16)
ϕ=

mPtarget
mFF
BG

Specific productivity is defined here based on equipment volume and
time-average flow of the target molecules out of the intermittent pro
cess. Separators are often more expensive to construct and operate than
reactors, except for when expensive catalysts are needed. In order to
include the effect of separation costs without using case-specific nu
merical values, the volume of the separator is multiplied by a relative
cost factor χ . Specific productivity then becomes

3.3. Process design

ν=

(19)

Yield is defined as the mass of target molecules in the product frac
tion relative to the mass of fresh oat β-glucan (BG) introduced as fresh
feed (superscript FF) on each cycle.

An empirical correlation, Eq. (14), was used to relate NTP to molar
mass
− σ
NTPj = φ × Mw,j

mPtarget
mPtot

(18)

Table 1
ε and NTP of glucose, cellobiose and blue dextran.

3.4. Evaluation of process performance
Short polysaccharides with DP in the range of 15 to 30 were chosen
as the target molecules. Molecules above this range were regarded as
reactants and those below this range as impurities. Purity is the mass
fraction of target molecules in the product fraction
5

Compound

Mw (g/mol)

ε

NTP

Glucose
Cellobiose
Blue dextran

180.16
342.3
2 × 106

0.783
0.741
0.389

965
828
323
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0.8

0.55
0.5

0.7

A)

0.6

0.45
0.4
0.35

0.5

120 min
200 min
250 min
360 min

0.4
0.3

2

2.5

3

3.5

800

2.5

3

3.5

3

3.5

4

4.5

5

4

4.5

5

5.5

6

6.5

4

4.5

5

5.5

6

6.5

log10(Mw)

1000

NTP

of solution withdrawn on each cycle was ϕ ≈ 0.25. Due to a limitation of
operating pressure in the preparative SEC column, tcycle was chosen as
60 min, which corresponds to tmean = 4 h. Evolution of yield and purity
of the target molecules (DP = 15–30) in the experiment are shown in
Fig. 4. The yield and purity are relatively low, mainly due to short mean
residence time and suboptimal fractionation of the SEC column effluent
(see Fig. S1 and Table S2 in Supplementary material). Nevertheless,
yield and purity in the intermittent reactor-separator are approximately
2.0 and 2.5 times higher than those obtained experimentally in batch
reactor with the same mean residence time (YBR = PuBR ≈ 0.04 after 4 h).
The purpose of this experimental run was not to optimize the equipment
configuration or the operating parameters but to ensure that the models
presented above describe the performance at least qualitatively
correctly. The match between the simulation model and the experi
mental data is good considering that it is a prediction with parameters
determined in independent experiments. This gives a good basis for a
parametric analysis of the intermittent reactor-separator using numeri
cal simulations.
To understand the behavior of the intermittent reactor-separator
process in more detail, an extensive simulation study was carried out
(no experiment data included). The mean residence time in the reactor
(tmean), the equipment volume ratio (ν), and the fraction of solution
withdrawn per cycle (ϕ) were varied over a wide range. In each oper
ating point, the cycle time applied was calculated as tcycle = ϕtmean. The
efficiency of the chromatographic separation column (NTP) was
assumed independent of the flow rate and column diameter. Flow rate
and column diameter were chosen in each operating point such that the
separation operation could be completed in exactly one tcycle. The con
centration of the acid catalyst in the reactor was kept constant.
The effluent from the SEC column was split into four fractions as
shown in Fig. 5. The recycle fraction was chosen such that the amount of
reactants recycled was maximized. In order to prevent flooding of the
reactor, one must set the volume of solution withdrawn from and
recycled to the reactor identical. Owing to limited column efficiency,
concentration fronts are broader at the outlet than at the inlet. A waste
fraction had to be collected and discarded before the recycle fraction to
keep the reactor from flooding. The product fraction was collected
immediately after the recycle fraction. Its width was chosen such that
the recovery yield of the products was maximized. Finally, the impu
rities were collected in a second waste fraction.
The productivity of the intermittent reactor-separator, calculated
assuming different relative costs of the reactor and separator, is shown
in Fig. 6. The curves present the maximum productivity that is achieved
for several combinations of tmean and ϕ by optimizing ν. A short mean
residence time is beneficial for productivity simply because the timeaverage feed rate of β-glucan increases with decreasing tmean.
If the size of the separator is not considered in calculation of pro
ductivity (χ = 0, Fig. 6A), maximum PR is reached at ϕ = 1. This is
because the intermittent process approaches a serial connection of a
batch reactor and SEC separation when the fraction of solution with
drawn on each cycle approaches unity. The polysaccharide hydrolysis
reaction is of first order with respect to β-glucan (at constant acid
catalyst concentration), and it is well-known that a batch reactor (ϕ = 1)
yields a higher conversion than an ideal CSTR (ϕ = 0) for reaction sys
tems of this type.
When the reactor and the separator are given equal weight in the
productivity function (χ = 1, Fig. 6B), PR behaves differently for high
and low values of tmean. Batch reactor like operation is preferred at long
mean residence times and CSTR like operation is preferred at short mean
residence times. This is explained by considering the two functions of
the separator, namely recycling unreacted large molecules and recov
ering the products. If the mean residence time is short, the conversion in
the reactor to the target DP range is low, and the main task of the
separator is to recycle the reactants to increase conversion. As observed
by comparing the chromatograms in Fig. 5A and B, the larger the

B)

600

400

200

2

log10(Mw)

Fig. 2. Dependency of the apparent porosity (A) and the column efficiency (B)
on the molar mass of β–glucan polysaccharides in the preparative SEC column.
Hydrolysis times: diamond = 120 min, square = 200 min, triangle = 250 min,
circle = 360 min. Data from pure model substances (glucose, cellobiose, blue
dextran) are marked with hexagram. Black and red lines are calculated with
Model I and Model II, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

parameters estimated for the two models are given in Table 2.
The NTP could be calculated directly from the experimental data for
the three model compounds (glucose, cellobiose, and blue dextran) only.
The parameters of the NTP correlation (Table 2) were estimated by
applying the inverse method to the chromatograms measured for the
four batches of hydrolysates. As seen in Fig. 2B, the NTP correlation is in
good agreement with the experimental observations. The experimental
and simulated chromatograms of the β-glucan hydrolysates are dis
played in Fig. 3. Overall, the simulation accuracy using the convolution
approach is satisfactory, especially considering that there are thousands
of individual compounds and simple empirical correlations used for the
apparent porosity and the column efficiency.
4.2. Intermitted recycle-integrated reactor-separator system
A laboratory scale intermittent reactor-separator with reactor to
separator volume ratio ν = 0.162 was operated for 7 cycles. The fraction
Table 2
Parameters of the empirical correlations for apparent porosity and column
efficiency.
Property

Equation

ε, Model I

(12)

a

b

Parameters

ε, Model II

(13)

0.762
γ

0.458

ω

3.095 × 106
Λ

NTP

(14)

4.028
φ
1705.5

0.419

1.015

c

d
4.672

σ

0.116
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Fig. 3. Chromatograms of β–glucan hydrolysates obtained with the preparative SEC column. Dashed-dot line = feed profile, blue solid line = experimental chro
matogram, red solid line = simulated chromatogram. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 5. Fractionation scheme for the effluent of the SEC column in the inter
mittent reactor-separator. I and IV are waste fractions, II is the recycle and III is
the product fraction. Column loading: (A) νϕ = 0.25, (B) νϕ = 1.0. Reaction
conditions: cHCl = 0.05 M, T = 80 ◦ C, tmean = 240 min, ϕ = 1. Line colors: red =
reactants (DP > 30), blue = target (DP = 15–30), green = impurities (DP < 15).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Evolution of Y (A) and Pu (B) of β–glucan oligosaccharides with DP
15–30 in an intermittent laboratory scale reactor-separator with ν = 0.162 and
ϕ = 0.25, tcycle = 60 min. Symbols present experimental data and lines simu
lated results.
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Fig. 6. Productivity of the intermittent reactor-separator in production of oligosaccharides with DP = 15–30 by depolymerization of oat β–glucan. Reaction con
ditions: T = 80 ◦ C, cR,HCl = 0.05 mol/L, c0R,BG = 10 g/L. Separation in a Sephadex G–25 column at T = 60 ◦ C.
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such narrow target DP could be obtained in an intermittent integrated
system. Further optimization potential is likely to arise when consid
ering the reaction temperature as an additional variable.
The models used and developed in this work were validated by
experimental observations. They could be used to predict the formation
and separation of oat beta-glucan polysaccharides and oligosaccharides
of any size. The approach based on dimensionless operating and
equipment design parameters introduced here could be used for other
reactor types as well. For example, a tubular reactor with partial recy
cling of the outlet could be used to adjust the residence time distribution
of molecules before the separator.

F
Vcol
/Vcol

product
= ϕν, the larger fraction of the mass fed to the SEC
column is recycled back to the reactor. The separator should not be made
infinitely small relative to the reactor (i.e., there is a finite optimum
value of ν), however, because a certain degree of separation is needed to
recover the product. With a long mean residence time, in contrast,
recovering the products becomes an increasingly important function of
the separator. The lower the product ϕν, the better is the separation
between molecules of different size, and the higher is the recovery of
products.
When operating the separator is made increasingly more costly than
operating the reactor by increasing χ (see Fig. 6C for χ = 5), the situation
remains qualitatively similar to χ = 1, but the absolute value of pro
ductivity of course decreases.
Since the definition of productivity used here includes the equipment
volume ratio, PR and Y may not be optimized at same operating
parameter values. Fig. 7A and C display the yield at relatively short (60
min) and long (480 min) mean residence times over a wide range of ν
and ϕ. (More data is shown in Fig. S2 in Supplementary Document.) In
the tmean range studied here, the highest yield of molecules with DP =
15–30 is always obtained by operating the reactor as a batch reactor (ϕ
= 1) and choosing a proper equipment volume ratio. The longer the
mean residence time, the lower equipment volume ratio must be used to
maximize yield. To give an example, the highest yield is obtained at ν =
0.8 for tmean = 60 min and ν = 0.1 for tmean = 480 min. To the left of the
optimum ν, yield becomes low because a large amount of reactants is
lost in the first waste fraction. To the right of the optimum, the yield
decreases because the recycling rate of product molecules increases, and
their probability of being depolymerized into the impurities becomes
higher.
Yield and purity of the target molecules are more closely linked than
yield and productivity (Fig. 7B and D). It is noteworthy, however, that
high purity can be obtained at lower values of ϕ than high yield. In
spection of the Pu contour lines shows that they often follow closely the
ϕν isolines. This is a direct indication of the role of the SEC separation
column on product quality. Since NTPj is taken independent of column
aspect ratio and flow rate, separation efficiency depends on the volume
of the feed relative to the size of the column only. This ratio is constant
along the dashed isolines in Fig. 7B and D, and explains why high purity
region extends to lower ϕ values.
The majority of literature on reactor-separators focuses on CSTRbased continuous processes [18,20,24]. The results presented above
indicate that this may be suboptimal for first-order reactions. When high
yield of target products is required, an intermittent operation where a
batch reactor is coupled with a separator should be considered.
Continuous operation of such system can be achieved with a buffer tank
between the reactor and the separator.
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