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ABSTRACT 
Valuable monomers and oligomers from hemicelluloses  

Andrea Pérez Nebreda 

Doctoral thesis, Laboratory of Industrial Chemistry and Reaction Engineering, Johan 
Gadolin Process Chemistry Centre, Faculty of Science and Engineering, Åbo 
Akademi University, 2019 

Keywords: hemicellulose, hydrolysis, sugar monomers, heterogeneous catalyst, continuous 
reactor, kinetics, mass transfer, mathematical modeling 

 

Current environmental problems such as global warming and climate change 
related to greenhouse gas emissions have enhanced industrially relevant research 
aimed towards a more sustainable future. The biorefinery concept plays a key role in 
the development. Lignocellulosic biomass is the most abundant renewable resource 
on the earth and it can be potentially converted to different biofuels and 
biochemicals, which diminishes the current dependence on fossil feedstocks. 
Lignocellulosic biomass is composed of three major constituents: cellulose, 
hemicellulose, and lignin. Hemicelluloses can account for up to 20-40% of the total 
dry weight of lignocellulosic materials and this fraction is very often underutilized in 
industry. However, hemicelluloses are heteropolysaccharides which can be cleaved 
into their monomeric constituents yielding different pentose and hexose sugars, 
which can be further be transformed into fuels and chemicals. 

Hemicelluloses can be obtained from biomass by different pretreatment methods, in 
which the biomass is selectively fractionated into its different constituents. Pressurized 
hot water extraction (PHWE) is a method which can be utilized for extracting 
hemicelluloses without degrading the extracted sugars. Water is used as a solvent, 
which makes the process environmentally friendly. The extraction of hemicelluloses 
by PHWE from stone pine, holm oak and Norway spruce was investigated in the 
current work. The main experimental parameters were the effect of temperature, 
raw material, and the solid-to-liquid ratio.  

The hydrolysis of two structurally different hemicelluloses was studied in different 
reactor configurations in the presence of acidic catalysts. O-
acetylgalactoglucomannan and inulin were selected as model substrates as they 
differ significantly from each other; the former being a large, branched and complex 
molecule while the latter is linear and significantly simpler. The reaction products 
were mainly sugar monomers. 

Hydrolysis of the hemicelluloses using a homogeneous acid catalyst (HCl) was 
studied in a continuous tubular reactor. The experimental conditions influenced 
significantly the conversion and product distribution, and the influence of the 
different parameters on the reactor performance was systematically investigated. 



vii 
 

Continuous production of sugar monomers without degradation to low-molecular 
products was achieved in optimal conditions. 

The reaction mechanisms and the kinetics of inulin hydrolysis to fructose in the 
presence of a solid catalyst (cation-exchange resin) were studied in a batch reactor. 
A detailed mathematical model was successfully utilized for describing the intrinsic 
kinetics of the hydrolysis.  

The kinetic data obtained were subsequently used to design a continuous reactor 
system of the packed bed type. The continuous reactor developed in this work was 
equipped with intermediate sampling points between the catalyst beds, which 
enabled following the progress of the hydrolysis along the reactor. High fructose 
yields were obtained in the hydrolysis of inulin. Detailed flow characterization was 
carried out, taking into account mass transfer limitations. An advanced 
mathematical model comprising kinetics, mass transfer phenomena, and flow 
characteristics in the reactor was developed and solved numerically. The model was 
well able to describe the performance of the continuous fixed bed reactor.  

Overall, the results obtained in the current work demonstrate the feasibility of the 
efficient hydrolysis of hemicelluloses in a continuous reactor using a heterogeneous 
catalyst and they contribute to designing and evaluating the performance of the 
process.   
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Dagens miljöproblem som global uppvärmning och klimatförändring 
relaterade till utsläpp av växthusgaser har påskyndat industriellt relevant 
forskning vars målsättning är en mera hållbar framtid. Bioraffinaderikonceptet 
spelar en central roll i denna utveckling. Biomassa som består av ligno-
cellulosa är den globalt sett största förnyelsebara naturresursen. Komponenter 
i biomassa kan omvandlas till olika slags biobränslen och biokemikalier, vilket i 
framtiden kan leda till att mänskligheten gradvis blir oberoende av tillgången 
till fossila råvaror. Lignocellulosisk biomassa består av tre huvudkomponenter: 
cellulosa, hemicellulosor och lignin. Andelen hemicellulosor i lignocellulosa 
kan gå upp till 20-40% av den totala torrvikten av materialet, men hemi-
cellulosorna blir oftast dåligt utnyttjade av industrin. Det bör dock påpekas att 
hemicellulosor är heteropolysackarider som kan spjälkas till monomerer, dvs 
pentos- och hexossocker som kan förädlas vidare till specialkemikalier. 

Hemicellulosor i biomassa kan utvinnas med hjälp av olika förbehandlings-
metoder, som används för att selektivt fraktionera biomassan till olika 
beståndsdelar. Vattenextraktion under förhöjt tryck (PHWE) är en metod som 
kan användas för att extrahera hemicellulosor utan att förstöra sockermono-
merernas strukturer. Vatten används som lösningsmedel vilket innebär att 
processen är miljövänlig. Extraktion av hemicellulosor med hett vatten ur tall, 
ek och gran undersöktes i arbetet. De huvudsakliga experimentella 
parametrarna som studerades var temperatur, råvara samt förhållandet fast 
fas-vatten.  

Hydrolys av två strukturellt olika hemicellulosor studerades i olika reaktor-
konfigurationer i närvaro av syrakatalysatorer. O-acetylgalaktoglukomannan 
och inulin valdes till modellkomponenter, eftersom de avviker starkt från 
varandra. Den ena molekylen är stor, förgrenad och har en komplicerad 
struktur, medan den andra är linjär och har betydligt enklare struktur. 
Reaktionsprodukterna var huvudsakligen sockermonomerer. 
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Hydrolys av hemicellulosor i närvaro av en homogen syrakatalysator (HCl) 
undersöktes i en kontinuerlig tubreaktor. De experimentella betingelserna 
påverkade reaktantens omsättningsgrad och produktfördelningen och 
inverkan av de olika parametrarna på reaktorns prestanda undersöktes 
systematiskt. Resultaten visade att en kontinuerlig produktion av 
sockermonomerer utan degradering av dem till lågmolekylära produkter kan 
förverkligas under optimala betingelser.  

Reaktionsmekanismen och kinetiken för hydrolys av inulin till fruktos i närvaro 
av en fast katalysator (katjonbytarharts) undersöktes i en satsreaktor. En 
detaljerad matematisk modell utnyttjades framgångsrikt för att beskriva den 
verkliga hydrolyskinetiken.  

Kinetiska data användes för design av ett kontinuerligt reaktorsystem med en 
packad katalysatorbädd. Den kontinuerliga reaktorn som användes i detta 
arbete hade provtagningspunkter som var placerade mellan 
katalysatorbäddar, varvid hydrolysreaktionens framskridande lätt kunde följas. 
Höga utbyten av fruktos erhölls i hydrolys av inulin i den kontinuerliga reaktorn. 
En detaljerad karakterisering av strömningsbetingelserna, där 
massöverföringseffekterna var inkluderade genomfördes. Strömningsbilden för 
reaktorn beskrevs med en dispersionsmodell och löstes numeriskt. Den 
matematiska modellen var kapabel att beskriva den kontinuerliga packade 
bäddreaktorns beteende. 

Sammanfattningsvis kan konstateras att resultaten som erhölls i detta arbete 
demonstrerar möjligheten av effektiv hydrolys av hemicellulosor i kontinuerliga 
reaktorer i närvaro av heterogena syrakatalysatorer. Resultaten bidrar till 
processplanering och evaluering av hydrolysprocessens prestanda. 
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RESUMEN 
Monómeros y oligómeros valiosos provenientes de hemicelulosas 

Andrea Pérez Nebreda 

Tesis de doctorado, Departamento de Química Industrial e Ingeniería de la 
Reacción Química, Centro de Procesos Químicos Johan Gadolin, Facultad de 
Ciencias e Ingeniería, Åbo Akademi, 2019. 

Palabras clave: hemicelulosa, hidrólisis, catalizador, inulina, modelado matemático, 
monosacáridos, modelado de reactor, cinética 

 

Los grandes problemas ambientales de la actualidad, tales como el cambio 
climático, las emisiones de gas de efecto invernadero o el agotamiento de los 
recursos naturales, han puesto en marcha a la comunidad científica en un esfuerzo 
por encontrar soluciones relevantes a escala industrial que acerquen a la sociedad 
hacia un futuro más sostenible. Es aquí donde el concepto de biorefinería adquiere 
un papel crucial, el cual integra la biomasa como materia prima, las tecnologías de 
conversión y sus productos finales. La biomasa lignocelulósica es el recurso 
energético natural renovable más importante a nivel mundial ya que puede ser 
potencialmente transformada en diferentes clases de biocombustible y productos 
bioquímicos, lo que lo que llevaría a un reemplazo progresivo de la dependencia 
actual de las materias primas fósiles. 

La biomasa lignocelulósica está compuesta mayoritariamente por tres 
constituyentes: celulosa, hemicelulosa y lignina. El contenido de hemicelulosa en los 
materiales lignocelulósicos puede variar entre un 20 y un 40% del peso total en seco 
y es, muy a menudo, infrautilizada en la industria. Sin embargo, las hemicelulosas son 
heteropolisacáridos que pueden ser escindidos en sus constituyentes monoméricos, 
dando lugar a diferentes tipos de pentosas y hexosas, que pueden ser valorizadas 
en productos químicos especializados. 

Las hemicelulosas pueden obtenerse por medio de someter la biomasa a diferentes 
métodos de pretratamiento cuyo objetivo principal es separar la biomasa en sus 
diferentes fracciones. La extracción con agua caliente presurizada (PHWE) es un 
método que puede ser utilizado para extraer la hemicelulosa sin degradación. El 
solvente utilizado en este caso es agua, lo cual hace que el proceso sea respetuoso 
con el medio ambiente. La extracción con agua caliente presurizada de 
hemicelulosas fue investigada para madera de pino piñonero, encina y pícea de 
Noruega. Los parámetros principalmente estudiados fueron el efecto de la 
temperatura, la materia prima y la proporción sólido-líquido.  

La hidrólisis de dos hemicelulosas estructuralmente diferentes en presencia de 
catalizadores ácidos y en diferentes configuraciones de reactor ha sido investigada 
en el presente trabajo.  O-acetilgalactoglucomanano e inulina se seleccionaron 
como compuestos de sustrato modelo, ya que ambos compuestos presentan 
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grandes diferencias: el primero es una molécula grande, ramificada y compleja 
mientras que el segundo es linear y más simple. Los productos de reacción son en 
ambos casos monosacáridos. 

La hidrólisis homogénea en presencia de un ácido orgánico fuerte fue evaluada en 
un reactor tubular continuo. Los parámetros de reacción influyen en la conversión y 
la distribución de producto, y fueron empleados para una evaluación detallada del 
funcionamiento del reactor. La producción continua de glúcidos se logró sin 
degradación. 

La operación en un reactor batch fue esencial para la determinación con precisión 
del mecanismo y la cinética de la reacción de hidrólisis de la inulina en presencia 
de un catalizador sólido, y consecuentemente, para desarrollar un modelo 
matemático que ha permitido una descripción adecuada de los fenómenos. 

Los datos cinéticos obtenidos se utilizaron a continuación para diseñar el reactor de 
lecho empaquetado. La novedad de dicho reactor reside en la posibilidad de 
muestreo en puntos intermedios del lecho de catalizador, dónde se puede 
monitorizar fácilmente el progreso de la reacción a lo largo del tubo. Se consiguió 
una alta producción de fructosa. Los resultados fueron utilizados para describir de 
manera detallada el flujo de líquido dentro del reactor, teniendo en cuenta las 
limitaciones por transferencia de materia así como el modelo cinético, obtenido 
previamente. 
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1. Introduction 

1.1. Biorefinery concept 

There is a global concern about the world’s dependence on fossil resources.  Fossil 

materials are currently the major source of energy (fuels and energy production) and 

chemicals. However, several issues arise from the fossil fuel consumption, such as 

future availability, price increase, environmental problems and difficulty of 

exploitation. This creates a need to look for alternative and renewable raw materials 

that can provide sustainable solutions for the future. 

Biomass, and in particular, plant-based raw materials, have the potential to partly 

replace the dependence on fossil materials as a source of energy and other 

products. It is estimated that the annual production of plant biomass is 170-200 ×109 

tons per year. 1 Plant biomass is carbon neutral as it binds carbon during growth and 

releases it when it is used as an energy source, so it does not increase the amount of 

greenhouse gases in the atmosphere.  

In the biorefinery concept (Figure 1), lignocellulosic biomass undergoes valorization 

processes, where the raw materials are refined and upgraded to obtain fuel 

components, high-value chemicals and other products.  
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Figure 1. Simplified scheme of the biorefinery concept. 

Lignocellulosic biomass can be classified into two main categories: woody and non-

woody. Woody lignocellulosic biomass consists of hardwood and softwood. Non-

woody biomass often refers to agricultural residues, native plants, algae and non-

wood plant fibers.  

Lignocellulosic biomass is mainly composed of three primary chemical fractions: 

cellulose, hemicellulose and lignin. Smaller amounts of extractives, oils, ats and ashes 

are present, too. Cellulose is the most abundant component, accounting for 30-50% 

of the total lignocellulosic dry matter. Cellulose is a well-known homopolysaccharide; 

its long, rigid, crystalline structure is formed by  β(1→4) linked D-glucose units, and it is 

an important structural component in the cell walls of plants. Hemicelluloses 

(C5H8O5)n are amorphous heteropolysaccharides containing a mixture of C6 and C5 

sugar units. It accounts for up to 20-40% of dry lignocellulosic matter. Its role in plant 

cell walls is to bind lignin and cellulose to form a network of cross-linked fibers which 

improve the mechanical properties of the material. Lignin (C9H10O2(OCH3)n) is a non-

carbohydrate polymer consisting of phenolic groups and it acts as a glue providing 

an overall rigidity to the plants, accounting for 15-25% of the total dry lignocellulosic 

matter. 2 
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Lignocellulosic feedstock (LCF) has a huge potential as a raw material for large-scale 

biorefineries. The utilized raw material does not compete with food supply; it consists 

of cereal crops waste (straw, reed, grass…), forestry waste (wood, branches…) and 

other types of industrial waste (paper and cellulosic waste, municipal solid waste…). 

LCF-refineries offer the possibility to produce a wide amount of attractive value-

added products. Examples of the potential products which can be obtained from 

this kind of refineries are shown in Figure 2. 3 

 

Figure 2. Lignocellulosic feedstock refinery. 

The most important step after the fractionation of lignocellulosic biomass is 

depolymerization of hemicelluloses and cellulose, which yields C5 and C6 sugar units. 

Some of these naturally occurring sugars are present in relatively large amounts in 

wood biomass as well as in agricultural and pulping waste only. Rare sugars are, by 

definition, monosaccharides which rarely appear in nature. Rare sugars can be 

important chemicals by themselves, but they are also used as intermediates in the 

production of valuable chemicals according to the biorefinery concept, e.g. for the 
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synthesis of pharmaceuticals and health-promoting agents. One of the most widely 

used applications is the production of bioethanol by fermentation of sugars. 4 Figure 

3 shows an example of the reaction pathways starting from polysaccharides (e.g. 

inulin) followed by acid hydrolysis for depolymerizing the starting molecule into sugar 

units.5 Further reactions, such as dehydration, lead to products such as 5-

hydroxymethylfurfural (HMF), which is an important platform molecule. HMF is very 

useful, not only as an intermediate for the production of the biofuel component 

dimethylfuran (DMF), but also for important molecules such as levulinic acid, 2,5-

furandicarboxylic acid (FDA), 2,5-diformylfuran (DFF), dihydroxymethylfuran and 5-

hydroxy-4-keto-2-pentenoic acid (Figure 4). 6 
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Figure 3. Reaction pathways for catalytic transformation of polysaccharides (here: inulin) into different 

intermediates and final products. 5 

 

Figure 4. Derived products from 5-hydroxymethylfurfural (HMF). 
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1.2. Structure of hemicelluloses 

Hemicelluloses are heteropolysaccharides consisting of different monomeric sugar 

units linked through glycosidic bonds. Unlike cellulose, hemicelluloses form 

amorphous structures and they are not only formed by glucose units solely, but other 

monomers such as pentoses (arabinose, xylose, ribose), hexoses (galactose, glucose, 

mannose, fructose) and sugar acids (glucuronic acid, galacturonic acid). 

Hemicelluloses as well as cellulose and pectic polysaccharides form the building 

units of the cell walls of plants (Figure 5), where they are combined with proteins and 

phenolics. 7 

 

Figure 5. Schematic illustration of the cross-linking of hemicelluloses with lignin and pectin in the plant 

cell wall structure.  

The structure and content of sugar monomers in hemicelluloses depend on the 

source of biomass. For instance, hardwood hemicelluloses consists mostly of xylans, 

whereas softwood hemicelluloses contain mostly glucomannans. Depending on the 

plant species and their cell walls, the hemicellulose components present different 

functions in plant cells, tissues and organs, and they can differ in the abundance and 

the chemical structure. Hemicelluloses are classified depending on their structure in 

several groups, e.g. xylans, mannans, xyloglucans and mixed-linkage β-glucans. 

Xylans can be subsequently classified according to their structure in homoxylans 

(linear polymer composed of xylan units), glucuronoxylans (xylan backbone with 
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glucuronic acid side units), (arabino)glucuronoxylans (xylan backbone with 

glucuronic acid and arabinose side units), arabinoxylans, (glucurono)arabinoxylans 

and heteroxylans (Figure 9a). Xylans are found in plant cell walls and they are the 

main constituent of hardwood, accounting between 15% and 30% on a dry basis. 

Hardwood xylan is O-acetyl-(4-O-methylglucurono)-xylan (glucuronoxylan) and it is a 

linear polysaccharide with glucuronic acid side units (Figure 6). 8,9 

 

Figure 6. Structure of xylan. 

Mannans are classified according to the constituents which form their backbone 

structure. They can be divided into two main groups: galactomannans, and 

glucomannans (Figure 9b). The backbone of D-galacto-D-mannan consists of β-

(1→4)-linked mannopyranose units with different amounts of branched units of α-

galactopyranose residues. D-gluco-D-mannans, and (D-galacto)-D-gluco-D-

mannans have both β-(1→4)-linked mannopyranose and glucopyranose residues to 

the main chain consisting of mannopyranose units. Galactoglucomannans are the 

major hemicellulose constituent in softwood and it can be up to 20% of the dry 

material. It is has an acetylated structure as O-acetylgalactoglucomannan (GGM) 

and can be extracted from Norway spruce (Picea abies) by pressurized hot water 

extraction because it is soluble in water. GGM consists of a linear backbone of 

randomly distributed (1→4)-linked β-D-mannopyrosyl and (1→4)-linked β-D-

glucopyranosyl units, with α-D-galactorpyranosyl units as a one-member side group 

to mannosyl units (Figure 7). Acetyl groups are attached to the C2 and C3 positions 
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of the mannose (Man) units of the main chain. The ratio of galactose (Gal), glucose 

(Glc), and mannose (Man) in GGM from Norway spruce is typically 0.6:1:2.3, 

respectively, and it has an average molar mass up to 60 kDa. 8,10,11 

 

Figure 7. The structure of o-acetylgalactoglucomannan. 

Xyloglucans are the major building material in plant cell walls of higher plants and 

they have a cellulosic backbone with xylopyranose residues attached to the main 

chain, which creates the structural diversity of this hemicellulose (Figure 9c). 

Mixed-linkage β-glucans (Figure 9d), also known as β-glucans, are polyshaccharides 

with the mixed linkage (1→3, 1→4)-β-D-glucans and they are abundant in cereals 

such as oat and barley. 

Inulin (Figure 8) is a naturally occurring polysaccharide, which is present as an energy 

storage carbohydrate in numerous plants and vegetables. It is a linear polydisperse 

(2→1) fructan possessing glucose units as the chain-terminating groups. The degree 

of polymerization (DP) of inulin ranges commonly from 20 to 60, which implies that it is 

a relatively short-chained polysaccharide. Inulin is often extracted and isolated from 

the non-edible chicory root, which contains up to 20 wt% of inulin in its natural form. 
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Figure 8. The structure of inulin. 

 

Figure 9. Schematic representation of different types of hemicelluloses and the sugar units being their 

building blocks. 12 
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Hemicelluloses are not only a source of sugars, chemicals or energy but they also 

have interesting properties as biopolymers for different applications in several areas. 

In alimentary applications, hemicelluloses from edible plants are well-known for their 

physiological effects as dietary fibers, as they present immunostimulating and anti-

tumor activities. Other applications include gels, films, coatings, adhesives, stabilizers 

and emulsifiers in both food and pharmaceutical products. Some examples are 

presented in Table 1. 8 

 

Table 1. Examples of commercial and non-commercial potential applications of hemicelluloses. 

 

1.3. Extraction of hemicelluloses 

Hemicelluloses and their monomeric constituents have practical industrial 

applications. In paper manufacturing, hemicelluloses can be used in as a 

reinforcement in packaging solutions, coatings, degradable films and as emulsion 

stabilizers. They can also be added in alimentary industry as dietary fibers and 
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nutritional supplements and in pharmaceutical applications as hydrogels for 

controlled drug release 13. 

The objective of the most traditional lignocellulose pretreatment methods is to obtain 

cellulose, by disassembling hemicellulose, lignin and extractives from the wood 

matrix. In most cases, the hemicellulose molecules are degraded into monomeric 

constituents or even further to dehydration products. Steam explosion is an example 

of this kind of methods; it is commonly used for hardwood and agricultural wastes as 

it is cost effective. Steam explosion disrupts lignin and destructs xylan, generating 

degradation products that inhibit posterior fermentation, as well as the use as several 

additives. 

A summary of several pretreatment methods can be seen in Table 2. 
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Table 2. Summary of several examples of processes used for the pretreatment of biomass. 14
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However, several processes exist where the hemicellulose fraction is mostly preserved 

undegraded. 

Hydrothermal treatment is a fractionation process in which lignocellulose is 

separated into its core constituents (cellulose, hemicellulose and lignin) by employing 

pressurized hot water, usually enhanced by the addition of suitable solvents. 

Pressurized hot water extraction (PHWE) in the absence of additives is an 

environmentally friendly alternative for the fractionation of lignocellulose and avoids 

equipment corrosion problems. Pressurized hot water (PHW) refers to water at 

elevated temperatures (>100 °C), which remains in the liquid state due to the 

autogenic pressure which builds up in a closed reactor vessel. PHW can be divided 

into two categories, supercritical and subcritical, depending on whether the water 

temperature and pressure is above or below the critical point (374 °C and 22,1 MPa). 

The properties of subcritical water differ from the properties observed at ambient 

temperature e.g. an increase of the ionization constant (Kw) and decrease of the 

surface tension, dielectric constant, viscosity and pH are observed. The change in 

the properties of water at elevated temperature and pressure influences its solvation 

properties. The main advantages of the process are that drying of the raw material is 

not required and corrosion problems are avoided as no addition of chemicals is 

needed. The process parameters (temperature, pH, residence time, particle size, 

solid-liquid ratio) should be controlled to maximize the yields of the desired products. 

The extraction time and temperature influence significantly the physical-chemical 

properties of the extracted hemicelluloses. 15–18 

Thermomechanical pulping (TMP) is a two-stage process, where wood is processed 

using heat and mechanical refining to produce pulpwood, i.e. separated cellulose 

fibers, which are further utilized in several applications, such as papermaking. The 

bark of the wood material is removed in a preliminary stage after which the wood is 
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converted into small chips and fed into a steamer. The mechanical refining consists 

of grinding and crushing in a pressurized refiner that generates heat and steam and 

softens the wood material by releasing lignin and separating the individual fibers, 

while the chips are steamed while being refined. The process steam and pulp are 

separated in a cyclone. 19 Solubilization of wood components such as water-soluble 

polysaccharides are released and accumulated into process waters in the 

production of mechanical pulp and wood-containing paper, making the  

biochemical oxygen demand (BOD) levels relatively high in water effluents. In Nordic 

countries, mechanical pulp is predominantly produced from Norway spruce (Picea 

abies) and the main dissolved spruce polysaccharides found in TMP waters are 

acetyl-galactoglucomannans. 20,21  

Other processes for extraction of hemicellulose molecules preserving high molecular 

weight have been studied in literature, such as solvent extraction with pressurized 

aqueous ethanol. 22 These processes are not reviewed in detail here, because they 

are out of the scope of the present work. 

 

1.4. Hydrolysis of hemicelluloses 

Hydrolysis of hemicelluloses is an interesting route for obtaining high-value products 

such as rare sugars for the biorefinery. Usually, hemicelluloses are partly hydrolyzed 

and solubilized during the fractionation of lignocellulose. Hydrolysis can be 

performed either via acidic or enzymatic pathways. However, acid hydrolysis has 

been proved to be more efficient. Enzymatic hydrolysis often requires several 

enzymatic steps and is slower than acid hydrolysis. The acid hydrolysis is catalyzed via 

protonation of the glycosidic bonds, leading to the scission of the polysaccharide 

molecule into oligomer and  monomer units. Hydrolysis can be carried out in either 
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homogeneous media (organic or inorganic acids) or in the presence of 

heterogeneous catalysts (solid acids with Brönsted acid sites). 

1.4.1. Homogeneous catalysis 

Concentrated and diluted acid solutions (HCl, H2SO4) have been very often used for 

hydrolyzing carbohydrates. High yields of sugar monomers can be achieved with 

acid catalysts, not only via hydrolysis of amorphous hemicellulose polymers but also 

crystalline cellulose, which is more resistant to degradation. Dilute acid hydrolysis has 

been successfully developed for the pretreatment of lignocellulosic materials. 

Pretreatment with dilute sulfuric acid can achieve high reaction rates and 

significantly improve the hydrolysis at moderate temperature, direct saccharification 

suffers from low yields because of sugar decomposition. The mechanism of the 

hydrolysis reaction is displayed in Figure 10. 

 

Figure 10. Homogeneous hydrolysis mechanism (R’=CH2OH, HX=acid catalyst). 

The hydrolysis is based on the cleavage of the glycosidic bond by protonation after 

water addition. This is a stepwise process, where the polymer is initially cleaved into 

smaller molecules resulting in a mixture of oligomers of different degree of 

polymerization (DP). The oligomers react further to monomers. The acid dissociation 
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step (1), and the attachment of the proton to the glycosidic bond (2), are rapid 

steps, while the bond cleavage (3) is the rate limiting step, involving water addition.  

The process is still far from green, as the concentrated acids used are toxic, corrosive 

and hazardous. The major drawbacks of the homogeneous catalytic pathway are, 

among others, the difficult separation of the products from the reaction media, the 

corrosion of the equipment and the presence of degradation products. In addition, 

the recovery of the acid catalyst should be done to make the process economically 

feasible. 23 

1.4.2. Heterogeneous catalysis 

Homogeneous acid catalysts can be replaced by heterogeneous catalysts by which 

the problems mentioned in section 1.4.1. can be surmounted. Cation exchange 

resins can exchange protons in the reaction medium and efficiently catalyze the 

hydrolysis reaction in the same way as dissolved ions from inorganic and organic 

acids. Resins have high acid capacities and they are made of polymeric matrices 

with imbedded sulfonic groups (-SO3H). Zeolites can also be tuned and 

manufactured to achieve certain specific surface area, acid strength and acid site 

concentration. However, their stability in aqueous media is questionable. Some 

studies have been devoted to the hydrolysis of disaccharides into monomer sugars, 

but with low activity and yield. Other types of materials have been studied too, such 

as carbon materials, functionalized silica and other oxides. 23  

1.5. Importance of continuous processes 

Typically, large-scale industrial operations are carried out in continuous mode for 

several reasons. Continuous operation has several advantages compared to batch 
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and semibatch operation, even though some industries such as the production of 

pharmaceuticals and fine chemicals still prefer batchwise operation. Petrochemical 

industry traditionally produces chemicals very economically in large scale. Process 

parameters such as temperature, mixing and flowrate can be tightly and safely 

controlled in continuous operation; waste production is minimized with recycling 

loops and efficient separation units; quality is continuously monitored and it allows to 

control the product specifications in a steadier way. 24 

Research and development of new and profitable processes is usually done in a 

batch mode at the initial stage but batch operations are not easy to scale up and to 

implement in the continuous process flowsheet. For this reason, batch operation is 

usually avoided in large-scale industry and continuous operation is preferred. Scale-

up of batch process can be efficient, but safety and even product quality are the 

main problems with batch processes. 

Hydrolysis of hemicelluloses can be implemented in a continuous process after either 

pressurized hot water extraction (PHWE) from diverse lignocellulosic materials or as 

the next step after thermomechanical pulping (TMP), where process waters with a 

high content of hemicelluloses are accumulated as an undesired by-product. TMP 

processes operate in a continuous mode; therefore it would be natural to operate 

also the hydrolysis in a continuous mode. Hydrolysis in the presence heterogeneous 

catalysts can be implemented in packed bed or slurry reactors, followed by 

separation, concentration, purification or further reaction units. Figure 11 presents in 

a very simplified way, how the integration of a biorefinery process for obtaining sugar 

monomers and other derived molecules could be performed in combination with a 

pulping process. 
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Figure 11. Simplified scheme of sugar monomer production when integrated with TMP process. 

1.6. Aim and scope of the research 

The aim of this research was to determine the hydrolysis kinetics of different 

hemicelluloses in the presence of both homogeneous and heterogeneous catalysts. 

Mineral acids were selected as reference catalysts in order to study the hydrolysis 

kinetics in homogeneous media, but the main focus of the work was on investigating 

the hydrolysis process with solid catalysts. 

Inulin was selected as a model compound to investigate more closely the hydrolysis 

mechanism and the reactor performance, as it is a structurally simpler molecule to 

study. Experimental data on the hydrolysis kinetics in a batch reactor in the presence 

of solid catalysts were obtained. The kinetics was modeled mathematically and the 

model was used to design a new packed bed reactor and determine the optimal 

experimental conditions. The detailed flow characteristics were determined 
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experimentally with tracers and the mass transfer coefficients were calculated based 

on the dynamic molar mass of the molecules. The progress of the hydrolysis process 

in the reactor system was modelled.  

Water-soluble o-acetylgalactoglucomannan extracted from Norway spruce was 

selected to demonstrate that hydrolysis in a continuous reactor is feasible with real 

hemicelluloses available from existing Finnish industrial processes. Experiments carried 

out in a continuous tubular reactor revealed that real biomass can be hydrolyzed 

obtaining rather high yields but unfortunately it cannot be described in a 

straightforward way, as the molecules are much more complex compared to inulin, 

which complicated the detailed kinetic analysis.  
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2. Materials and analysis 

2.1. Materials 

2.1.1. Substrates 

Three different types of wood (stone pine, holm oak, and Norway spruce) were 

tested in a comparative study on fractionation of biomass using subcritical hot water 

extraction. The three different wood species were chosen due to their significantly 

different composition in hemicelluloses as well as morphology. 

Two main different types of polysaccharides were used in the experimental work 

related to hydrolysis of hemicelluloses in order to obtain information from a very 

simple, straight and linear molecule and a branched, amorphous polymer. 

Wood substrates [I] 

Stone pine (Pinus stone pinea), Norway spruce (Picea abies) and holm oak (Quercus 

ilex) were used in the experiments. Stone pine and holm oak are common species 

growing in the Mediterranean region, while Norway spruce is one of the most 

abundant tree species in the Nordic regions. All the samples were chipped and 

sieved to a particle size between 1.25 and 2 mm, in order to minimize the influence 
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of internal mass transfer on the extraction kinetics. The composition of Norway spruce 

is described in detail in several publications 25,26; however, there is scarce literature on 

the composition of stone pine and holm oak hemicelluloses. Yedro et al. 27 describe 

the composition of holm oak in a recent study.  The hemicellulose-derived sugar 

content of each wood species was analyzed using acid methanolysis, which is 

described in section 2.3.1. 

Inulin [II-V] 

The main polysaccharide utilized in the hydrolysis research work was inulin extracted 

from chicory root supplied by Sigma Aldrich. It was utilized as the reactant dissolved 

in water in the experiments [II - IV]. Inulin had an average degree of polymerization 

(DP) of 36 and the fructose-to-glucose ratio was 20:1. Its appearance was a fine 

white powder and it was easily dissolved in warm water.  

O-acetylgalactoglucomannan [II, V] 

Water-soluble O-acetylgalactoglucomannan was provided by the Laboratory of 

Wood and Paper Chemistry at Åbo Akademi University. It was extracted from 

thermomechanical pulp water from processing Norway spruce. The isolation and 

characterization procedure has been reported by Willför et al. 21 The GGM substrate 

had a high purity (95%) and its appearance was dry solid pieces, as illustrated in 

Figure 12. The relative composition of the monomeric sugars present in GGM is 

presented in Figure 13 [II]. GGM from spruce consists of a linear backbone of 

randomly distributed (1→4)-linked β-d-mannopyrosyl and (1→4)-linked β-D-

glucopyranosyl units, with α-D-galactorpyranosyl units as a one member side group 

to mannosyl units (Figure 7). Acetyl groups are attached to the C2 and C3 positions 

of the mannose (Man) units of the main chain. The ratio of galactose (Gal), glucose 
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(Glc), and Man in the  GGM from Norway spruce is typically 0.6:1:2.3, respectively, 

and it has an average molar mass up to 60 kDa and average DP of 340. 

 

Figure 12. Dry solid GGM extracted from TMP waters. 

 

Figure 13. Relative composition (%) of GGM. 

2.1.2. Catalysts [II-V] 

The hydrolysis was investigated in the presence of both homogeneous and 

heterogeneous catalysts. Hydrochloric acid (HCl) (J.T. Baker) was used in different 

52,74
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13,12
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3,94 1,94 1,53 1,19

Mannose Glucose Galactose

Galacturonic acid Arabinose Glucuronic acid

Xylose Rhamnose
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concentrations as the homogeneous catalyst in the experiments because it allows a 

reproducible kinetic behavior during hydrolysis. 28,29 HCl is a strong inorganic acid 

(pKa = -7) and it is completely dissociated in aqueous environment. HCl was selected 

for the experiments because it has been proved to efficiently catalyze the 

hemicellulose hydrolysis in previous works. 28,30 

A commercial ion-exchange resin was selected as the heterogeneous catalyst 

based on a literature survey and previously obtained results. Smopex-101, provided 

by Johnson Matthey, is a styrene backbone sulfonic acid grafted polyolefin fiber. It 

has sulphonic groups as functional groups with a capacity of 3.6 mmoleq/g and the 

exchangeable proton (H+) catalyzes the reaction. Smopex-101 is a fibrous material 

with a nonporous structure. The catalyst fibers have an elongated prismatic structure 

with an average diameter of 40 μm and an average length of 250 μm. More details 

on the structure and the surface are displayed in the scanning electron microscopy 

images (SEM) (Figure 14).  

 

Figure 14. SEM micrographs of Smopex-101. 
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2.2. Chemical analysis 

2.2.1. Gas chromatography: monosaccharides, oligomers, 

and total carbohydrate content [I-V] 

The total carbohydrate content and different types of monosaccharides obtained 

from the GGM hydrolysis were determined with gas chromatography (GC). The total 

carbohydrate concentration was analyzed after acid methanolysis with anhydrous 

2M HCl/methanol as pretreatment, followed by derivatization, as described by 

Sundberg et al. 31 The silylated sugars were analyzed in a Perkin Elmer Autosystem XL 

GC equipped with a flame ionization detector (GC-FID) and a column 25 m × 0.2 

mm coated with cross-linked methyl polysiloxane (HP-1). The column temperature 

program was following: starting from 100ºC, the temperature was raised at 4°C/min 

to 175°C, followed by- 12°C/min to 290°C. The detector (FlD) temperature was 290°C. 

Hydrogen was used as carrier gas (40 mL/min). The chromatographic peaks of the 

components were identified by GC-MS and no overlapping was noticed.  

The monomer content was analyzed with the same procedure without methanolysis. 

32,33 The temperature program for the column oven parameters was: 100ºC raised to 

170ºC at 2ºC/min, then at 12ºC/min to 290ºC. The carrier gas was H2 at 40 mL/min 

and the temperature of the FI detector was 260ºC with an injection volume of 1µL.  

The GC samples were prepared by freezing them at –18ºC and then freeze-dried 

overnight, because the analysis is sensitive to moisture. In the next step, the samples 

were derivatized by adding the silylation reagents (150 μL pyridine, 150 μL HDMS, 70 

μL TMCS), shaking in a vortex and placing for 30 s in an ultrasound bath. The samples 

were left overnight and transferred to GC vials and analyzed. The oligosaccharides 

were determined by GC with a 7 m (L) × 0.53 mm (ID) column (J&W HP-1/SIMDIST) 

and a flame ionization detector (45 mL/min). The GC was a Perkin-Elmer 
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AutosystemXL instrument using the following temperature profile: 100ºC, ramping rate 

12ºC/min to 340ºC. The carrier gas was H2 with a flow rate of 7 mL/min. 

2.2.2. High performance liquid chromatography (HPLC) [III-V] 

The concentrations of products and unreacted substrate from the inulin hydrolysis 

were determined by high performance liquid chromatography (HPLC). An Aminex® 

HPX-87C, 300 mm×7.8 mm column was used. This column is optimized for analyzing 

monosaccharides and it is also able to provide class separation of some oligomers. 

For HPLC a VWR Hitachi Chromaster with a 5450 RI detector, 5310 column oven, 5210 

autosampler and 5110 pump was used. The analysis was performed at 85ºC and with 

a carrier solution (1.2 mmol/L CaSO4) flowrate of 0.5 mL/min. The samples did not 

require any pretreatment before the analysis. 

2.2.3. Karl-Fischer titration of the water content in inulin [III-V] 

Determination of the moisture content in the inulin powders used for the experiments 

was done according to the method proposed by Ronkart et al. 34 Usually, the 

moisture content is determined by gravimetric analysis after oven-drying the sample 

overnight. This is however not the optimal method to measure the water content in 

inulin powders, as high temperatures over a prolonged time can induce the release 

of volatile compounds and the formation of degradation products. Also, water 

included in the crystals might not be completely detected. Karl Fischer titration (KF) is 

a well-known method to analyze the total water content in various samples. The 

difficulty of the analysis is due to the low solubility of inulin in the reaction medium, 

methanol. To overcome this limitation, Ronkart et al . 34 propose a method where the 

liquid medium is formamide. Before starting the measurement or introducing the 

sample into the working medium, a calibration with water was done. About 2.5 g of 
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inulin was dissolved in 7.5 g pure formamide in a 15 ml Falcon® tube and heated at 

45 ºC for 30 min, then a vortex was used until complete dissolution. About 1.5 g of this 

25% (w/w) solution was injected in the reaction cell using a syringe. The total water 

content in the inulin powder was 7 wt%.  

2.2.4. Measurement of pH [I-III] 

The acidity of the reaction medium and the product samples from homogeneous 

acid hydrolysis was measured with a SevenEasy Mettler Toledo pH meter equipped 

with a pH electrode (Schott instruments Blue Line 16 pH). The samples were 

neutralized to pH 4-6 by controlled addition of 0.1M and 1M NaOH solutions. 
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3. Results and discussion 

3.1. Extraction of hemicelluloses [I] 

Extraction of hemicelluloses from three different tree species - stone pine, holm oak 

and Norway spruce, was investigated in the presence of subcritical water.  

Pressurized hot water extraction (PHWE) is a method that uses water at temperatures 

exceeding 100ºC. The water remains in liquid state due to the autogenic pressure 

built up in the reactor vessel. The properties of subcritical conditions prevail below 

the critical point of water (374ºC and 22,1 MPa). Subcritical water properties are 

different from those at ambient temperature, resulting in an enhancement of the 

solvation properties through e.g. an increase of the ionization constant Kw and a 

decrease of the surface tension, dielectric constant, viscosity and pH.  

The extractions for the three different wood species were carried out under identical 

experimental conditions with the aim to obtain comparable results. The effect of 

temperature (130ºC – 170ºC), raw material and solid-to-liquid ratio were studied in a 

500 mL pressurized batch reactor (Autoclave Engineers), equipped with a 

Dispersimax™ turbine stirrer and a heating jacket. A schematic representation of the 

reactor system is shown in Figure 15.  
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Figure 15. Schematic representation of the experimental set-up used in the extraction experiments [I]. 

Liquid-phase samples were analyzed for total dissolved solids (TDS), sugar 

concentration and molar mass . The remaining solid fractions were analyzed for the 

total sugar contents.  

The composition of the hemicellulose-derived sugars in the three different wood 

species was obtained from gas chromatography analysis (GC) after treatment with 

acid methanolysis for both liquid and solid samples.  

Mannose was found to be the most abundant sugar (9-10 wt-% of dry mass) in both 

stone pine and Norway spruce, followed by xylose and galactose, respectively. 

Xylose was the most abundant sugar found in holm oak hemicellulose. Holm oak had 

the highest content of hemicellulosic sugars, up to 30 wt-% of dry wood. 

3.1.1. Effect of temperature 

The effect of temperature on subcritical water extraction was evaluated in the range  

130ºC to 170ºC for all the wood materials, and the solid-to-liquid ratio was kept 
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constant (15 g dry wood in 300 mL distilled water). Liquid-phase samples were 

withdrawn at different times during the extraction experiment. The concentration of 

sugars as a function of time at 170ºC for the three different raw materials are 

displayed in Figure 16. In the case of stone pine and Norway spruce, arabinose was 

the main sugar detected at the very beginning of the process and its concentration 

remained almost unchanged after reaching the maximum. However, the 

concentration of the other hemicellulose-derived sugars, such as galactose, 

mannose, glucose and xylose increased throughout the process. 

 

Figure 16. Concentration of extracted hemicellulosic sugars as a function of time at 170ºC.  

 In the case of holm oak, glucose was extracted in the beginning of the process, 

after which the concentration remained almost constant. At the lowest temperature 

(130 °C), arabinose was the main sugar detected at the end of the experiment, 

followed by glucose and xylose. However, at the higher extraction temperatures, the 

predominant sugar was xylose at the end of the extraction. 



30 
 

The yield of hemicelluloses was defined as the weight per cent of the hemicelluloses 

detected in the liquid phase compared to the amount initially placed in the reactor 

in the solid phase. The yield was highly dependent on the reaction time, temperature 

and the type of wood employed. In all cases, the yield was higher with increasing 

temperature, even though some degradation was observed. At the lowest 

temperature (130°C), after 220 min, the yield was 46%, 18% and 16% for stone pine, 

Norway spruce and holm oak, respectively, while the yield was 87%, 80% and 84% 

after 70 min at 170°C, respectively. The largest influence with holm oak was observed 

in the temperature range 140–160°C, which might indicate an opening of the wood 

structure, facilitating the extraction. Slightly higher yields might have been achieved 

by prolonging the experiments. However, previous studies performed with Norway 

spruce have shown that sugars start degrading with prolonged reaction times and 

the same occurs if the temperature is increased.  

3.1.2. Behavior of pH 

The pH values in the final experimental points of the extraction are depicted in Figure 

17. The decrease of pH was strongly influenced by the temperature, especially with 

holm oak, where the final pH was 4.33 at 130°C and 3.69 at 170°C. With Norway 

spruce and stone pine, the pH was less influenced by the temperature and the pH 

ranged from 3.77 to 3.63 for stone pine and 3.93–3.55 for Norway spruce. The 

decrease in the pH can mainly be attributed to the release of acetyl groups from the 

hemicelluloses during the extraction and hydrolysis, resulting in the formation of 

acetic acid. The pH of a 0.01M acetic acid solution was 3.37, while for 0.001M it was 

3.8 and for 0.0001M it is 4.3, which indicates the amount of acetyl groups released in 

the extraction process. Acetic acid increased the hydronium ion concentration in 
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the solution, which is known to catalyze the hydrolysis of hemicelluloses, depending 

on the concentration. 

 

Figure 17. Values of pH for the liquid phase of extracted hemicelluloses as a function of temperature. 

3.1.3. Change in molar mass 

The molar mass of the extracted hemicelluloses decreased significantly with time 

and with the increase in the reaction temperature, showing severe hydrolysis, as 

expected. The influence of the temperature on the average molar mass depended 

on the type of raw material as well; for stone pine and Norway spruce, the largest 

influence was visible within the temperature range 150–160°C, while with holm oak, 

the most prominent influence was observed in the range 130–140°C. The average 

molar mass with stone pine decreased during the whole experiment at all 

temperatures, while with Norway spruce and especially holm oak, a clear maximum 

was observed at the lower temperatures. This observation is related to the combined 

effect of diffusion resistance in the wood matrix and the hydrolysis of the 

hemicelluloses. The pore diameter in the wood matrix influences the diffusion 

resistance of the large hemicellulose molecules and the pore diameter and porosity 
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changes as hemicelluloses are extracted from the matrix. Moreover, the wood 

species and the temperature influence the porosity of the wood particles. The 

hemicelluloses start hydrolyzing already inside the wood and the hydrolysis continues 

in the liquid phase. The hydrolysis rate depends on the hemicellulose composition, 

which varies with wood species. 

3.1.4. Influence of the solid-to-liquid ratio 

The influence of increasing the solid-to-liquid ratio was studied with stone pine by 

doubling the solid content (30 g dry wood / 300 mL water) at 150ºC. The rest of the 

experimental parameters remained unchanged and the results were compared to 

15 g / 300 mL under the same conditions. The higher solid load yielded a higher 

molar mass at the beginning of the extraction, most probably due to higher external 

surface area if the wood particles from which the larger hemicelluloses were more 

easily extracted. As the extraction proceeded, the difference in average molar mass 

was practically negligible. The percentual yield of hemicelluloses as a function of 

time was practically identical with both solid-to-liquid ratios. 

3.2. Continuous reactor for acidic hydrolysis of GGM and inulin 
[II, III] 

The acid hydrolysis of GGM and inulin was investigated in the continuous tubular 

reactor with the aim of producing monomers, namely galactose, glucose, mannose 

(from GGM), fructose and glucose (from inulin), under industrially relevant conditions. 

The reaction was performed under atmospheric pressure, at different temperatures 

and acid concentrations. HCl was used to homogeneously catalyze the reaction for 

both substrates. The aim of this series of experiments was to optimize the production 

of sugar monomers in a continuous laboratory-scale reactor for two structurally 
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different hemicelluloses. This task is challenging, as very slow reactions in continuous 

set-ups result in long residence times. Low concentrations of the substrates were 

chosen to study the hydrolysis kinetics in the absence of possible thermodynamic 

limitations and condensation reactions. 

3.2.1. Reactor system [II, III] 

The reactor system utilized for the experiments is presented in Figure 18 and 19. 

 

Figure 18. Experimental setup. Left, reactor system. Right, pump system. 

 

Figure 19. Flowsheet of the experimental setup. 

The reactor system was immersed into a thermostatic bath (Grant Scientific TX150) 

which was filled with distilled water as a heating medium. The reactor system had 

two main parts; a preheating section, where both the reactant and catalyst solutions 

achieved the reaction temperature separately and the tubular reactor, where the 

hydrolysis took place. The preheating section consisted of two separate glass coils, 

one for each of the components. The length of each of the preheaters was 1 m, with 
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an internal diameter of 3 mm and a wall thickness of 2 mm. The tubes were 

connected with a T-shape joint, where the mixing took place. A static Teflon mixer 

was placed in the initial segment of the reactor tube to enhance mixing of the 

components, as the flowrates were low (laminar flow conditions). The reactor length 

was 3 m with an internal diameter of 3 mm. The feeding system consisted of two 

high-precision syringe pumps (KDS Legato 200 series, KD Scientific) that provided very 

accurate flowrates. The system was equipped with an automation system which 

shifted the direction of the supply of feed, providing continuous flow without any 

interruption. Each pump had two polypropylene syringes placed in opposite 

directions. The reaction components (acid and hemicellulose solution) were stored in 

glass bottles that were connected to each pump with Teflon tubes. The syringe 

pumps withdrew liquid from the feed bottle and stored it in one of the syringes, while 

the other syringe injected fluid into the system. When the infusing syringe was empty, 

the automated valve box changed the position and the opposite syringe infused 

flow. The syringes were filled manually prior to the experiments and placed in the 

pump. This type of automation system allows a continuous operation mode, in which 

the empty syringes must not be changed or refilled.  

3.2.2. Hydrolysis of GGM in a continuous reactor with 

homogeneous catalysis [II] 

A 0.1 wt-% solution of GGM was hydrolyzed in the presence of HCl at two different 

temperatures (90ºC and 95ºC) and a range of different pH (0 – 0.3). The pH of the 

reaction medium was controlled by adjusting the flow rates of both streams (0.175 

mL/min – 0.2 mL/min). The calculation of the Reynolds number (Re) was based on 

the viscosity and density of water at 90°C, e.g. the kinematic viscosity for water at 

90°C is 0.326·10-6 m2/s. With a reactor diameter of 3 mm, the Re with the flow rates 
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0.175 and 0.2 mL/min was 3.80 and 4.34, respectively, and the interstitial velocities 

were 5.13·10-4 m/s and 4.49·10-4 m/s. Based on these values, it can be stated that the 

liquid flow in the reactor was laminar, as expected. 

The total concentration of sugars was determined before and during the reaction in 

order to calculate the conversion rates and to evaluate whether degradation 

products were formed in the reaction conditions. The total concentration of the 

different carbohydrates at different times-on-stream (TOS) were determined by GC 

after the methanolysis pretreatment (Section 2.3.1). It was observed that the total 

concentration of the different sugars (Man, Glu, Gal) was the same for all the 

samples, indicating that no further degradation of the sugars took place during the 

experiment.  

 

Figure 20. Concentration of carbohydrates at 90ºC, pH 0 with residence time of 97.5 min.  

Figure 20 represents the total concentration of the individual monomer units for both 

the raw material and the samples obtained at different TOS for an experiment 

carried out in the most severe conditions (95ºC, pH 0 and tR 97.5 min). The 

methanolysis pre-treatment for the analysis cleaves completely the GGM molecule 

into its monomeric constituents. The composition of the raw material is shown at TOS 
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= 0 min. As shown by Figure 20, the monomer composition of the samples withdrawn 

at different times-on-stream (TOS) remains mostly unchanged. Thus, it can be 

concluded that no degradation took place in the reaction conditions studied.  

 

Figure 21. Average monomer concentration under different reaction conditions: temperature, acidity 
and residence time.  

The monomer content of the samples is presented in Figure 21, as an average of the 

values obtained for each sugar at different TOS. The average was calculated at 

steady state and only minor fluctuations in the obtained concentrations were 

detected, mainly due to the complicated analysis procedure.  

The oligomer content of the samples was determined too. The results revealed that 

GGM was almost completely converted to monomers and dimers. Oligomers of 

DP>3 (trimers, tetramers and pentamers) were detected but in minor amounts only. 

The results obtained show in generall that the conversion of GGM to monomers is 

more favored at lower values of pH and higher temperatures. The residence time 

inside the reactor is also an important factor for the reactant conversion, as the 

reaction has been observed to proceed slowly: a residence time of approx. 100 min 
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is necessary to achieve 98% conversion, while reducing the residence time to 

approx. 50 min, results in 30% conversion only. 

3.2.3. Hydrolysis of inulin in a continuous reactor with 

homogeneous catalysis [III] 

A series of hydrolysis experiments in the presence of HCl with inulin as the substrate 

were conducted in order to evaluate the effect of the reaction parameters, namely 

pH, T and residence time on the reaction kinetics. A summary of the experimental 

conditions can be seen from Table 3. 

Table 3. Experimental conditions for homogeneous hydrolysis of inulin in a continuous tube reactor. 

Experiment T (ºC) pH Residence time (min) 

1 75 1 16.31 10.6 7.07 5.3         
2 75 2 16.31 10.6 5.3           
3 85 1 10.6 7.07 4.24 4.24         
4 85 2 10.6 7.07 5.3 4.24         
5 95 1 16.31 10.6 7.07 5.3 4.24 3.03 2 1 
6 95 2 7.07 5.3 4.24 3.03         
7 85 2.5 16.31 10.6 7.07 5.3         
8 95 2.5 10.6 7.07 5.3 4.24         
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Figure 22. Conversion in the homogeneous hydrolysis of inulin in the continuous reactor as a function of 
residence time at different pHs and temperatures. 

 

Hydrolysis of inulin progresses at higher rates than that of GGM at the same 

conditions, as can be seen from Figure 22. At pH=1 the conversion was complete at 

all the residence times used in the experiments. Analysis of the products was done by 

HPLC as explained in section 2.3.2, because it was a less complicated analysis 

procedure compared to the GC analysis. The homogeneous hydrolysis in the 

continuous reactor was observed to be very efficient for the shorter and linear 

polysaccharide molecules.  
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3.3. Batch reactor for heterogeneous hydrolysis of inulin [IV]  

3.3.1. Reactor system 

The reactor system used in the experiments is displayed in Figure 23. The glass reactor 

was equipped with an external jacket, where silicone oil was recirculated via a 

thermostatic bath to maintain isothermal reaction conditions. The reactor was 

connected to a reflux condenser to avoid loss of fluid through evaporation during 

the experiment. A Teflon coated thermocouple was immersed in the reaction 

medium. Temperature was recorded every 30s and stored on a PC.  

 

Figure 23. Experimental set up of the batch reactor system used in the experiments [IV]. 

Approximately 150 mL of the inulin solution was introduced into the reactor and 

heating was started. As the desired reaction temperature was reached, the solid 

catalyst was introduced into the reactor with the remaining 50 mL of the inulin 

solution. The agitation was kept constant at 300 rpm during both the heating and 

reaction. When the homogeneous catalyst (HCl) was used, the solution of inulin was 

first loaded and heated up to the desired temperature. Once attained, the catalyst 

was added and the reaction started. Samples were withdrawn with a syringe 
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coupled to a silicone tube. Both solid and liquid phases were withdrawn in equal 

proportions, keeping the reactant-to-catalyst ratio constant during the experiment. 

The solid catalyst was separated from the liquid phase with a syringe filter and the 

homogeneous catalyst was neutralized with NaOH to pH 4-4.5 to stop the reaction. 

The samples were cooled down and stored in a freezer.  

3.3.2. Results 

The influence of external mass transfer limitations on the reaction rate was evaluated 

by performing experiments with stirring speeds of 330 rpm and 400 rpm. No increase 

in the hydrolysis rate was observed at the higher agitation rates, compared with the 

experiments performed at 300 rpm, which confirms the absence of external mass 

transfer limitations. The leaching behavior of the catalyst was investigated by 

analyzing the amount of sulphonic groups in the liquid phase after the experiment 

performed in the most severe experimental conditions used in this work. It was 

concluded that less than 1% of the sulphonic groups were leached to the liquid 

phase, which confirms that the hydrolysis is catalyzed by the solid catalyst as the 

contribution of the liquid phase sulphonic groups to the pH was negligible. 

The pH of the solution affects not only the hydrolysis of inulin to fructose and glucose, 

but also the degradation of the monomers, especially fructose, as it is in general 

more prone to degradation. A wide catalyst concentration range was investigated 

in the experiments to be able to observe both the monomer formation and 

degradation, as the overall kinetics involved in the hydrolysis process is important for 

process optimization towards monomer production. The effect of temperature on 

the hydrolysis was evaluated by comparing the experimental results obtained at 75 

ºC, 85 ºC and 95 ºC. The temperature range was chosen as large as possible, while 

still operating at ambient pressure. From the analysis results, it was observed that 
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glucose accounts only for a small fraction (<5%) of the total monomers, according to 

the structure of inulin. For the sake of simplicity, the monomers were considered as 

one product. The concentration profiles of monomers as a function of time obtained 

with Smopex-101 at pH between 1 and 2 at 75–95ºC are displayed in Figure 24. 

 

Figure 24. Concentration of the monomer as a function of time at different temperatures with Smopex-
101 at different pHs. 

It can be noticed that the formation rate of monomers was highly dependent on the 

pH of the solution. With the lowest catalyst concentration (pH 2), the reaction 

proceeded very slowly, not reaching a complete conversion during the experiment, 
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while with higher catalyst concentrations (pH 1 and 1.26), the reaction proceeded at 

faster rates and an almost complete conversion of inulin into monomers was 

achieved in 250 min. Only minor, almost negligible, amounts of degradation 

products were observed, mainly at the lowest pH=1 and at the highest temperature 

(95ºC). At pH=1.26 and 95ºC, the degradation was almost non-existent, and a yield 

of 95% was achieved (Figure 24c). It can be concluded, that considerable 

differences in the reaction rates were observed under different experimental 

conditions. For instance, at 95ºC, the reaction proceeded very rapidly and the 

maximum yield was obtained within 30min at pH=1, while at 75ºC the yield was ca. 

23% at the same pH. On the other hand, at pH=2 the yield of monomers ranged from 

12% at 75ºC to 86% at 95ºC. The yields of monomers correlated rather well with the 

inulin conversion, however, oligomers were also present, as can be seen in Figure 25, 

where the concentrations of the reactant (inulin), products (monomers) and 

intermediates (oligomers) are presented as function of time. Under the most severe 

conditions, the hydrolysis of inulin to monomers was very rapid and some oligomers 

were present only during the first minutes of the reaction. At the lowest temperature, 

more oligomers were observed during the reaction, as the overall kinetics was much 

slower. Figure 25c displays the concentration of di- to tetramers during the first 

minutes of the reaction at pH 1.26 and 95ºC. 
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Figure 25. Concentration profiles of inulin, monomers and oligomers as a function of time under different 
reaction conditions (a) and (b). Concentration profiles of dimers to pentamers in the initial stages of the 
reaction at pH 1.26 and 95ºC with Smopex-101 (c). 

The concentrations of oligomers were so low that some fluctuations were present in 

the results due to the sensitivity of the analysis. The concentration of the oligomers 

was low even after a prolonged reaction time. In practice, the concentrations of 

oligomeric compounds with DP exceeding 3 were negligible, with dimers being the 

most significant fraction among the intermediate products. The same phenomenon 

was observed with both catalysts. The results obtained can be rationalized by 
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considering the hydrolysis to proceed, partly via a consecutive reaction pathway 

where oligomers are the intermediate species, and partly as the direct conversion of 

inulin to monomers. Inulin is first hydrolyzed into oligomers, which are then hydrolyzed 

rapidly to monomers. However, hydrolysis of the dimers to fructose requires a longer 

time and is very pH sensitive, i.e. the dimers appear to be the most stable 

intermediates. The yield of monomers at pH between 1 and 2 and at different 

temperatures can be seen in Figure 26. It is evident that the formation of monomers 

was very rapid at pH=1 and relatively fast even at pH=2 and 95ºC. It can also be 

noticed that some degradation occurred at pH=1, because lower yields were 

achieved compared with the values obtained at pH 1.26. Moreover, the results in 

Figure 26 reveal that the total mass balance obtained in the experiments was very 

close to 100%, as the complete conversion was obtained under more severe 

conditions, according to the monomer analysis. As a comparison, the results with HCl 

at pH 0.5 and 95ºC showed that severe degradation took place, with the yield of 

fructose being 35% after 250 min. For the experiment carried out in the presence of 

HCl at pH 1 and 95ºC, a high conversion was achieved, however 10% of fructose 

degraded within 5 h. The maximum yield obtained at pH 0 with HCl was ca. 74%. A 

comparison between the experiments carried out with HCl and Smopex-101 under 

identical reaction conditions is displayed in Figure 24. It can be seen that the 

hydrolysis rate with HCl was more rapid compared to Smopex-101, however, some 

degradation had occurred already in the early stages of the experiment. In 

comparison, the hydrolysis rate compared with Smopex-101 was also efficient and 

degradation was avoided. 
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Figure 26. Yield of monomeric sugars as a function of time under different experimental conditions. 

3.4. Continuous hydrolysis of inulin with a heterogeneous 

catalyst [V] 

3.4.1. Reactor systems 
 

The hydrolysis of inulin with the heterogeneous catalyst in continuous fixed bed 

reactors was investigated. For this purpose, two different reactor setups were used in 

the experiments. First, a double jacketed single bed glass reactor (L=40 cm, di=1.5 

cm, V=70.68 cm3) was used to conduct preliminary experiments (Figure 27). The 

external jacket of the reactor was connected to a thermostatic bath (Grant 

Scientific TX150) with water as the heating medium, enabling a very precise 

temperature control. The inulin solution was fed into the system by a HPLC pump 

(Knauer Azura P2.1S) which provided a high precision flow rate. Samples were 

obtained from a three-way valve located at the reactor outlet. The catalyst was 
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packed inside the reactor in a single bed and glass beads and quartz wool were 

used as inert packings for the remaining reactor volume. 

 

Figure 27. Schematic representation and image of the single bed reactor setup. 

Based on the preliminary results obtained with the single catalyst bed, a larger 

double jacketed glass reactor (L=66 cm, di=2.5 cm, V=323.97 cm3) encompassing 

five successive catalyst beds (Figure 28) with intermediary sampling provided by 

valves, was constructed. Each catalyst bed contained 2.5 g of catalyst and the local 

pH inside each bed was 0.136. The local pH was calculated taking into account the 

volume occupied by the bed, the mass of the catalyst and the acidity of the 

catalyst. The catalyst beds were packed with the same technique as the single-bed 

reactor: glass beads and quartz wool were used as supporting material between the 

beds. The bed void fraction (𝜀𝜀v) was determined experimentally. A three-way valve 
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was located at the reactor outlet allowing sampling after the last bed. Inulin was fed 

into the reactor with a HPLC pump, as described previously.  

 

Figure 28. Schematic representation and image of the multibed reactor setup.  

3.4.2. Results 
 

Single-bed reactor 

Preliminary experiments were carried out with the single-bed reactor at two different 

temperatures (90ºC and 95ºC) and flow rates (0,5 and 1 mL/min). The average 

concentrations obtained for inulin, glucose and fructose can be seen in Figure 29, 

along with the yields of fructose for each of the experiments. A stable steady state 

was successfully achieved in all the experiments. As revealed by Figure 29, the yields 

of monomers increased very logically when decreasing the flow rate, i.e. applying a 

longer residence time. An increase in the reaction temperature led to higher fructose 

concentrations, as the hydrolysis kinetics is strongly influenced by temperature. The 
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presence of intermediate oligomers was not noticed in the experiments. This may be 

due to the low conversions achieved, as the hydrolysis of inulin follows an end-biting 

mechanism [IV] and the first monomeric units detached from the molecule are 

located in the ends. Oligomers with high DP are still closer to the structure of 

unreacted inulin. Moreover, preliminary results of the flow characteristics were 

obtained under dynamic conditions before reaching the steady state. 

 

Figure 29. Average concentrations of inulin, fructose and glucose obtained in the single bed reactor 
under different experimental conditions. The yield of inulin is presented by the single points. 

 

Multibed reactor 

A number of hydrolysis experiments were carried out with the multibed reactor to 

study its performance. The main advantage of this reactor is that it is possible to 

monitor the concentration of the reactants along the axial coordinate of the reactor 

with this configuration, which enables very detailed kinetic studies. The temperature 

in all the experiments was set to 95ºC, which was practically the highest obtainable 

temperature, as the reactor was operated at ambient pressure. Three different 

flowrates were used, ranging from a rather high flow to the lowest flow that the 

pump could provide, avoiding problems with pressure drop. The hydrolysis yield at 
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the different flowrates along the reactor tube is depicted in Figure 30. A comparison 

with the single-bed reactor can be made from the results: under the same conditions 

(95ºC and 0.5 mL/min) at the end of the first bed with the same amount of catalyst, 

the same yield was obtained (36%). A steady state was achieved in all the 

experiments, as the concentrations obtained after each bed were the same after 

different times-on-stream. For the highest flow rate (5 mL/min), the results showed a 

steady performance, but low yield (31.5%). When the flow rate was decreased, a 

higher yield was achieved, as can be seen in Figure 30. The yield at the reactor 

outlet for the experiment carried out at 1.25 mL/min was 71%. Reducing the flow rate 

to 0.5 mL/min did not result in a much higher yield of monomers (74%). As observed in 

the batch reactor experiments [IV], the results confirmed that not all the inulin 

reacted directly to monomers, but some intermediate products, mainly dimers were 

obtained, as they appear to be the most stable intermediates. The bonds located at 

the ends of the molecule are more likely to meet the reactive protons, resulting in the 

excision of terminating the sugar units. This mechanism of ‘end-biting’ hydrolysis 

allows the molecule to progressively reduce in size directly to more monomers, rather 

than to oligomers. The presence of dimers was more noticeable when the residence 

time was increased. This observation might indicate that there are strong mass 

transfer limitations, as increasing the reaction time did not lead to complete 

conversion. However, the presence of degradation products was not observed even 

at high residence times implying that the conditions are far from being too harsh to 

degrade the monomers, mainly fructose, as it is more sensitive to thermal 

degradation. 
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Figure 30. Yield to sugar monomers after each catalyst bed at 95ºC with different flow rates. 

 

3.4.3. Mathematical modelling 
 

The experimental results of homogeneously and heterogeneously catalyzed 

hydrolysis of both inulin and GGM in batch and continuous mode were used for 

mathematical modelling of the kinetics of the reaction as well as for evaluating the 

reactor performance.  

3.4.4. Modelling of hydrolysis kinetics  

GGM hydrolysis [II] 
 

The mathematical model used for the kinetics of acid-catalyzed hydrolysis of GGM is 

based on the concept previously developed and based on batch reactor 

experiments. 33,35 The Reynolds number in the current experiments was very low (< 5), 

which clearly indicates a laminar flow pattern. However, as no significant 
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degradation of the sugars was observed and a stable steady state was achieved, 

the mean residence time was used in the first stage of mathematical modelling for 

the sake of simplicity. The model is based on the monomers formed, and thus, the 

formation of oligomers was neglected. Steps I and II are presumed to be rapid 

compared to step III (Figure 10). The quasi-equilibrium hypothesis can thus be 

applied on steps I and II. Based on this assumption, the formation rate of hydrolyzed 

sugar units (s = galactose (GA), glucose (G) or mannose (M)) in the constant-volume 

isothermal reactor with a narrow residence time distribution can be expressed with 

the plug flow model, 

𝑑𝑑𝑑𝑑𝑠𝑠 𝑑𝑑𝑑𝑑⁄ = 𝑘𝑘𝑠𝑠𝑑𝑑𝐻𝐻𝑑𝑑𝑊𝑊𝑑𝑑𝑀𝑀0     (1) 

where τ is the mean residence time (τ = reactor volume/total volumetric flow rate) 

and cH, cW, and cM0 denote the concentrations of the catalyst, water, and 

unhydrolyzed sugar units, respectively. The total concentration of the sugar units 

remains constant, because no further degradation to low molecular products takes 

place, i.e. c0s = cs0+cs from which the concentration of the unhydrolysed sugar units is 

solved and inserted in Eq. (1), giving 

𝑑𝑑𝑑𝑑𝑠𝑠 𝑑𝑑𝑑𝑑⁄ = 𝑘𝑘𝑠𝑠𝑑𝑑𝐻𝐻𝑑𝑑𝑊𝑊(𝑑𝑑0𝑠𝑠 − 𝑑𝑑𝑠𝑠)     (2) 

where s= M, G or GA. The further treatment of Eq. (2) depends on the initial 

concentration of the hemicelluloses. For high concentrations, the water consumption 

has to be taken into account, cW = c0W-(cG+cGA+cM). In the case of dilute solutions, as 

in the present study, c0W > > cG+cGA+cM and cW≈c0W during the reaction. The relative 

product distribution can be calculated from Eq. (2). Division of dcM/dτ by dcGA/dτ 

gives 

𝑑𝑑𝑑𝑑𝑀𝑀 𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺⁄ = (𝑘𝑘𝑀𝑀 𝑘𝑘𝐺𝐺𝐺𝐺⁄ ) 𝑐𝑐0𝑀𝑀−𝑐𝑐𝑀𝑀
𝑐𝑐0𝐺𝐺−𝑐𝑐𝐺𝐺

    (3) 
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which implies that the relative product distribution is independent of the catalyst and 

water concentrations in all cases. Eq. (3) can be easily solved by separation of the 

variables and integration within the limits [0, cM] and [0, cGA], giving29 

𝑙𝑙𝑙𝑙(1 − 𝑑𝑑𝑀𝑀 𝑑𝑑0𝑀𝑀⁄ ) = (𝑘𝑘𝑀𝑀 𝑘𝑘𝐺𝐺𝐺𝐺⁄ )ln (1 − 𝑑𝑑𝐺𝐺𝐺𝐺 𝑑𝑑𝐺𝐺𝐺𝐺⁄ )   (4) 

Furthermore, it is recalled that the initial concentration of the unhydrolysed units 

(c0GA, c0M) is equal to the asymptotic concentrations of the monomers (c∞GA, c∞M at 

τ→∞), provided that complete hydrolysis is achieved and no side reactions take 

place. Similar equations can be derived for Glc and Gal. The model can be tested 

by preparing the double logarithmic plots ln(1-ci/c0i) vs. ln(1-cGA/c0GA) (i = M or i = G). 

If the model is valid, the plots provide straight lines with the slopes ki/kGA. This has 

been previously demonstrated for the hydrolysis of GGM. 30 According to Eq.(4) and 

an analogous equation for Glc, the concentrations of the hydrolyzed units are 

related by 

𝑑𝑑𝑖𝑖 𝑑𝑑𝑖𝑖0⁄ = 1 − (1 − 𝑑𝑑𝐺𝐺𝐺𝐺 𝑑𝑑0𝐺𝐺𝐺𝐺⁄ )𝑘𝑘𝑖𝑖 𝑘𝑘𝐺𝐺𝐺𝐺⁄     (5) 

where i=G or i=M. 

For the general case, when the water consumption is taken into account, the 

coupled differential equation system, dci/dτ = kicH(c0W-Σcj)(c0i-ci), has to be solved 

numerically for each monomer group (i = G, GA, M and j = G, GA, M) to obtain the 

concentrations of the hydrolyzed groups. In case of diluted solutions, c0W > > Σcj, and 

pseudo-first order decoupled differential equations are obtained. They are easily 

solved analytically by separation of variables and inserting the limits [0,t] and [0,ci]. 

The result becomes 

−𝑙𝑙𝑙𝑙(1 − 𝑑𝑑𝑖𝑖 𝑑𝑑0𝑖𝑖⁄ ) = 𝑘𝑘𝑖𝑖𝑑𝑑𝐻𝐻𝑑𝑑0𝑤𝑤𝑑𝑑      →         𝑑𝑑𝑖𝑖 𝑑𝑑0𝑖𝑖⁄ = 1 − exp (−𝑘𝑘"𝑖𝑖𝑑𝑑)    (6) 

where k″i = kicHc0w. 
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An overall rate constant (k′) for the hydrolysis processes can be derived by adding 

the balance equations (i = G, GA, M), 

−∑ 𝑙𝑙𝑙𝑙(1 − 𝑑𝑑𝑖𝑖 𝑑𝑑0𝑖𝑖⁄ ) = (∑𝑘𝑘𝑖𝑖)𝑑𝑑𝐻𝐻𝑑𝑑0𝑤𝑤𝑑𝑑    (7) 

which implies that the overall rate constant k′ = Σki can be determined from the 

individual constants. Eq. (6) was used to calculate the values of the rate constants 

k″i=kicHc0w. The values c0i were obtained from the total carbohydrate analysis. The 

values of the lumped rate constants are obtained from Eq. (6): k″i=-τ-1· ln(1-ci/c0i). 

Analogously, the calculations were performed for the whole data set obtained from 

the homogeneous hydrolysis of the GGM carried out in the continuous reactor. It can 

be concluded, that the results were satisfactory, particularly concerning the overall 

constant: the sum (Σk″i) increases with increasing temperature and decreasing pH. 

The results are in good agreement with the value reported by Kusema et al.30 for the 

GGM hydrolysis in the presence of HCl in a batch reactor. The hydrolysis process is 

strongly temperature dependent, which was confirmed by the experimental results. 

An estimation of the apparent activation energy from the Arrhenius law by using the 

(Σk″i) values from the experiments gave ca. 100 kJ/mol. In principle, the activation 

energies for the formation of different sugar monomers are different. The most 

representative value can be obtained for Man, as it is the dominating sugar in GGM. 

The rate constants for Man gave the activation energy of ca. 140 kJ/mol. 

Inulin hydrolysis [IV] 
 

In the hydrolysis of inulin in the presence of the heterogeneous ion-exchange 

catalyst, a change in reaction rate was clearly noticed. At the beginning of the 

reaction, the initial reaction rate was low, but it increased as the degree of 

polymerization (DP) decreased. This phenomenon can be observed from Figure 26, 
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especially under milder reaction conditions, where the rate of hydrolysis notably 

increases during the experiment. A reduction of the DP implies that larger inulin 

molecules are cleaved into smaller units. The direct consequence of this observation 

is that the number of glycosidic bonds accessible for the protons in the solid catalyst 

increases, particularly at the end of the polymer chain. At the initial stage of the 

reaction, the inulin molecule in the aqueous solution is rather long and linear. The 

hydrolysis reaction takes place as the glycosidic bonds in inulin randomly encounters 

protons from the sulfonic groups at the external surface of the polymeric matrix. The 

bonds located at the ends of the molecule are more likely to encounter with the 

reactive surface of the polymeric matrix. The bonds located at the ends of the 

molecule are more likely to meet the reactive protons, resulting in the excision of 

terminating the sugar units. This mechanism of ‘end-biting’ hydrolysis allows the 

molecule to progressively reduce its size directly to monomers, rather than to 

oligomers with high DP. As the reaction progresses, the inulin chain length diminishes 

and hence, the probability of an encounter of the glycosidic bonds with the catalyst 

active sites increases because smaller molecules are formed, which increases the 

reaction rate. The formation of short oligomers observed also contributes to this 

phenomenon. This ‘end-biting’ mechanism is confirmed by the experimental results. 

Glucose appears in inulin as a chain-terminating unit. In the experiments carried out, 

it was observed that the glucose concentration reaches a stable value and remains 

constant until the end of the experiment, unlike fructose, in which the concentration 

keeps increasing until achieving a maximum stable concentration at the end of the 

experiment. This observation confirms that the end groups in the molecule are 

released in the first stages of the reaction. Similar accelerating kinetics on 

heterogeneous catalysts was described by Salmi et al.36, who demonstrated that the 

autocatalytic effect can be accounted for by a simple two-parameter model, 
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𝑘𝑘 = 𝑘𝑘0(1 + 𝛽𝛽𝑋𝑋𝛼𝛼)     (8) 

where k0 is the pre-exponential factor in the absence of autocatalysis, k is the 

conversion dependent pre-exponential factor and X is the conversion of inulin. 

Parameter 𝛽𝛽 is expressed by 

𝛽𝛽 = (𝑘𝑘∞−𝑘𝑘0)
𝑘𝑘0

      (9) 

If 𝛽𝛽 obtains a value of 0, which means that k∞ =k0, i.e. the rate constant at the end of 

the experiment is identical to that at the beginning and thus, no autocatalytic effect 

is present. If 𝛽𝛽 is positive, autocatalysis exists, and the higher the value, the stronger 

the phenomenon is. The parameter 𝛼𝛼 is the exponential factor, which influences how 

the rate constant changes with conversion, e.g. if 𝛼𝛼 =1 the relation with 𝛽𝛽 is linear; if it 

is 0.5 the rate constant changes more in the beginning of the reaction which 

indicates that also oligomers are formed. In a pure monomer ‘end-biting’ 

mechanism, a value of 1 should be obtained for 𝛼𝛼, if a linear molecule is assumed. 

The total conversion can be calculated from the monomer products or from the 

unreacted inulin, 

𝑋𝑋 =
∑𝑐𝑐𝑗𝑗
∑𝑐𝑐0𝑗𝑗

= 𝑐𝑐𝐹𝐹+𝑐𝑐𝐺𝐺
𝑐𝑐0𝑗𝑗+𝑐𝑐0𝐺𝐺

= 𝑐𝑐𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜
𝑐𝑐0𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜

= 1 − 𝑐𝑐𝑖𝑖𝑜𝑜𝑖𝑖
𝑐𝑐0𝑖𝑖𝑜𝑜𝑖𝑖

    (10) 

where the parameters cF, cG and cinu represent the concentrations of fructose, 

glucose and inulin, respectively and c0F, c0G and c0inu are the initial concentrations at 

t =0. First-order reaction kinetics was assumed with respect to inulin based on the 

presumed reaction mechanism. As can be concluded from the experimental results, 

the concentration of glucose is very small in comparison with fructose. Therefore, the 

sum of both monomers was considered as a single merged product. For an 
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isothermal batch reactor with a constant volume and in the presence of a 

heterogeneous catalyst, the general balance equations can be written as 

𝑑𝑑𝑐𝑐𝑖𝑖𝑜𝑜𝑖𝑖
𝑑𝑑𝑑𝑑

= −𝑘𝑘 𝑑𝑑𝐻𝐻𝑑𝑑𝑤𝑤𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖     (11) 

𝑑𝑑𝑐𝑐𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜
𝑑𝑑𝑑𝑑

= 𝑘𝑘 𝑑𝑑𝐻𝐻𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑤𝑤     (12) 

where cH is the concentration of the active sulphonic sites and cw is the 

concentration of water. The concentration of water can be obtained from 

𝑑𝑑𝑤𝑤 = 𝑑𝑑0𝑤𝑤 − 𝑑𝑑𝑚𝑚𝑚𝑚𝑖𝑖𝑚𝑚     (13) 

In the case of dilute solutions (c0w >>cmono) the water concentration can be 

considered virtually constant during the reaction (cw =c0w), thus it can be included in 

the pre-exponential factor of the rate constant. The model takes into account the 

influence of the temperature on the reaction rate. A modified form of the Arrhenius 

equation was used to include the influence of temperature on the reaction rate, 

𝑘𝑘0 = 𝑘𝑘0𝐼𝐼exp �− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅
�     (14) 

where k0I is the pre-exponential factor and Ea is the apparent activation energy. The 

temperature is expressed with the transformation 

1
𝑅𝑅

= 1
𝑇𝑇
− 1

𝑇𝑇𝑚𝑚𝑚𝑚𝑎𝑎𝑜𝑜
      (15) 

where the reference temperature Tmean is 90ºC. This information was used to improve 

the parameter estimation, i.e. to suppress the correlation between the activation 

energy and the pre-exponential factor. After inserting Equation (14) into Equation (8), 

the mass balance becomes, 

𝑑𝑑𝑐𝑐𝑖𝑖𝑜𝑜𝑖𝑖
𝑑𝑑𝑑𝑑

= −𝑘𝑘0𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒(−𝐸𝐸𝑎𝑎 (𝑅𝑅𝑅𝑅)⁄ )(1 + 𝛽𝛽(𝑑𝑑𝑚𝑚𝑚𝑚𝑖𝑖𝑚𝑚 𝑑𝑑0𝑚𝑚𝑚𝑚𝑖𝑖𝑚𝑚⁄ )𝛼𝛼)𝑑𝑑𝐻𝐻𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖  (16) 
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The estimation of the kinetic parameters was performed by non-linear regression 

analysis by including the obtained results (data sets of concentration, temperature 

as a function of time) into a model consisting of ordinary differential equations 

(ODEs). The system of ODEs was solved with the backward difference method 

implemented in MODEST software. 

In general, the model gave a very good fit to the experimental data (R2=98.6%), as 

demonstrated in Figure 31. 

 

Figure 31. Fit of the kinetic model to the experimental data for the inulin and monomer concentrations at 
different values of pH and temperature. The pink and blue symbols represent the experimental inulin 
and monomer concentrations, respectively, and the continuous lines represent the model predictions. 

 

A value of 0.89 was found for the parameter 𝛼𝛼, however, an almost equally good fit 

of the model was obtained by fixing the value to 1, implying that a linear 

dependence of the rate constant with the inulin conversion is valid. The model could 
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in this way be simplified. The fit of the model to experimental data at different 

experimental conditions is shown in Figure 31. It can be concluded that the model 

describes the data very well, despite the very large differences in the reaction rates 

under various experimental conditions. The results indicate that the mass balance in 

the experiments is complete as the substrate and product concentrations correlate 

very well. Moreover, the results confirm the absence of external mass transfer 

limitations, as the kinetic model fits very well the experimental data at very different 

reaction rates. The parameter values obtained from the modelling were for Ea = 114 

kJ/mol, k0I = 0.2054 L/mol·min and 𝛽𝛽 = 4.14  with estimated relative standard errors of 

1.5%, 5.4% and 11.6%, respectively. The parameter estimation obtained in the 

modelling gave a rather high activation energy for the hydrolysis, 114 kJ/mol. This 

value is of the same order of magnitude as the activation energies obtained for the 

hydrolysis of other hemicelluloses in the presence of homogeneous catalysts.28,33 The 

value found for 𝛽𝛽 was 4.14, implying that this is the slope of the linear relationship 

between the rate constant and the conversion. Mechanistically, it shows that the 

amount of ends in the molecule increases, so the statistical probability of new 

excisions in the molecule increases. From Equation (9) it can be obtained that k∞/k0 

≈5, which means that the probability of hydrolysing a glycosidic bond is five times 

higher per existing reactant molecule at the end of the reaction when inulin 

conversion is close to 1. 

3.4.5. Reactor modelling 

Laminar flow reactor [III] 
 

The hydrolysis experiments conducted in the continuous reactor consisting of a spiral 

glass coil (Figure 19) were described by an isothermal dynamic laminar model, in 
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which the convection and diffusion effects were taken into account. Due to the low 

flow velocities and long residence times, the reactor was modelled as a straight pipe 

line (no centrifugal forces affecting the system). An estimation of the Reynolds 

number (Re) indicated that it was very low in the experiments, being around 4.  

Eq. 17 describes the dynamic mass balance of each component (i) in the laminar 

flow reactor. The accumulation of the components takes place as the net result of 

convection, molecular diffusion in axial and radial directions and due to the 

generation by reaction,   

𝜕𝜕𝑐𝑐𝑖𝑖(𝑑𝑑,𝑧𝑧,𝑟𝑟)
𝜕𝜕𝑑𝑑

= +𝑢𝑢(𝑟𝑟) · 𝜕𝜕𝑐𝑐𝑖𝑖(𝑑𝑑,𝑧𝑧,𝑟𝑟)
𝜕𝜕𝑧𝑧

+ 𝐷𝐷𝑧𝑧,𝑖𝑖 · 𝜕𝜕
2𝑐𝑐𝑖𝑖(𝑑𝑑,𝑧𝑧,𝑟𝑟)
𝜕𝜕𝑧𝑧

+ 𝐷𝐷𝑟𝑟,𝑖𝑖 · �𝜕𝜕
2𝑐𝑐𝑖𝑖(𝑑𝑑,𝑧𝑧,𝑟𝑟)
𝜕𝜕𝑟𝑟2

+ 1
𝑟𝑟

· 𝜕𝜕𝑐𝑐𝑖𝑖(𝑑𝑑,𝑧𝑧,𝑟𝑟)
𝜕𝜕𝑟𝑟

� + 𝜈𝜈𝑖𝑖𝑟𝑟𝑗𝑗(𝑡𝑡, 𝑧𝑧, 𝑟𝑟)  (17) 

The closed boundary conditions of P.V. Danckwerts were used at the reactor inlet 

and outlet, according to Eqs 18-19. Eqs 20-21 represent the boundary conditions for 

both the center and the wall of the reactor. At the center, the derivatives of the 

concentration profiles were defined as zero because of symmetry.  

Inlet: 

−𝐷𝐷𝑧𝑧,𝑖𝑖 · 𝜕𝜕𝑐𝑐𝑖𝑖(𝑑𝑑,𝑟𝑟)
𝜕𝜕𝑧𝑧

�
𝑧𝑧=0

= 𝑢𝑢(𝑟𝑟) · (𝑑𝑑𝑖𝑖,0 − 𝑑𝑑𝑖𝑖(𝑡𝑡, 𝑟𝑟)|𝑧𝑧=0)   (18) 

Outlet:      

𝜕𝜕𝑐𝑐𝑖𝑖(𝑑𝑑,𝑟𝑟)
𝜕𝜕𝑧𝑧

�
𝑧𝑧=𝐿𝐿

= 0      (19) 

Centre: 

𝜕𝜕𝑐𝑐𝑖𝑖(𝑑𝑑,𝑧𝑧)
𝜕𝜕𝑟𝑟

�
𝑟𝑟=0

= 0     (20) 

Wall: 

𝜕𝜕𝑐𝑐𝑖𝑖(𝑑𝑑,𝑧𝑧)
𝜕𝜕𝑟𝑟

�
𝑟𝑟=𝑅𝑅

= 0     (21) 
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The radial velocity profile was presumed to follow the parabolic behavior 

characteristic for the laminar flow pattern, Eq. 22., which means that the maximum 

velocity at the tube center is two times the superficial liquid velocity 37, Eq. 23. The 

superficial liquid velocity was calculated from the definition of laminar flow, Eq. 24.

  

𝑢𝑢(𝑟𝑟) = 𝑢𝑢0 · �1 − �𝑟𝑟
𝑅𝑅
�
2
�     (22) 

𝑢𝑢0 = 2 · 𝑢𝑢�      (23) 

𝑢𝑢� = �̇�𝑉
𝐺𝐺
      (24) 

O-acetylgalactoglucomannan (GGM) and inulin were the hemicelluloses used in the 

hydrolysis experiments. As the hydrolysis proceeds, the polymers are gradually 

shortened as monomeric and oligomeric sugars are formed. The reaction rates of the 

compounds were expressed as a function of the acid concentration (calculated 

from pH), the water concentration and the concentration of non-monomeric sugars.  

The reaction rates for GGM were taken from the experiments in ref. [II], and the 

product concentrations were modelled. The rate expressions in the model were time, 

axial and radial location as given by Eqs 25-27. The reaction rates for galactose (r1), 

glucose (r2) and mannose (r3) were 

 

𝑟𝑟1(𝑡𝑡, 𝑧𝑧, 𝑟𝑟) = 𝑘𝑘1 · 𝑑𝑑𝐻𝐻𝐻𝐻𝐻𝐻(𝑡𝑡, 𝑧𝑧, 𝑟𝑟) · 𝑑𝑑𝑊𝑊(𝑡𝑡, 𝑧𝑧, 𝑟𝑟) · 𝑑𝑑𝐺𝐺𝐺𝐺(𝑡𝑡, 𝑧𝑧, 𝑟𝑟)   (25) 

𝑟𝑟2(𝑡𝑡, 𝑧𝑧, 𝑟𝑟) = 𝑘𝑘2 · 𝑑𝑑𝐻𝐻𝐻𝐻𝐻𝐻(𝑡𝑡, 𝑧𝑧, 𝑟𝑟) · 𝑑𝑑𝑊𝑊(𝑡𝑡, 𝑧𝑧, 𝑟𝑟) · 𝑑𝑑𝐺𝐺(𝑡𝑡, 𝑧𝑧, 𝑟𝑟)   (26) 

𝑟𝑟3(𝑡𝑡, 𝑧𝑧, 𝑟𝑟) = 𝑘𝑘3 · 𝑑𝑑𝐻𝐻𝐻𝐻𝐻𝐻(𝑡𝑡, 𝑧𝑧, 𝑟𝑟) · 𝑑𝑑𝑊𝑊(𝑡𝑡, 𝑧𝑧, 𝑟𝑟) · 𝑑𝑑𝑀𝑀(𝑡𝑡, 𝑧𝑧, 𝑟𝑟)   (27) 

The hydrolysis of inulin was modelled utilizing the reaction rate expression previously 

obtained (Section 3.5.1.2. Inulin hydrolysis [IV]) from (Eq. 28). 
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𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡, 𝑧𝑧, 𝑟𝑟) = 𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖 · 𝑑𝑑𝐻𝐻𝐻𝐻𝐻𝐻(𝑡𝑡, 𝑧𝑧, 𝑟𝑟) · 𝑑𝑑𝑊𝑊(𝑡𝑡, 𝑧𝑧, 𝑟𝑟) · 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝐻𝐻𝑖𝑖𝑖𝑖(𝑡𝑡, 𝑧𝑧, 𝑟𝑟) �1 + 𝛽𝛽 �𝑐𝑐𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜(𝑑𝑑,𝑧𝑧,𝑟𝑟)
𝑐𝑐𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜,0

�
𝛼𝛼
� (28) 

where α=0.89 and β=4.14. The rate constants were assumed to follow a modified 

Arrhenius law, Eq. 29, where Tref denotes a reference temperature. Although the 

operation was isothermal, experiments were carried out at different temperatures, 

thus the temperature dependence of the rate constant was included in the model, 

𝑘𝑘𝑗𝑗 = 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟,𝑗𝑗 · 𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝐸𝐸𝑎𝑎,𝑗𝑗

𝑅𝑅𝑔𝑔
· �1

𝑇𝑇
− 1

𝑇𝑇𝑟𝑟𝑚𝑚𝑟𝑟
��    (29) 

Molecular diffusion depends strongly on the size of the molecule, which in this case 

can be related to the degree of polymerization (DP). Because diffusion is a 

molecular process, the diffusivities of large molecules are far lower than the 

diffusivities of smaller ones and this fact must be considered in the model. The molar 

volume was correlated as a linear function to the total yield of sugars,  

𝑉𝑉𝑖𝑖 = �𝑋𝑋𝑇𝑇𝑇𝑇𝑇𝑇 + 𝐷𝐷𝐷𝐷 · (1 − 𝑋𝑋𝑇𝑇𝑇𝑇𝑇𝑇)� · 𝑉𝑉𝑀𝑀    (30) 

The hemicellulose diffusivity for DP=100 or 36 was used for the initial state (XTOT=0) for 

GGM and inulin hydrolysis, respectively, while either glucose or fructose diffusivity was 

used at complete reactant conversion for the two cases. 

The molecular diffusivities were calculated from the Wilke-Chang correlation, Eq. 31. 

The axial and radial diffusivities were assumed to be equal, 

𝐷𝐷𝑧𝑧,𝑖𝑖 = 𝐷𝐷𝑟𝑟,𝑖𝑖 = 7.4 · 10−12 �Φ𝐵𝐵·𝑀𝑀𝐵𝐵·𝑇𝑇
𝜂𝜂·𝑉𝑉𝑖𝑖

0.6  m2/s    (31) 

where MB is given in g/mol, T in K, η in cP and Vi in cm3/mol. Because the 

concentration of the hemicelluloses was rather low (about 5 g/L), it is reasonable to 

presume that both the fluid viscosity and density are equal to that of water. Eq. 32-33 
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were applied to take into account the influence of temperature on the mentioned 

physical properties37,38, 

𝜌𝜌 = (1044.47 − 0.07107 · 𝑇𝑇/𝐾𝐾 − 0.00032 · (𝑇𝑇/𝐾𝐾)2) kg/m3  (32) 

𝜂𝜂 = 103 · 𝑒𝑒𝑒𝑒𝑒𝑒 �−51.964 + 3670.6
𝑇𝑇
𝐾𝐾

+ 5.7331 · ln (𝑇𝑇/𝐾𝐾)�cP   (33) 

The total conversion of the reactant was calculated from the momentary and initial 

concentrations of the sugar units still attached to the polymer molecule (i = GA, G, M 

for GGM or i=F for inulin), Eq. 34. 

𝑋𝑋𝑇𝑇𝑇𝑇𝑇𝑇 = 1 − ∑𝑐𝑐𝑖𝑖
∑ 𝑐𝑐𝑖𝑖,0

     (34) 

The average concentrations at any axial location were obtained by numerical 

integration over the cross-section of the reactor tube,  

𝑑𝑑�̅�𝑖 = ∫ 𝑐𝑐𝑖𝑖(𝑑𝑑,𝑧𝑧,𝑟𝑟)·𝑖𝑖(𝑟𝑟)·2𝜋𝜋𝑟𝑟·𝑑𝑑𝑟𝑟𝑅𝑅
0

∫ 𝑖𝑖(𝑟𝑟)·𝑅𝑅
0 2𝜋𝜋𝑟𝑟·𝑑𝑑𝑟𝑟

     (35) 

The calculation of the average concentration calculation was needed because the 

flow was dependent on the radial location. It was required especially at the reactor 

outlet for calculating the final yields of the compounds. 

Packed bed reactor: multibed reactor [V] 
 

A dynamic external diffusion model was selected to describe the behavior of the 

multibed tubular reactor for the hydrolysis of inulin in the presence of the 

heterogeneous catalyst. The model is composed by coupling two mass balance 

equations: (i) liquid bulk mass balance, where convection, axial dispersion and 

liquid–solid mass transfer are considered; (ii) solid surface mass balance, where the 
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reaction is considered equal to the liquid–solid flux under steady-state conditions. The 

mass balance of inulin in the liquid bulk is 

𝜕𝜕𝑐𝑐𝑖𝑖𝑜𝑜𝑖𝑖
𝜕𝜕𝑑𝑑

= −𝑢𝑢 𝜕𝜕𝑐𝑐𝑖𝑖𝑜𝑜𝑖𝑖
𝜕𝜕𝑧𝑧

+ 𝐷𝐷𝑧𝑧
𝜕𝜕2𝑐𝑐𝑖𝑖𝑜𝑜𝑖𝑖
𝜕𝜕𝑧𝑧2

− 𝑘𝑘𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠�𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖,𝑆𝑆�   (36) 

where the interstitial velocity is 

𝑢𝑢 = 𝑄𝑄
𝐺𝐺·𝜀𝜀𝑣𝑣

      (37) 

The pseudo-steady-state condition at the catalyst surface implies that the rate and 

mass transfer compensate each other,  

𝑘𝑘𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠�𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖,𝑆𝑆� + 𝜈𝜈𝑖𝑖𝑖𝑖𝑖𝑖𝑟𝑟 = 0    (38) 

where ks is the mass transfer coefficient in the liquid film surrounding the catalyst 

particle and asp is the catalyst surface area-to-reactor volume (asp = 4.73 × 104 

m2/m3). The mass transfer coefficient ks was estimated with the correlation of Coeuret 

39: 

𝑆𝑆ℎ𝑠𝑠 = 5.4𝑅𝑅𝑒𝑒𝑠𝑠
1/3𝑆𝑆𝑑𝑑1/4     (39) 

which is valid for 0.04 < Rep < 30 and 1700 < Sc < 11 000. Eq. 39 is an empirical 

correlation for determining the mass transfer coefficient for a fixed bed of particles 

with a liquid flowing at low Reynolds numbers. The dimensionless groups are defined 

as 

𝑆𝑆ℎ𝑠𝑠 = 𝑘𝑘𝑠𝑠𝑑𝑑𝑝𝑝
𝐷𝐷

        𝑅𝑅𝑒𝑒𝑠𝑠 = 𝑖𝑖𝑑𝑑𝑝𝑝
𝜐𝜐

       𝑆𝑆𝑑𝑑 = 𝜐𝜐
𝐷𝐷
    (40) 

The kinematic viscosity38 was considered temperature dependent as given by Eq. 41, 

while the particle diameter was calculated as an equivalent diameter value, leading 

to dp = 9.96 × 10−5 m. 
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𝜐𝜐 �𝑚𝑚
2

𝑠𝑠
� = 1.814 · 10−2𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝑇𝑇[𝐾𝐾]

29.05
� + 2.687 · 10−7   (41) 

The diffusivity of the substrate in water changes with the conversion (Xm), because as 

the reaction proceeds, the molar volume of the substrate changes accordingly. Thus 

the molar volume of the reactant was updated with the equation, 

𝑉𝑉𝑚𝑚,𝑖𝑖𝑖𝑖𝑖𝑖 = [𝑋𝑋𝑚𝑚 + 𝐷𝐷𝐷𝐷(1 − 𝑋𝑋𝑚𝑚)]𝑉𝑉𝑚𝑚,𝑟𝑟𝑟𝑟𝑖𝑖    (42) 

where DP is the initial degree of polymerization, Vm,inu is the molecular volume for 

inulin that changes with the degree of conversion and Vm,fru is the molecular volume 

for fructose, 111 cm3/mol.40 Eq. 42 was inserted in the Wilke-Chang equation to 

determine the diffusion coefficients in the reaction mixture. 41,42 The kinetic modelling 

for the hydrolysis of inulin in the presence of the heterogeneous catalyst was 

previously well described in article [IV]. The reaction rate was observed to be slow in 

the beginning of the process, but it increased rapidly as the reaction progresses. The 

DP of the inulin molecule decreases along the reaction, because the protons from 

the catalyst cleave the glycosidic bonds. The glucose-to-fructose ratio is so small that 

the glucose concentration obtained is almost negligible, so for the sake of simplicity 

a merged product was considered, e.g. the sum of fructose and glucose expressed 

as monomers. The reaction rate expression was presented by Eq. 16 and it can be 

rewritten in a more simplified form, 

𝑟𝑟 = 𝑘𝑘𝐶𝐶𝐻𝐻+𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖,𝑆𝑆(1 + 𝛽𝛽𝑋𝑋𝑚𝑚𝛼𝛼)     (43) 

The model presented describes the kinetics of the hydrolysis reaction. The 

autocatalysis parameters 𝛼𝛼 and 𝛽𝛽 are used to describe the accelerating kinetics and 

values obtained after the parameter estimation were 0.89 and 4.14, respectively [IV]. 

Neglecting the formation of oligomers, the conversion of inulin can be described as 
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𝑋𝑋𝑚𝑚 = 1 − 𝐻𝐻𝑖𝑖𝑜𝑜𝑖𝑖,𝑆𝑆
𝐻𝐻𝑖𝑖𝑜𝑜𝑖𝑖,0

     (44) 

The model was implemented in gPROMS Model Builder v.4.0 software, discretizing the 

axial coordinates with the implemented method of lines, by using the backward 

finite difference method with 100 discretization elements.43 In Figure 32 (right) the 

results can be seen for the three different flow rates as a function of the inulin 

conversion and dimensionless length when the Coeuret correlation is applied. The R2 

value describing the fit of the model to experimental data obtained the value 0.91. 

The estimation of the external mass transfer effect is appropriate, because the model 

describes well the experimental results. The presence of mass transfer limitations 

affects the performance of the reactor, explaining why the conversion achieved 

was limited. The correlation applied as it is might not represent well the mass transfer 

phenomena at low Reynolds numbers. For this reason, the mass transfer coefficient 

was estimated to obtain a better description of the experimental data. The results 

are reported in Figure 32.  

 

Figure 32. Inulin conversion as a function of the dimensionless reactor length. On the left, the dots 
represent the values obtained experimentally and the continuous lines are the results of the simulated 
experiments with the model applying Coeuret correlation. On the right, the dots represent the values 
obtained experimentally and the continuous lines are the results of the simulated experiments with the 
model applying parameter estimation. 
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4. Conclusions 

Homogeneously and heterogeneously catalyzed hydrolysis of two structurally 

different polysaccharides, inulin and o-acetylgalactoglucomannan (GGM) was 

studied in different reactor configurations. The data obtained was employed for the 

development of kinetic and reactor models. The feasibility of the operation in 

continuous mode was proven as an attempt to scale-up the process to industrially 

relevant conditions. 

A comparative study of the extraction of different hemicelluloses with subcritical 

water was carried out where the different operation parameters such as 

temperature, raw material, solid-liquid ratio on the extraction kinetics, pH and molar 

mass, were evaluated for three different woody raw materials originating from  stone 

pine, holm oak, and Norway spruce. The results showed significant differences in the 

extraction behavior and composition. 

The acid hydrolysis of GGM and inulin was studied in a continuous tubular reactor in 

the presence of HCl as the acid catalyst, to obtain monomeric sugars. The influence 

of the reactor parameters (catalyst, pH, temperature, and reactant flowrates) was 

studied on the conversion efficiency and the product distribution. Continuous 

production of monomeric sugars was achieved without formation of low-molecular 
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by-products. The experimental results were described with a laminar flow model for 

the continuous reactor.  

Hydrolysis of inulin conducted in a batch reactor with an advanced sulphonic resin 

(Smopex-101) and HCl as the reference catalyst, at different temperatures and pH. It 

was discovered that the reaction proceeded via an end-bitting mechanism. 

Mathematical modelling of the hydrolysis kinetics was successfully performed with a 

model incorporating the autocatalytic effect.  

The heterogeneous catalyst Smopex-101 was employed subsequently on two 

continuous fixed bed reactors to evaluate the feasibility of the continuous operation. 

A single bed reactor was used to determine the optimal reaction conditions and a 

multibed reactor with intermediary sampling points between catalysts beds was used 

for maximizing the inulin conversion. High fructose yields were obtained with the 

multibed reactor without any degradation products. A detailed flow 

characterization was performed and the residence time distribution results were 

merged with the kinetic model obtained from the batch experiments, taking into 

account external mass transfer limitations.  
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Notation 

𝐴𝐴 Area  

𝑎𝑎𝑠𝑠𝑠𝑠 Surface area-to-volume ratio 

𝑑𝑑 Concentration 

𝐷𝐷 Diffusion coefficient 

𝐷𝐷𝐷𝐷 Degree of polymerization  

𝑑𝑑𝑃𝑃 Particle diameter  

𝐸𝐸𝑎𝑎 Activation energy 

𝑘𝑘, 𝑘𝑘′′ Rate constant  

𝑘𝑘𝑠𝑠 Mass transfer coefficient 

𝑘𝑘0 Pre-exponential factor  

𝑀𝑀 Molar mass 

𝑄𝑄 Volumetric flowrate 

𝑅𝑅 Radius  

𝑅𝑅 General gas constant (8.3143 J/mol/K) 

𝑟𝑟 Radial coordinate  

𝑟𝑟 Rate   

𝑇𝑇 Temperature 

𝑡𝑡 Time 

𝑢𝑢 Velocity  

𝑉𝑉𝑖𝑖 Molar volume of component i  

𝑋𝑋 Conversion  

𝑧𝑧 Reactor length coordinate  

𝛼𝛼,𝛽𝛽 Parameters in rate equation  

𝜂𝜂  Dynamic viscosity  

𝑅𝑅  Transformed temperature  

𝜈𝜈  Kinematic viscosity  

𝜈𝜈𝑖𝑖 Stoichiometric coefficient of component i 

𝜌𝜌 Density 

𝜈𝜈  Kinematic viscosity  

𝜙𝜙 Association factor  
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Subscripts  

𝑔𝑔 Gas  

𝑖𝑖 Component index   

𝑚𝑚  Average 

𝑒𝑒 Particle  

𝑟𝑟 Radial  

𝑠𝑠  Solid  

𝑧𝑧 Axial 

 

Dimensionless numbers 

 

Re Reynolds number 

Sc Schmidt number 

Sh Sherwood number 
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