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University of Oulu Graduate School; University of Oulu, Faculty of Technology; Kokkola
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University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Biomass conversion methods represent bioeconomic solutions for the sustainable production of
value added commodities (chemicals and materials) as well as for energy purposes, either in solid
(pellets), liquid (transport fuels) or gaseous (combustion gases e.g. biomethane) form.
Lignocellulosic biomass as a renewable source available in immense quantity, is considered to be
one of the most promising natural sources, with high potential in the replacement of conventional
transportation fuels and reduction of greenhouse gas emissions.

This thesis provides new insights into mechanocatalysis, which as yet is a novel technique in
catalytic biomass conversion. The mechanocatalytic approach combines chemical catalysis and
mechanical assisted processing driven by ball milling. Lignocellulosic barley straw was
impregnated or merely mixed with the catalyst (formic acid, acetic acid, sulfuric acid, oxalic acid
dihydrate and potassium pyrosulfate) and ball milled under various conditions yielding the
selective depolymerization of lignocellulose into water-soluble xylo-oligosaccharides.
Subsequent hydrolysis at moderate temperatures resulted in the formation of valuable reducing
sugars, mainly xylose, galactose, arabinose and glucose, which constitute the basic materials for
transportation fuel and chemical production.

Reducing sugar release of 53.4 wt% with low by-product formation was observed within short
milling durations using sulfuric acid as a catalyst in mechanocatalysis. Likewise, oxalic acid
dihydrate and potassium pyrosulfate as a novel catalyst, successfully converted barley straw to
reducing sugars (42.4 wt% and 39.7 wt%, respectively), however longer milling durations were
required. In comparison, lower saccharification (<10 wt%) was obtained by employing formic
acid and acetic acid in mechanocatalysis.

Harsh milling conditions initiated a temperature increase within the reaction vessel resulting in
enhanced sugar release. Likewise, greater sugar release was observed with increased catalyst
amount and acidity. The results revealed that the balance of these factors is crucial for efficient
catalytic conversion of barley straw.

Keywords: barley straw (Hordeum vulgare), hydrolysis, lignocellulose,
mechanocatalysis, reducing sugars, saccharification





Schneider, Laura, Ohran oljen mekaanis-katalyyttinen esikäsittely pelkistyneiksi
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Tiivistelmä

Biomassan konvertointimenetelmät mahdollistavat biotalouden hengen mukaisesti uusia ratkai-
suja kemikaalien ja materiaalien kestävään tuotantoon sekä biomassan energiakäyttöön eri muo-
doissa (kuten pelletit, biopolttoaineet ja biokaasu). Lignoselluloosapohjaista, uusiutuvaa biomas-
saa, kuten tässä työssä tutkittua ohran olkea, on runsaasti saatavilla. Lignoselluloosa onkin yksi
lupaavimmista raaka-aineista korvaamaan fossiilisia polttoaineita ja vähentämään kasvihuone-
kaasupäästöjä.

Väitöskirjatutkimus antaa uutta tietoa ohran oljen mekaanis-katalyyttisestä käsittelystä, mikä
on suhteellisen uusi menetelmä biomassan katalyyttisessä muokkauksessa. Menetelmässä yhdis-
tetään kemiallinen katalyysi ja mekaaninen muokkaus (jauhatus) kuulamyllyllä. Lignoselluloo-
sa (ohran olki) impregnoitiin tai sekoitettiin tutkitun katalyytin (muurahaishappo, etikkahappo,
rikkihappo, oksaalihappodihydraatti, kaliumpyrosulfaatti) kanssa ja käsiteltiin erilaisissa mekaa-
nis-katalyyttisissä olosuhteissa. Lignoselluloosan selektiivinen depolymerointi muodosti vesiliu-
koisia oligosakkarideja ja edelleen hydrolyysin kautta pelkistyneitä sokereita (pääasiassa ksyloo-
sia, galaktoosia, arabinoosia ja glukoosia), joita voidaan käyttää biopolttoaineiden ja -kemikaali-
en valmistuksessa.

Tutkimuksen tulosten perusteella rikkihappokatalyytillä saatiin 53,4 massa-% ohran oljen
sisältämistä pelkistyneistä sokereista vapautettua lyhyillä käsittelyajoilla. Lisäksi sivutuotteiden
muodostuminen oli vähäistä. Vastaavasti oksaalihappodihydraatti (sokerisaanto 42,4 massa-%)
ja kaliumpyrosulfaatti (sokerisaanto 39,7 massa-%) toimivat uusina katalyytteinä hyvin, mutta
vaativat rikkihappokatalyyttiä pidemmät jauhatusajat. Sen sijaan muurahaishapolla ja etikkaha-
polla sokerisaanto oli erittäin alhainen (alle 10 massa-%) mekaanis-katalyyttisessä käsittelyssä.

Tutkimuksessa todettiin, että voimakas jauhatus vaikutti selkeästi reaktiolämpötilan nousuun
käsittelyn aikana, mikä edisti korkeampaa sokerisaantoa. Vastaavasti sokerisaantoa voitiin
parantaa katalyyttimäärällä ja happamuudella. Tulokset osoittavat, että näiden muuttujien tasa-
paino on ratkaisevaa ohran oljen tehokkaan katalyyttisen muuntamisen kannalta.

Asiasanat: hydrolyysi, lignoselluloosa, mekaanis-katalyyttinen, ohran olki (Hordeum
vulgare), pelkistyneet sokerit, sokerointi
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Abbreviations 

CE Capillary electrophoresis 

d50 Median of the Gaussian distribution form of particles 

DNS 3,5-dinitrosalicylic acid 

HMF 5-hydroxymethylfurfural 

I.D. Inner diameter 

pKa Negative decadic logarithm of the ionization constant (Ka) of an 

acid 

RT  Room temperature 

TRS Total reducing sugar 

UV/VIS Ultraviolet/ visible 

v/v Volume per volume 

w/w Weight per weight 
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1 Introduction 

Lignocellulosic biomass is abundantly available worldwide and a promising 

renewable source for energy, especially biofuel, and biochemical production 

(Bhatia et al., 2017; Liu & Zhang, 2016), energy conversion (Bella et al., 2017a; 

Bella et al., 2017b) and energy storage (Yue et al., 2017; Zolin et al., 2016). 

Depletion of fossil fuel reserves, greenhouse gas emissions and increasing energy 

demands require environmentally friendly production routes using renewable 

energy sources (Sheldon, 2016). Biomass has received considerable attention as a 

feasible feedstock for the replacement of conventional fuels combined with 

greenhouse gas emission savings (Sikarwar et al., 2017). Lignocellulosic biomass 

can be efficiently transformed into biofuels (Bhatia et al., 2017; Gaurav et al., 2017) 

and platform chemicals (Liu & Zhang, 2016). However, its natural recalcitrance 

requires efficient pretreatment solutions to disrupt the lignocellulosic matrix 

(Bhutto et al., 2017). 

This study discusses the saccharification efficiency of lignocellulosic barley 

straw applying mechanical ball milling and chemical conversion simultaneously, 

also referred to as mechanocatalysis. The mechanocatalytical process yields the 

formation of valuable reducing sugars, which constitute the basic starting materials 

for biofuel production (Käldström et al., 2014b). 

The outline of the thesis is illustrated in Fig. 1. The general research questions 

(Paper I–IV), which were dealt with, were: 

– Is barley straw a feasible feedstock for depolymerization and saccharification 

by mechanocatalysis? 

– Does mechanocatalysis enhance depolymerization and saccharification 

efficiency compared to normal applied acid hydrolysis? 

– How do mechanical parameters (milling and pause time) affect 

depolymerization and saccharification efficiency? 

The specific research questions were as follows: 

– What is the efficiency of acetic acid and formic acid in mechanocatalysis 

(Paper I)? 

– How much sugar release can be obtained by applying commonly used sulfuric 

acid in mechanocatalysis (Paper II)? 

– Does the acid impregnation prior to mechanocatalysis affect the reducing sugar 

release (Paper III)? 
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– How effective are solid catalysts in mechanocatalysis (Paper III+IV)? 

Fig. 1. Outline of the thesis. 
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2 Literature review 

2.1 Lignocellulosic barley straw 

Non-wood raw materials, such as cereal straws, are globally available as a result of 

high cereal production. The world’s annual production of dry barley is around 

124 x 109 kg. Europe (62%), Asia (15%), and North America (14%) are the largest 

producers estimating an overall ethanol production of 20.6 x 106 m3 per year (Kim 

& Dale, 2004). In Finland, field trials carried out with barley in 2006, revealed a 

dry matter yield (grain and straw) of 10 tons ha-1 out of which straw accounted for 

30%. Simultaneous enzymatic hydrolysis and fermentation at 10% dry matter 

concentration of barley straw yielded ethanol of 20 g L-1 (Pahkala et al., 2007). 

Barley straw is an agricultural waste residue and, beneficially, does not 

interfere with the food production supply and security unlike corn, sugarcane and 

beets, which are the common feedstock used for ethanol production (Gallezot, 

2008). However, this is dependent on the geographical location (Horta Nogueira et 
al., 2013) because conversion of the latter into sugars or ethanol depends on the 

current market prices of both commodities. Starch and sugar-based raw materials 

represent first-generation biomass while barley straw is a second-generation 

biomass, which belongs to the lignocellulosic resources group. It comprises of three 

major fractions: cellulose (31–34 wt%), hemicellulose (13–29 wt%) and lignin 

(14–18 wt%) (Adapa et al., 2009; Ayyachamy et al., 2013; Panagiotopoulos et al., 
2011), which form a complex recalcitrant structure. Small fractions of minerals (5–

7 wt%), silica (3–6 wt%) proteins (~3wt%), and wax (~3 wt%) are also present 

(Hurter, 1988; Pronyk & Mazza, 2012). In comparison to wood, straw contains 

more pentosans (mostly xylanes), holocellulose and less lignin. Table 1 shows the 

composition of several non-wood resources in comparison to wood residues. 

Hemicelluloses of barley straw have arabinoxylans as the major 

polysaccharides as it is depicted in Fig. 2 (Sun et al., 2011). The β-1,4-D-xylose 

backbone chain is substituted at the O-2 and/or O-3 position with α-L-

arabinofuranose, 4-O-methyl-α-D-glucuronic acid residues and acetyl groups. 
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Table 1. Composition of non-wood resources compared to hardwood and softwood. 

Lignocelluloses Cellulose 

[wt%] 

Hemicellulose 

[wt%] 

Lignin 

[wt%] 

References 

Barley straw 31–34 13–29 14–18 (Adapa et al., 2009; 

Ayyachamy et al., 2013; 

Panagiotopoulos et al., 

2011) 

Rice straw 32 24 18 (Ayyachamy et al., 2013) 

Wheat straw 29–35 26–32 16–21 (Ayyachamy et al., 2013) 

Rye straw 33–35 27–30 16–19 (Ayyachamy et al., 2013) 

Sugar cane bagasse 32–44 27–32 19–24 (Ayyachamy et al., 2013) 

Switch grass 45 31 12 (Ayyachamy et al., 2013) 

Hardwood 40–55 24–40 18–25 (Ayyachamy et al., 2013) 

Softwood 45–50 25–35 25–35 (Ayyachamy et al., 2013) 

In general, cellulose in the cell wall is surrounded and partially linked with 

hemicellulose, while lignin is located in the empty spaces between the two straw 

constituents and forms complexes with them by covalent bonding (Buranov & 

Mazza, 2008; Loow et al., 2015). As a result, a natural barrier towards chemical 

and enzymatic hydrolysis is created. 

2.2 Pretreatment of lignocellulosic biomass 

Various methods can accomplish the conversion of lignocellulose into biofuels or 

platform chemicals. Pyrolysis and gasification are common thermal pathways, 

which generate a mixture of charcoal and pyrolysis oil (Marathe et al., 2017) or 

synthesis gas (a mixture of carbon monoxide and hydrogen) (Ge et al., 2016; 

Sikarwar et al., 2017) from biomass, respectively. The latter is the starting material 

for liquid biofuel or platform chemical production following e.g. the Fischer-

Tropsch process (Selvatico et al., 2016). In comparison, pretreatment methods, 

such as dilute acid pretreatment or steam explosion, open up the lignocellulosic 

matrix, yielding the fractionation of lignocellulose into its main constituents, 

cellulose, hemicellulose and lignin (Bhutto et al., 2017). The lignocellulosic matrix 

possesses a natural recalcitrance due to an intermolecular network of highly 

hydrogen-bonded structures (Shrotri et al., 2013) and requires, first, an effective 

pretreatment, before the formed intermediates can be converted into sugars and 

ethanol. 
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In principal, lignocellulose pretreatment yields the depolymerization and 

partial breakdown of cellulose and hemicellulose into mainly gluco- and xylo-

oligosaccharides, which can be further hydrolyzed to monomeric glucose and 

xylose, respectively (Meine et al., 2012). Fig. 2 schematically shows the turnover 

of hemicellulose as the second most common polysaccharide of straw, into 

reducing sugars, such as xylose and arabinose. 

Fig. 2. Schematic illustration of the conversion of hemicelluloses into biochemicals. 

Reducing sugars, such as aldoses, contain aldehyde groups, which can be oxidized 

to the corresponding carboxylic acids. Ketoses can similarly be oxidized via 

isomerization to the aldose form (Wrolstad, 2012). Alternatively, they can be 

hydrogenated to the corresponding alcohol as depicted in Fig. 2. For instance, 

hydrogenation of xylose leads to the formation of xylitol (Yadav et al., 2012), 

which is a valuable component in food and pharmaceutical products, whereas 

catalytic dehydration yields furfural (García-Sancho et al., 2014). However, more 

importantly, reducing sugars can be fermented to ethanol using microbes, such as 

yeast and bacteria. The purified ethanol can then directly be applied as a fuel or 

additive (Alonso et al., 2010). 
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2.3 Pretreatment methods 

Various pretreatment approaches include physical, biological, physico-chemical 

and chemical application (Bhutto et al., 2017; Hendriks & Zeeman, 2009; Kumar 
et al., 2009; Mosier et al., 2005; Seidl & Goulart, 2016), as well as various 

combinations of pretreatments. Ideal biomass pretreatment yields the disruption of 

the lignocellulosic matrix and thus, makes it more accessible for enzymatic and 

chemical hydrolysis. Sugar formation yields are improved, the degradation or loss 

of formed sugars as well as the formation of by-products and inhibitory compounds 

are prevented and economic feasibility and cost-effectiveness is verified (Bhutto et 
al., 2017; Kumar et al., 2009). Some examples of pretreatment methods are listed 

in Table 2. 

Table 2. Typical biomass pretreatment methods. 

Method Pretreatment Aims References 

Physical Mechanical force Reduction of particle size 

and cellulose crystallinity 

(Bhutto et al., 2017; 

Hendriks & Zeeman, 2009; 

Silva et al., 2012) 

Biological Microorganisms Lignin and hemicellulose 

degradation 

(Seidl & Goulart, 2016; 

Wang et al., 2015) 

 Enzymes Direct hydrolysis of 

cellulose, hemicellulose 

and lignin 

(Bhutto et al., 2017; Seidl & 

Goulart, 2016) 

Physico-chemical Steam explosion Hemicellulose removal, 

structural alterations of 

lignin 

(Hendriks & Zeeman, 2009; 

Wojtasz-Mucha et al., 2017; 

Zhang et al., 2017b) 

 Hot water treatment Hemicellulose 

solubilization and removal 

(Hendriks & Zeeman, 2009; 

Wojtasz-Mucha et al., 2017) 

Chemical Acid hydrolysis Hemicellulose removal, 

structural alterations of 

lignin 

(Hendriks & Zeeman, 2009; 

Zhang et al., 2016) 

 Alkali hydrolysis Lignin removal (Xu et al., 2016) 

 Organosolv process Lignin and hemicellulose 

removal 

(Salapa et al., 2017) 

Dilute acid pretreatment, which involves the use of sulfuric acid in a hydrolysis 

reaction at higher temperatures ranging from 120–200°C, is one of the most 

commonly employed thermo-chemical biomass fractionation technique (Lenihan 
et al., 2010; Panagiotopoulos et al., 2011; Saha & Cotta, 2010; Zhang et al., 2016). 

Mineral acids, such as sulfuric acid and hydrochloric acid, are most frequently used 
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as catalysts in acid hydrolysis of lignocellulose (Meine et al., 2012), but also 

phosphoric acid (Lenihan et al., 2010) and organic acids, such as oxalic acid (Zhang 
et al., 2013) and maleic acid (Lim & Lee, 2013), are reported. Thermo-chemical 

methods were proven beneficial for commercial applications due to overall short 

processing times, high product yields and energy savings (Shen & Wyman, 2011). 

A major disadvantage is the required detoxification and neutralization prior to 

microbial fermentation (Jönsson et al., 2013; Lenihan et al., 2010). Alkaline 

pretreatment delignifies biomass and releases high amount of cellulose and 

hemicellulose fractions (McIntosh & Vancov, 2011; Xu et al., 2016). 

Organosolv pretreatment uses a combination of organic solvents, such as 

ethanol, acetic acid, acetone, butanol or formic acid and water, to delignify 

lignocellulose and depolymerize hemicellulose, often at elevated temperatures 

(Salapa et al., 2017; Snelders et al., 2014). However, solvents need to be removed, 

purified and recycled in order to reduce costs and increase compatibility with 

subsequent microbial pretreatment (Seidl & Goulart, 2016). 

Recently, ionic liquids were uncovered as effective solvents for lignocellulose 

pretreatment (Rinaldi & Schüth, 2009). The salts, composed of large organic 

cations and small inorganic anions, are liquid below a temperature of 100°C and 

dissolve biomass, which disassembles the lignocellulosic structure and enhances 

cellulose reactivity (Rinaldi et al., 2008; Zhang et al., 2017a). Resulting polymers 

can be readily hydrolyzed by catalysts (Kim et al., 2010). Adversely are the high 

price, toxicity, required purity and recyclability (Seidl & Goulart, 2016; Stark, 2011) 

as well as their compatibility with downstream processes such as enzymatic 

pretreatment. 

Biological methods are based on the use of microorganisms or mixtures of 

enzymes and enzymatic complexes. For instance, cellulases and hemicellulases 

directly convert cellulose and hemicellulose into monomeric sugars (Wang et al., 
2015). Enzymatic hydrolysis is advantageous due to its selectivity, low energy 

requirements and because it can be performed under mild conditions. However, 

limitations include long reaction times, high cost of enzymes and the limited 

accessibility of the biomass for enzymatic hydrolysis (Bhutto et al., 2017; Kumar 
et al., 2009). 

Physical pretreatments can use a mechanical force, thermal processing, 

irradiation or ultrasound processing and aim at reducing the particle size and 

decreasing the crystallinity of lignocelluloses (Bhutto et al., 2017; Silva et al., 2012; 

Singh et al., 2016). The major drawback, however, is the high energy consumption 

of physical pretreatment methods (Hendriks & Zeeman, 2009). 
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Physico-chemical methods, such as steam explosion and hot water treatment, 

combine physical and chemical pretreatment. Steam explosion treats the biomass 

sample with high pressure (0.69–4.84 MPa) saturated steam under moderate 

temperatures (160–220°C) for several seconds up to few minutes. A rapid pressure 

release causes an explosive decompression of the biomass material and opens up 

the lignocellulosic structure, which makes it more accessible to subsequent 

chemical hydrolysis and enzymatic digestibility (Kristensen et al., 2008; Mosier et 
al., 2005; Zhang et al., 2017b). For instance, wheat straw pretreated by steam 

explosion, removed 92% of original hemicelluloses and 24% of cellulose, while 

lignin was subject to structural alterations (Silva et al., 2012). Recently, 83.4% of 

total sugars was obtained from steam-exploded corncob (Zhang et al., 2017b). 

Likewise, hot water treatment uses pressure and elevated temperatures of 200–

230°C to dissolve biomass in hot water and depolymerize it. Addition of an acid 

catalyst induces the hydrolysis of the polymers, mainly hemicellulose, into 

monomeric sugars (Bhutto et al., 2017). Limitations of the described physico-

chemical pretreatments consist of partly hemicellulose degradation and the 

formation of inhibitory by-products, which limits their compatibility with 

downstream processes involving microorganisms (Kumar et al., 2009). For 

instance, steam-exploded wheat straw had reduced xylose yields at harsh 

pretreatment conditions, which resulted in xylan degradation and the formation of 

furfural (Horn et al., 2011). 

2.4 Mechanocatalysis 

Mechanocatalysis is a physico-chemical pretreatment method for the disruption of 

recalcitrant lignocellulose into water-soluble oligosaccharides and uses a 

mechanical force driven by milling simultaneously combined with chemical 

catalysis (Käldström et al., 2014b; Meine et al., 2012). In this study, planetary ball 

milling with the addition of a catalyst is conducted. The set-up is illustrated in Fig. 

3.  
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Fig. 3. A: Illustration of the centrifugal force (3) originating from the rotation of the 

support disk (1) and the milling container (2). B: Planetary ball mill (Fritsch premium 

line Pulverisette 7). C: Milling container (adapted from (Fritsch GmbH, 2012)). 

D: grinding balls in the milling container. 

The milling process proceeds as follows: The milling container is loaded with the 

milling sample and the grinding balls (Fig. 3C+D). The sample is ground by the 

grinding balls due to the rotation of the support disk of the mill (Fig. 3A1) and the 

milling container (Fig. 3A2), which rotates around its own axis in the opposite 

direction. Centrifugal forces are created as a result of the rotation of the milling 

container and the support disk, and alternate in the same and opposite direction (Fig. 

3A3). First, grinding balls move along the milling container wall, which causes 

friction with the milling sample, and then, the balls are directed towards the 

opposite wall, which causes mechanical stress on the milling sample (Fritsch 

GmbH, 2012). Both, friction and impact effects, induce comminution, which 

reduces the particle size of the milling sample and increases the surface area 

(Pedersen & Meyer, 2009; Schwanninger et al., 2004; Shrotri et al., 2013). 
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Furthermore, the milling duration, speed, number and size of the grinding balls and 

the ball-to-sample ratio affect the sample (Shrotri et al., 2013). It was shown that 

high milling speed and long milling duration increase cellulose solubility due to a 

change in the kinetic energy of the milling balls and the presence of a higher 

number of stress events, which creates more energy. Furthermore, higher number 

of grinding balls and balls smaller in size, are advantageous to a certain limit. Usual 

ball-to-sample ratios are 10:1–20:1 (Schmidt et al., 2016). 

Relating to biomass, grinding reduces cellulose crystallinity, increases its 

solubility and enhances accessibility for chemical and enzymatic hydrolysis (Li et 
al., 2016; Silva et al., 2012; Yuan et al., 2012). The crystalline regions decrease in 

number, while amorphous regions increase (Phanthong et al., 2016; Shrotri et al., 
2013). However, no delignification and hemicellulose removal are obtained by 

milling. Mechanocatalysis grinds biomass together with a catalyst, also referred to 

as ‘co-milling’ or ‘mix-milling’ (Motte et al., 2015; Silva et al., 2012; Yabushita et 
al., 2014). Commonly, the biomass sample is impregnated with a catalytic amount 

of the catalyst prior to mechanical pretreatment (Meine et al., 2012; Shrotri et al., 
2013). Thereby, the catalyst is loosely bonded to the biomass sample and evenly 

distributed on its surface (Shrotri et al., 2013) creating high local H+ concentrations 

in case of an acid catalyst (Schüth et al., 2014). Lignocellulose is depolymerized 

during the mechanocatalytical process, leading to the release of water-soluble 

oligosaccharides (Käldström et al., 2014a; Shrotri et al., 2013; Yabushita et al., 
2014) and a variety of other substances, such as lignin fragments (Meine et al., 
2012), depending on the severity of milling and the catalyst amount due to the 

complex polymeric nature of biomass. 

The described ‘one-pot process’ enhances solid-solid reactions (Liao et al., 
2014) and increases reactivity due to the strong mechanical impact, which results 

in diffusion and strong interweaving of catalyst and biomass substrate, yielding 

high conversion efficiency (Hendriks & Zeeman, 2009; Motte et al., 2015; Silva et 
al., 2012; Yabushita et al., 2014). It was proposed that mechanocatalysis induces 

conformational changes, i.e. a change from the chair to half-chair conformation, 

which is required to be able to hydrolyze β-1,4-glycosidic bonds (Jérôme et al., 
2016; Schüth et al., 2014). 

Subsequently, hydrolysis at temperatures below 160°C induces the conversion 

of the water-soluble oligosaccharides into reducing sugars without the formation of 

by-products (Käldström et al., 2014b; Motte et al., 2015; Yuan et al., 2012) and 

without the addition of further catalyst because the catalyst stays intact 

(Carrasquillo-Flores et al., 2013; Käldström et al., 2014a; Meine et al., 2012). The 
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sugar containing liquor is easily separated from the solid lignin residue by filtration. 

It was proposed that acid catalysts, impregnated on glycosidic bonds of cellulose, 

cleave the linkages using the energy supplied by the impact of the grinding balls 

onto the milling sample and likewise, catalyze the subsequent hydrolysis reaction 

of the oligosaccharides (Shrotri et al., 2013). 

To date, only a small number of research studies have focused on 

mechanocatalysis. The mechanocatalytic depolymerization of beechwood, 

pinewood and sugarcane bagasse released a high yield of sugars (88–92% glucose 

and 93–98% xylose, relative to the glucan and xylan fractions, respectively) 

(Käldström et al., 2014b). Li et al. (2016) converted corncob into furfural using 

ball milling and ultrasonic pretreatment. Fungus hydrolysis in mild acid using wet 

ball milling could convert wheat straw to 22% of sugars (Yuan et al., 2012). 

Hydrolytic hydrogenation of cellulose to sugar alcohols was promoted by mix-

milling of cellulose and a solid acid catalyst (Liao et al., 2014). Furthermore, a 

comparison of several acid catalysts revealed that strong acids such as sulfuric acid, 

show high conversion efficiency in mechanocatalysis converting sugarcane 

bagasse and beechwood completely (Meine et al., 2012). Though a number of 

biomass sources were efficiently treated by mechanocatalysis (Hick et al., 2010), 

barley straw depolymerization via mechanocatalysis has not been reported so far. 

Previously, dilute sulfuric acid pretreatment of barley straw with subsequent 

enzymatic hydrolysis released 29.7% of reducing sugars (Panagiotopoulos et al., 
2011). Xylose yields of 57% were observed from a dilute acid pretreated mixture 

of barley straw and grain (Yang et al., 2013). In addition, bio-ethanol production 

from barley straw could be implemented by 90% of the theoretical maximum (Kim 
et al., 2011).  

Beneficially, the solid-state reaction is performed without the addition of a 

solvent, which overcomes the difficulty with effluent processing and solvent 

recovery, often required to sustain economic feasibility. Furthermore, 

mechanocatalysis is a non-thermal technology, which does not require an external 

source of heating, because all the energy is generated in situ by the movement of 

the milling media in a container (Hick et al., 2010; Jérôme et al., 2016). In contrast, 

the high power consumption is described as the limiting factor of dry grinding 

(Hendriks & Zeeman, 2009; Silva et al., 2012). However, it should also be taken 

into account that mechanocatalysis is based on simultaneous milling and chemical 

catalysis, which drastically reduces the milling durations (minutes to hours) 

compared to conventional milling (hours to days) (Liao et al., 2014; Schüth et al., 
2014) indicating energy savings and energy efficiency of mechanocatalysis (Motte 
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et al., 2015). Additionally, it was reported that the energy consumption of 

mechanical comminution of agricultural materials is dependent on the particle size 

and the biomass characteristics (Kaufman Rechulski et al., 2015). For instance, 

hammer milling of straw required less energy (42.0 kWh t-1) compared to milling 

of hardwood (130 kWh t-1) considering a final particle size of 1.6 mm (Cadoche & 

López, 1989; Mani et al., 2004). This study does not include an elaborated 

calculation of energy consumption to determine economic feasibility. Focus was on 

the identification of the potentials of mechanocatalysis in the depolymerization of 

lignocellulose. 
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3 Materials and methods 

3.1 Biomass feedstock 

Barley straw, Hordeum vulgare, was harvested in Northern Ostrobothnia, Finland 

(63°25'46.7"N 22°39'38.2"E) and a sample taken from a straw bale. It was ground 

to a particle size of 0.5 mm (Retsch SM100 Comfort cutting mill) and stored in an 

air-tight container. Prior to use, the barley straw was dried at 70°C for 24 h (dried 

until constant weight) because water was reported to reduce the performance of 

milling and the release of sugars (Meine et al., 2012). 

3.2 Characterization of barley straw 

Elemental and structural analysis of the barley straw was performed with a CHNS 

analyzer (Perkin Elmer) and a Fourier transform infrared (FT-IR) spectrometer 

(Perkin Elmer Spectrum One FT-IR Spectrometer with an Universal ATR Sampling 

Accessory). The surface morphology and microstructure were characterized by a 

field emission scanning electron microscope (Zeiss Sigma FESEM). The FESEM 

samples were directly put on the conductive tape and then coated with thin carbon 

layer. Images were taken at an acceleration voltage of 5 V and a working distance 

of ~5 mm. 

The composition of barley straw was determined by a modified method from 

Chen and Liu (2014) and Sun et al. (2000). The barley straw, 10 g, was suspended 

in 100 mL of ethanol (60%, v/v). Sodium hydroxide (NaOH) was added in a weight 

ratio of 0.5% and the mixture then heated at 100°C for 2 h. The residue, consisting 

of holocellulose, and the supernatant were separated by vacuum filtration followed 

by washing with distilled water until the filtrate was neutral and then air-dried. The 

obtained filtrate was neutralized with 10% hydrochloric acid (HCl) to pH 5.5 and 

the precipitated hemicellulose separated from the supernatant by filtration, washed 

with 70% ethanol, and then air-dried. Further pH adjustment of the supernatant 

fluid to pH 1.5 with 10% HCl induced the formation of a lignin precipitate, which 

was washed with acidic water (pH 2) and then air-dried. 
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3.3 Catalysts 

The main employed catalysts were: formic acid (98–100%, Merck), acetic acid 

(99–100%, J.T.Baker), sulfuric acid (95%, VWR), oxalic acid dihydrate (99.5%, 

Merck) and potassium pyrosulfate (97.5%, Merck). 

Minor catalysts explored in Paper III, were adipic acid (>99%, Merck), 

salicylic acid (>99%, Fluka), benzoic acid (99.9%, Riedel-de Haën), maleic acid 

(99.5%, AnalaR), malonic acid (99%, Riedel-de Haën) and trichloroacetic acid 

(99.5%, Merck). 

Standards used in capillary electrophoresis were: D (+)-Galactose (≥98.0%, 

Merck), D (+)-Mannose (≥99%, Fluka, Biochemika) L (+)-Arabinose (≥99.0% 

Fluka, Biochemika), D (+)-Xylose (≥99%, Fluka, Biochemika), 5-Hydroxymethyl-

2-furaldehyde (99%, Sigma), D (+)-Saccharose (99.7%, VWR) and D (+)-Glucose 

(99.5%, VWR). 

3.4 Mechanocatalysis 

The mechanocatalytical process combines chemical catalysis and mechanical 

assisted processing driven by ball milling and is schematically illustrated in Fig. 4. 

Fig. 4. Scheme of the mechanocatalytical process 1) requiring solvent removal after 

impregnation and 2) performing milling directly after mixing catalyst and straw sample 

(Paper I, published by permission of Biomass & Bioenergy). 



29 

3.4.1 Acid impregnation 

Liquid catalysts (acetic acid, formic acid, sulfuric acid) were dissolved in 150 mL 

diethyl ether prior to the addition of 10 g of dried barley straw in order to achieve 

a homogeneous distribution of the catalyst in the mixture (Paper I–III). After 

shaking for 30 min at room temperature (RT) (Stuart orbital incubator S1500, 

2.84 Hz), the organic solvent was removed using a vacuum rotary evaporator 

(Heidolph Laborota 4010 digital, 40°C). Experiments were performed in duplicates. 

3.4.2 Ball milling 

Milling was carried out with a ball mill (Fritsch premium line Pulverisette 7) in a 

stainless steel container (45 cm3, 16 milling balls each 2.93 g and 1 cm in diameter). 

The centrifugation speed was set constant at 100 RCF, while the duration of 

grinding and pausing times varied according to the optimal conditions for barley 

straw depolymerization and reducing sugar yield. Impregnated (2.4 g, Paper I and 

II) or non-impregnated (2.0 g, Paper III and IV) straw samples were loaded into the 

milling container when, in the former, formic acid, acetic acid and sulfuric acid and 

in the latter, solid catalysts were used. The catalyst amount was used as indicated 

in Table 3. The internal vessel temperature was controlled manually after every run 

(TM-903 LT Lutron).  

3.5 Hydrolysis 

Hydrolysis was carried out without any further addition of an acid catalyst because 

the catalytic activity of the employed catalysts from the mechanocatalytical 

reaction remains sufficient for turnover of oligosaccharides into reducing sugars 

(Carrasquillo-Flores et al., 2013; Käldström et al., 2014a; Meine et al., 2012). 

Generally, ball milled straw samples were hydrolyzed in a weight ratio of 5% in 

distilled water for one hour by shaking at room temperature or by heating in an oil 

bath at 100°C, 130°C or 160°C. The precipitate was separated from the sugar 

solution by filtration. 

Direct hydrolysis of the non-milled straw samples was performed by adding 

the acid catalyst directly to the suspension without prior impregnation and 

mechanical pretreatment. The amount of catalyst was used as indicated in Table 3. 
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3.6 Determination of the acid loading by titration 

The acid loading of the acid-impregnated barley straw samples was determined by 

titration (Paper I). One gram of straw impregnate was suspended in 40 mL of 

distilled water and titrated with 0.01 mol L-1 and 0.1 mol L-1 NaOH for organic 

acid-impregnated and sulfuric acid-impregnated straw samples, respectively. 

Phenolphthalein was used as an indicator and the titration performed in triplicates. 

3.7 Determination of total reducing sugar by UV/VIS spectrometry 

The amount of total reducing sugar (TRS) was determined from the hydrolysate 

solutions following the 3,5-dinitrosalicylic acid (DNS) method (Miller, 1959) using 

a Shimadzu UV-1800 spectrometer. The reaction is based on the oxidation of 

aldehyde and ketone groups of sugars and simultaneous reduction of the DNS 

reagent to 3-amino-5-nitrosalicylic acid, which shows strong absorption at a 

wavelength of 540 nm. A color change from light yellow to orange, brownish or 

reddish-brown occurs depending on the amount of reducing sugars. In this study, a 

diluted portion of the hydrolysis filtrate was mixed with the 1% DNS reagent in a 

volume ratio of 1:1 and subsequently heated in a boiling water bath for 5 min. After 

cooling the reaction mixture, the total volume was adjusted to 3 mL with distilled 

water. The measurement was carried out in triplicates (Paper I and II) or duplicates 

(Paper III and IV) at 540 nm and is based on a glucose calibration. 

The yield of TRS was calculated as follows: 

 TRS [%]=
TRS 

mg
mL

x V hydrolysis filtrate mL

m milled straw g  x 1000
 x DF x 100 (1) 

where 

V is the volume of the hydrolysis filtrate, 

m is the weight of the milled straw, which was hydrolyzed (~0.5 g), 

DF is the dilution factor to recalculate from the diluted hydrolysis filtrate used 

in the DNS assay, 

1000 is the factor to convert from mg to g. 



31 

3.8 Monomeric sugar analysis by capillary electrophoresis 

Capillary electrophoresis (CE) analysis was performed with a P/ACE MDQ CE 

instrument (Beckman-Coulter, Fullerton, CA, USA) equipped with a diode array 

detector (DAD), using a modified method of Rovio et al. (2007). Uncoated fused-

silica capillaries of I.D. 25 µm and length 30/40 cm (effective length/total length) 

were used. The filtered (0.45 µm GHP Acrodisc syringe filter) and diluted samples 

were injected at a pressure of 3447.4 Pa for 10 s. The separation voltage was 

+16000 V and the time 15 min. Quantification of 5-hydroxymethylfurfural (HMF) 

and the sugars (sucrose, galactose, glucose, mannose, arabinose and xylose) was 

based on external calibration curves. Sucrose and mannose yields were low and not 

included in the data analysis. All samples were measured as duplicates and spiked 

with standards (see section 3.3) in order to confirm the identity of the analytes.  

The yield of individual sugars is calculated exemplarily for xylose in the 

following: 

 xylose yield [%]=
xylose concentration in CE 

mg
L

x V hydrolysis filtrate mL

m milled straw g  x F
 x 100 (2) 

where 

V is the volume of the hydrolysis filtrate, 

m is the weight of the milled straw, which was hydrolyzed (~0.5 g), 

F is the factor of 10-6 to convert from mg/L to g/mL. 
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4 Results and discussion 

In the following, the results of the original publications are summarized. The 

insights into mechanocatalysis are discussed in section 4.2–4.4 summarizing the 

findings from all papers. Section 4.5 summarizes the results related to the employed 

catalysts, while sections 4.6–4.8 present individual findings, which arose from 

mechanocatalysis. 

4.1 Barley straw characterization 

The composition (w/w) of barley straw was holocellulose 78.4%, water-soluble 

hemicelluloses 4.7% and lignin 13.7% (determined based on the method described 

in section 3.2). Elemental analysis revealed a carbon content (w/w) of 45.4%, 

nitrogen content of 2.5% and hydrogen content of 5.7%. 

Structural alterations of the barley straw feedstock occurring due to the 

mechanocatalytic treatment, were observed by FT-IR. The spectra showed a 

decrease of the relative band height at 1029 cm-1 attributed to the C-O-C ether 

vibration in cellulose and hemicellulose (Paper I). The depolymerizing effect was 

observed when ball milling was applied as well as when the amount of catalyst was 

increased (Paper III). The influence of ball milling on the morphology of barley 

straw is visible in Fig. 5, which shows FESEM images of untreated and milled 

straw samples.  
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Fig. 5. FESEM images of (a) untreated barley straw and after milling with (b) sulfuric 

acid, (c) oxalic acid and (d) potassium pyrosulfate obtained with amplification 1000x. 

Ball milling significantly disintegrated the barley straw structure, reduced the 

particle size and increased the surface area (Fig. 5b–d). Most likely, the crystalline 

regions of the barley straw structure reduced creating a more amorphous structure 

(Yuan et al., 2012). A distinct difference in particle size is also visible depending 

on the used catalyst. Though the particle size distribution was irregular for all 

mechanocatalytical experiments, particles as small as 20 µm in diameter were 

observed when sulfuric acid was employed in the solid-state reaction (Fig. 5b). The 

applied planetary ball mill is capable of reaching a final fineness of up to d50<20 µm 

depending on the material (Fritsch GmbH, 2012). Ball milling of wheat straw was 

previously reported to yield ultra-fine particles ~10 µm (Silva et al., 2012) and mix-

milled cellulose had a diameter of around 20 µm (Liao et al., 2014). Particles were 

greater in size when barley straw was simultaneously milled with oxalic acid (Fig. 

5c) or potassium pyrosulfate (Fig. 5d). This finding might be a result of the state of 

the catalyst and change in viscosity. Other than oxalic acid and potassium 
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pyrosulfate, sulfuric acid is in liquid state, soaking and penetrating the straw, which 

decreases viscosity (Schmidt et al., 2016) and may improve the reaction. 

4.2 Acid impregnation 

Acid impregnation was performed with homogeneous catalysts, such as formic acid, 

acetic acid and sulfuric acid, to ensure an equal distribution of the catalyst onto the 

barley straw sample and high local H+ concentrations (Schüth et al., 2014; Shrotri 
et al., 2013). Determination of the acid loading (w/w) of the impregnated barley 

straw revealed that the mineral acid was loaded in an efficiency of 70.8%, while 

low loadings were observed for organic acids: 14.8% for acetic acid and 30.9% for 

formic acid, respectively (Paper I). This implied that most of the acid catalyst was 

removed along with the solvent during the solvent evaporation step following the 

impregnation. 

In addition, the experiments with solid oxalic acid dihydrate catalyst showed 

that the impregnation has no effect on sugar release. TRS yields obtained by merely 

dry mixing of straw sample and solid catalyst with a spatula prior to pretreatment 

(Fig. 6 Column 1 and 2) were similar to when the extensive impregnation with 

diethyl ether (Fig. 6 Column 3 and 4) or vigorous dry shaking (Fig. 6 Column 5 

and 6) was carried out. Similar observations were made when sulfuric acid, 

0.6 mol kg-1, was directly mixed with fiber sludge (Dong et al., 2016). 

These findings showed that the extensive impregnation step prior to 

mechanocatalysis is not essential for sugar release and can thus be omitted, which 

significantly shortens and simplifies the experimental procedure. In addition, the 

handling of a highly volatile and flammable solvent is avoided, which would be a 

major drawback in view of scale-up. 
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Fig. 6. Comparison of TRS yields obtained from three different impregnation methods. 

Vigorous dry shaking was performed at 5.0 Hz in a round bottom flask. After 

impregnation with oxalic acid dihydrate, samples were first subject to mechanocatalytic 

treatment (6 cycles of 5 min grinding and 10 min pause) and then hydrolyzed at 100°C 

or 130°C (Paper III, Figure 1, published by permission of BITE). 

Fig. 7. Grinding profile and saccharification of mechanocatalytically treated (5 min 

milling - 5 min pause) barley straw using potassium pyrosulfate catalyst. Subsequent 

hydrolysis was carried out at 130°C (Paper IV Figure 2B, published by permission of 

BITE). Individual sugar yields are listed, which were obtained after a milling duration of 

50 min. 
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4.3 Mechanocatalysis 

In this section, the effectiveness of the mechanocatalytic depolymerization will be 

addressed in detail. The combination of mechanical force and chemical catalysis 

revealed a positive enhancing effect on lignocellulose turnover to reducing sugars. 

Several ball mill conditions were tested varying the total milling duration and the 

number of cycles (one cycle correlates with one grinding and pause turn). A typical 

grinding profile is shown in Fig. 7. 

Saccharification of non-milled samples was low when ball milling with the 

addition of a catalyst was not carried out, which is in compliance with the literature 

(Meine et al., 2012). For instance, mechanocatalytically treated samples using 

potassium pyrosulfate, yielded a 4.5-fold increase in sugar release compared to 

merely hydrolyzed samples (Fig. 7 Column 5 and 1, respectively). Likewise, 

sulfuric acid-mechanocatalyzed samples could increase TRS levels by a factor of 8 

(Paper II Figure 1A). These observations are consistent with the literature, which 

reports the beneficial effect of mechanical force on lignocellulose turnover (Ertas 
et al., 2014b; Pedersen & Meyer, 2009). The comminution effect of the milling 

process reduces particle size and enlarges the particle surface, which, most probably, 

promotes the chemical reaction between catalyst and substrate inducing enhanced 

saccharification (Motte et al., 2015).  

As expected, more reducing sugar release was observed, the longer milling was 

applied (Paper II–IV). For instance, doubling the milling duration from 30 to 

60 min increased the TRS yield of oxalic acid-mechanocatalyzed samples by up to 

40% (Paper III Figure 4 (1)). Compared to non-milled samples, sugar yields could 

be increased by 2.5 to 4 fold.  

TRS yields were found to be not only in high correlation with the milling mode, 

but also with the internal vessel temperature, which arises in the milling container 

during the mechanocatalytical process. This is a result of ball-to-ball, ball-to-

substrate, ball-to-wall collisions and friction (Kwon et al., 2002). High vessel 

temperatures of 70–80°C enhanced TRS release and were attained with prolonged 

milling duration as well as by harsh milling conditions (Paper II Table 2). For 

instance, harsh conditions in which the grinding time was set to twice as long as 

the pause time in combination with sulfuric acid, increased TRS yields, but were 

limited due to burning of the sample after a long milling duration and might also 

result in the degradation of the desired products (see section 4.7). Excessive heat 

energy, temperatures exceeding 88°C and insufficient duration of pause turns, 

which would allow the reaction mixture to cool down to some extent, resulted in 
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burned samples. An inhomogeneous temperature distribution inside the milling 

container due to point contacts of the milling balls with the container and substrate 

might have caused the sample to be further partly or fully burned (Kwon et al., 
2002). 

Beneficial milling conditions, which released highest amount of reducing 

sugars after hydrolysis, were mostly ascribed to equally set grinding and pausing 

times (Paper II–IV). For instance, cycles of 10 min milling and pause, as well as 

5 min milling and pause released 53.4% and ~40% of TRS when, in the former, 

sulfuric acid (Paper II Figure 2A) and, in the latter, oxalic acid (Paper III 

Figure 4 (1)) and potassium pyrosulfate (Fig. 8 Column 1) were used as catalysts. 

Despite milling conditions in which the grinding turns were almost twice as high 

as the pause turns, were pointed out to be rather harsh resulting in burned samples, 

they released almost similar amount of sugar when potassium pyrosulfate-catalyst 

was used, as it can be seen in Fig. 8 (Column 5). Lower amount of sulfuric acid 

(0.5 mol kg-1) also enabled saccharification at the above described milling 

conditions (Paper II Figure 1B). Most likely, the described saccharification 

conditions in combination with the salt catalyst, turned out not to be as severe as 

when the strong sulfuric acid was used during mechanical treatment (compare 

section 4.5). 

Fig. 8. TRS yields achieved after applying different milling modes for 50 min and 

potassium pyrosulfate catalyst. Hydrolysis was carried out at 130°C. 
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Increasing the number of cycles, i. e. reducing grinding and pause times both to 

2 min, yielded lower TRS in the case of sulfuric acid (Paper II Figure 2E) and 

potassium pyrosulfate catalyst (Fig. 8 Column 2) or gave similar TRS yield in the 

case of oxalic acid catalyst (Paper III Figure 4 (2)). The higher number of milling 

cycles with overall shorter grinding and pausing turns prevented the vast 

temperature rise, but in most cases, also reduced TRS yields. 

Cutting the milling time to half as long as the pausing time resulted in low 

lignocellulose turnover and thus, poor TRS yields. Milling modes, which involved 

even longer pause turns (15 and 20 min) with a constant grinding time (5 min) led 

to a slow and modest temperature rise. As a result, here sugar levels were low 

(Paper II–IV). Fig. 8 shows the examined milling modes using potassium 

pyrosulfate as a catalyst when 5 min of milling was applied along with successive 

increase of the pause time from 6, 7, 8 to 10 min (Fig. 8 Column 7–10) and 

indicates the decrease in sugar release with prolonged pause time. 

Interestingly, mechanocatalysis of barley straw showed high impact on 

hemicellulose depolymerization resulting in the release of mainly hemicellulose 

constituents, such as xylose, galactoses and arabinose. In contrast, cellulose 

turnover was low, indicated by poor glucose yields. Most probably, the accessibility 

of hemicellulose was increased yielding its degradation to water-soluble 

oligosaccharides. Hemicellulose is in fact more likely prone to thermal degradation 

compared to cellulose and lignin (Pronyk & Mazza, 2012). This susceptibility is 

ascribed to the branched nature of hemicellulose creating an amorphous structure 

(Pavlovic et al., 2013) and to the presence of less hydrogen bonds. 

4.4 Hydrolysis 

Hydrolysis was carried out at different temperatures, namely room temperature, 

100°C, 130°C and 160°C following the mechanocatalytic pretreatment and is 

catalyzed by the catalyst, water auto-ionization and released acetic acid from 

hemicellulose (Magalhães da Silva et al., 2014). The generated sugars were 

dissolved in the liquid sample solution and quantified by UV/ VIS spectrometry 

and CE analysis. 

The effect of the hydrolysis temperature did not follow a certain pattern. Mainly, 

elevated temperatures led to the formation of higher reducing sugar levels (Liao et 
al., 2014) compared to experiments carried out at room temperature. For instance, 

xylose yields could be doubled from 5.1% to 11.3% when hydrolysis was 

performed at 100°C instead of room temperature (Paper II Figure 3). However, 
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some exceptions were found where sugar release was similar or even higher at room 

temperature including low catalyst amount (Paper II Table 3 Entries 2 and 5). It has 

been reported that higher temperatures release a greater amount of reducing sugars 

(Imman et al., 2014). Fig. 9 shows that hydrolysis of oxalic acid-mechanocatalyzed 

samples carried out at 130°C instead of 100°C increased sugar levels by about 10% 

(Paper III). An additional temperature rise to 160°C did not reveal enhanced 

saccharification, but showed slightly lower TRS levels. Similar observations were 

made when potassium pyrosulfate was applied as a catalyst, though the increase 

was less distinct.  

Fig. 9.  Sugar yields of oxalic acid- and potassium pyrosulfate-mechanocatalyzed 

samples hydrolyzed at different temperatures. 

Probably, a plateau was reached creating a reaction product limit where no 

additional product release could be obtained by increasing the hydrolysis 

temperature. If ball milling was not applied, hydrolysis temperatures had to be 

increased to gain an efficient amount of reducing sugars. If samples were not ball 

milled and oxalic acid-hydrolysis directly carried out at 160°C, approximately half 

the amount (20%) of the maximum obtained reducing sugar was released (Paper III 

Figure 4). These observations also assumed a limiting effect of ball milling because 

the hydrolysis reaction was not significantly improved by the higher temperature 

of 160°C. The further degradation of the formed reducing sugars, which might 

occur due to the high temperature, was not considered because overall HMF levels 
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were low. Hydrolysis at 130°C was earlier reported to efficiently convert water-

soluble oligosaccharides within one hour (Meine et al., 2012). Likewise, this study 

showed maximum sugar release at a temperature of 130°C, which thus, was 

considered an optimum hydrolysis temperature, not least, from an economic 

perspective.  

4.5 Catalysts in mechanocatalysis 

Catalysts play an important role in mechanocatalysis and contribute to the catalytic 

turnover of the formed oligosaccharides into valuable reducing sugars (Li et al., 
2016), which constitute the basic starting materials for production of ethanol and 

other biochemicals as well as transportation fuel production.  

In this section, the results achieved by introducing different catalysts into the 

mechanocatalytical process, are presented and discussed. Table 3 summarizes the 

optimum saccharification conditions and sugar yields, which were achieved by 

applying the main catalysts, which were in the focus of this study. 
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Acetic acid and formic acid (Paper I) 

Despite the great potential of formic and acetic acid in biomass pretreatment 

reported in the literature (Sindhu et al., 2010), the organic acids gave quite low TRS 

release compared to commonly used sulfuric acid, even when the amount of acid 

was tripled (6 mol kg-1) as illustrated in Fig. 10. 

Fig. 10. Difference in sugar release of organic acid- and mineral acid-mechanocatalytic 

pretreatment of barley straw (Paper I Figure 8, published by permission of Biomass & 

Bioenergy). 

The poor acid loadings described in section 4.2, were ruled out to be the reason for 

the low TRS levels. No significant difference in TRS release was visible between 

impregnated samples and those, which were not impregnated, but directly 

hydrolyzed with the addition of the exact amount of acid catalyst. Likewise, by-

product formation, which would indicate the degradation of the released sugars or 
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even inhibit sugar release, was ruled out because HMF formation was low. The 

only apparent reason seemed to be the low acid strength of formic and acetic acid, 

pKa 3.7 and 4.7, respectively, which did not facilitate the breakdown of the 

lignocellulosic matrix of barley straw. 

Sulfuric acid (Paper II) 

Milling of barley straw with the addition of sulfuric acid as well as subsequent 

hydrolysis at 100°C successfully converted barley straw to reducing sugars. For 

instance, reducing sugar levels were increased by a factor of 10 when sulfuric acid-

mechanocatalysis was performed compared to organic acid-mechanocatalysis (Fig. 

10). Lowering the amount of acid from 2 mol kg-1 to 1 mol kg-1, respectively, could 

yield increased TRS levels when the milling mode was adjusted (5 min grinding 

and 10 min pause including sulfuric acid, 2 mol kg-1, and 10 min grinding and 

10 min pause including sulfuric acid, 1 mol kg-1). Already after milling processing 

for 20 min, TRS 53.4% was released including subsequent hydrolysis at 100°C 

(Paper II Figure 2A). The amount of released reducing sugars was higher than the 

one previously achieved by dilute sulfuric acid pretreatment, which generated 

reducing sugars in a yield of 29.7% (Panagiotopoulos et al., 2012). The higher 

sugar release was ascribed to the rather harsh milling conditions linked with high 

internal vessel temperature (see section 4.3). Further lowering the acid amount to 

0.5 mol kg-1 showed slightly decreased TRS yields. However, longer milling 

durations of up to 70–80 min were required (Paper II Table 3).  

Comparing the yields of individual monomeric sugars, a lower xylose/glucose 

ratio (7.4% xylose and 6.4% glucose, Table 3) was obtained when sulfuric acid, 

2 mol kg-1, was employed. In contrast, higher release of xylose (11.3%), but lower 

glucose release (3.5%) was achieved when sulfuric acid, 1 mol kg-1, was used 

(Table 3). Despite different milling conditions applied in both cases, increased 

glucose levels in the former might be the result of the higher amount of sulfuric 

acid catalyst (2 mol kg-1). Along with hemicellulose degradation, this might have 

also promoted the turnover of cellulose. 

Oxalic acid (Paper III) 

Beside liquid acids, also solid acids are potential candidates to act as catalysts in 

mechanocatalysis. Oxalic acid dihydrate, 1.5 mol kg-1, converted lignocellulose 

under optimal mechanocatalytical conditions yielding TRS 42% comprised of 
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xylose 5.4%, galactose 5.2%, arabinose 3.5% and glucose 1.7%. Kinetic studies 

revealed that TRS levels increased the more catalyst was employed and the higher 

the hydrolysis temperatures (Paper III Figure 3). Compared to sulfuric acid-

mechanocatalysis (1.0 mol kg-1), greater amount of catalyst and longer processing 

times (60 min) were required to yield optimal saccharification. However, a 

significant shortening of the overall pretreatment duration could be achieved 

because the extensive impregnation could be omitted (see section 4.2). 

Furthermore, the acid strength (pKa) of the solid catalyst plays an important 

role in the depolymerization reaction of barley straw as revealed by applying 

several solid acid catalysts (Fig. 11).  

Hydronium ions hydrolyze the β-1,4-glycosidic bond of the cellulose units in 

aqueous solution and will, likewise in this study, break the linkages of the 1,4-β-D-

xylopyranosyl main chain of hemicellulose. Generally, the more acidic the applied 

acid, the more sugar was released (Liao et al., 2014). Weak acids showed poor 

reaction product release, which is in accordance with the literature (Meine et al., 
2012).  

Fig. 11. TRS yields achieved by applying several catalysts in mechanocatalysis 

(Paper III Figure  2, published by permission of BITE) and corresponding pKa values 

(National Center for Biotechnology Information, 2017; Riemenschneider & Tanifuji, 

2000). 
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Potassium pyrosulfate (Paper IV) 

Interestingly, potassium pyrosulfate was found to be an effective catalyst in 

mechanocatalysis. Highest saccharification yields were predominantly achieved 

after mechanical treatment for 50 to 60 min employing the salt (1.0 mol kg-1). 

Maximum obtained TRS release was 39.7% comprising 5.6% xylose, 2.8% 

galactose, 1.5% arabinose and 1.6% glucose (Table 3). The ability of the salt to act 

as a catalyst in mechanocatalysis is very interesting because, to date, no catalytic 

studies based on potassium pyrosulfate catalyst have been reported. However, 

numerous literature reports the use of sulfonated catalysts or functionalized 

sulfonic acid catalysts, which, when applied in biomass conversion, show high 

reducing sugar release (Amarasekara & Wiredu, 2012; Bai et al., 2015; Ertas et al., 
2014a; Vyver et al., 2011). The reasons for the catalytic activity of potassium 

pyrosulfate were not explored in this study, but will be an interesting topic for future 

research. Hypothetically, the in situ formation of sulfuric acid might occur 

following equation 3. 

 + O ⇌ +  (3) 

The generated hydronium ions from sulfuric acid would facilitate the hydrolysis 

conversion reaction of oligosaccharides into reducing sugars. The utilization of 

potassium pyrosulfate over sulfuric acid could be beneficial in terms of hazard and 

safety arrangements. According to the Globally Harmonized System of 

Classification and Labeling of Chemicals (GHS), precautionary arrangements for 

sulfuric acid are more severe than for potassium pyrosulfate. 

4.6 Total reducing sugar and individual monosaccharide recovery 

The amount of monosaccharides, such as xylose and glucose, was relatively low 

compared to the measured total reducing sugar yield as shown in Table 3 and 

exemplary in Fig. 12. 

The performed DNS assay measures water-soluble gluco- and xylo-

oligosaccharides along with individual monosaccharides. Most probably, 

oligosaccharides were not fully hydrolyzed (Pronyk & Mazza, 2012) by the applied 

mechanocatalysis. This might be the result of processing limitations, i.e. sample 

burning at severe milling conditions, which does not allow for further sugar release, 

and long milling duration. Though a relatively high fraction of oligosaccharides 

was obtained, one should keep in mind that water-soluble oligosaccharides 
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constitute useful feedstocks for the generation of a wide range of valuable platform 

chemicals such as HMF and furfural (Carrasquillo-Flores et al., 2013). Eventually, 

hydrolysis with the addition of another strong catalyst may catalyze the release of 

further reducing sugars. For instance, a post-hydrolysis with sulfuric acid, 

following dilute oxalic acid pretreatment of corncob, was shown to significantly 

increase the reducing sugar yield (Lee & Jeffries, 2011). However, this was not in 

agreement with the aim of the present study, which favored the use of the least 

possible amount of catalyst and no further addition of a catalyst in the hydrolysis 

reaction. Instead, the milling parameters were adjusted to yield the best possible 

release of reducing sugars. 

Fig. 12. Comparison of TRS and individual sugar yields exemplarily for 

mechanocatalytically treated barley straw using sulfuric acid 0.5 mol kg-1 (milling mode: 

10 min milling - 10 min pause). 

4.7 Degradation products 

Biomass pretreatment often involves the formation of degradation products. On the 

one hand, biomass compounds degrade themselves to e.g. furan and phenol 

aldehydes, phenol ketones, phenol acids and carboxylic acids (Klinke et al., 2002) 

and on the other hand, the desired products can be subject to further unwanted 
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degradation to e.g. HMF and furfural (Horn et al., 2011; Linde et al., 2008; Pronyk 

& Mazza, 2012). 

Regarding this study, reducing sugars may be further degraded, for example 

under harsh pretreatment conditions, long processing durations, high amount of 

catalyst as well as high processing temperatures (Hendriks & Zeeman, 2009; Horn 
et al., 2011; Linde et al., 2008; Pronyk & Mazza, 2012). CE analysis revealed that 

only low concentration of the degradation product HMF was released under all 

conditions applied in this study. For instance, the most severe conditions, which 

involved sulfuric acid as a strong acidic catalyst as well as harsh milling modes, 

generated HMF in concentrations less than 150 mg L-1 (< 0.7%) (Paper II). 

Furthermore, a negligible amount of formic and acetic acid (51 mg L-1 and 

200 mg L-1, respectively) was released when sulfuric acid, 2 mol kg-1, was 

employed in mechanocatalysis (Paper I). This confirms that acetic acid is released 

from the acetyl groups of the xylan backbone of hemicellulose (Ertas et al., 2014a). 

4.8 Sample color 

The processed barley straw samples showed significant color changes when milled 

with sulfuric acid for longer durations. A darkening occurred with prolonged 

processing duration. The milled barley straw turned dark greenish-brown (Paper I 

Figure 10) and the hydrolysis filtrate solutions changed in color from pale yellow 

over reddish to dark brownish as illustrated in Table 4. 

Table 4. Color change of the hydrolysis filtrate solutions with progressing milling 

duration of sulfuric acid-impregnated barley straw (Paper II) and corresponding TRS 

yields. 

Sample color and time t 

[min] 

 

TRS at RT [%]1 2.3 7.0 14.5 20.1 44.8 

TRS at 100°C [%]2 5.5 10.7 20.5 26.9 45.0 
1hydrolysis at RT (samples on the left of each indicated time period), 2hydrolysis at 100°C (samples on 

the right of each indicated time period) 

The color change of the hydrolysate solutions is a result of formed lignin fragments 

(Käldström et al., 2014a; Meine et al., 2012). Though also TRS levels increased 
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with longer processing duration, no dependency of the color on the TRS yield was 

observed (Paper II). Hydrolysis filtrate solutions obtained from processing with the 

other examined catalysts, constantly showed a yellowish color, irrespective of the 

milling duration. This finding might be attributed to sulfuric acid being a strong 

acidic acid, which suggests that the other tested catalysts were not strong enough 

to depolymerize lignin. Nevertheless, milled samples showed darkening when the 

catalyst amount was increased. Fig. 13 shows the color change of milled samples 

when the amount of oxalic acid dihydrate catalyst was increased. Mechanical 

treatment conditions were kept constant. 

Fig. 13. Color darkening of the milled samples (6 cycles of 5 min milling and 10 min 

pause) increasing the amount of oxalic acid dihydrate catalyst. 
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5 Conclusions 

This study explored the potential of the depolymerization and saccharification 

efficiency of barley straw via mechanocatalysis. It was proven that barley straw is 

an attractive feedstock material for conversion into valuable reducing sugars. 

Mechanocatalysis was identified to be an effective method for the 

depolymerization of lignocellulosic barley straw. Applying mechanical 

pretreatment significantly increased depolymerization and saccharification yields 

compared to merely acid hydrolysis. 

A key role in mechanocatalysis turned out to be the internal vessel temperature, 

which arose in the milling container and increased with proceeding milling 

processing. High vessel temperatures enhanced saccharification, but also led to 

sample burning. The balance of mechanical parameters (milling and pause turns, 

cycle numbers), internal vessel temperature and catalyst amount were identified to 

be crucial in the mechanocatalytical conversion reaction of barley straw. 

Different catalysts were employed in the conversion reaction and contributed 

to the catalytic turnover of lignocellulose into valuable reducing sugars. This study 

showed that 53.4% of reducing sugars were released with low by-product formation 

within 20 min of milling processing using sulfuric acid in a ratio of approximately 

9.3%. Likewise, oxalic acid and potassium pyrosulfate generated a reasonable 

amount of reducing sugars, though longer milling durations (~ 60 min) were 

required. Organic acids yielded poor conversion efficiency. 

Interestingly, this study revealed that the impregnation of the biomass material 

prior to milling has no significant effect on TRS release. Thus, the time-consuming 

impregnation step can be omitted, which offers a significant shortening and 

simplification of the experimental process. 

Furthermore, this study revealed that the acid strength of the catalyst plays an 

important role in the depolymerization reaction. The more acidic the catalyst, the 

more sugar release was observed. In addition, potassium pyrosulfate was found to 

be an effective catalyst in mechanocatalysis. 

Last, this study showed predominant recovery of xylo-oligosaccharides and 

xylose, which indicates a selectivity for hemicellulose removal and conversion of 

barley straw. 
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6 Perspectives 

The mechanocatalytical depolymerization of barley straw was carried out in lab 

scale. The implementation of this technology and the possibilities for scale-up of 

mechanocatalysis is not yet realized. However, a study on kilogram scale was 

conducted recently using Simoloyer ball mills, in which milling balls are set into 

motion by an internal rotor operated by an external engine (Kaufman Rechulski et 
al., 2015). Sugar yields were comparable to lab scale experiments and surprisingly, 

electricity consumption per load of substrate decreased with an increase in scale 

from 1 g to 1 kg (from ca. 200 MWh t-1 to 9.6 MWh t-1). 

A thorough investigation of the reason for the catalytic function of potassium 

pyrosulfate may be an interesting topic for future research because its use as a 

catalyst has not been reported so far. 

Furthermore, it would be interesting to perform the hydrolysis reaction at 

enhanced pressure, which may improve the turnover of oligosaccharides into 

reducing sugars. Research on downstream processing is the next step to be carried 

out in order to facilitate the turnover of reducing sugars to ethanol or other valuable 

biochemicals. 
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